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ABSTRACT

Produced water is the largest volume waste associated with oil and gas
production and requires reliable means of disposal or treatment. In October,
1990, the State of Wyoming, Marathon Oil Company and the Colorado School
of Mines entered into a cooperative venture to assess the potential of
constructed surface flow and wetland systems for the treatment of produced
water for surface discharge.

Marathon’s Pitchfork Field, located near Cody, Wyoming, was selected
as the site for a pilot treatment system. This field discharges about 10,000 to
18,000 barrels of produced water per day. The TDS of this discharge ranges
from 2340 - 2580 mg/l and is comprised of mostly bicarbonate, calcium,
magnesium, chloride, sodium and sulfate. The effluent is toxic and tests yield
an LC 50 for Ceriodaphnia of 53.59% and an LC 50 for Fathead Minnow of
61.56%. Sulfide concentration ranges from 16.8 - 48 mg/l. Radium 226 ranges
from 19.7 - 42.2 pCi/l. Total phenolics range from 130 - 150 ug/I.

Four 5000 sqft surface flow cells and one 33,000 sqgft wetland were
constructed for the pilot system in May, 1991. The system utilizes a
combination of mechanical, chemical and biological processes for treatment.
The treatment mechanisms include: air stripping; precipitation of carbonates
and radium; ion exchange; and microbial degradation and oxidation.

Field measurements and constituent analysis were performed on the
inflow and outflow 6f each cell to assess treatment performance. The sampling
occurred from-July 1991 through January 1992 at flows of 1000, 2000, 3000
and 4000 BPD. Thirteen sets of data were produced.
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The data indicate that the system generally improves water quality,
though the results are variable. Bicarbonate was removed by an average 6%,
radium by an average 21%, sulfide by an average 39%, BTEX by an average
82% and total phenolics by an average 31%.

Many variables affect the system performance. Water temperature, pH
and wind and solar intensity were identified as influencing performance. Other
performance variables are believed to exist, but were not identified.

Design criteria were developed from the study data for the design of
future systems. The design method determines the treatment cell size required
for a desired constituent concentration reduction, given a constituent mass
loading and flow rate.

Constructed surface flow and wetland systems provide an inexpensive
means of produced water treatment using available technology and materials.
They have been shown in this study to remove constituents of concern from
produced water. The ultimate feasibility of these systems hinges on a better
understanding of system performance variables and safety issues regarding
the accumulation and release of removed constituents.
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Chapter 1
INTRODUCTION

1.1 Purpose and Obijectives

This thesis is the result of research on an experimental system designed
to treat oilfield produced water. The research is a joint effort between the
Colorado School of Mines, Marathon Qil Company, the U. S. Environmental
Protection Agency, the Wyoming Department of Environmental Quality, and the
Wyoming Game and Fish Department. It is believed that produced water can be
modified in a cost-effective, engineered treatment system such that it meets all
permit standards and can be safely released into the environment.

Many benefits may be realized if such a system is successful. Qil and gas
producers may gain more flexibility in the handling and disposal of this production
waste. As well, treatment systems of this type may provide a more affordable
means of produced water disposal than those currently employed. In arid
regions, federal, state and local governments may benefit from a clean source of
water for wildlife habitat. Residents in the proximity of oil and gas production
facilities may be able to use this source of water for livestock watering or
irrigation.

The treatment system studied in this thesis is located at a Marathon QOil
Company facility in northwest Wyoming. Marathon is subject to a National
Pollutant Discharge Elimination System (NPDES) permit for the surface discharge
of produced water generated at this facility. The deadline for discharge permit
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compliance is July 1, 1992. The discharge presently exceeds the permit
limitations for radium 226 and toxicity. Given this deadline, the primary goal of
this study is to assess the feasibility of immediate application of these treatment
systems.

N To achieve this goal in the time available, a broad-based approaCh was
used to study the system. All major constituents typical to produced water were
monitored under a wide range of flow rate and ambient conditions. Within this
broad-based study, there were several specific objectives.

They include:

-assess the integrity of the treatment system and components

-assess the removal of typical produced water constituents

-identify treatment system performance influences and trends

-develop design criteria for future surface flow and wetland based
produced water treatment systems

-address feasibility of surface flow and wetland treatment systems

1.2 Scope and Characteristics of Produced Water

The United States oil and gas industry is a multi-billion dollar industry
producing some 8 million barrels of crude oil and 44 billion standard cubic feet
of natural gas per day from nearly 800,000 wells at over 70,000 sites (Perry and
Gigliello, 1989). However 2 to 99% of all the fiuids produced from oil and gas
wells are formation water. This formation water, referred to here as "produced
water", is also known as connate, brine or saltwater. Nearly 21 billion barrels of
produced water are pumped to the surface each year, representing the largest
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volume of waste associated with oil and gas production (Perry and Gigliello,
1989).

Produced water is believed to originate as sea water present at the time of
sediment deposition in the petroleum bearing formation. Due to physical and
chemical reactions before, during and after sediment consolidation, the chemical
characteristics of this water are modified (Van Sickel, 1989). Produced water
typically contains varying concentrations of organic hydrocarbons, salts, heavy
metals and radioactivity. Due to the presence of these constituents, produced
water is generally considered toxic.

