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ABSTRACT

Oilfield produced waters (OPWs) are brought to the surface when oil reservoirs
contained in water-bearing geologic units are extracted. Large volumes of OPW present
environmental challenges concerning disposal, as well as potential opportunities for
beneficial use if constituents posing risk can be remediated. In this study a pilot-scale
constructed wetland treatment system (CWTS) was specifically designed to treat an OPW
from sub-Saharan Africa for use in irrigation and livestock watering. Three major
objectives were to: characterize and identify constituents of concern in the OPW in terms
of beneficial use, evaluate treatment performance of a pilot-scale constructed wetland
treatment system for simulated OPW, and conduct seed germination and early growth
(SG/EG) bioassays to confirm suitability of post-treatment simulated OPW for irrigation.
Through a risk assessment approach incorporating exposure pathways and
calculated risk quotients, Fe, Mn, Ni, Zn, and oil and grease were identified as
constituents of concern (COCs) in the OPW for irrigation and/or livestock watering.
Chemical and biological performance of the pilot-scale CWTS designed for these COCs
indicated decreased aqueous concentrations (Fe, Mn, Ni, Zn, and O&G) and decreased
toxicity to P. promelas and C. dubia after treatment. SG/EG bioassays demonstrated
greater values for early growth response parameters (i.e. root and shoot length and mass)
for seeds germinated in post-treatment waters compared to pre-treatment simulated OPW.
Combined, the characterization, pilot-scale experiments, and SG/EG bioassays indicate
the OPW has a high potential for treatment and beneficial use based on chemical and
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physical composition, volume, treatment kinetics, and local need for water for irrigation
and livestock.
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CHAPTER ONE
INTRODUCTION
Oilfield produced waters (OPWs) are brought to the surface when oil reservoirs
contained in water-bearing geologic units are extracted. Khatib and Verbeek (2003)
estimated that in 1999 more than 210 million barrels (33.4 million m3) of produced water
were generated each day worldwide. Clark and Veil (2009) estimated that for onshore
production in the United States 7.6 barrels (1,208 L) of water are generated for each
barrel (159 L) of oil produced, while wells elsewhere in the world average 3 barrels (477
L) of water for each barrel (159 L) of oil produced (Khatib and Verbeek, 2003). The large
volume of OPW presents environmental challenges concerning disposal, as well as
potential opportunities for beneficial use if constituents posing risk can be remediated. As
an alternative to conventional water treatment, constructed wetland treatment systems
(CWTSs) are innovative, effective, and often less expensive (Myers, 2000; Rodgers and
Castle, 2008). Through the use of CWTSs, specific OPW from sub-Saharan Africa has
the potential to help alleviate the growing demand on water for agriculture, livestock
watering, and drinking water in the region.
Current OPW management strategies include minimization of the volume of
OPW generated, surface discharge, disposal into underground formations, utilization for
enhanced recovery/pressure maintenance, and beneficial use at the surface (Khatib and
Verbeek, 2003; Veil et al., 2004). Development of cost effective and feasible OPW
management strategies depends on site location, regulatory acceptance, technical
considerations, costs, and availability of infrastructure and equipment (Veil et al., 2004).
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Within the United States in 2007, more than 98% of produced water from onshore wells
was injected, approximately 59% of which was injected into producing formations to
maintain pressure and 40% of which was injected into non-producing formations for
disposal; the remaining produced water was managed in evaporation ponds, offsite
commercial disposal, and beneficial use (Clark and Veil, 2009). Motivation for increased
water reuse is the result of the need for alternative sources of water resources and
increasingly stringent water quality discharge standards (USEPA, 2004). Integrating
water reuse into water management strategies can lessen the demand on existing water
resources and partially alleviate the need for development of new water sources. Properly
implemented OPW reuse programs in developing countries may increase political and
economic stability (Bdour et al., 2009) while providing public health protection and
environmental risk mitigation (USEPA, 2004).
Although the composition of OPW can vary greatly, three common fractions are
hydrocarbons, metals/metalloids, and salts (Knight et al., 1999; O‟Rourke and Connolly,
2003; Veil et al., 2004). Physical and chemical properties depend on geographic location
of the field, geological formations in contact with the water over time, treatment
chemicals utilized, and extraction techniques (Murray Gulde et al., 2003; Veil et al.,
2004; Benko and Drewes, 2008). Constituents of concern (COCs) are compounds or
elements in a specific OPW that require treatment to meet target water reuse guidelines.
Characterization of specific produced waters and identification of COCs that may limit
reuse are needed for application of feasible and effective treatment strategies (Grini et al.,
2002; PRRC, 2003) and implementation of treatment goals to meet water reuse
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guidelines for irrigation and livestock watering. A site specific conceptual model
describes how plants and animals might be exposed to constituents (USEPA, 2008) and
as part of a risk assessment for water reuse, the model can be a useful tool for delineating
constituents that may limit reuse in comparison to guideline values for intended reuse
applications. Feasible water reuse applications and monitoring practices can then be
implemented to meet target water reuse goals with the priority of human health
protection.
Constructed wetland treatment systems may be an appropriate alternative for
onsite treatment of OPWs for reuse in irrigation, livestock watering, and human uses.
Robust CWTSs can be designed for removal of targeted constituents in a site specific
OPW (Knight et al., 1999; Ji et al., 2002; Murray Gulde et al., 2003; Al Mahruki et al.,
2006), while providing flexibility in treating multiple constituents to meet performance
goals for water reuse (Rodgers and Castle, 2008). Constituent removal can be achieved in
CWTSs by promoting specific biogeochemical pathways and manipulating hydrosoil,
vegetation, and hydroperiod to decrease the aqueous concentration and bioavailability of
targeted constituents. Flow regimes utilized in CWTSs include subsurface flow (i.e. water
level maintained below the hydrosoil substrate) and free-water surface (i.e. water surface
open to atmosphere). Selection of an appropriate flow regime depends primarily on the
targeted constituents for treatment, geographic location and factors, cost, available area,
and treatment goals (Gessner et al., 2005; Pham, 2009).
Pilot-scale CWTS studies incorporate critical design features and facilitate
experimentation (Tao et al., 2006), while readily permitting scaling of results to improve

3

full-scale designs (Rodgers and Castle, 2008). Specifically, pilot-scale studies: (1) supply
information from replicated physical model CWTSs operating at varied conditions, (2)
provide confidence to owners about realistic and robust treatment performance of the
systems, and (3) provide refined kinetic rate coefficients and extents of removal for
incorporation into full-scale systems (Rodgers and Castle, 2008).
Treatment performance can be monitored at the pilot-scale through chemical and
physical analyses to ensure that effluent water meets or exceeds water reuse guidelines.
However, biological monitoring of post-treatment water, through the use of organisms or
plants, can be used to detect toxicity or potential adverse effects resulting from a complex
mixture of constituents (Banks and Schultz, 2005). Seed germination and early growth
(SG/EG) bioassays provide a rapid, simple, and reproducible technique for indicating the
effects of industrial effluents or wastes on plant growth (Teacă and Bodîrlău, 2008).
SG/EG bioassays have been used extensively for ecotoxicity evaluations of contaminated
soils, particularly in petroleum impacted soils (Miller et al., 1980; Salanitro et al., 1997;
Dorn et al., 1998; Crowe et al., 2002; Banks and Schultz, 2005; Płaza et al., 2005) where
toxicity can result from a complex mixture of compounds that chemical analyses alone
are insufficient to assess potential ecological impacts (Banks and Schultz, 2005). In
complex mixtures, such as OPWs, it can be difficult to determine which constituents to
analyze, predict their ecological effects, and account for possible additive effects or
interactions (Płaza et al., 2005; Fjällborg et al., 2006).
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The presented research addressed questions regarding performance of CWTSs for
the renovation of a specific oilfield OPW from sub-Saharan Africa for reuse in irrigation
and livestock watering. Three major objectives were:
1. Characterize and identify constituents of concern in a specific oilfield produced
water for beneficial use;
2. Evaluate treatment performance of a pilot-scale constructed wetland treatment
system designed to renovate an oilfield produced water; and
3. Conduct seed germination and early growth bioassays to confirm suitability of the
post-treatment simulated OPW for irrigation.
1.

Characterize and identify COCs in a specific OPW
The purpose of this study was to apply a risk assessment approach for identifying

constituents in a specific oilfield produced water that require treatment to permit
beneficial use of the treated water. Specifically, the risk assessment approach was applied
to characterizing water co-produced with oil from non-marine geologic strata of a rift
basin in sub-Saharan Africa. To illustrate the risk assessment approach used for this
produced water, specific objectives of this research were to: 1) measure chemical and
physical characteristics as well as the quantity of a specific OPW in sub-Saharan Africa,
2) develop a conceptual model for exposure pathways for inorganic and organic
constituents in untreated OPW for use in irrigation and livestock watering, and 3) identify
COCs in the OPW that require treatment and determine treatment goals based on criteria
associated with the selected use options.
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2.

Evaluate treatment performance of a pilot-scale CWTS
This research utilized a pilot-scale CWTS and simulated OPW to measure both

chemical (i.e. rates and extents of removal) and biological (i.e. organism bioassays)
treatment parameters of COCs in OPW from specific oilfields in sub-Saharan Africa.
COCs in the OPW studied include oil and grease (O&G), Fe, Mn, Ni, and Zn, based on
analysis and comparison with water reuse criteria. The objectives of this research were to:
(1) design, construct, and monitor pilot-scale vertical subsurface flow and free-water
surface series for the treatment of COCs in the OPW studied, (2) measure chemical and
biological treatment performance of the pilot-scale CWTS for simulated OPW containing
COCs, and (3) determine water reuse feasibility and full-scale CWTS design criteria.
Effective treatment of water produced from oilfields in sub-Saharan Africa has the
potential to help alleviate growing demand for water for agriculture, livestock watering,
and human uses in this semi-arid region.
3.

Conduct SG/EG bioassays to confirm suitability for irrigation
This research utilized SG/EG bioassays, in conjunction with chemical and

physical analyses, to evaluate post-treatment pilot-scale CWTS phytotoxicity of a
simulated OPW representative of specific oilfields in sub-Saharan Africa. Two CWTS
flow regimes were evaluated: subsurface flow (SSF; water level maintained below the
hydrosoil substrate) and free-water surface (FWS; water surface open to atmosphere).
Simulated OPW for the pilot-scale CWTS experiments was used because of the cost and
practicality associated with transportation and storage of actual OPW. The specific
objectives of this research were to: (1) compare phytotoxicity among pre- and post-
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treatment simulated OPWs, (2) contrast responses of five plant species to pre- and posttreatment simulated OPW, and (3) identify potential phytotoxic chemical characteristics
of the simulated OPW.
4.

Thesis organization
This thesis is organized into five chapters including the Introduction (Chapter 1)

and Conclusions (Chapter 5). The three body chapters of the thesis are written and
formatted as independent manuscripts intended for publication in peer-reviewed journals.
Therefore, it was necessary to repeat some material and data throughout the chapters. The
manuscripts and their intended journals are:
Chapter 2: A Risk Assessment Approach to Identifying Constituents in Oilfield
Produced Water for Treatment Prior to Beneficial Use, prepared for submission to
Ecotoxicology and Environmental Safety
Chapter 3: Performance of a Pilot-scale Constructed Wetland Treatment System
for Simulated Oilfield Produced Water, prepared for submission to Water, Air,
and Soil Pollution
Chapter 4: Renovating Oilfield Produced Water Using a Constructed Wetland
Treatment System: Seed Germination and Early Growth Bioassays to Confirm
Suitability for Irrigation, prepared for submission to Chemosphere
Collectively, this research provided characterization of a specific OPW and presented
data on physical, chemical, and biological treatment performance of a simulated OPW in
CWTSs. While this research addressed renovation and reuse of a specific OPW, the risk
assessment and treatment methods utilized may be applicable to other OPWs.
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Abstract
A risk assessment approach incorporating exposure pathways and calculated risk
quotients was applied to identifying constituents requiring treatment prior to beneficial
use of oilfield produced water (OPW). In this study, risk quotients are ratios of
constituent concentrations in soil or water to guideline concentrations for no adverse
effects to receptors. The risk assessment approach is illustrated by an example of an
oilfield water produced from non-marine geologic strata of a rift basin in sub-Saharan
Africa. The OPW studied has the following characteristics: 704-1,370 mg L-1 total
dissolved solids (TDS), 45-48 mg L-1 chloride, and 103.8 mg L-1 oil and grease (O&G).
Exposure pathways of constituents in OPW used for irrigation include: ingestion of plant
tissue, ingestion and direct contact of irrigated soil by livestock, inhalation of aerosols or
volatilized constituents, and ingestion of OPW directly by livestock. Applying risk
quotient methods for constituents in soil and water, COCs identified for irrigation and
livestock watering using the OPW studied include: iron (Fe), manganese (Mn), nickel
(Ni), zinc (Zn), and O&G. Approximately 165,000 barrels d-1 (26,233 m3 d-1) of OPW
from the study site are available for use. Identification of COCs and consideration of
water quantity allows for development of reliable treatment design criteria to ensure
effective and consistent treatment is achieved to meet guideline levels required for
irrigation, livestock watering, or other uses. This study illustrates the utility of risk
assessment for identifying the COCs in OPW for treatment, the level of treatment
required, and viable options for use of the treated water.
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1.

Introduction
Oilfield produced waters (OPWs) are brought to the surface when oil is extracted

from reservoirs contained in water-bearing geologic formations. Khatib and Verbeek
(2003) estimated that in 1999 more than 210 million barrels (33.4 million m3) of
produced water were generated each day worldwide. Clark and Veil (2009) projected that
for onshore production in the United States 7.6 barrels (1,208 L) of water are generated
for each barrel (159 L) of oil produced, while wells elsewhere in the world average 3
barrels (477 L) of water for each barrel (159 L) of oil produced (Khatib and Verbeek,
2003). The large volume of OPW presents environmental challenges concerning
management, as well as potential opportunities for beneficial use if constituents posing
risks can be remediated. The practical aspects of using produced water for beneficial
purposes depend on several factors including the volume of water available as well as
temporal availability, the local need or potential uses for water, and the degree of
treatment required to achieve government or industry use standards (Dallbauman and
Sirivedhin, 2005). Characterization of specific produced waters and identification of
constituents that limit use are needed for application of feasible and effective
management strategies (Grini et al., 2002; PRRC, 2003).
Current OPW management strategies include minimization of the volume of
OPW generated, disposal into underground formations, utilization for enhanced
recovery/pressure maintenance, and beneficial use at the surface (Khatib and Verbeek,
2003; Veil et al., 2004). Development of cost effective and feasible OPW management
strategies depends on site location, regulatory acceptance, technical considerations, costs,
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and the availability of infrastructure and equipment (Veil et al., 2004; Dallbauman and
Sirivedhin, 2005). Integrating treatment and use options into water management
strategies can decrease demands on existing water resources and partially alleviate the
need for development of new water sources.
A risk assessment approach is vital to integrating treatment and use options into
water management strategies. This approach incorporates characterization of the quality
and quantity of water for potential use, conceptual models for exposure routes,
determination of use options, and discernment of constituents of concern (COCs). COCs
are compounds or elements identified in the OPW that require treatment to meet water
use guidelines. Characterization of the composition and quantity of OPW can be used to
determine beneficial use options and to apply appropriate treatment strategies. Site
specific conceptual models illustrate exposure pathways for plants or animals to
constituents (USEPA, 1998). As part of a risk assessment for water use, the model
functions as a tool for delineating constituents that limit use by comparing guideline
values for the selected use options. Common water use options include: surface water
discharge, flow augmentation, aquaculture, agriculture, livestock watering, and in some
instances, direct and indirect potable use (Clark and Veil, 2009; Veil et al., 2004). For
this site in sub-Saharan Africa irrigation and livestock watering are high priorities. Water
quality for irrigation should be sufficient to: (1) protect human health when consuming
food produced from crops irrigated with reclaimed wastewater, (2) minimize soil
contamination through metal and salt loading, and (3) prevent crop growth inhibition
(Chiou, 2008; Huertas et al., 2008). Livestock watering guideline values should be
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sufficiently stringent to minimize health risks to livestock to ensure successful production
(ANZECC, 2000).
The purpose of this study was to apply a risk assessment approach for identifying
constituents in a specific oilfield produced water that require treatment to permit
beneficial use of the treated water. Specifically, the risk assessment approach was applied
to characterizing water co-produced with oil from non-marine geologic strata of a rift
basin in sub-Saharan Africa. To illustrate the risk assessment approach used for this
produced water, specific objectives of this research were to: 1) measure chemical and
physical characteristics as well as the quantity of a specific OPW in sub-Saharan Africa,
2) develop conceptual models for exposure pathways for inorganic and organic
constituents in untreated OPW for use in irrigation and livestock watering, and 3) identify
COCs in the OPW that require treatment and determine treatment goals based on criteria
associated with the selected use options.
2.

Materials and methods

2.1.

Characterization of the OPW

2.1.1. Water quality
Composition of the OPW studied was determined through compilation of sitespecific analytical data, including cation and anion concentrations (e.g. metals and
metalloids), water chemistry parameters (e.g. pH, alkalinity, hardness), oil and grease
(O&G) concentrations, and organic constituents (e.g. polycyclic aromatic hydrocarbons,
volatile aromatics, phenols) concentrations. Mean, range, and standard deviation of
constituent concentrations were calculated from OPW samples collected from February
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2005 to October 2006. Analyses were conducted by a commercial laboratory using
standard methods (APHA, 2005); method detection limits were estimated from the
analytical reports.
Sodium adsorption ratio (SAR) of the OPW studied was calculated using the
concentrations of sodium, calcium, and magnesium to indicate the susceptibility of soil to
be negatively impacted by irrigation with reclaimed OPW using Equation 1 (Dallbauman
and Sirivedhin, 2005):
SAR

[sodium ( meg / L)]

Equation 1

[calcium ( meq / L)] [ magnesium ( meq / L)]
2

Irrigation water with a high SAR value (> 6) can induce cation exchange processes on
clay particles with sodium replacing potassium, calcium, and magnesium, resulting in
decreased soil permeability and increased susceptibility to erosion (Dallbauman and
Sirivedhin, 2005; API, 2006).
2.1.2. Water quantity
The potential for beneficial use of OPW was evaluated by calculating the area of
crop that can be irrigated and the number of livestock that can be sustained with the
volume of OPW available in the study area. Crop water requirements (CWRs) were
compiled for twelve common crops intended for human use and consumption (wheat,
maize, millet, potatoes, sugar cane, soybean, seed cotton, lettuce, tomatoes, onion, okra,
and watermelon) and three crops for livestock forage (maize, grasses, and clover). In
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order to compare CWRs to the volume of OPW available for use, an unit conversion from
water height (mm) to volume of water required to grow one hectare (m3 ha-1) was used:

CWR CWR b

0.001 m 10,000 m 2
mm
ha

Equation 2

where CWR (m3 ha-1) is the crop water volume required to grow one hectare of a crop in a
specific country for one growing season, and CWRb (mm) is the crop water height
required to grow one hectare of the same crop in that country (Chapagain and Hoekstra,
2004a). Crop water requirements for each crop were calculated and averaged for eight
countries (Algeria, Chad, Iraq, Jordan, Libya, Nigeria, Oman, and Syria). These countries
were selected because their evapotranspiration rates (Chapagain and Hoekstra, 2004b)
were similar to that of the site of the OPW studied.
Land area (A, ha) of a crop that can be irrigated year round with the volume of
OPW available for use was calculated using Equation 3:
A

VOPW
CWR GS C

Equation 3

where VOPW (m3) is the volume per year of OPW available for use, and GSC (unitless) is
the number of growing seasons (i.e. planting to harvest) in a year for a specific crop
growing in the tropics (all months with monthly mean temperatures above 18oC;
Chapagain and Hoekstra, 2004a). The number of livestock that can be sustained from the
volume of OPW available was calculated from published livestock watering requirements
(API, 2004) using Equation 4:
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L num

R OP W
LWD

Equation 4

where Lnum is the number of a specific animal (e.g. cattle, goats) that can be sustained,
ROPW (L d-1) is the generation rate of OPW available for use, and LWD (L d-1) is the
livestock watering demand of the animal (API, 2004). These simple calculations for crop
area and the number of livestock utilize the volume or rate of generation of OPW without
considering any change in volume (e.g. evaporation) of OPW that may occur during
treatment.
2.2.

Conceptual models for exposure pathways
Using characterization (i.e. quality and quantity) data and intended water use

applications, conceptual models of exposure were developed for livestock and humans by
identifying exposure routes (e.g. ingestion, direct contact, and inhalation) of constituents.
Exposure routes considered the constituents in OPW, geographic location, and regional
water needs. An exposure pathway is the expected transfer (i.e. intact pathway) of a
chemical from a source to a plant or animal (i.e. receptor) that can be affected by that
chemical through exposure. Identified exposure pathways were considered as critical or
non-critical. Critical pathways are defined as exposures that cannot be decreased through
water application methods (e.g. overhead or direct ground application to crops) or
management practices. Non-critical pathways are exposures that can be decreased
through water application or management practices.
2.3.

Identification of COCs
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Exposure pathways (i.e. transfer of constituent in OPW to receptor) determined to
be critical were used to identify COCs by comparing constituent concentrations in the
OPW to published guidelines. Identification of COCs required both an understanding of
the composition of the OPW and the conceptual models for exposure pathways.
Constituents were identified as COCs if their maximum concentration in the OPW
exceeded water use guidelines. The following risk assessment approach allowed for
calculation of risk quotients, defined as the ratio of constituent concentration in the OPW
to guideline concentration for no adverse effects to receptors:
1. Calculate maximum loading capacity (MLC), defined as mass of organic
constituent per hectare that can be applied to grazing lands to not exceed risk
based screening level (RBSL) concentrations suggested by API (2004);
2. Calculate irrigation capacity (IC), defined as maximum volume of OPW that can
be applied by irrigation to forage crops for livestock grazing without the livestock
ingesting soil containing potentially deleterious concentrations of constituents;
3. Calculate risk quotient for soil (RQs) using MLC and IC; and
4. Calculate risk quotient for water (RQw) using published guidelines.
Risk based screening levels are threshold concentrations in soil or water, below which
unacceptable risks to livestock are not expected, therefore providing an acceptable level
of protection (API, 2004).
Maximum loading capacities for volatile aromatics, low molecular weight (LMW)
polycyclic aromatic hydrocarbons (PAHs), and high molecular weight (HMW) PAHs
were calculated using Equation 5 (Chiou, 2008):
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MLC RBSL SBD SSD

10,000 m 2
ha

Equation 5

where MLC (mg ha-1) is the maximum loading capacity, RSBL (mg kg-1) is the
constituent risk based screening level for the protection of livestock from ingestion of
soils containing petroleum products (API, 2004), SBD (kg m-3) is the assumed soil bulk
density (1,500 kg m-3) for loamy sand surface soil (Gardiner and Miller, 2004), and SSD
(m) is the assumed surface soil depth of 0.2 m (Chiou, 2008). 10,000 is a conversion
factor from m2 to hectares. Degradation of organic constituents in soil was assumed to be
negligible (Chiou, 2008).
Irrigation capacities for volatile aromatics, LMW PAHs, and HMW PAHs were
calculated from the MLCs using Equation 6 (after Chiou, 2008):
IC

MLC C max

1

m3
1000 L

Equation 6

where IC (m3 ha-1) is the irrigation capacity, MLC (mg ha-1) is the maximum loading
capacity, and Cmax (mg L-1) is the maximum concentration of an individual constituent
detected in the OPW. 1/1000 is a conversion factor from L to m3.
Risk quotients for the accidental ingestion of soil by livestock were calculated to
identify COCs by comparing CWR for forage species to ICs for no adverse effects to
receptors (calculated from Equations 5 and 6 using RBSLs from API, 2004), using
Equation 7:
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RQs

CWR
IC

Equation 7

where RQs is the risk quotient calculated for a constituent in soil, CWR (m3 ha-1) is the
average crop water requirement calculated from Equation 2 for maize, grasses, and
clover, and IC (m3 ha-1) is irrigation capacity. Using Equation 8 risk quotients for
livestock watering and irrigation of human crops were calculated to identify COCs by
comparing the maximum constituent concentration detected in the OPW to guideline
constituent concentrations for no adverse effects to receptors (AE, 1999; Govt. SA, 1999;
ANZECC, 2000; API, 2004; USEPA, 2004; Spectrum Analysis, 2007; Wilson, 2007).
RQ w

C max
Cg

Equation 8

where RQw is the risk quotient calculated for a constituent in water, Cmax (mg L-1) is the
maximum measured concentration of the constituent, and Cg (mg L-1) is the guideline
concentration of the constituent for a specific use option (e.g. livestock watering,
irrigation). The maximum concentration of each constituent and the most stringent of the
reviewed water use guidelines were used in risk quotient calculations to allow for a
conservative and protective assessment of risk. The constituent was identified as a COC
if the calculated risk quotient (RQs or RQw) was greater than or equal to one.
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3.

Results

3.1.

Characterization of the OPW

3.1.1. Water quality: inorganics, organics, and water chemistry
The produced water studied contained 704-1,370 mg L-1 total dissolved solids
(TDS) and therefore is classified as fresh (TDS < 1,000 mg L-1) to slightly saline (1,0003,000 mg L-1 TDS). The chloride concentrations range from 45-48 mg L-1. Calcium
carbonate and sodium bicarbonate were the dominant salts present in terms of
milliequivalent concentrations of major anions and cations (Table 1). Trace elements
detected in the OPW studied include barium (7.4 mg L-1 maximum concentration), total
and soluble Fe (171 and 0.5 mg L-1, respectively), Mn (8.1 mg L-1), Ni (9.5 mg L-1),
silicon (13.2 mg L-1), and Zn (17.4 mg L-1). Concentrations of aluminum, arsenic,
cadmium, chromium, copper, lead, mercury, molybdenum, selenium, silver, and tin were
less than method detection limits.
The pH of the OPW studied ranged from 7.2-8.5, alkalinity from 300-380 mg L-1
as CaCO3, and hardness from 5-20 mg L-1 (Table 2). Total suspended solids (TSS) ranged
from 3.2-26 mg L-1, sulfate concentration was ≤ 3 mg L-1, nitrate and nitrite
concentrations were ≤ 2 mg L-1, and calculated SAR values ranged from 0.14-38.0.
Maximum detected concentrations of biochemical oxygen demand (BOD) and oil and
grease (O&G) were 9.4 mg L-1 and 103.8 mg L-1, respectively. BOD and O&G were
categorized as water chemistry parameters, rather than organic constituents, because
multiple organic compounds can contribute to their detection and measurement.
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Organic constituents present in the OPW studied (Table 3) included low and high
molecular weight PAHs, phenols (C0-C5 alkyl substituted), and volatile aromatic
compounds (e.g. benzene, toluene, ethyl benzene, and xylene). Low molecular weight
(LMW) PAHs have 3 rings or fewer and a molecular weight less than or equal to 192
atomic mass units (amu); high molecular weight (HMW) PAHs have 4 or more rings and
a molecular weight greater than or equal to 202 amu (NOAA, 2000). HMW PAHs have
increased hydrophobicity, bioaccumulation tendency, biodegradation resistance, and
environmental persistence (CCME, 2008).
Maximum detected concentrations in the OPW studied were 47 µg L-1 benzene,
140 µg L-1 toluene, 12 µg L-1 ethyl benzene, 280 µg L-1 xylenes, and 60.8 µg L-1 phenol
sum of homologue groups C0-C5 (Table 3). Alkylated phenols C2-C3 comprised 79% of
the detected phenols in the OPW. Among PAHs concentrations of naphthalene C0-C4
and phenanthrene/anthracene C0-C4 were the highest with maximum concentrations of
the sum of the homologue groups of 291.6 µg L-1 and 298.8 µg L-1, respectively.
Alkylated PAHs C2-C4 comprised 86% of the maximum concentration of naphthalene
C0-C4 and 87% of the maximum concentration of phenanthrene/anthracene C0-C4.
Fluorene C0-C3, fluoranthene/pyrene C0-C3, and chrysene C0-C4 concentrations were
dominated by alkylated variations of the parent PAH. Thermodynamically-favored PAHs
(e.g. naphthalene, phenanthrene, pyrene) and alkylated forms are typically the dominant
PAHs in crude oil and petroleum releases (CCME, 2008). Multiple HMW PAHs were
detected in low concentrations (maximum < 2 µg L-1) or non-detect, including
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benz[a]anthracene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene,
indeno[1,2,3-cd]pyrene, dibenz[a,h]anthracene, and benzo[g,h,i]perylene (Table 3).
3.1.2. Water quantity: irrigation and livestock watering
Oilfields located at the study site in sub-Saharan Africa generate 725,000 barrels
d-1 of OPW; nearly 73% (525,000 barrels d-1) of the OPW generated is needed for reinjection to maintain pressure in the reservoir. Four re-injection pumps with a capacity of
140,000 barrels d-1 operate continuously, leaving 165,000 barrels d-1 for surface use.
Because a single well in the region generates 10,000 to 20,000 barrels of OPW daily,
165,000 ± 15,000 barrels d-1 was used in water quantity calculations as the range of OPW
available for use. The area (ha) of crop that can be grown was estimated using the CWRs
for human food crops and livestock forage crops and using an estimate of 165,000 barrels
d-1 of OPW available for use (Equation 3). The minimum area of crop that can be grown
using the water available is 163 ha for soybeans assuming 40% irrigation efficiency, and
the maximum is 1,296 ha for lettuce assuming 85% irrigation efficiency (Tables 4 and 5).
It is important to consider both the area of crop that can be grown and the number of
potential growing seasons per year. For example, although only 163 ha of soybeans can
be irrigated with the volume of OPW available, soybeans have a growing season (i.e.
planting to harvest) of only 85 days, resulting in up to four harvests per year.
Using the livestock watering demands (LWDs) for dairy cattle, beef cattle, calves,
and sheep (API, 2004) and the volume of OPW available for use, the number of livestock
that can be sustained was estimated (Equation 4, Table 6). The number of livestock that
can be supplied with water is approximately 276,136 dairy cattle, 305,034 beef cattle,
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728,691 calves, or 1,873,778 sheep. Although water quantity calculations assumed that
the entire volume of treated OPW would be used for a single purpose (e.g. to irrigate
wheat or provide drinking water for sheep), a water use strategy can allow for multiple
uses. For example, using Equation 3, 165,000 barrels of treated OPW a day can irrigate
(at 40% efficiency) the following: 22.9 ha sugar cane, 40.6 ha wheat, 56.8 ha potatoes,
60.0 ha cotton, 41.2 ha grass (for livestock), and 47.2 ha clover (for livestock). These
crop area estimates account for 91% of the 165,000 barrels d-1 of OPW available; the
remaining 15,000 barrels d-1 can supply drinking water to approximately 16,640 beef
cattle and 68,140 sheep (Equation 4).
3.2.