Hydrocarbons are typically present as oil and grease, benzene, toluene,
ethylbenzene, xylenes and polycyclic aromatic. hydrocarbons. lons generally
present in significant quantities include: sodium, potassium, calcium, magnesium,
silicon, chloride, barium, strontium, bicarbonate, sulfate and sulfide. Metals that
occur in produced water vary widely between regions but may inélude some of
the following: iron, zinc, molybdenum, manganese, and arsenic. Radioactivity is
present as radium 224, 226 and 228. Radium 224 decays relatively quickly.
Because Ra 226 and Ra 228 exhibit similar chemical behaviors, Ra 226 is typically
used for radium activity measurements (Subramonian, et al, 1990).

Concentrations of these constituents varies widely between regions or even
from well to well in a given field. Water quality ranges from potable to over 20%
total contaminants. Table 1 gives several examples of constituent concentration

in produced water.
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Table 1 - Examples of various produced water constituent concentrations

Location: Alberta/Saskatchewan, Canada

TDS 12,000 - 64,000 (mg/l)
Conductivity 16,000 - 74,000 (mg/)
Sodium 3,500 - 20,000 (mg/)
Chloride 5,900 - 38,000 (mg/)
Oil and Grease 10-310 (mg/)

Source: Kok, et al, 1989

Location: Offshore Louisianna

TDS 152,660-212,100 (mg/l)
Sodium 52,248 - 76,300 (mg/)
Calcium 3,840-3,850 (mgMl)
Chloride 130,000 - 94,000 (mg/)
Bicarbonate 87-204 (mg/)
Oil and Grease 27-574 (mg/)

Source: Chen, et al, 1991

Location: State of Wyoming
Radium 226 0-2,152 (pCifl)

Source: Wagner, 1990

Location: Southeast Lousianna

Radium 226 355-567 (pCif)

Barium 1,521 -4,644 (ppb)

96hr Acute Toxicity LC50 2.6-5.8 % effluent (mysid)

96hr Acute Toxicity LC50 7.2-33.8 % effluent (sheepshead minnow)
Ocean Salinity 35,000 (ppm)

Source: St. Pe, 1990

Location: various, including Texas, Oklahoma, Louisianna

TDS 46,661 - 158,670 (mgfl)
Sodium and Potassium 17,258 - 46,000 (mg/l)
Calcium 881-9,226 (mgh)
Magnesium 498-1,791 (mg/l)
Barium 0-127 (mgh)
Chloride 29,573 - 101,479 (mg/))
Sulfate 0-157 (mg/)

Source: Ostroff, 1979
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1.3_Wyoming NPDES Permit Requirements

NPDES permits may be issued by U.S. Environmental Protection Agency
(EPA), or that authority may be delegated to the individual states. The State of
Wyoming has had primacy in this matter since 1974. NPDES permits are issued
by the Wyoming Department of Environmental Quality (DEQ) and are valid for a
period of 5 years (Wagner, 1990, 1991). The Wyoming produced water effluent
standards were adopted in 1978 and are shown in Table 2.

Table 2 - State of Wyoming produced water effluent standards

Parameter Standard

Chlorides 2,000 mg/l

Sulfates 3,000 mg/I

Total Dissolved Solids 5,000 mg/l

Oil and Grease 10 mg/l

pH 6.5 - 8.5 standard units

Toxic Substances None in concentrations or combinations that

are toxic to human, animal, or aquatic life

Source: Wagner, 1990

In 1987, the Wyoming DEQ determined that the toxicity standards were
generally not being achieved. Under Section 304(1) of the federal Clean Water
Act, the state is required to identify its toxic discharges and develop a strategy for
eliminating the toxicity by July, 1992 (Wagner, 1990). Wyoming addressed this
issue by categorizing the discharges and implementing a strategy to eliminate
toxicity on a prioritized basis.
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The toxic discharges are prioritized by receiving water type, identified as
Class 1, 2, 3 or 4 streams. Within the stream classification, there exists three
separate categories for implementation of the NPDES program. These categories
are identified by Wagner (1990) as:

Category 1 - Discharge flows immediately into a class 1, 2, or 3 water.
Category 2 - Discharge flows into a class 1, 2, or 3 water after
travelling significant distance in a class 4 water.
Category 3 - Discharge will not reach a class 1, 2, or 3 water
under dry weather conditions.

Discharges meeting category 1 criteria must be in full compliance of their
permit by July 1, 1992, which includes the following modifications (Wagner, 1990):

1. A requirement to conduct two species Ceriodaphnia and
fathead minnow acute toxicity tests on at least an
annual basis;

2. A requirement to eliminate toxicity by July 1, 1992; and

3. A list of three options for achieving compliance, including:
a. Treatment to remove acute toxicity;
b. Elimination of the discharge; or
c. Passing the two species chronic toxicity tests by utilizing
the dilution factor in the receiving stream.

The State will initiate action on category 2 discharges after July 1992 and
presently has no intent of addressing category 3 discharges.

The standards for radium are also classified by stream type. Discharges
into Class 1 and 2 waters are limited to a maximum concentration of Ra 226 plus
Ra 228 of 5 pCi/l, and discharges into Class 3 and 4 waters are limited to 60 pCi/l.
Enforcement of this standard will begin in 1992. It will be implemented such that
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20% of the discharges will be permitted each year for the next 5 years (Wagner,
1991). '

In some cases, radium permit standards allow for dilution by the receiving
water. The allowable radium standard may be increased proportionally with the
degree of effluent dilution. In this study, the dilution ratio is 38% effluent to 62%
receiving water, resulting in an allowable radium discharge of 13.2 pCi/l.
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1.4 Produced Water Disposal Alternatives

Many produced water treatment and disposal alternatives are available,
though only a few are widely used due to their cost and feasibility. Current
disposal methods include: deep well injection for secondary recovery of
petroleum; injection into Class 2 disposal wells, evaporation in lined ponds and
mechanical evaporators; and surface discharge.

Deep well injection for secondary recovery is an attractive disposal
technique, since the produced water is usually injected into the formation zone
where it originated, and the costs associated with disposal can be offset by an
increase in petroleum production. The problems associated with this method
include: water-to-oil production ratios will increase over the life of the field,
requiring more water disposal with less cost offsetting by oil production; due to
formation characteristics, the formation may not be able to accept all of the water
produced; some pretreatment is required before injection; and a surplus of water
may result when injection wells are shut-in for service.

Deep well disposal facilities generally consist of a transportation system,
collection center, pretreatment facility, injection facility and injecfion well. They are
widely used since they offer a relatively low cost alternative and are presently
perceived as a permanent solution. However, in many cases a suitable facility or
injection zone is not available, adding significant transportation costs to the
disposal. Also, formations vary in their ability to receive injection water.
Cavernous limestones may be capable of injection rates of several thousand
gallons per minute with minimal injection pressure, while dense sandstones may
require 2000 psi to inject 100 GPM (Ostroff, 1979).

Though on the lower end of the cost spectrum, injection wells are not
inexpensive. New facility installation costs range from $1 - $3 million, and
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conversion of production wells runs from $200,000 to $300,000 (Pietri, 1992).
Operating costs can range from as little as $0.04 per barrel for on-site disposal
(Brus, 1992) to $1.50 to $2.50 per barrel if the water is hauled and disposed of
at another facility (Crist, 1990).

Evaporation ponds and mechanical evaporators each have their own
inherent feasibility problems. Both concentrate the waste and leave a residual
slurry or solid requiring disposal. Evaporation ponds are considered an eyesore
by the public and can require huge tracts of relatively flat land for their installation.
Mechanical evaporators can be prohibitively expensive when large volumes of
water are produced. As well, significant operating costs can result from providing
the energy required for evaporation and physical handling of solid wastes.

Surface discharge generally requires pretreatment and permitting.
Permitting standards have been and will continue to be increasingly stringent, and
thus require effective pretreatment methods. Many accepted treatment options
are prohibitively expensive and explain the widespread use of injection facilities.
Permitting requirements are discussed in section 1.3. Pretreatment options are
discussed below.

There are many treatment options available. Each employs a chemical or
mechanical means (or some combination) of separating solids from the produced
water, and thus results in some form of residual waste requiring disposal.
Treatment alternatives include: membrane separation (reverse osmosis, cross flow
ultrafiltration/microfiltration); ion exchange resins; freeze desalination;
electrodialysis and multistage flash distillation. Each of these methods requires
some form of pretreatment. Pretreatment requirements may include: oil
separation; induced gas flotation; air stripping; pH adjustment; filtration; softening;
and microbial control.
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The addition of these pretreatment processes can significantly add to the
cost and complexity of a treatment system and may contribute to variability in
treatment results. Kok, et al, (1989), performed a technical and economical
comparison of various treatment technologies. They identified evaporation,
membrane processes and freeze desalination as the most attractive for removing
TDS from produced water. Vapor compression evaporation was selected as the
most competitive alternative. Cost estimates for this type of system treating 3800
m°/day, with 15,000-64,500 mg/l TDS were $8.9 million for the initial capital costs
and $1.2 to $1.9 million annual operating costs. Simmons (1991) identified the
costs associated with reverse osmosis as $0.40 to $2.00 per barrel depending on
the volume of water to treat, contaminant loading, location and amortization period
of capital expenditures.

Constructed wetlands have been shown to improve water quality and are
gaining popularity as a potential treatment alternative for acid nﬁine drainage,
municipal wastes, urban runoff and other point and nonpoint source water
pollution. They yield positive results when applied to waters contaminated with
metals, organic compounds, mineral forming ions, suspended solids and acidity.
Wetland systems utilize a dynamic combination of physical, chemical and
biological processes. These processes support treatment mechanisms such as
precipitation and sorption of metals and minerals, microbial degradation of
organic compounds, filtering and settling of suspended sediments and buffering
of acidity. Wetland systems are inexpensive to construct and operate, and thus
are an attractive treatment option. However, their treatment processes are not
fully understood and performance optimization criteria are not well defined.

The surface flow/wetland treatment system studied here employs many of
the same chemical, physical and biological processes used in other technologies,
namely: air stripping, precipitation, ion exchange, biological uptake and biological
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degradation. It also treats produced water by removing and concentrating
undesirable solids, thus it will require final disposal of accumulated solids and
closure of the site. It differs from other alternatives by being relatively inexpensive

and passive, requiring no energy inputs and little or no maintenance.
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Chapter 2
TREATMENT MECHANISMS

2.1 Preliminary Study

To identify treatment mechanisms required for the system design,
researchers from the Colorado School of Mines performed a preliminary study of
naturally occurring surface flow/wetland conditions to isolate the components
necessary for a successful system (Cohen, 1990 and Emerick, 1990). Prior to the
beginning of the study, water analysis had been performed on the produced
water discharges at Marathon’s Half Moon and Pitchfork fields located near Cody,
Wyoming. The Half Moon discharge flows through a series of surface flow and
wetland reaches, while the Pitchfork discharge flows through a narrow channel.
Results of the water analysis indicated greater improvement in the character of the
Half Moon effluent than that of Pitchfork. For this reason, these two fields were
selected for a preliminary study to identify natural treatment mechanisms and
establish design criteria for the treatment system.