Conceptual models for exposure pathways
Conceptual models for exposure pathways were developed for livestock and

humans (Figure 1). An exposure pathway is the expected transfer of a chemical from a
source to a plant or animal (USEPA, 1998). Some potential exposure routes, such as soil
ingestion by humans, were considered unlikely and therefore not considered exposure
pathways in this study. Of the exposure pathways considered likely, several were
identified as critical because: (1) they represent high levels of exposure to plants or
animals and (2) they are exposure pathways to plants and animals that are sensitive to
contaminants (USEPA, 1998).
Exposure pathways of trace inorganic and organic constituents to humans and
livestock during irrigation include: (1) ingestion of plant tissue, (2) direct contact with
soils, and (3) inhalation of aerosols or volatilized organics. Additional exposure pathways
to livestock include ingestion of soils during grazing and ingestion of water. Depending
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on properties of the soil and OPW, exposure pathways that may be critical include: (1)
ingestion of plant tissue for inorganic constituents and (2) ingestion of soil and water by
livestock for inorganic and organic constituents. Non-critical exposure pathways include
exposures that can be decreased through proper application and management of OPW
(e.g. inhalation of aerosols during irrigation can be decreased through low sprinkler heads
and application of irrigation water directly to soil). Exposure to organic constituents
through plant tissue ingestion was not considered a critical exposure pathway because
exposure can be limited through proper management of OPW and uptake of organic
constituents by crops is minimal (EPRI, 1992; CCME, 2008).
3.3.

Identification of COCs
Using the risk quotient method for water (RQw; Equation 8), Fe, Mn, Ni, and Zn

were identified as COCs for irrigation of crops with OPW (Table 7). The maximum TDS
concentration detected in the OPW exceeds the lower limit of the guideline concentration
range (Table 8) for only the most sensitive crops (strawberries, raspberries, beans, and
carrots; AE, 1999). Calculated SAR values for the OPW ranged from 0.14-38.0,
indicating a potential to negatively affect some crops and soils (Govt. SA, 1999;
ANZECC, 2000). SAR was not specifically identified as a COC because SAR values for
only three out of seven water analyses exceeded leaf tip burn conditions in the most
sensitive crops, indicating low potential of reclaimed irrigation water to negatively affect
crop yields or damage soil structure. O&G concentration had a calculated RQw greater
than one (Equation 8), indicating that O&G is a COC for irrigation (Table 8). Calculated
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risk quotients for other water quality parameters, including BOD5 and sulfate
concentration, indicated they were not COCs for irrigation or livestock watering.
Ingestion of OPW by livestock was a critical exposure pathway for trace
inorganic constituents. Fe, Mn, and Ni were identified as COCs for livestock watering
through the risk quotient approach for water (Table 7). A risk quotient was not calculated
for pH because there is a range of acceptable values rather than a maximum
concentration; the pH range detected in the OPW was acceptable for livestock watering
and irrigation (Table 8). Maximum O&G in the OPW (103.8 mg L-1) exceeded the
guideline concentration of 35 mg L-1 for livestock watering (Wilson, 2007), indicating
O&G in the OPW is a COC for livestock watering (RQW > 1). Calculation of risk
quotients (RQw; Equation 8) indicated that the maximum detected concentrations of
LMW and HMW PAHs and volatile aromatics in the OPW did not exceed the RBSLs for
beef cattle exposed through ingestion of water (Table 9).
To determine if specific organic constituents in the OPW investigated were COCs
for irrigation, irrigation capacities were calculated (Table 9) and compared with estimated
CWRs (Table 4) adjusted for irrigation efficiencies. CWRs for forage species ranged
from 8,940 m3 ha-1 for grasses to 11,525 m3 ha-1 for clover (Table 4). Irrigation
efficiencies reported by the USEPA (2004) for gravity systems are 75-85% for improved
gravity, 55-70% for furrow, and 40-50% for flood. Using these irrigation efficiencies,
modified CWRs ranged from 10,281 m3 ha-1 for grasses irrigated at 85% efficiency to
18,440 m3 ha-1 for clover irrigated at 40% efficiency. Calculated irrigation capacities
(Table 9) were five to nine orders of magnitude greater (depending on the organic

27

constituent) than estimated CWRs adjusted to include irrigation efficiencies, indicating
that PAHs and volatile aromatics are not COCs for irrigation applications of the OPW
studied using this risk assessment approach.
4.

Discussion
The physical and chemical properties of an OPW depend on geographic location

of the oilfield, geological formations in contact with the water over time, treatment
chemicals utilized, and extraction techniques (Murray Gulde et al., 2003; Veil et al.,
2004; Benko and Drewes, 2008). The O&G concentration measured in the OPW studied
was 103.8 mg L-1, which is comparable to O&G concentrations reported in other OPWs
(e.g. Al Mahruki et al., 2006; Lu et al., 2006; Benko and Drewes, 2008). The complex
organic composition of the OPW included BTEX constituents, LMW and HMW PAHs,
and phenols at varying concentrations. Benzene, ethyl benzene, toluene, and phenol are
common organic constituents in OPW (Benko and Drewes, 2008), although
concentrations detected in the OPW studied were one to two orders of magnitude less
than average concentrations reported by Benko and Drewes (2008). Inorganic
constituents detected in the sub-Saharan OPW, including barium, Fe, Mn, Ni, and Zn, are
common in OPWs (Veil et al., 2004; Al Mahruki et al., 2006).
Guidelines for use of domestic wastewater (AE, 1999; Govt. SA, 1999; USEPA,
2004) rarely include concentrations for individual organic constituents. Because OPWs
contain these constituents, other sources of guidelines must be used. Risk based screening
levels (RBSLs) for the protection of livestock from soils ingested during grazing and
RBSLs for ingestion of water containing petroleum products (API, 2004) were used to
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supplement other water use guidelines. The volume of water ingested by livestock can
vary with age, health, diet, breed, size, and climate (Agriculture and Agri-Food Canada,
2009). Therefore, guidelines for petroleum products in livestock drinking water should
consider the specific type of animal and climate to account for variability in exposure.
The outcome of characterizing OPW, developing conceptual models for exposure,
and identifying COCs can be applied to selecting effective treatment systems and
modifying exposure routes in order to help mitigate risk. Dispersed oil and grease in
OPW can be removed by physical separation (e.g. hydrocyclones, centrifuges, flotation
units), thus reducing potential risks. Grini et al. (2002) found that a large percentage (7090% depending on molecular weight) of PAHs are found in the dispersed oil phase and
can be removed from produced water through physical treatment. A chemical process,
such as oxidation in constructed wetland treatment systems (Rodgers and Castle, 2008),
can be used to treat dissolved O&G and soluble organic constituents. In addition,
previous studies (e.g. Hawkins et al., 1997; Lee and Scholz, 2007; Kröpfelová et al.,
2009) have demonstrated that inorganic COCs, including Fe, Mn, Ni, and Zn, can be
efficiently and effectively treated by constructed wetland systems.
Design of effective treatment systems, proper management (i.e. monitoring of
water quality, irrigation water application methods), and communication with the public
can help mitigate potential adverse effects and concerns associated with use of treated
water for irrigation and livestock watering (Figure 2). The limited bioaccumulation of
petroleum hydrocarbons and efficient metabolism of PAHs in terrestrial animals help to
minimize potential effects associated with ingestion of plants containing PAHs (CCME,
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2008). Modification of exposure routes can have a direct impact on decreasing potential
for adverse effects on livestock and crops. For example, to limit direct contact with leaves
and fruit and to reduce inhalation exposures, irrigation water can be applied directly to
the soil, or sprinkler heads lowered to limit aerial suspension of water droplets (USEPA,
2004). Direct contact of livestock with irrigation water is generally not a concern because
of thick coats on livestock (CCME, 2008). Humans can limit direct contact by
establishing buffer zones around irrigated areas, and tail water can be collected to prevent
irrigation water from leaving the site and impacting surrounding land (USEPA, 2004).
A site specific management plan for treated OPW distribution is required to
ensure optimal use of water. In the past, options for sustaining crops and livestock
production in arid regions have included: changing farming practices (e.g. planting
drought tolerant crops), nomadic herding of livestock, and abandoning cropping for
livestock (Jones and Thornton, 2008). Because large parts of sub-Saharan Africa are
reliant on rainfall for crop production (Jones and Thornton, 2008), availability of treated
OPW for irrigation and livestock has potential to increase food supply, decrease poverty,
and improve income generating opportunities. Through use of low cost, efficient, and
socially acceptable treatment strategies, the OPW studied and other similar OPWs have
the potential to be treated to meet water use guidelines for irrigation and livestock
watering and to help alleviate growing water demand in arid regions.
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5.

Conclusion
A risk assessment approach incorporating exposure pathways and calculated risk

quotients was applied to identifying COCs in OPW from non-marine geologic strata of a
rift basin in sub-Saharan Africa. Using risk quotients calculated for constituents in soil
and water, COCs identified for the OPW studied include: Fe, Mn, Ni, Zn, and O&G. The
OPW has a high potential for treatment and beneficial use based on chemical and
physical composition, volume, and local need for water for irrigation and livestock. The
large volume (165,000 barrels d-1) of OPW generated in the study area and potentially
available for use may improve crop yields through irrigation and provide valuable
drinking water for livestock. Identification of COCs allows for development of reliable
treatment design criteria to help ensure that effective and consistent treatment is achieved
to meet guideline levels required for irrigation, livestock watering, or other beneficial
uses. The risk assessment approach developed and applied to a sub-Saharan OPW can
add value to produced water by identifying and facilitating viable use options.
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Table 1. Summary statistics and method detection limits (MDLs) for major and trace inorganic
constituents measured in the OPW studied.
Constituent

Minimum
Maximum
Average
SD
n
MDL
(mg L-1)
(mg L-1)
(mg L-1)
(mg L-1)
(µg L-1)
Calcium
2.5
300
61.2
111.6
20
10
Magnesium
1.05
8.7
3.72
2.65
7
10
Potassium
1.6
42.6
10.47
14.5
7
100
Sodium
8.8
430
156.3
152.7
9
100
Chloride
5
48
14.6
12.7
17
100
Bicarbonate (HCO3-)
433.3
976
704.7
na
2
100
2Carbonate (CO3 )
nd
14.6
7.3
na
2
100
Aluminum
nd
nd
na
na
2
10
Arsenic
nd
nd
na
na
2
5
Barium
0.07
7.4
3.24
3.49
9
10
Cadmium
nd
nd
na
na
4
1
Chromium
nd
nd
na
na
4
10
Copper
nd
nd
na
na
9
10
Iron (III)
nd
171
54.9
64.9
5
50
Iron (soluble)
nd
0.5
0.12
0.12
17
50
Lead
nd
nd
na
na
4
10
Manganese
nd
8.1
3.51
3.87
9
10
Mercury
nd
nd
na
na
2
0.1
Molybdenum
nd
nd
na
na
2
10
Nickel
nd
9.5
4.27
4.51
9
10
Selenium
nd
nd
na
na
2
10
Silicon
1.4
13.2
6.03
5.08
7
100
Silver
nd
nd
na
na
2
10
Tin
nd
nd
na
na
2
10
Zinc
nd
17.4
7.09
7.61
9
20
nd = below method detection limit, na = data not available, n = number of samples, SD = standard
deviation

36

Table 2. Summary statistics for water chemistry parameters measured in aqueous samples of the
OPW studied.
Parameter