At Half Moon, produced water flows from a skimming pond and travels
down a natural wash for approximately 100 yards. A travertine-like crust forms
a system of natural terraces on the soil and rocks. The flow is turbulent as it
passes over these cascades. The flow is approximately 10 feet wide, and the
depth ranges from 6-12 inches in pools and 1 inch over cascades. A substantial
but discontinuous slime of blue-green cyanobacteria grows throughout the
system. The flow proceeds into a small pond having various wetland vegetation,
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including cattails, rushes and sedges around the perimeter. The effluent exits the
pond and flows in a less channelized fashion for another 250 yards and enters a
second wetlands pond. Samples were collected at three points along the wash
to assess the treatment capabilities of this reach.

At Pitchfork, the discharge flows in a narrow, channelized fashion for
approximately 300 yards to the end of the lease property. The channel is
approximately 24 inches wide and 6 inches deep for most of the reach. The flow
is turbulent with some blue-green cyanobacteria lining the channel. Except for
two travertine cascades less than 10 feet in length, this discharge lacks the
dynamic features of the Half-Moon discharge. To compare the treatment
capabilities of both reaches, the Pitchfork discharge was also sampled at three
points over the length of the reach. The results of these analyses are given in
Tables 3A and 3B.

Examination of the data revealed that the combination surface
flow/wetlands system at Half Moon was more effective at improving the general
character of the effluent than the Pitchfork channel.

At Half Moon, conductance dropped 40% from 5,000 to 3000 umhos/cm.
Calcium concentration dropped over 45% from 541 to 289 mg/l. The reduction
of these two constituents is believed to be the result of calcium carbonate
precipitation. Radium 226 decreased from 21.1 to 8.9 pCi/l. The hypothesized
removal mechanism is coprecipitation with calcium as scale. Sulfide decreased
from 20 mg/l to below detection limits. The oxidation of sulfide appears to
correspond to an increase in sulfate from 1060 to 1100 mg/l.

The Pitchfork site reduced sulfide from 28.7 to 8.4 mg/l, but had a lesser
affect on conductance, ion concentrations or radium 226 concentrations.

In general, the Half Moon site demonstrated greater improvements in water
quality than Pitchfork, supporting the use of surface flow, cascade and
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Table 3A - Preliminary study results: Half Moon and Pitchfork discharges

Field Measurements

Conductance
(umho / cm)
Half Moon Pltchfork

Half Moon  Pitchfork

Temperature (deg C)

Half Moon  Pitchfork

Eh (mV)

Half Moon  Pitchfork

Discharge 5000 3700
Midstream 3500 3800
Downstream 3000 3600
Analytical Data (mg/)

TDS

Half Moon Pitchfork

74 8.0
8.3 78
78 78
Carbonate

Half Moon  Pltchfork

48 31

34 31

30 31
Bicarbonate

Half Moon Pltchfork

-140 -160

80 80

180 250
Sulfide

Half Moon  Pitchfork

pH

Half Moon Pitchfork

Discharge 3210 2680
Midstream 2710 2620
Downstream 2550 2840
lon Chromatography (mg/l)
Flouride

Half Moon  Pitchfork

<1 70
<1 81
<1 98
Chioride

Haif Moon  Pitchfork

1580 1040
881 838
871 740
Phosphate

Half Moon  Pitchfork

Discharge 4.88 403

Midstream 3.89 4.95

Downstream 3.48 4.61
Bromide

Half Moon  Pitchfork

142 208

141 213

142 214
Nitrate

Half Moon Pitchfork

0.31 0.23
<0.02 0.05
<0.02 <0.02

Sulfate

Haif Moon  Pitchfork

Discharge 0.44 8517
Midstream 0.47 498
Downstream 0.47 4.09

Radiometric Analysis (pCifl), Detection Limit = 0.2, reading +/- 1.2 pCi/l

Ra 226 - Total

Half Moon Pitchfork

0.08 0.03
0.14 <0.01
0.18 0.22

Ra 226 - Dissolved

Half Moon  Pitchfork

Discharge 211 328
Midstream 252 28.2
Downstream 8.9 206

N/A = data not avallable

185 208.1
N/A 284
- %) 254

1060 843
1100 830
1100 281

20.0 287
26 128
<0.0t 8.4

7.50 8.12
7.24 7.09
7.860 7.83

14
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Table 3B - Preliminary study results: Half Moon and Pitchfork discharges

Cation Concentration - Total Solids (mg/l)
Sodium Magnesium

Half Moon  Pitchfork Half Moon  Pitchfork

Calclum

Half Moon  Pitchfork

Strontium

Half Moon Pitchfork

Sllicon

Haif Moon  Pitchfork

Discharge 200 380 131 104

Midstream 209 374 132 104

Downstream . 27 378 134 105
Potassium Boron

Half Moon  Pitchfork Half Moon  Pitchfork

545 316

387 2n

285 274
Lithium

Half Moon  Pitchfork

73 8.1

84 54

59 5.4
Barium

Half Moon  Pitchfork

5.1 48

57 46

8.4 a7
Iron

Half Moon  Pitchfork

Discharge 50 89 1.4 1.4
Midstream 57 67 1.6 1.3
Downstream 82 68 17 1.3

Cadmium - less than 0.01 mg/, all locations

Selenium - less than 0.13 mg/l, all locations

Copper, Zinc, Chromium - less than 0.02 mg/l, all locations
Aluminum - less than 0.1 mg/l, all locations

Cation Concentration - Dissolved Solids (mg/l)
Sodium Magnesium

Half Moon  Pitchfork Half Moon  Piltchfork

0.68 143

0.72 1.44

0.73 1.45
Calcium

Half Moon  Pitchfork

0.044 0.045
0.026 0.038
0.021 0.038

Strontium

Half Moon  Pitchfork

<0.020 0.028
0.024 0.043
0.048 0.052

Silicon

Half Moon  Pitchfork

Discharge 208 375 133 103

Midstream 218 373 133 104

Downstream 26 381 132 105
Potassium Boron

Half Moon Pitchfork Half Moon  Pitchfork

541 324

380 -1e4

289 274
Lithium

Half Moon Pitchfork

82 8.1

6.9 57

6.1 5.7
Barium

Half Moon  Pitchfork

84 54

8.8 5.4

8.4 5.5
Iron

Half Moon Pitchfork

Discharge 56 82 17 1.4
Midstream 59 ” 1.7 14
Downstream 64 73 1.7 1.5

Cadmium - less than 0.01 mg/,, all locations

Selenium - less than 0.13 mg/l, all locations

Copper, Zinc, Chromium - less than 0.02 mg/l, all locations
Aluminum - less than 0.1 mgi, all locations

0.72 1.48
0.72 148
0.74 1.47

0.047 0.052
0.028 0.045
0.021 0.043

<0.02 <0.02
<0.02 <0.02
0.024 0.024

15
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wetland elements in a passive treatment system. The surface flow and cascade
elements, and the turbulent flow that results, are believed to aid in stripping
hydrogen sulfide, volatile hydrocarbons and carbon dioxide. Reducing sulfides
and volatile hydrocarbons should improve the toxicity of the effluent, though no
toxicity testing was performed during the preliminary study. The reduction in
carbon dioxide partial pressure in the effluent enhances the precipitation of
carbonates and coprecipitation of radium. The wetland elements are believed to

support ion exchange and biodegradation of persistent hydrocarbons.

2.2 Air Stripping and Volatilization

Air stripping is well established as a means of adding gases such as
oxygen to water or removing various constituents from water such as volatile
organic compounds (VOCs), hydrogen sulfide and other dissolved gases. The
mass transfer rate of a compound between water and air depends upon the
relative volatility of the compound, the temperature, its concentration at the air-
water interface and the rate at which new air-water surfaces are formed.
Dissolved salts in the water affect the solubility of some gases and will reduce the
dissolved gas concentrations.

Henry’s law defines the relative volatility of various substances. It states
that the partial pressure of a constituent in solution is proportional to the
concentration of the constituent in air (Corbitt, 1989). Henry’s constant
determines the saturation concentration of a compound in a liquid at a given

temperature.
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Henry’s law is given by:

where:

P, = the partial pressure of constituent a in air
H, = Henry’s constant for constituent a, (atm)
X, = the solution concentration of contaminant a

Thus, the larger the Henry’s constant, the more readily a constituent may
be air stripped. When many constituents are present in a wastewater, each
having a different Henry’s constant, air strippers are typically designed to remove
the most persistent constituent. Values for Henry’s constants may be obtained
from handbooks‘ or determined experimentally. Table 4 gives the Henry’s
constant for some of the constituents of concern in this study.

Table 4 - Henry’s Constant for Selected Compounds

Constituent Henry’s Constant @ 20°C, atm
oxygen 43 X 10
carbon dioxide 1.51 X 10°
hydrogen sulfide 5.15 X 10°
benzene 24 X10°

Source: Corbitt, 1989
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Henry’s constants are highly temperature depe‘ndant. For example, the
Henry’s constant for most VOCs increases about threefold for every 10°C
temperature rise (Corbitt, 1988). This temperature relationship is given by:

log,H=(-H/RT) + K
where:
H = the Henry’s constant
H° = the change in enthalpy due to dissolution of constituent a in
water, kcal/kmol
R = the universal gas constant, 1.987 kcal/kmol-°K
T = absolute temperature, °K
K = a constant

Values of H° and K for selected constituents are given in Table 5.

Table 5 - Temperature Dependance of Henry’s Constant

Compound H°, kcal/kmol K

oxygen 1.45 X 10° 7.11
carbon dioxide 2,07 X 10° 6.73
hydrogen sulfide 20 X 10° 5.84
benzene 3.68 X 10° 8.68

Source: Corbitt, 1989
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Higher temperatures increase the volatility of constituents and decrease
their saturation concentrations. Thus, volatile materials are more readily stripped
in warm water than in cold. Similarly, the removal of some materials is pH
dependant. Low pH can aid in the removal of hydrogen sulfide, carbon dioxide
and ammonia.

The two-film theory describes the mass transfer across the air-water
contact area. It states that mass transfer occurs between a thin film at the liquid-
gas interface, and that the bulk of the gas and liquid are not directly involved
(Heilshorn, 1991). Since mass transfer occurs at the air-water interface, it is
desirable to facilitate as much interfacial area as possible. Ostroff, (1979) explains
how a water surface film acts as a barrier to mass transfer. It is believed that oils,
soaps, detergents, organic acids and some organisms enhance this barrier.
Conversely, increased temperatures and agitation are believed to reduce the
resistance of this film.