Minimum Maximum Average
SD
n
Units
-1
Alkalinity
300
380
326
26.4
13 mg L as CaCO3
Conductivity
838
1500
1139
407
4
µmhos
Hardness
5
20
10.9
3.9
13 mg L-1 as CaCO3
pH
7.2
8.5
7.83
0.33
17
standard units
Total dissolved solids
704
1370
1037
470.9
2
mg L-1
Total suspended solids
3.2
26
13.9
10.1
10
mg L-1
Biochemical oxygen demand
4.4
9.4
6.9
3.54
2
mg L-1 O2
Oil and grease
na
na
103.8
na
1
mg L-1
2Sulfate (SO4 )
nd
3
na
1.5
4
mg L-1
Nitrate (NO3-)
nd
2
na
na
4
mg L-1
Nitrite (NO2 )
nd
nd
na
na
4
mg L-1
Sodium adsorption ratio (SAR)
0.14
38.0
9.9
14.5
7
unitless
nd = below method detection limit, na = data not available, n = number of samples, SD = standard
deviation
Estimated method detection limits: sulfate (2 mg L-1), nitrate (0.2 mg L-1), and nitrite (0.1 mg L-1)
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Table 3. Summary statistics and method detection limits (MDLs) for organic constituents
measured in the OPW studied. Volatile aromatics (n=2), PAHs (n=5), and phenols (n=5), all units
are µg L-1 except where noted.
Organic Constituent(s)
Minimum
Maximum
Average
SD
MDL, ng L-1
Volatile Aromatics
Benzene
5.3
47
26.2
na
200
Toluene
7.9
140
74.0
na
200
Ethyl benzene
nd
12
6.1
na
200
Xylene
32
280
156
na
200
Low molecular weight PAHs
Naphthalene C0
0.02
22.75
14.86
8.99
2.5
C1-Naphthalenes
0.01
18.06
10.36
7.63
2.5
C2-Naphthalenes
19.2
62.46
41.22
23.7
2.5
C3-Naphthalenes
41.33
107.18
75.11
34.6
2.5
C4-Naphthalenes
28.91
81.11
54.83
28.2
2.5
Acenaphthylene
0.45
0.56
0.51
0.08
2.6
Acenaphthene
1.28
3.06
2.16
0.97
2.8
Fluorene C0
7.87
10.53
9.37
1.15
2.6
C1-Fluorenes
18.51
25.44
22.28
2.91
2.6
C2-Fluorenes
31.95
56.99
45.37
12.7
2.6
C3-Fluorenes
24.73
57.92
42.49
17.1
2.6
Phenanthrene C0
1.71
4.54
3.63
1.32
4.0
C1-Phenanthrenes/Anthracenes
10.62
35.61
23.79
13.4
4.0
C2-Phenanthrenes/Anthracenes
48.88
108.8
81.03
31.2
4.0
C3-Phenanthrenes/Anthracenes
33.31
103.82
69.99
37.5
4.0
C4-Phenanthrenes/Anthracenes
13.43
45.99
28.16
17.2
4.0
High molecular weight PAHs
Pyrene C0
2.46
7.12
4.87
2.49
3.4
Fluoranthene C0
0.43
0.53
0.48
0.07
3.4
C1-Fluoranthenes/Pyrenes
8.66
21.63
15.23
6.46
3.4
C2-Fluoranthenes/Pyrenes
13.13
37.26
25.47
12.5
3.4
C3-Fluoranthenes/Pyrenes
12.38
38.85
26.15
14.2
3.4
Benz[a]anthracene
0.61
1.50
0.93
0.49
5.1
Chrysene C0
6.45
17.04
11.8
5.54
2.2
C1-Chrysene
12.33
29.75
21.44
9.20
2.2
C2-Chrysene
13.68
40.45
26.95
14.1
2.2
C3-Chrysene
8.53
31.15
25.06
11.1
2.2
C4-Chrysene
4.49
18.77
11.82
7.67
2.2
Benzo[b]fluoranthene
0.81
1.87
1.38
0.56
4.3
Dibenz[a,h]anthracene
0.35
0.94
0.66
0.28
3.1
Benzo[g,h,i]perylene
0.5
1.12
0.83
0.31
3.7
Phenols
Phenol C0
nd
3.66
1.95
1.58
79
C1-Phenols
nd
9.28
4.56
4.06
79
C2-Phenols
nd
26.25
13.30
10.1
79
C3-Phenols
nd
21.58
11.71
8.30
79
nd = below method detection limit, na = data not available, SD = standard deviation
Anthracene (4.7 ng L-1), benzo[k]fluoranthene (12.3 ng L-1), benzo[a]pyrene (9.4 ng L-1), indeno[1,2,3-cd]pyrene
(9.3 ng L-1), and C4- and C5-phenol (79 ng L-1) concentrations were measured below MDLs shown in parentheses.
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Table 4. Crop water requirements (CWRs; m3 ha-1) for one growing season calculated using Equation 2.
Average CWRs at
irrigation efficiencies

Crop water requirements, m3 ha-1

39

Human Usage Crops
Wheat
Maize
Millet
Potatoes
Sugar cane
Soybean
Seed cotton
Lettuce
Tomatoes
Onion, dry
Okra
Watermelon
Forage Crops
Maize
Grasses
Clover
na = data not available

Algeria

Chad

Iraq

Jordan

Libya

Nigeria

Oman

Syria

Average

40%

85%

6790
9280
na
8130
na
na
7930
na
6440
7780
na
6300

5690
5620
4130
6410
17760
na
8820
na
na
10140
na
na

5390
11710
9610
9380
21410
11230
8940
1830
5760
6430
2010
7490

5400
9340
5580
7870
na
na
na
1930
5420
6320
2000
6210

7190
9900
8310
8990
na
na
na
na
6880
8300
na
7010

3750
3700
2670
6970
14340
4190
6520
na
6640
10510
3900
na

6080
na
na
5600
na
na
na
na
6910
9260
na
6860

4630
10710
na
8420
19030
10240
7800
1520
5030
5500
1680
6720

5615
8609
6060
7721
18135
8553
8002
1760
6154
8030
2398
6765

8984
13774
9696
12354
29016
13685
12803
2816
9846
12848
3837
10824

6457
9900
6969
8979
20855
9836
9202
2024
7077
9235
2758
7780

9280
na
10780

na
na
na

na
na
12950

na
na
10600

na
na
na

na
na
na

na
na
na

na
8940
11770

9280
8940
11525

14848
14304
18440

10672
10281
13254

Table 5. Calculated land area of specific crops that can be irrigated with the volume of OPW available for beneficial use (165,000 barrels
d-1; VOPW) ± 15,000 barrels d-1, at a 40 and 85% irrigation efficiency using Equation 3.
Average CWRs at
irrigation efficiencies1
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Human Usage Crops
Wheat
Maize
Millet
Potatoes
Sugar cane
Soybean
Seed cotton
Lettuce
Tomatoes
Onion, dry
Okra
Watermelon
Forage Crops
Maize
Grasses
Clover

40%

85%

Time (d) from
planting to
harvesting2

8984
13774
9696
12354
29016
13685
12803
2816
9846
12848
3837
10824

6457
9900
6969
8979
20855
9836
9202
2024
7077
9235
2758
7780

120
125
105
140
320
85
195
100
135
210
95
160

14848
14304
18440

10672
10281
13254

125
135
160

Growing
seasons per
year, GSc

Crop area (A, ha)
VOPW = 9575045 m3

VOPW = 8704520 m3

VOPW = 10445570 m3

40%

85%

40%

85%

40%

85%

3.0
2.9
3.5
2.6
1.1
4.3
1.9
3.7
2.7
1.7
3.8
2.3

350
238
284
297
289
163
400
932
360
429
650
388

488
331
395
409
403
227
556
1296
500
597
904
539

319
216
258
270
263
148
363
847
327
390
590
353

443
301
359
372
366
206
505
1178
455
542
821
490

382
260
310
324
316
178
436
1016
392
468
709
423

532
361
431
446
439
247
606
1414
546
651
986
589

2.9
2.7
2.3

221
248
228

307
344
317

201
225
207

279
313
288

241
270
248

335
376
345

Area calculations assume year long irrigation; in most instances several planting/harvest cycles of a crop can be completed in a year.
VOPW = 9575045 m3 year-1 and is equivalent to 165,000 barrels d-1, VOPW = 8704520 m3 year-1 = 150,000 barrels d-1, VOPW = 10445570 m3 year-1 = 180,000 barrels d-1
1

Average CWRs for countries listed in Table 4 at 40 and 85% irrigation efficiencies

2

Chapagain and Hoekstra (2004a)

Table 6. Number of livestock that can be sustained by drinking water supplied at the volumetric
rate (ROPW; 165,000 ± 15,000 barrels d-1) of OPW available for beneficial use in the study area,
calculated using Equation 4.
Number of livestock (Lnum)
LWD1 (L d-1)
Dairy cattle
Beef cattle
Calves
Sheep

95
86
36
14

ROPW = 2.62 х107 L d-1

ROPW = 2.38 х107 L d-1

ROPW = 2.86 х107 L d-1

276,136
305,034
728,691
1,873,778

251,032
277,303
662,447
1,703,435

301,239
332,764
794,936
2,044,121

ROPW = 2.62 x107 L d-1 is equivalent to 165,000 barrels d-1, ROPW = 2.38 x107 L d-1 = 150,000 barrels d-1, ROPW =
2.86 x107 L d-1 = 180,000 barrels d-1
1

LWD = livestock watering demand (API, 2004)
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Table 7. Maximum constituent concentrations detected in the OPW studied, guideline
concentrations for irrigation and livestock watering, and calculated risk quotients (Equation 8).

Calcium

300

Irrigation
Guideline
(mg L-1)
na

Magnesium

8.7

na

na

No

Potassium
Sodium
Chloride

42.6
339
48

na
2.95
0.48

No
No
No

1000e
1500e

0.34
0.03

No
No

Bicarbonate (HCO3-)
Carbonate (CO32-)
Barium
Iron (III)

976
14.6
7.4
171

na
na
na
171

No
No
No
Yes

na
na
na
na

na
na
na
na

No
No
No
No

Iron (soluble)
Manganese

0.5
8.1

na
115-460c
100-7001a
175-7001c
178-7101b
280d
na
na
na
1b
5ad
0.2c
0.2acd
2.0b
30.0h

2.50
40.5

Yes
Yes

0.3e
0.05e

1.67
162

Yes
Yes

0.07

No

0.01

No

0.2abcd
na
1-52a
2bcd

47.5
na
17.4

Yes
No
Yes

200e
400c
1.0bce

9.50

Yes

20bc
25e
50a

0.87

No

Constituent

OPW Analyses
Max. (mg L-1)

Nitrate

2

Nickel
Silicon
Zinc

9.5
13.2
17.4

RQw

COC

na

No

Livestock Watering
Guideline
RQw
(mg L-1)
e
500
0.60
1000abc
250e
0.03
600b

COC
No
No

na = data not available
1

ranges in guideline chloride concentrations for irrigation results from crop specific chloride tolerances
range in guideline zinc concentration for irrigation results from soil pH dependence, soil pH < 6.5 guideline
concentration is 1 mg L-1 Zn, soil pH > 6.5 guideline concentration is 5 mg L-1 Zn
a
c
e
AE (1999)
ANZECC (2000)
Spectrum Analysis (2007)
b
d
Govt. of South Australia (1999)
USEPA (2004)
2

42

Table 8. Maximum or range of values of water chemistry parameters detected in the OPW
studied, guideline values for irrigation and livestock watering, and calculated risk quotients
(Equation 8).
Parameter
Alkalinity
(mg L-1 as CaCO3)
Conductivity (µmhos)
Hardness
(mg L-1 as CaCO3)
pH (s.u.)
TDS (mg L-1)

300-380

Irrigation
Guideline
na

RQw
na

COC
No

1500
5-20

na
na

na
na

No
No

na
na

na
na

No
No

7.2-8.5

4.5-9b
6.0-9.0c
500-20001d
500-35001a

na

No

6-8.5e

na

No

2.74

No

2000-50001c
2000-60001b
<1500e
<3000a
na
na
35f
500e
1000abc
na

0.913

No

OPW Analyses
Max. or Range

1370

Livestock Watering
Guideline
RQw
na
na

COC
No

TSS (mg L-1)
26
30d
0.87
No
na
No
-1
BOD (mg L O2)
9.4
30d
0.31
No
na
No
O&G (mg L-1)
103.8
35f
2.97
Yes
2.97
Yes
Sulfate
3
na
na
No
0.006
No
(mg L-1 SO42-)
Sodium adsorption ratio
38.0
2-46bc
19.0
No
na
No
(SAR)
na = data not available
1
ranges in guideline TDS concentrations for irrigation and livestock watering results from differences in plant and
animal tolerances to dissolved solids in water
a
c
e
AE (1999)
ANZECC (2000)
Spectrum Analysis (2007)
b
d
f
Govt. of South Australia (1999)
USEPA (2004)
Wilson (2007)
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Table 9. Concentrations of organic constituents in the OPW studied, guideline concentrations for livestock watering, soil risk based
screening levels (RBSLs), calculated irrigation capacities (Equation 6), and calculated risk quotients for beef cattle.
OPW Analyses
Max., mg L-1

Livestock ingestion of soil from irrigated forage crops

Livestock Watering

Soil RBSLs, mg kg-1

IC, m3 ha-1

CWR1, m3 ha-1

RQs

COC

Guideline

RQw

COC

44,894

na

na

na

na

1,114

na

Na

na

na

na

na

na

na

Na

8.08 x1011
1.69 x1012
2.58 x1012
6.78 x1011

15864
15864
15864
15864

1.96 x10-8
9.37 x10-9
6.14 x10-9
2.34 x10-8

No
No
No
No

31.4
196
25.6
157

1.50 x10-3
7.14 x10-4
4.69 x10-4
1.78 x10-3

No
No
No
No

1.82 x1010
1.71 x1012
9.48 x1012
3.56 x1010
1.78 x1010

15864
15864
15864
15864
15864

8.72 x10-7
9.26 x10-9
1.67 x10-9
4.45 x10-7
8.93 x10-7

No
No
No
No
No

4.4
4.4
4.4
4.4
4.4

6.64 x10-2
6.82 x10-4
1.36 x10-4
3.39 x10-2
6.80 x10-2

No
No
No
No
No

1.02 x1010
7.10 x1011
7.77 x109
5.70 x1011
na
na
9.68 x1011
na
1.13 x1012

15864
15864
15864
15864
15864
15864
15864
15864
15864

1.55 x10-6
2.23 x10-8
2.04 x10-6
2.79 x10-8
na
na
1.64 x10-8
na
1.40 x10-8

No
No
No
No
No
No
No
No
No

0.88
0.88
0.88
0.88
0.88
0.88
0.88
0.88
0.88

1.18 x10-1
1.71 x10-3
1.56 x10-1
2.16 x10-3
na
na
1.25 x10-3
na
1.02 x10-3

No
No
No
No
No
No
No
No
No

Crude oil
na
Phenols (C0-C5)
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0.061
na
Volatile aromatics
Benzene
0.047
1,266
Toluene
0.14
7,901
Ethylbenzene
0.012
1,033
Xylene
0.28
6,331
LMW PAHs
Naphthalene (C0-C4)
0.292
177
Acenaphthene
0.003
177
Acenaphthylene
0.0006
177
Fluorene (C0-C3)
0.149
177
Anthracene/Phenanthrene (C0-C4)
0.299
177
HMW PAHs
Fluoranthene/Pyrene (C0-C3)
0.104
35.5
Benz[a]anthracene
0.0015
35.5
Chrysene (C0-C4)
0.137
35.5
Benzo[b]fluoranthene
0.0019
35.5
Benzo[k]fluoranthene
nd
35.5
Benzo[a]pyrene
nd
35.5
Benzo[g,h,i]perylene
0.0011
35.5
Indeno[1,2,3-cd]pyrene
nd
35.5
Dibenz[a,h]anthracene
0.0009
35.5
nd = below method detection limit, na= data not available
All livestock watering guidelines and soil RBSLs are from API (2004)
1
Average CWR for maize, grasses, and clover (Table 5) irrigated at a 40% efficiency
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OPW Reuse
Option
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Figure 1. Conceptual models for livestock and humans exposed to (A) trace inorganic
constituents and (B) organic constituents. Water use (irrigation; livestock watering) results in
constituent concentrations in transport media and exposure to receptors through exposure routes
(inhalation of aerosols; direct contact; ingestion of plants, water, or soil). An exposure pathway is
the expected transfer of a chemical from a source to a plant or animal (i.e. receptor) that can be
affected by that chemical through exposure. Critical exposure pathways are defined as exposures
that cannot be decreased through water application or management practices.
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OPW Characteristics
• Water quality
• Hydrocarbons - dispersed
and dissolved fractions
• Metals and inorganics
• Water quantity

Conceptual Models

Treatment Selection and Criteria

Risk Assessment
Calculations
• Risk quotient methods

Risk Mitigation
Strategy

• Identification of
constituents of concern

• Treatment needs

• Social and economic
considerations

• Performance
monitoring

• Water reuse applications

• Communication
with public

• Exposure pathway
identification

Figure 2. Process for developing a site specific risk assessment and mitigation strategy through
OPW treatment for beneficial use. Risk assessment approach includes: (1) characterization of the
OPW, (2) development of conceptual models, and (3) risk assessment calculations. Following
risk assessment, treatment options can be selected and a risk mitigation strategy implemented to
meet treatment needs consistently and provide water for multiple purposes (e.g. irrigation,
livestock watering).
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Abstract
A pilot-scale constructed wetland treatment system (CWTS) was designed and
built to decrease the concentration of constituents of concern and toxicity in water
simulated to match water produced from specific oilfields in sub-Saharan Africa. The
specific oilfield produced water (OPW) is generated from non-marine geologic strata of a
rift basin and is characterized by low ionic strength (838-1,500 µmhos conductivity and
704-1,370 mg L-1 total dissolved solids). Biogeochemical pathways were targeted in the
design of two subsurface flow (SSF) CWTS series planted with Phragmites australis and
a single free-water surface (FWS) series planted with Typha latifolia. Each wetland series
consisted of four reactors operated at a 24 hr hydraulic retention time per reactor.
Chemical treatment performance was evaluated by aqueous sampling of simulated OPW
pre- and post-treatment CWTS waters for chemical oxygen demand (COD), oil and
grease (O&G), and concentrations of selected metals. Biological treatment performance
included 7 day static-renewal bioassays with Ceriodaphnia dubia and Pimephales
promelas.
Target low/high formulation inflow concentrations of Fe, Mn, Ni, and Zn were
0.08/0.40, 0.50/1.26, 0.37/1.44, and 2.0/5.0 mg L-1, respectively. The SSF series achieved
a removal efficiency (defined as the percent concentration decrease from inflow to
outflow) of 84.0% Fe, 99.5% Mn, 74.2% Ni, and 91.5% Zn. The FWS series achieved
removal of 41.3% Fe, 93.8% Mn, 40.5% Ni, and 50.6% Zn. O&G concentration
decreased to below the method detection limit (~1.4 mg L-1) in SSF and FWS series
outflow, after a 4 day HRT, for all targeted inflow concentrations of O&G (10, 25, 50,
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and 100 mg L-1). Prior to treatment, statistically significant (ANOVA) mortality was
observed for C. dubia and P. promelas exposed to 1.56 and 12.5% dilutions of pretreatment water, respectively. Following treatment in SSF wetland series, no significant
mortality was observed in C. dubia at 12.5% treated water and P. promelas at 25%
treated water. These data indicate that pilot-scale SSF and FWS series designed to
achieve targeted conditions decreased concentrations of O&G and selected metals from
simulated OPW, resulting in effective treatment.
1.

Introduction
Oilfield produced waters (OPWs) are brought to the surface when oil is extracted

from reservoirs within water-bearing geologic units. Khatib and Verbeek (2003)
estimated that in 1999 more than 210 million barrels (33.4 million m3) of produced water
were generated each day worldwide. The large volume of OPW presents environmental
challenges concerning management, as well as potential opportunities for beneficial use if
constituents posing risk can be remediated. Current OPW management strategies include
minimization of the volume of OPW generated, disposal into underground formations,
utilization for enhanced recovery/pressure maintenance, and beneficial use at the surface
(Khatib and Verbeek, 2003; Veil et al., 2004; Clark and Veil, 2009). Development of cost
effective and feasible OPW management strategies depends on site location, regulatory
acceptance, technical considerations, costs, and availability of infrastructure and
equipment (Veil et al., 2004). Integrating treatment and use options into water
management strategies can decrease demands on existing water resources and partially
alleviate the need for development of new water sources. Properly implemented OPW
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reuse programs in developing countries may increase political and economic stability
(Bdour et al., 2009) while providing public health protection and environmental risk
mitigation (USEPA, 2004).
Although the composition of OPW can vary greatly, three common fractions are
hydrocarbons, metals/metalloids, and salts (Knight et al., 1999; O‟Rourke and Connolly,
2003; Veil et al., 2004; Clark and Veil, 2009). Physical and chemical properties depend
on geographic location of the field, geological formations in contact with the water,
treatment chemicals utilized, and extraction techniques (Murray Gulde et al., 2003; Veil
et al., 2004; Benko and Drewes, 2008). Constituents of concern (COCs) are compounds
or elements in a specific OPW that require treatment to meet target water use guidelines.
Characterization of specific produced waters and identification of COCs that may limit
use are needed for application of feasible and effective treatment strategies (Grini et al.,
2002; PRRC, 2003) and for implementation of treatment goals to meet water reuse
guidelines for irrigation and livestock watering.
Constructed wetland treatment systems (CWTSs) are an option for onsite
treatment of OPWs for use in irrigation, livestock watering, surface discharge, and human
uses. CWTSs are an innovative, effective, and often less expensive alternative to
conventional water treatment (Myers, 2000; Rodgers and Castle, 2008). Robust CWTSs
can be designed for removal of targeted constituents in site-specific OPW (Knight et al.,
1999; Ji et al., 2002; Murray Gulde et al., 2003; Al Mahruki et al., 2006), while providing
flexibility in treating multiple constituents to meet performance goals for water reuse
(Rodgers and Castle, 2008). Constituent removal can be achieved in CWTSs by
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promoting specific biogeochemical pathways and manipulating hydrosoil, vegetation, and
hydroperiod to decrease the aqueous concentration and bioavailability of targeted
constituents. Flow regimes utilized in CWTSs include subsurface flow (i.e. water level
maintained below the hydrosoil substrate) and free-water surface (i.e. water surface open
to atmosphere). Selection of an appropriate flow regime depends primarily on the
targeted constituents for treatment, geographic location and factors, cost, available area,
and treatment goals (Gessner et al., 2005; Pham, 2009). Pilot-scale CWTS studies
incorporate critical design features and facilitate experimentation (Tao et al., 2006), while
readily allowing scaling of results to improve full-scale designs (Rodgers and Castle,
2008). Specifically, pilot-scale studies provide: (1) information from replicated physical
model CWTSs operating at a range of conditions, (2) confidence to owners regarding
realistic and robust treatment performance of the systems, and (3) refined kinetic rate
coefficients and extents of removal for incorporation into full-scale systems (Rodgers and
Castle, 2008).
This research utilized a pilot-scale CWTS and simulated OPW to measure both
chemical (i.e. rates and extents of removal) and biological (i.e. organism bioassays)
treatment parameters of COCs in OPW from specific oilfields in sub-Saharan Africa.
COCs in the OPW studied include oil and grease (O&G), Fe, Mn, Ni, and Zn, based on
analysis and comparison with water use criteria. The objectives of this research were to:
(1) design, construct, and monitor pilot-scale vertical subsurface flow (SSF) and freewater surface (FWS) series for the treatment of COCs in the OPW studied, (2) measure
chemical and biological treatment performance of the pilot-scale CWTS for simulated
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OPW containing COCs, and (3) determine water use feasibility and full-scale CWTS
design criteria. Effective treatment of water produced from oilfields in sub-Saharan
Africa has the potential to help alleviate growing demand for water for agriculture,
livestock watering, and human consumption in this semi-arid region.
2.

Materials and Methods

2.1.

Design, construct, and monitor pilot-scale CWTS

2.1.1. Design and construction
A pilot-scale CWTS was designed and assembled to promote specific
biogeochemical treatment processes (Hawkins et al., 1997; Gillespie et al., 1999; Rodgers
and Castle, 2008) to transfer or transform COCs (O&G, Fe, Mn, Ni, Zn), to decrease their
aqueous concentrations and bioavailability. To incorporate the targeted biogeochemical
processes and compare treatment performance in vertical SSF wetlands to FWS wetland
flow regimes, three specifically designed pilot-scale wetland reactor series were built in a
greenhouse at Clemson University, South Carolina. System design included two replicate
vertical subsurface flow (SSF 1 and SSF 2) series and one free-water surface (FWS)
series (Figure 1). Each series of the pilot-scale CWTS consisted of four 100 gallon (378
L) Rubbermaid® Utility Tank reactors in series (R1-R4). No artificial illumination was
provided during this study.
Simulated OPW was formulated for use in the pilot-scale CWTS rather than
transporting actual OPW from sub-Saharan Africa because of the cost associated with
shipping and storage. In addition, simulated water allowed for more control over system
inflow and therefore more precise comparisons with system outflow. Simulated OPW
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was formulated in a 1000 gallon (3785 L) polypropylene detention basin by adding the
following to municipal water: (1) high purity salts (Fisher Scientific, Fair Lawn, NJ;
Sigma, St. Louis, MO; Acrōs, NJ) of targeted COCs, (2) technical grade salts for
bicarbonate, sulfate, and calcium, and (3) Shell Rotella T® motor oil (Table 1). A
continuous mixing pump was used in the detention basin to incorporate COCs into the
water and allow for a consistent inflow concentration of COCs during wetland tests.
Simulated OPW was transferred from the detention basin to the first reactor (R1) in each
series (SSF 1, SSF 2, and FWS) via Fluid Metering Inc. (FMI®) piston pumps calibrated
by adjusting the flow rate to attain a 24 hr HRT per reactor (96 hr HRT for total system).
2.1.2. CWTS monitoring
Wetland parameters monitored prior to and during treatment included oxidationreduction (redox) potential of wetland hydrosoil and plant health indices (i.e. plant
density, new shoot growth). Redox potential of the wetland hydrosoil was measured from
05-20-07 through 02-26-09 using a millivolt meter connected to in-situ platinum-tipped
electrodes and an Accumet® calomel reference electrode (Faulkner et al., 1989). Two
electrodes were placed in the hydrosoil near the upstream and downstream ends of each
wetland reactor. Electrodes were installed at 30 cm below the hydrosoil surface in SSF
reactors and approximately 5 cm below the interface between hydrosoil and water in
FWS reactors. All measurements were adjusted based on hydrogen ion potential. Plant
health was measured to evaluate the ability of selected wetland plant species to tolerate
and produce new shoots in reactors treating simulated OPW, ensuring sustainability and
productivity of the macrophytes exposed to OPW in the CWTS. Plant health indices were

53

measured by counting the number of green shoots and young shoots (≤ 12.7 cm). Plants
were inspected on a monthly basis for indicators of toxicity (e.g. chlorosis, necrosis,
malformation; Salisbury and Ross, 1992). Osmocote® time released fertilizer (19-6-12)
was mixed into reactor hydrosoil and applied monthly, approximately 30 grams,
throughout wetland experiments to provide essential nutrients (e.g. nitrogen,
phosphorous, potassium) for microbes and plants.
2.2.

Treatment performance
Aqueous samples were collected along the wetland flow path (i.e. reactor

outflows) to determine the ability of the CWTS to decrease concentrations of COCs in
simulated OPW. Sampling for general water chemistry parameters and concentrations of
COCs (Table 2) was initiated in October 2007, following a five-month maturation period
after wetland reactor construction. Four different formulations for O&G (i.e. 10, 25, 50,
and 100 mg L-1) were utilized to demonstrate the capability of the CWTS to treat a range
in concentrations. Nominal metal concentrations (mg L-1) were 0.08 Fe, 0.50 Mn, 0.37
Ni, and 5.0 Zn in the 10 and 25 mg L-1 O&G formulations and 0.40 Fe, 1.26 Mn, 1.44 Ni,
and 2.0 Zn in the 50 mg L-1 O&G formulation. No metal analysis was conducted during
the 100 mg L-1 O&G loading because of instrumental limitations regarding O&G
concentration that could affect accurate measurement of metal concentrations. Each O&G
formulation was treated for five to seven months, and experiments were completed in
June 2009.
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2.2.1. Analytical procedures
For all wetland experiments using the pilot-scale CWTS, aqueous samples were
collected from the inflow and outflow for each reactor in the SSF 1, SSF 2, and FWS
series. Outflow samples were collected based on HRT of the wetland, for example
Reactor 2 outflow was sampled 24 hours (HRT) after Reactor 1 outflow was sampled.
Samples for measurement of general water chemistry parameters were collected from
wetland reactor outflows in 1 L glass jars with teflon lined lids. Concentrations of COCs
(Fe, Mn, Ni, Zn, and O&G) were measured in CWTS inflow and reactor outflows to
assess treatment performance. Aqueous samples for O&G analysis were collected in 500
mL glass bottles and acidified in the laboratory to pH ≤ 2 using technical grade
concentrated hydrochloric acid (Fisher Scientific, Fair Lawn, NJ). Samples for total metal
analysis were collected in 50 mL centrifuge tubes and acidified to pH ≤ 2 using trace
metal grade concentrated (15.8 N) nitric acid (Fisher Scientific, Fair Lawn, NJ). Samples
for dissolved metal analyses were collected and preserved using the same procedure for
total metal analysis, with an additional step of syringe filtration with 0.45 µm Milli-pore
filters before acidification. All aqueous samples were immediately transported to the
laboratory after sampling, preserved with acid, and stored at a controlled temperature (4 ±
1oC) until analysis. Samples were analyzed within storage times specified by standard
methods.
Total and dissolved metals were analyzed using inductively coupled plasmaatomic emission spectrometry (ICP-AES; SPECTROFLAME-EOP, Spectro Analytical
Instruments, Kleve, Germany) according to EPA method 200.7 (USEPA, 1994). O&G
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concentrations were measured using gravimetric methods with n-hexane extraction using
an apparatus manufactured by Environmental Express according to EPA method 1664
revision A (USEPA, 1999). Quality assurance and quality control (QA/QC) measures for
ICP-AES metal analyses included a standard recovery and standard addition every ten
samples. Sample analyses were considered acceptable if standard recoveries were within
± 10% of the calibration concentration for individual metals and standard addition
percent recoveries were within 70-130% (USEPA, 1994). QA/QC for O&G analyses
included measurement of motor oil standards and a matrix spike every ten samples.
Sample analyses were considered acceptable if percent recoveries of standards and matrix
spikes were within 78-114% (USEPA, 1999).
To assess the feasibility of the OPW studied for beneficial use, treatment
performance of the SSF and FWS reactor series was evaluated using removal efficiencies
and removal rate coefficients for COCs. Removal efficiency, which is the percent
decrease in concentration of a COC from inflow to outflow, was calculated using
Equation 1:
removal efficiency (%)

[C ] 0 [C ]
100
[C ] 0

Equation 1

where, [C]o (mg L-1) is concentration of a COC in the inflow and [C] (mg L-1) is
concentration of the constituent in the outflow. Removal rate coefficients (k, day-1) for
COCs were calculated using first order rate kinetics (Equation 2).