At a given temperature and pressure, Haney (1954), defines the rate
equation for gas released from water as:

log,, [(S - C) / (S - C)] = -K(AV)t

where:

S = saturation concentration of the gas in water, (ppm)
C. = the concentration at time t, (ppm)

C, = the initial gas concentration att = 0, (ppm)

A = the area of gas-water interface. (cm?)

V = the volume of water, (ml)

K = a constant

This relationship describes a gas in a supersaturated state. As the gas is
released, the concentration approaches the saturation concentration, S. The rate
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of release decreases logarithmically as the saturation concentration is
approached. Also, at a given temperature and pressure, increasing the area of
the gas-water interface allows a proportional decrease in the treatment time.

Air stripping hydrogen sulfide depends largely on the characteristics of the
water and the amount of carbon dioxide present. Hydrogen sulfide is roughly
three times more soluble in water than carbon dioxide. Thus, carbon dioxide will
be released before hydrogen sulfide during aeration. This can lead to an increase
in pH in waters having significant source of alkalinity, such as bicarbonate, and
no source of mineral acidity. At pH 5.0, the sulfide present is 98.0% hydrogen
sulfide gas and is readily stripped. At pH 8.0, the sulfide present is only 6.0%
hydrogen sulfide gas. In this case the sulfide ion persists and is not effectively
stripped (Ostroff, 1979). When the sulfide ion persists, some of it may oxidized
to elemental sulfur. This is illustrated by the equation:

HS +120,->H0+S

When carbon dioxide is present in concentrations greater than 5 ppm, it
may be reduced by air stripping. As discussed above, stripping carbon dioxide
may lead to an increase in pH. If the bicarbonate concentration is greater than
200 ppm, some calcium carbonate precipitates (Ostroff, 1979).

2.3 Carbonate Precipitation

Calcium carbonate precipitation can provide a desirable means to remove
calcium and bicarbonate ions from produced water. Additionally, radium
concentrations may be reduced via coprecipitation with calcium. Under
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conditions of supersaturation, these ions will precipitate to form a scale. Calcium
carbonate generally forms large crystals, but in the presence of impurities, the
crystals are finely divided and appear uniform (Ostroff, 1979).

Carbon dioxide, and its function in carbonate equilibrium, plays a key role
in calcium carbonate precipitation. All natural water systems have some dissolved
carbon dioxide, and in the case of produced water, the carbon dioxide is primarily
derived from the decay of organic material. Carbonic acid forms when dissolved
carbon dioxide reacts with water. The carbonic acid undergoes further
dissociation to form bicarbonate and carbonate ions. These reversible reactions
are given by:

CO, + H,0 <--> H,CO,
H.CO, <---> H* + HCO,
HCO, <--> H* + CO,?

Since the second equilibrium constant for the dissociation of carbonic acid
is much smaller than the first, the ionized hydrogen from the first reaction would
combine with the free carbonate ion in the water. For this reason, it is believed
that dissolved calcium carbonate exists only as calcium and bicarbonate ions
(Ostroff, 1979). This assumption is applied in the following reversible equation

describing the precipitation of calcium carbonate.
Ca(HCQ,), <---> H,0 + CO, + CaCO,

This relationship illustrates the role of carbon dioxide in the solubility of
calcium carbonate. At equilibrium, a decrease in carbon dioxide will yield an
increase in calcium carbonate precipitate. As determined by Miller (1952), at
24°C, caicium carbonate solubility tripled from roughly 1 g/l to 3 g/l when the
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partial pressure of carbon dioxide was increased from 1 atmosphere to 50
atmospheres.

The solubility of various substances dissolved in water is dependant on
temperature, pressure, pH, redox potential, the relative concentrations of other
constituents and the characteristics of the substance itself. Though all of these
factors influence the solubility of calcium carbonate, temperature, due to its effect
on the other variables, has the greatest influence on precipitation (Cowan, 1976).

According to Cowan and Weintritt (1976), the formation of mineral scales

depends upon:

(the) degree of supersaturation of the water, rate of temperature
change, degree of agitation of the mineralized water during the
formation of crystals, size and number of seed crystals used
(organic and inorganic), presence of impurities, changes in pH of
the solution, and changes in pressure.

Supersaturated solutions contain higher constituent concentrations than at
equilibrium. Supersaturation must exist for scale precipitation to occur. As well,
the rate of scale deposition corresponds to the degree of supersaturation.
Temperature, pH, pressure, flow rates and seed material are all controlling factors
of supersaturation.

Calcium carbonate has an inverse solubility. That is, it is less soluble at
high temperatures than it is at low temperatures. The amount of scale produced
therefore increases with an increase in temperature. This is evident as calcium
carbonate often creates scale problems in heat exchangers and boilers.

Turbulence and agitation tend to precipitate scale more readily than still
conditions. Agitation also tends to produce larger crystals. This is demonstrated
as scale is more likely to occur in valves and ells, than in straight reaches of pipe.
Hostomsky and Jones (1990) attribute this phenomena to the increased frequency
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of ionic particle collisions. They have observed both increased crystal growth
rates and increased rates of crystal nucleation to result from increased agitation.

The formation of seed crystals, or nucleation, is essential to development
of scale. When nucleation occurs, individual molecules agglomerate and orient
themselves into a crystal lattice (Cowan, 1976). Nuclei under a certain minimum
size may be redissolved. Those that persist become stable and promote further
agglomeration. Hostomsky and Jones (1990) found the agglomeration of
previously formed crystals, rather than the growth of new crystals, to be the
primary mechanism for increasing particle size.