k

ln ([C] [C]0 )
t

Equation 2
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where, t (days) is time, which in this equation is time between sampling the inflow and
outflow of a reactor. The removal rate coefficient (day-1) represents the slope of the line
by plotting –ln([C]/[C]o) vs time. Both removal efficiencies and removal rate coefficients
were calculated for each metal in unfiltered samples.
2.2.2. Bioassays
Potential toxicity associated with pre- and post-treatment simulated OPW for both
the SSF and FWS series was evaluated using Pimephales promelas and Ceriodaphnia
dubia bioassays. Ceriodaphnia dubia is a microcrustacean found in lentic freshwater
systems throughout the world, and P. promelas is a small, widely distributed, freshwater
minnow that feeds opportunistically on invertebrates and detritus (Murray Gulde et al.,
2003. These species are commonly used throughout the United States for testing of
waters and wastewaters (USEPA, 2002). Bioassays were conducted on serial dilutions of
pre- and post-treatment CWTS waters, following the USEPA protocol for measuring
chronic toxicity of outflows and receiving waters to freshwater organisms in 7-day tests
(Lewis et al., 1994; USEPA, 2002). Aqueous samples were collected in 1 L Nalgene®
high-density polyethylene bottles and stored at a controlled temperature (4 ± 1oC) until
test initiation.
Aqueous samples were collected from the CWTS inflow, SSF series 1 and 2
outflows, and FWS series outflow. Aliquots were diluted with moderately hard water to
produce the following dilutions: 0.78%, 1.56%, 3.125%, 6.25%, 12.5%, 25%, and 50%
for C.dubia and 6.25%, 12.5%, 25%, 37.5%, 50%, and 100% for P. promelas.
Moderately hard water was used as the untreated control. Water chemistry parameters of
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dilution water (i.e. formulated moderately hard water), inflow, SSF series 1 and 2
outflows, and FWS outflow were measured at experiment initiation and completion
according to standard methods (APHA, 2005).
Test waters were refrigerated at 4 ± 1oC and warmed to room temperature before
use. Experimental chambers were placed in an incubator at 25 ± 2oC (16 hr light / 8 hr
dark photoperiod) for the duration of the test. Daily renewals for C. dubia and 50%
renewals every other day for P. promelas were conducted throughout the toxicity
experiments, in addition to daily feeding. Ceriodaphnia dubia were fed 100 µL of
Raphidocelis subcapitata and 100 µL yeast-cerophyll-trout chow (YCT), and P.
promelas were fed one drop of newly hatched Artemia nauplii daily. Ceriodaphnia dubia
experiments were conducted by placing one < 24 hr old organism in each of 10 replicates
containing 10-15 mL of each dilution in 20 mL glass vials; response variables were
reproduction and mortality. Pimephales promelas experiments were conducted using ten
< 24 hr old organisms in each of three replicates containing 200 mL of each dilution in
250 mL borosilicate glass beakers, and the measured response variable was mortality.
Significant differences between survival in treatment waters and controls were
determined by chi-square analysis (SAS Institute Inc., 2002), and reproduction
differences were determined by a one-way analysis of variance with Dunnett‟s mean
separation (SAS Institute Inc., 2002). All alpha levels were set at 0.05.
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2.3.

Water use feasibility and wetland design
Data from the SSF reactor wetland series were used to estimate the time needed

for treatment in a full-scale CWTS to meet water use guidelines for irrigation and
livestock watering (Equation 3).

t

ln ([C] [C]0 )
k

Equation 3

where, t (days) is the hydraulic retention time required, [C] (mg L-1) is the target
constituent concentration to meet a water use guideline, [C]0 (mg L-1) is the maximum
detected constituent concentration in an OPW, and k (d-1) is the removal rate coefficient
calculated from Equation 2. Estimation of hydraulic retention time required to meet water
use guidelines for the OPW investigated provided a preliminary assessment of use
feasibility.
3.

Results

3.1.

Design, construction, and monitoring of pilot-scale CWTS

3.1.1. Design and construction
CWTS reactors were designed (Figure 1) to establish conditions favorable for
promoting biogeochemical processes for treating the COCs (Table 3). For this study,
wetland reactors targeted for reductive or oxidative transformations were operationally
defined as reducing or oxidizing reactors, respectively. Reactors 1 and 2 in series SSF 1,
SSF 2, and FWS were designed as reducing reactors to promote dissimilatory sulfate
reduction. Requirements for sulfate reducing bacteria include: sulfur source, nutrients,
carbon and energy source, and an anaerobic environment (Tuttle et al., 1969). Using
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equilibrium geochemistry (Brookins, 1988) reducing reactors had a target Eh of -50 to 250 mV to favor dissimilarity sulfate reduction and formation of insoluble metal sulfides
(Kadlec and Wallace, 2009; Kröpfelová et al., 2009) of divalent cationic metals typically
found in OPW including Ni and Zn (O‟Rourke and Connolly, 2003; Veil et al., 2004;
Clark and Veil, 2009). Sulfate concentration simulated in the OPW was representative of
the actual OPW (3.2 mg L-1), and reactor hydrosoil was amended with Osmocote® time
release fertilizer.
In addition, reactors 1 and 2 were targeted for removal and biodegradation of
O&G in the simulated OPW. Targeted physical removal processes of O&G included
sorption to gravel hydrosoil and plant roots in the SSF reactors and density driven
separation in the FWS reactors. Nutrients required for microbial driven biodegradation
were supplied in Osmocote® additions. Loading of an organic carbon source into the
CWTS in the form of suspended and dissolved oil in the simulated OPW and subsequent
degradation can serve as an electron donor/energy source for microbial activity,
promoting reducing conditions in hydrosoil and dissimilatory sulfate reduction (Dvorak,
1992). Through manipulations of HRT, the mass loading of organic carbon into the
CWTS can be increased or decreased in order to adjust the biogeochemical conditions
optimal for treatment (e.g. decreasing HRT results in increased mass loading of organics
and favors formation of reducing conditions).
Reactors 3 and 4 in series SSF 1, SSF 2, and FWS were designed to promote
oxidizing conditions and a target Eh of +50 to +250 mV. Oxidizing conditions favor the
formation of solid Fe and Mn oxyhydroxide precipitates (Barton and Karthanasis, 1998)
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and enable co-precipitation of metal-oxide complexes and adsorption of cadmium,
copper, Ni, and Zn to amorphous Fe hydroxides (Kadlec and Wallace, 2009).
Design criteria, including hydrosoil and vegetation, in the CWTS reactors (Table
4) were selected to promote the targeted biogeochemical conditions. Hydrosoil in the SSF
reactors was constructed with a 20 cm thickness of pea gravel (5-10 mm diameter)
overlain by 40 cm of medium-sized gravel (20-30 mm diameter) and planted with
Phragmites australis (i.e. common reed). FWS reactors were constructed with a 36 cm
thickness of medium-sized quartz sand collected from 18 Mile Creek, near Clemson,
South Carolina, and planted with Typha latifolia (i.e. broadleaf cattail). Bulk porosity of
the SSF wetland reactors was approximately 0.32, measured after maturation of P.
australis. Kanagy et al. (2008) described particle size distribution, organic matter content,
pH, Eh, and acid volatile sulfide concentration in hydrosoil using sand from the same
location.
Phragmites australis and T. latifolia were planted in the wetland reactors with a
shoot density of 70 shoots m-2 and 30 shoots m-2, respectively. These macrophytes were
selected because they are fast growing, provide oxygen to the root zone by convective
transport through live and dead stems (Kadlec and Wallace, 2009), are commonly used as
emergent macrophytes in constructed wetlands, and are available in and/or native to subSaharan Africa. Oxygen diffusion from root surfaces of emergent macrophytes can help
support the oxygen demand of microorganisms in the rhizosphere for aerobic
biodegradation of organics (Laskov et al., 2006; Kadlec and Wallace, 2009). Pham
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(2009) described the specific construction criteria (i.e. dimensions) of the SSF and FWS
wetland reactors and provided more detail on hydrosoil, plant, and flow regime selection.
3.1.2. CWTS monitoring
Redox measurements indicated that oxidizing conditions (+50 to +250 mV) were
maintained near the probe in the downstream portion of SSF reactors (Figure 2A).
Reducing conditions (-50 to -250 mV) developed near the upstream probe in R2, R3, and
R4 during wetland treatments (Figure 2B). Decreasing redox, indicating the development
of reducing conditions, was observed in downstream portions of R1 and R3 and in the
upstream portion of R3 in FWS reactors during wetland treatments (Figures 2C and D).
Development of reducing conditions near the upstream probe in SSF reactors and FWS
reactors during wetland treatment is attributed to organic loading (i.e. 10, 25, and 50 mg
L-1 O&G) as water containing O&G moved through the system. Oxygen demand in the
rhizosphere from aerobic microorganisms may result in low redox at high organic loading
rates (50 mg L-1).
To ensure the sustainability of selected macrophytes in the CWTS, plant health
indices were monitored during wetland maturation (i.e. before experimental treatment of
simulated OPW) and over the course of wetland treatment. Initial shoot density
immediately after planting was 70 shoots m-2 for SSF reactors and 30 shoots m-2 for FWS
reactors (Figure 3). After 200 days, shoot density had increased to approximately 260
shoots m-2 for SSF reactors and 60 shoots m-2 for FWS reactors. After a year of simulated
OPW treatment, shoot density in the SSF reactors was approximately 285 shoots m-2, and
the density of new shoots ≤ 5 inches (12.7 cm) in height ranged from 22-43 shoots m-2 in
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the reactors, indicting that P. australis was tolerant to wetland conditions. Shoot density
in FWS reactors planted with T. latifolia declined after a year of wetland loading to an
average of 41 shoots m-2 with minimal new growth observed. Other species including
Schoenoplectus californicus (giant bulrush) and grasses readily colonized FWS reactors,
competing with T. latifolia.
3.2.

Treatment performance

3.2.1. General water chemistry
Water temperature measured year round in the wetland reactors varied from 1827oC (Table 5), indicating that the system was operating slightly below optimal
conditions of 30oC for degradation of crude oil (Rahman et al., 2002) and PAHs (Banat,
1995). Dissolved oxygen concentration of inflow water ranged from 7.82 to 9.26 mg L-1
and was decreased to an average of 7.32 mg L-1 in SSF 1 outflow, 7.29 mg L-1 in SSF 2
outflow, and 7.71 mg L-1 in FWS series outflow. A neutral pH of 7.0 is optimal for
hydrocarbon degradation (Salmon et al., 1998; Margesin and Schinner, 2001;
Sathishkumar et al., 2008) although microorganisms (acidophiles and alkaliphiles)
capable of degrading hydrocarbons in extreme pH environments (i.e. pH = 2-3 and 9-10.5
s.u.) have been isolated (Margesin and Schinner, 2001). Ninety-five percent of the pH
measurements in SSF (n = 64) and FWS (n = 40) reactor outflows were within 6.0-8.0
standard units. Sulfate reducing bacteria contribute to metal/metalloid-sulfide
precipitation and require a pH of 5.0-8.0 (Brown et al., 1973); all measured pH values for
the SSF outflow and 95% of the pH values for the FWS outflow were within this range.
The circumneutral pH of the simulated OPW was favorable for forming ferric hydroxide
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precipitates (pH >3.5; Ye et al., 2001) and Mn hydroxides (pH >8; Barton and
Karathanasis, 1998). Manganese co-precipitates in water containing high Fe
concentrations at pH levels <8.0 s.u. (Stumm and Morgan, 1981) or adsorbs to reactive
surfaces of crystalline Fe minerals (Barton and Karathanasis, 1998).
3.2.2. Chemical treatment performance
Inflow and outflow concentrations of COCs in reactor series operating at a 4 day
HRT are listed in Tables 6 and 7 and illustrated in Figures 4 and 5. Removal efficiencies
for metals were greater in the SSF series than in the FWS series. In the two SSF series
removal ranged from 48.0 to 97.3% for Fe, 99.3 to 99.7% for Mn, 64.2 to 97.0% for Ni,
and 79.9 to 99.6% for Zn (Table 8). Removal in the FWS reactor series ranged from no
removal to 89.2% for Fe, 88.3 to 98.0% for Mn, 23.1 to 63.2% for Ni, and 11.5 to 84.0%
for Zn. O&G concentration decreased to below method limit of detection (1.4 mg L-1) for
all treatment periods at 10, 25, 50, and 100 mg L-1 O&G inflow, indicating removal
efficiencies greater than 84.8% for SSF and FWS reactor series (Table 9).
Removal rate coefficients, assuming first order rate kinetics, for the two SSF
series ranged from 0.263 to 1.15 d-1 for Fe, 1.64 to 1.77 d-1 for Mn, 0.265 to 0.949 d-1 for
Ni, and 0.409 to 1.57 d-1 for Zn. Removal rate coefficients for the FWS series ranged
from no removal to 0.594 d-1 for Fe, 0.595 to 1.04 d-1 for Mn, 0.080 to 0.257 d-1 for Ni,
and 0.045 to 0.465 d-1 for Zn. Removal rate coefficients for O&G ranged from 0.649 to
2.45 d-1 for the two SSF reactor series and from 0.518 to 2.04 d-1 for the FWS reactor
series. For six O&G sampling dates only two data points (i.e. inflow and R1 outflow
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concentration) were available for rate coefficient calculations. Rate coefficients with
more than two data points provide more refined and realistic estimates of removal rate.
Chemical oxygen demand (COD) and five-day biochemical oxygen demand
(BOD5) were measured in CWTS inflow and SSF and FWS series outflows as secondary
parameters to indicate O&G treatment. Average inflow concentrations of COD (± one
standard deviation) were 29 ± 12 mg L-1 COD at 10 mg L-1 O&G loading, 38 ± 9 mg L-1
COD at 25 mg L-1 O&G loading, 98 ± 92 mg L-1 COD at 50 mg L-1 O&G loading, and
210 ± 152 mg L-1 COD at 100 mg L-1 O&G loading (Table 10). The variability of
measured COD concentrations in the inflow is probably the result of difficulty in
sampling heterogeneous distributions. COD decreased to near background concentrations
(2.7-8.2 mg L-1 COD), with the exception of 6 sampling dates, after treatment in the SSF
reactor series. However, in the FWS reactor series background concentrations of COD
(2.7-13.6 mg L-1) were achieved for only 8 out of 15 sampling dates. COD removal
efficiencies ranged from 46.9 to >95.3% for SSF series and 6.1 to 97.5% for FWS (Table
10). Five-day BOD measured in wetland reactors was < 2 mg L-1 in SSF 2 reactors and <
6 mg L-1 in FWS reactors for all O&G loadings. COD values were greater than BOD5,
probably because more compounds can be oxidized chemically than degraded
biologically (Knight et al., 1999).
3.2.3. Biological treatment performance
The characteristics of inflow, SSF 1 outflow, SSF 2 outflow, FWS outflow, and
dilution water used in bioassays, including measured concentrations of COCs, are shown
in Table 11. In bioassays using P. promelas (Figure 6A) exposed to post-treatment
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simulated OPW, the lowest concentration eliciting response (i.e. mortality) significantly
different statistically from that of controls (i.e. the LOEC) was 37.5% (i.e. 37.5% sample
water and 62.5% dilution water) for the SSF 1 and SSF 2 reactor series and 25% for the
FWS reactor series (Table 12). The LOEC for mortality of P. promelas exposed to pretreatment simulated OPW was 12.5% inflow water. Significant mortality of P. promelas
was observed at a greater dilution percentage for inflow compared to SSF 1, SSF 2, and
FWS series outflow.
The LOEC for mortality was 1.56% (Table 12) for C. dubia (Figure 6B) exposed
to simulated OPW inflow. Following treatment with the SSF 1 and SSF 2 reactor series,
the LOEC increased to 25% SSF 1 and SSF 2 outflow water, while treatment with the
FWS reactor series increased the LOEC for mortality of C. dubia to 6.25%. Reproduction
of C. dubia was affected at the lowest concentration to which organisms were exposed,
0.78% FWS outflow water. However, C. dubia reproduction was not affected at 1.56%
SSF 1 and SSF 2 post-treatment water (LOEC 3.125%), indicating decrease in observed
toxicity between pre-treatment (i.e. inflow) simulated OPW and post-treatment SSF
reactor series water.
3.3.