Salts and other impurities in solution increase the solubility of calcium
carbonate. Xyla, et al (1991) found the presence of metal ions or other foreign
substances to reduce the rate of precipitation. They attribute this result to the
blocking of active crystal growth sites by foreign anionic and cationic substances.

pH is a measure of the free hydrogen ions in solution and thus describes
the state of carbonate equilibrium and relative fraction of dissolved carbon
dioxide. Lower pH indicates relatively higher concentrations of carbon dioxide in
solution. This acidity tends to keep scale forming solids in solution. Increasing
pH tends to precipitate these solids.

Produced water may originate in subsurface formations having pressures
as high as 20,000 psi (Cowan, 1976). .Under these conditions, extremely high
concentrations of dissolved carbon dioxide may exist. As this water is brought
to the surface, this gas is liberated. As discussed previously, this reduction in
carbon dioxide leads to the precipitation of calcium carbonate scale.

Though the above factors regulate precipitation, they do not describe
whether or not the precipitate will adhere to something and form a scale. At high
levels of supersaturation, and to some degree at higher temperatures, calcium
carbonate may form as a nonadherent particle. Little is known about the cause
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of precipitation adherence. Cowan (1976) reports that greater wetting of surfaces
increases adhesion, though after scale is established, this has less of an influence.
Also noted, was a tendency for scale to adhere better at gas-liquid-solid
interfaces, such as tank walls, and on corroded surfaces.

Barium sulfate, calcium carbonate and calcium sulfate are typical
constituents of produced water. Yet, at 25°C, in distilled water, they each have
distinctly different solubilities of 0.0023 g/l, 0.053 g/l and 2.08 g/l reépectively.
Oxygen, carbon dioxide and hydrogen sulfide are highly reactive in water and can
contribute to the formation of solids when equilibrium conditions are altered.

Saturation indexes have been developed to predict whether a given water
will precipitate or dissolve calcium carbonate scale. Most saturation indexes are
not suited for the high salt concentrations of produced water. Stiff and Davis
(Ostroff, 1979) developed a relationship commonly used in the oilfield, termed the
stability index. The Stiff and Davis stability.index is given by: |

Sl = pH - K- pCa - pAlk
where:

S| = the stability index

pH = pH of the water, standard units

K = an empirical constant to compensate for various ionic strengths
and temperatures

pCa = the negative logarithm of the calcium ion concentration in
moles per liter

pAlk = is the negative logarithm of the total alkalinity, titrated to the
methyl orange end point, expressed in terms of titratable
equivalents per liter
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A positive stability index indicates that scale will be precipitated and a
negative index indicates that scale will be dissolved. This prediction is not always
correct, but some inaccuracies are believed to be due to faulty Water analyses.
The index should not be used to determine the volume of scale that results.

For more on the stability index, see Ostroff, 1979.

2.4 Biological Mechanisms

Bacteria are found nearly everywhere on earth and thus are usually present
in produced water. Many forms of organic and inorganic materials are present
in produced water and the environments it contacts. These materials provide
nutrients and energy for the bacteria and promote their growth. Ostroff (1979)
notes that bacteria flourish best under the foliowing conditions: pH from 5 to 9;
temperature from 0 to 180 °F; and brine concentrations under 100,000 ppm. He
groups bacteria present in produced water into three classifications: obligate
aerobes, that grow only in the presence of molecular oxygen; obligate anaerobes,
that grow in the absence of oxygen; and facultative anaerobes, that grow with or

without oxygen.

Caswell, (1992) has identified some of the bacteria present in this treatment
system and the treatment mechanisms they provide. These mechanisms include
microbial degradation of hydrocarbons and microbial oxidation of sulfur. In his
study, he attributes microbial degradation to an average reduction in total
phenolics of 85 ppb across the treatment system. He has theorized that up to
70% of the sulfur removed from the system is due to microbial oxidation of sulfur
to sulfate. For more on the identification of these bacteria and the treatment
mechanisms they provide, see the work of Caswell, 1992.
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Chapter 3
TREATMENT SYSTEM DESIGN

3.1 Background and Layout

Marathon’s Pitchfork Field was selected as the location for the treatment
facility. The Pitchfork Field is located in the Bighorn Basin near Meeteetse,
Wyoming and covers roughly 800 acres. The land is leased from the of Bureau
of Land Management and private parties. The well field consists of 58 producing
wells and 31 injection wells yielding approximately 5500 barrels of oil and 110,000
barrels of water per day. The bulk of the produced water at this field is used for
secondary recovery. A surplus of 10,000 to 18,000 barrels of water per day is
surface discharged. The effluent travels down two miles of dry wash until its
confluence with Rawhide Creek, a Class 2 stream. Rawhide Creek flows for
approximately ten miles before discharging into the Greybull River.

The treatment system is built on ten acres of lease property near the field
tank battery; A portion of the surface discharge is used for evaluation of the
system. The remaining portion of the effluent is diverted around the treatment
system. Both effluents come together near the lease property boundary and
proceed down the wash.

The water analysis results from the preliminary study supported an
engineered surface flow/wetlands system design. A two stage system was
designed utilizing a surface flow component and a wetland component. The
surface flow component is designed to provide aeration and gas stripping under
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turbulent flow conditions. These mechanisms will strip hydrogen sulfide and
promote the oxidation of sulfide to sulfate. In the presence of nucleation sites,
these mechanisms will also encourage the precipitation of carbonates and
coprecipitation of radium. The wetland stage is designed to provide an
environment for microbial degradation of hydrocarbons, and may support ion
exchange with sediments and ion uptake by aquatic vegetation.

There was, and continues to be, debate over the order in which these
components should be placed in the system. Wetlands often utilize subsurface
flow and can be primarily anaerobic. As such, if placed downstream of the
surface flow stage, the wetland could reduce sulfate to sulfide, potentially
increasing the toxicity of the effluent. Also, carbonates and radium may be
remobilized. Conversely, if the wetland were placed above the surface flow stage,
it would receive untreated water. It was believed that the toxicity of the effluent
at this point might be detrimental to microorganisms and aquatic vegetation. For
this reason, the wetland stage was constructed downstream of the surface flow
stage. The system was positioned on the site such that a second surface flow
stage could be constructed below the wetland if treatment results warrant it. The

overall system layout is shown in Figure 1.

3.2 Skimming Ponds

The produced water and crude oil are separated using APl separators and
heater treaters at the tank battery. The produced water then flows though a
series of three constructed ponds designed to allow remaining oil to float to the
surface and be skimmed off. Water for the treatment system is drawn off of the
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third skimming pond through a siphon tube. The siphon tube allows water to be
drawn from the pond without the encroachment of floating oil. The siphon
consists of 8" PVC pipe assembled in a tee and rotated such that arms of the tee
are vertical. The lower arm of the tee extends two feet below the water surface
to reduce the chance of oil being drawn in from the surface. The upper arm of
the siphdn extends above the pond retaining wall to prevent any oil contamination
in the event of the pond overflowing. The siphon is situated below the elevation
of two existing bypass siphons to ensure primary draw for the treatment system.
The bypass siphons discharge excess effluent not entering the treatment system
into a bypass channel routed around the system.

3.3 The Surface Flow Stage

To assess the treatment efficiency of various surface contours, four different
surface flow cells were constructed. These are shown in Figure 2. Each cell is
50 feet wide and 100 feet long. The upper two cells are constructed on a 3%
grade. One of the cells is planar through its entire length and the other has three
constructed terraces to enhance aeration. The terraces are each 12 inches high
and are spaced at 25 foot intervals down the length of the cell. The terrace
construction detail is .shown in Figure 3.

Each of the upper cells is lined with 20 mil chlorinated polyethylene,
covered by a 12 ounce geotextile and topped with 1 and 2 inch angular gravel.
The gra\)el depth is typically 1 to 3 inches, but is much more in some cases. In
particular, the planar cell has gravel depths in excess of 6 inches in some places
due to ruts caused by the loader used to distribute the gravel.
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The lower two cells are directly below the upper cells and receive the
effluent exiting the upper cells. When constituent removal occurs in the upper two
cells, the lower cells receive water with lower constituent concentrations than the
upper cells. These differences in constituent loading to the upper and lower celis
should be considered when examining the treatment results.

The lower cells consist of compacted native soil and are not lined. One of
the lower cells is constructed on a 3% grade and the other on a 2% grade. A
more extreme difference in grades between these two cells was originally planned,
but was not possible due to site topography and budget constraints.

The effluent leaving the upper cells is evenly distributed over the width of
the lower cells through an intermediate channel. The effluent is collected in this
channel and spills over weir strips fastened to the channel. The height of the weir
strips is adjustable to compensate for settling of the channel. The effluent exiting
the lower cells is received by discharge channels located at the bottom of each
cell. Both the intermediate and discharge channels are fitted with drains to
measure the flow leaving each of the four cells. These drains are routed to the
volumetric tank for measurement. Figure 4 shows the construction detail of these
channels.

The perimeter of the surface flow stage is surrounded with berms to
contain the treatment water within the cells. The berms are constructed of native
soil and are 8 to 12 inches high. The lined cells have lined berms. The liner and
geotextile are keyed into the top berms to prevent downslope movement.

The different cell designs were constructed as such to compare the relative
treatment value associated with terraces, a lined gravel surface, a soil surface and

increased retention time.



33

T-4212

flelep jeuueyd abieyosip pue ajelpawusiy] - ¢ 8inbi4

"BNNVHO 308WHISI TONNVHO 3LVITMN3ALN

NOLLO3S-SSTRID TINNVHI WOldAl NOILD3IS-SSOAD TINNWHD TYaldAL
) i s
TG 930 06 .9 SDVLS L¥0ddNS I\\us,\\.\\\
N_/ v X 2 CRHWDA ms
TNV LIN0S A .onl//l _— dv3 ¥
1NSYO INRULTN
LDISYD NV ; p QOALW CIZINWOA /€ s NN XGM $S .8/E
NV LDOOS IAd .9 1 116 IWRRVI SS £ X 48/€
& X 2 GZINVNTA WIHSYA DI SS L8/E
IO 1IN0
/ AUVId M3IA HILION-A
Mid 114 dNS L3 X L9 a4 2 HUA W1 TEO -
9 X 2 CIZINVWIOA
ATIA INCH4
TBNNWHO I9UVHISIT [ s
i | | L | ]
t
AJIA 400
TINWHD 3DUVHISIT
120 1 ] | { |
TNV IUVIEIRING [ os3n
= S A o — ¥ — = IM_
1= — 1 e s s —_—t
T
MJIA d0L
TINYHO ILVICIROIND
|
000,
I & o o o at


























































































































































































































































































































































































































