Water reuse feasibility and wetland design
Although both SSF and FWS flow regimes were utilized in this research, the

environmental and sociological nature of the sub-Saharan region support the use of
subsurface flow reed beds for isolating water from humans and wildlife, controlling
disease vectors, and decreasing direct evaporation (Gessner et al., 2005). Therefore,
results from SSF 1 and SSF 2 treatment series were used to calculate hydraulic retention

66

time for a full-scale CWTS. The time required to remediate the OPW studied was
estimated from the average removal rate coefficient for each COC (Tables 8 and 9), water
use guidelines for irrigation and livestock watering (Table 13), and the maximum
concentration of each COC in the OPW (Table 13). Calculated HRTs (Equation 3)
needed for a full-scale CWTS are approximately 9.2 days to meet irrigation requirements
and 7.5 days to meet livestock watering requirements (Table 13). To decrease O&G
concentrations to below detection limits (1.4 mg L-1) in outflow, approximately 2.8 days
are required.
4.

Discussion
Treatment performance for all COCs (Fe, Mn, Ni, Zn, and O&G) and COD of the

pilot-scale CWTS was similar to or greater than that of other SSF and FWS CWTSs for
various types of water, including: coal combustion leachate water, refinery process water,
municipal water, OPW, and urban runoff (Table 14). Results (i.e. removal rate
coefficients and removal efficiencies) from this investigation are encouraging and
indicate that a full-scale CWTS has the potential to consistently treat OPW with similar
COCs to meet water reuse guidelines. Pilot-scale CWTS function indicates that several
design parameters should be addressed for full-scale design and construction, including
hydrosoil, vegetation, detention time (i.e. HRT), and area (i.e. size).
The pilot-scale CWTS design targeted several treatment processes, including
sorption, biodegradation, settling, oxidation, and reduction. Reactors 1 and 2 in the SSF
1, SSF 2, and FWS series were designed as reducing reactors to promote biogeochemical
conditions favorable for dissimilatory sulfate reduction. O&G loading (i.e. carbon source)
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and continuous-flow operation can maintain oxygen demand in the root-zone and limit
the development of oxidizing conditions (Stein and Hook, 2005). Reduction-oxidation
measurements indicated that oxidizing conditions and aerobic processes were present at
10 mg L-1 O&G loading in all four reactors of SSF 1, SSF 2, and FWS series. At 25 mg
L-1 O&G, reducing conditions developed in R2 of SSF 1 and SSF 2, and at 50 mg L-1
O&G reducing conditions developed in reactors R2 through R4 of SSF 2. Reducing
conditions developed in R1 through R4 of FWS at 25 mg L-1 O&G loading and in R1 and
R3 at 50 mg L-1 O&G. Target reducing conditions (-250 to -50 mV) in R1 and R2 of SSF
1, SSF 2, and FWS were not fully attained, probably contributing to removal efficiencies
being lower for Ni and Zn than for constituents targeted for removal through oxidative
pathways (Table 8). Removal of Ni and Zn in SSF and FWS reactors can be attributed to:
(1) sulfide precipitation in reducing wetland hydrosoil and/or (2) co-precipitation with Fe
and Mn oxides (Kröpfelová et al., 2009). Although aqueous Ni and Zn concentrations
decreased during treatment in the SSF and FWS reactors, targeted removal through
insoluble sulfide formation may have been limited by the presence of oxygen, insufficient
sulfate source, or insufficient organic carbon. While metal sulfide formation was targeted
for Zn removal, Zn also co-precipitates in Fe and Mn oxides (Stumm and Morgan, 1981)
and in Fe plaques on the surface of plant roots (Otte et al., 1995).
Oxidizing conditions were targeted for reactors R3 and R4 in the SSF 1, SSF 2,
and FWS series to promote precipitation of Mn and Fe oxyhydroxides. Oxidizing
conditions were attained near the downstream probe in SSF 1 and SSF 2 reactors (R1
through R4) at all concentrations of O&G loading (except R4 on 11-04-08) and near the
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upstream probe at 10 mg L-1 O&G loading. Oxidizing conditions were attained in R1
through R3 near the upstream probe at 10 and 25 mg L-1 O&G loading and in R3 at 50
mg L-1 O&G loading. The ability of macrophytes to transport oxygen though aerenchyma
tissues to the roots and into adjacent sediment results in Fe oxyhydroxide precipitation
and co-precipitation (i.e. Mn) on and around roots in SSF reactors (Ye et al., 2001).
Similarly, Fe and Mn precipitate formation can be promoted by photosynthetic
production of oxygen by algal mats (USEPA, 1988; Knauer et al., 1999; Edenborn and
Brickett, 2002). Algal mats were observed on the water‟s surface in FWS reactors, and
may have contributed to removal of Fe and Mn through plaque formation on the
underside of algal mats and litter.
O&G removal rate coefficients were similar for SSF 1, SSF 2, and FWS reactor
series, while removal efficiencies and removal rate coefficients were greater for Fe, Mn,
Ni, and Zn in both SSF series than in the FWS series. The greater removal of metals in
the SSF series is probably the result of greater surface area of solids in SSF reactors from
gravel and proliferous root networks of P. australis, providing habitat for
microorganisms (USEPA, 1988). The lack of dense T. latifolia in FWS reactors may have
decreased surface area and contact between the flow and hydrosoil or plant matter,
resulting in less removal of constituents compared to SSF reactors. To maximize contact
in FWS reactors and regulate flow, USEPA (1988) suggested dense planting, litter,
shallow water, low flow velocities, and narrow channels. Sorption processes were utilized
in SSF reactors, while density driven (i.e. oil film at water‟s surface) physical separation
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was promoted in FWS reactors (2-3 cm thick hydrocarbon/biofilm layer at the water‟s
surface was observed).
5.

Conclusion
A pilot-scale CWTS was designed that successfully promoted conditions

favorable for dissimilatory sulfate reduction, aerobic biodegradation of organics, and
formation of Fe and Mn oxides and oxyhydroxides. Chemical and biological performance
of the pilot-scale CWTS indicated decreased aqueous concentrations of COCs (Fe, Mn,
Ni, Zn, and O&G) and decreased toxicity to P. promelas and C. dubia after treatment.
This pilot-scale CWTS study indicates through removal kinetics the feasibility of CWTSs
for treatment of the OPW studied for beneficial use in livestock watering and irrigation to
lessen the demand on local water supplies. Although the pilot-scale CWTS was designed
specifically for a sub-Saharan OPW, it also demonstrates the potential of CWTSs to
effectively co-treat constituents requiring different geochemical pathways (i.e. reducing
and oxidizing).
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Table 1. Formulation of simulated OPW based on characterization of the specific OPW studied.
Constituent
Calcium
Magnesium
Potassium
Sodium
Carbonate (CO32-)
Bicarbonate
(HCO3-)
Sulfate (SO42-)
Iron
Manganese
Nickel
Zinc
Oil and grease

Actual OPW, mg L-1

Simulated OPW target concentration, mg L-1

Average

Range

Low Formulation

High Formulation

CaCO3
MgSO4•7H2O
KNO3
NaHCO3
CaCO3

61.2
3.7
10.5
156.3
7.3

2.5-6.14
1.1-8.7
1.6-42.6
8.8-430
nd-14.6

6.14
1.3
15.5
18.0
14.9

6.14
1.3
15.5
18.0
14.9

NaHCO3

705

433-976

38.4

38.4

MgSO4•7H2O
FeCl3
MnCl2•4H2O
NiCl2•6H2O
ZnCl2
motor oil

na
54.9
3.51
4.27
7.09
103.8

nd-3
nd-171
nd-8.1
nd-9.5
nd-17.4
na

3.2
0.08
0.50
0.37
2.0
10 and 25

3.2
0.40
1.26
1.44
5.0
50 and 100

Chemical source

nd = below detection limit, na = data not available
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Table 2. Analytical methods for chemical and physical parameters measured in samples from
pilot-scale CWTS.
Parameter
Temperature

Method
Direct Instrumentation: YSI Model 52

Method detection limit
0.5oC

pH

Direct Instrumentation: Orion Model 420A

0.01 s.u.

Conductivity

Direct Instrumentation: YSI 30

0.1 μS cm-1

Alkalinity

Standard Methods: 2320 B

2 mg L-1 as CaCO3

Hardness

Standard Methods: 2340 C

2 mg L-1 as CaCO3

Direct Instrumentation: YSI Model 52

0.1 mg L-1
3 mg L-1

BOD53

Closed reflux colorimetery (HACH- modified from
Standard Methods: 5220D)
Standard Methods: 5210 B

Oil and grease

USEPA Method 1664 Revision A

1.4 mg L-1

Metals

USEPA Method 200.7

0.0062 mg L-1 Fe
0.0014 mg L-1 Mn
0.015 mg L-1 Ni
0.0018 mg L-1 Zn

DO

1

COD2

1

Dissolved oxygen

2

Chemical oxygen demand
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0.1 mg L-1

3

Biological oxygen demand

Table 3. Targeted treatment processes for identified COCs and biogeochemical conditions needed
for constituent removal from aqueous phase (Rodgers and Castle, 2008; Kadlec and Wallace,
2009).
Treatment process
Sorption

Targeted constituent(s)
oil and grease

Biogeochemical condition
availability and generation of partitioning
sites on organic and inorganic surfaces

Biodegradation

oil and grease

presence of microbes and Eh +50 to +250 mV
and nutrients (N, K, P)

Settling of solids and
adsorbed elements

Fe, Mn, Ni, and Zn

low flow rates to promote settling

Oxidation to form
oxyhydroxides and coprecipitation

Fe and Mn

Eh +50 to +250 mV and pH slightly acidic to
near neutral

Sulfate reduction to form
sulfides

Ni and Zn

Eh -50 to -250 mV, pH near neutral to slightly
basic, sulfate source, organic carbon, and
nutrients
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Table 4. Design criteria for subsurface flow and free-water surface pilot-scale CWTS reactors.
Dimensions

Hydrosoil

Subsurface flow reactor
378.5 L reactors
4 reactors in system series
61 cm height, 123 cm length, 64 cm width
Volume of water = 121 L
20 cm pea gravel (5-10 mm diameter)
overlain by 40 cm medium-sized (20-30
cm diameter) gravel

Free-water surface reactor
378.5 L reactors
4 reactors in system series
61 cm height, 123 cm length, 64 cm
width
Volume of water = 210 L
36 cm medium to coarse grained quartz
sand

Porosity = 0.32
Porosity = 0.24
Phragmites australis (common reed)
Typha latifolia (broadleaf cattail)
Planting density = 70 shoots m-2
Planting density = 30 shoots m-2
Hydroperiod 1 day HRT per reactor, 4 d per series
1 day HRT per reactor, 4 d per series
-1
1Flow rate = 84.1 mL min
1Flow rate = 145.8 mL min-1
Target flow rate was calculated by dividing the volume of water in one reactor by the target HRT per
reactor. Volume of water was measured directly in SSF and FWS reactors.
Vegetation
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Table 5. General water chemistry of inflow to CWTS and outflow from each reactor. Each value
represents an average of measurements from twelve sampling dates1.
Temperature, oC

Conductivity,
uS cm-1

pH, s.u.

Alkalinity,
mg L-1 as CaCO3

Hardness,
mg L-1 as CaCO3

DO,
mg L-1 O2

23.3 (19.4-28.7)

210 (169-241)

(6.65-7.46)

41 (18-54)

39 (20-126)

8.37 (7.82-9.26)

Inflow
SSF 1 Outflow
R1

22.8 (18.3-27.2)

206 (176-241)

(6.12-6.84)

38 (20-62)

24 (22-28)

7.36 (6.71-8.16)

R2

21.7 (19.3-24.6)

207 (170-246)

(6.20-6.80)

41 (22-62)

24 (14-42)

7.55 (5.91-9.00)

R3

21.6 (19.6-24.0)

219 (171-278)

(6.09-6.40)

45 (20-78)

28 (20-40)

7.14 (5.72-8.05)

R4

22.3 (20.0-25.2)

226 (175-292)

(6.17-7.74)

51 (24-86)

31 (18-48)

7.32 (5.56-8.36)

SSF 2 Outflow
R1

21.5 (17.8-26.7)

206 (168-227)

(6.06-8.43)

40 (20-54)

26 (20-36)

7.05 (5.84-8.16)

R2

21.1 (13.9-26.8)

209 (166-237)

(6.17-8.61)

44 (18-66)

30 (20-58)

7.05 (5.64-8.66)

R3

21.2 (16.1-27.1)

211 (167-263)

(6.14-7.32)

46 (22-80)

33 (20-72)

6.74 (5.15-8.24)

R4

21.6 (16.1-26.8)

223 (168-286)

(6.16-7.43)

47 (20-90)

36 (20-94)

7.29 (4.92-8.51)

FWS Outflow
R1

21.9 (18.9-26.7)

208 (170-235)

(6.04-6.99)

40 (20-54)

29 (20-56)

7.39 (5.58-9.50)

R2

21.0 (13.4-26.8)

216 (170-253)

(5.96-6.92)

47 (20-74)

28 (22-50)

7.02 (4.45-9.84)

R3

21.5 (16.4-26.8)

226 (173-272)

(5.99-6.54)

50 (24-82)

31 (20-40)

7.01 (4.25-9.61)

R4

21.9 (16.7-26.4)

234 (176-280)

(6.06-6.86)

56 (22-92)

34 (24-42)

7.71 (6.36-9.31)

Numbers in parentheses represent the range of measured values.
1

10-23-07, 12-05-07, 01-24-08, 05-03-08, 05-21-08, 09-23-08, 10-31-08, 01-09-09, 01-24-09, 03-27-09, 05-19-09, and 06-04-09
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Table 6. Inflow and outflow concentrations of metal COCs for each reactor in the pilot-scale CWTS.

02-07
2008
Inflow
Total1 0.547
Diss.2
na
SSF 1 Outflow
R1
0.046
R2
0.025
R3
0.015
R4
0.017
SSF 2 Outflow
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R1
0.041
R2
0.019
R3
0.017
R4
0.015
FWS Outflow
R1
0.183
R2
0.183
R3
0.084
R4
0.059

Iron, mg L-1
Sampling Date
03-11 01-24
2008
2009

03-27
2009

Manganese, mg L-1
Sampling Date
02-07 03-11 01-24 03-27
2008
2008
2009
2009

0.297
na

02-07
2008

Nickel, mg L-1
Sampling Date
03-11 01-24
2008
2009

0.087
0.031

0.075
0.050

0.481
na

0.410
na

1.144
1.135

0.019
0.017
0.013
0.011

na
na
na
na

na
na
na
na

0.006
0.003
0.002
0.003

0.003
0.003
0.003
0.003

0.020
0.015
0.011
0.013

nd
0.024
0.049
0.026

0.031
0.030
0.032
0.039

0.007
0.003
0.003
0.002

0.157
0.081
0.071
0.072

0.199
0.132
0.093
0.117

0.051
0.121
0.089
0.110

0.152
0.130
0.035
0.016

10-23
2007

Zinc, mg L-1
Sampling Date
03-11 01-24
2008
2009

03-27
2009

03-27
2009

1.184
1.122

0.347
na

0.313
na

1.199
1.246

1.189
1.182

6.48
na

4.74
na

1.821
1.512

1.415
1.294

na
na
na
na

na
na
na
na

0.255
0.222
0.152
0.117

0.221
0.191
0.136
0.109

na
na
na
na

na
na
na
na

0.566
0.153
0.051
0.023

2.64
2.05
1.15
0.791

na
na
na
na

na
na
na
na

0.004
0.003
0.003
0.003

0.135
0.002
0.006
0.004

0.118
0.005
0.008
0.006

0.250
0.194
0.154
0.118

0.207
0.176
0.147
0.112

0.287
0.122
0.072
0.036

0.727
0.418
0.290
0.163

0.454
0.144
0.06
0.029

2.60
1.97
1.48
0.955

0.303
0.128
0.104
0.049

1.107
0.618
0.343
0.148

0.184
0.113
0.053
0.032

0.464
0.272
0.022
0.023

0.571
0.299
0.173
0.138

0.308
0.267
0.274
0.267

0.243
0.246
0.220
0.181

0.871
0.744
0.534
0.441

0.980
0.953
0.895
0.791

4.35
2.23
1.65
1.04

3.54
3.63
3.16
2.56

1.351
1.085
0.8
0.714

1.119
1.110
1.352
1.252

nd = non-detect, method detection limits: 0.0062 mg L-1 Fe, 0.0014 mg L-1 Mn, 0.015 mg L-1 Ni, and 0.0018 mg L-1 Zn
na = data not available; analysis not conducted
1
total constituent concentration represents an unfiltered aqueous sample
2
dissolved constituent concentration represents a 0.45µm filtered aqueous sample

Table 7. Inflow and outflow O&G concentrations (mg L-1) for each reactor in the pilot-scale
CWTS.
Target Inflow
10 mg L-1 O&G
Sampling Date

Target Inflow
25 mg L-1 O&G
Sampling Date

Target Inflow
50 mg L-1 O&G
Sampling Date

Target Inflow
100 mg L-1 O&G
Sampling Date

01-24-08

02-25-08

05-29-08

09-23-08

10-31-08

01-26-09

05-12-09

15.3

10.5

25.6

21.6

43.3

48.4

107.5

2.8
nd
na
na

2.1
nd
na
na

2.5
nd
na
na

4.2
2.6
1.4
nd

na
na
na
na

na
na
na
na

na
na
na
na

8.3
4.1
nd
na

2.0
nd
na
na

2.2
nd
na
na

4.3
2.4
0.3
nd

12.6
5.6
nd
na

8.4
1.2
nd
na

22.4
9.34
3.96
1.33

9.8
3.6
nd
na

7.1
3.5
nd
na

4.8
1.2
nd
na

3.8
nd
na
na

14.4
4.0
nd
na

24.6
3.3
nd
na

5.56
1.98
0.3
nd

Inflow
SSF 1 Outflow
R1
R2
R3
R4
SSF 2 Outflow
R1
R2
R3
R4
FWS Outflow
R1
R2
R3
R4

nd = gravimetric analyses methods yielded a negative weight gain
na = data not available; analysis not conducted
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Table 8. Inflow concentrations, outflow concentrations, removal efficiencies, and removal rate coefficients of metal COCs for each series
in the pilot-scale CWTS.
Inflow

Outflow, mg L-1

mg L-1

SSF 1

SSF 2

0.547
0.297
0.087
0.075

0.017
0.011
na
na

0.015
0.013
0.026
0.039

0.481
0.410
1.144
1.184

0.003
0.003
na
na

0.002
0.003
0.004
0.006

Removal Efficiency, %
SSF 1

SSF 2

FWS

0.059
0.072
0.117
0.110

96.9
96.3
na
na

97.3
95.6
70.1
48.0

89.2
75.8
nr
nr

1.11
1.03
na
na

(0.585)
(0.424)
na
na

1.15
1.04
0.493
0.263

(0.545)
(0.359)
na
na

0.594
0.440
nr
nr

(0.901)
(0.784)
na
na

0.016
0.032
0.023
0.138

99.4
99.3
na
na

99.6
99.3
99.7
99.5

96.7
92.2
98.0
88.3

1.71
1.64
na
na

(0.365)
(0.167)
na
na

1.69
1.66
1.77
1.65

(0.430)
(0.245)
(0.656)
(0.701)

0.842
0.655
1.04
0.595

(0.965)
(0.991)
(0.908)
(0.960)

02-07-08
0.347
0.117
0.118
0.267
66.3
66.0
23.1
0.268
(0.986)
0.275
(0.993)
0.080
03-11-08
0.313
0.109
0.112
0.181
65.2
64.2
42.2
0.269
(0.986)
0.265
(0.955)
0.133
01-24-09
1.199
na
0.036
0.441
na
97.0
63.2
na
na
0.949
(0.936)
0.257
03-27-09
1.189
na
0.163
0.791
na
86.3
33.5
na
na
0.492
(0.997)
0.104
Zinc
10-23-07
6.48
0.023
0.029
1.04
99.6
99.6
84.0
1.57
(0.922)
1.53
(0.869)
0.465
03-11-08
4.74
0.791
0.955
2.56
83.3
79.9
46.0
0.456
(0.987)
0.409
(0.969)
0.150
01-24-09
1.821
na
0.049
0.714
na
97.3
60.8
na
na
1.01
(0.840)
0.252
03-27-09
1.415
na
0.148
1.252
na
89.5
11.5
na
na
0.506
(0.950)
0.045
nd = below estimated detection limit for O&G of 1.4 mg L-1, nr = no removal measured, na = data not available (analysis not conducted)
1
Removal rate calculated from best fit line from five data points each representing the concentration obtained from inflow or an individual reactor in series

(0.717)
(0.894)
(0.988)
(0.898)

Iron
02-07-08
03-11-08
01-24-09
03-27-09
Manganese
02-07-08
02-11-08
01-24-09
03-27-09
Nickel

FWS

Removal Rate Coefficient1, day-1 (r2)
SSF 1

SSF 2

FWS

84

(0.989)
(0.883)
(0.980)
na

Table 9. Inflow concentrations, outflow concentrations, removal efficiencies, and removal rate coefficients of O&G for each series in the
pilot-scale CWTS.
Inflow
Outflow, mg L-1
Removal Efficiency, %
Removal Rate Coefficient1, day-1 (r2)
mg L-1
SSF 1
SSF 2
FWS
SSF 1
SSF 2
FWS
SSF 1
SSF 2
FWS
01-24-08
15.3
nd
nd
nd
>90.8
>90.8
>90.8
1.70
(1.00)1
0.649
(0.998)
0.668
(0.944)
02-25-08
10.5
nd
nd
nd
>86.7
>86.7
>96.7
1.61
(1.00)1
1.66
(1.00)1
0.518
(0.968)
05-29-08
25.6
nd
nd
nd
>94.5
>94.5
>94.5
2.33
(1.00)1
2.45
(1.00)1
1.56
(0.997)
09-23-08
21.6
nd
nd
nd
>93.5
>93.5
>93.5
1.01
(0.881)
1.35
(0.960)
1.74
(1.00)1
10-31-08
43.3
na
nd
nd
na
>96.8
>96.8
na
na
1.07
(0.979)
1.17
(0.998)
01-26-09
48.4
na
nd
nd
na
>97.1
>97.1
na
na
1.83
(0.999)
1.21
(0.909)
05-12-09
107.5
na
nd
nd
na
>98.7
>98.7
na
na
1.13
(0.978)
2.04
(0.950)
nd = below estimated detection limit for O&G of 1.4 mg L-1, na = data not available; analysis not conducted
1
Removal rate calculated from best fit line from two to five data points each representing the concentration obtained from inflow or an individual reactor in series
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Table 10. Inflow concentrations, outflow concentrations, and removal efficiencies of COD for
each series in the pilot-scale CWTS.
Inflow

Outflow, mg L-1

Removal Efficiency, %

-1

SSF 1

SSF 2

FWS

SSF 1

SSF 2

FWS

55
32
14, 22, 44
19, 25, 27
27, 22
29 ± 12

5.2
nd
2.6
7.8
13

nd
nd
2.6
7.8
13

7.8
5.2
10
10
23

90.5
>95.0
90.3
67.1
46.9

>95.3
>95.0
90.3
67.1
46.9

85.8
83.8
62.5
57.8
6.1

33
44, 52
30, 33
38 ± 9

10
13
13

10
10
13

44
26
16

69.7
72.9
58.7

69.7
79.2
58.7

-33.3
45.8
49.2

150, 65
292, 313
35
27
52, 52, 38
68, 68, 65
74, 68
98 ± 92

na
na
na
na
na
na
na

7.8
2.6
16
7.8
7.8
2.6
13

13
13
Na
Na
7.8
Na
18

na
na
na
na
na
na
na

92.7
99.1
54.3
71.1
83.5
96.1
81.7

87.9
95.7
na
na
83.5
na
74.6

403, 403
87, 82
155, 130
210 ± 152

na
na
na

7.8
7.8
5.2

10
18
26

na
na
na

98.1
90.8
96.4

97.5
78.7
81.8

mg L
-1

10 mg L O&G
12-05-07
01-31-08
02-18-08
03-03-08
03-20-08
Average
25 mg L-1 O&G
05-03-08
05-21-08
09-23-08
Average
50 mg L-1 O&G
10-31-08
11-30-08
12-10-08
12-17-08
01-09-09
01-12-09
03-27-09
Average
100 mg L-1 O&G
04-17-09
05-11-09
06-04-09
Average

nd = below detection limit of 1.6 mg L-1 COD, na = data not available, analysis not conducted
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Table 11. Characteristics of treatment waters (inflow and outflow) and dilution water (ModHard
water) used in bioassays.
Parameter

Characteristics
Inflow

SSF 1 Outflow

SSF 2 Outflow

FWS Outflow

ModHard Water

Temperature, oC
20.0
20.3
20.0
20.2
20.0
pH, s.u.
6.69
6.18
6.06
6.39
7.47
-1
Hardness, mg L as CaCO3
24
32
28
24
80
Alkalinity, mg L-1 as CaCO3
20
34
30
24
62
Conductivity, µS cm-1
167.4
184.8
178.9
171
365.6
DO, mg L-1 O2
9.38
9.2
8.5
8.96
8.82
Iron, mg L-1
0.297
0.011
0.013
0.071
0.011
Manganese, mg L-1
0.41
0.003
0.003
0.032
0.004
Nickel, mg L-1
0.313
0.109
0.112
0.181
0.016
-1
Zinc, mg L
4.74
0.791
0.955
2.56
0.009
Oil and grease, mg L-1
10.5
nd1
nd1
nd1
nd1
1
O&G concentration in CWTSs outflow assumed to be below detection limit because the measured O&G
concentration in the R2 outflow in the SSF series and the R3 outflow in the FWS series was below the detection limit
(1.4 mg L-1 O&G)
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Table 12. LOECs and NOECs for C. dubia and P. promelas in 7-day aqueous bioassays with
inflow and outflow collected from the pilot-scale CWTS.
P. promelas, Survival
Inflow
SSF 1 Outflow
SSF 2 Outflow
FWS Outflow

C. dubia, Survival

C. dubia, Reproduction

LOEC %

NOEC %

LOEC %

NOEC %

LOEC %

NOEC %

12.5
37.5
37.5
25.0

6.25
25
25
12.5

1.56
25
25
6.25

0.78
12.5
12.5
3.125

0.78
3.125
3.125
0.78

<0.78
1.56
1.56
<0.78
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Table 13. Estimated HRTs required to meet or exceed outflow treatment goals for COCs for a
full-scale CWTS, calculated using Equation 3.
Maximum concentration in OPW studied1, mg L-1
Average k2, day-1
Outflow treatment goal, mg L-1
Irrigation
Livestock watering
Time for treatment estimations, days
Irrigation
Livestock watering

Iron (total)

Manganese

Nickel

Zinc

O&G

171
0.848

8.1
1.69

9.5
0.420

17.4
0.914

103.8
1.53

1.0b
0.3e

0.2acd
0.05e

0.2abcd
1.0bce

2.0bcd
20bc

35f
35f

1.43
1.43

6.1
7.5

2.2
3.0

9.2
5.4

2.4
na

0.7
0.7

2.8
2.8

na = data not available, guideline concentration < maximum OPW concentration
1
From Table 1
2
Removal rate coefficient k averaged from values for SSF 1 and SSF 2 reported in Tables 8 and 9
3
Method limit of detection (1.4 mg L-1) was used as a secondary treatment goal to minimize sheen and taste/odor of
treated OPW
a
c
e
Alberta Environment (1999)
ANZECC (2000)
Spectrum Analysis (2007)
b
d
f
Govt. SA (1999)
USEPA (2004)
Wilson (2007)
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Table 14. Treatment performance of the pilot-scale CWTS compared to previous studies of
CWTSs.
Wetland Design Criteria
Design, HRT
Vegetation
Iron
Current Study
Current Study
Ye et al. (2001)
Hawkins (1997)
Kröpfelová et al. (2009)
Al Mahruki et al. (2006)
Manganese
Current Study
Current Study
Ye et al. (2001)
Hawkins (1997)
Kröpfelová et al. (2009)
Al Mahruki et al. (2006)
Nickel
Current Study
Current Study
Lee & Scholz (2007)
Ye et al. (2001)
Kröpfelová et al. (2009)
Zinc
Current Study
Current Study
Dorman et al. (2009)

Treatment Water

Treatment Performance
Inflow, mg L-1
% Removal

SSF, 4-d
FWS, 4-d
FWS
FWS
HSSF
SSF

P. australis
T. latifolia
T. latifolia
S. californicus
Phragmites spp.
P. australis

simulated OPW
simulated OPW
coal comb. leachate
refinery water
municipal
OPW

0.075-0.547
0.075-0.547
4.69
2.5
0.930-2.417
0.1-10

48.0-97.3
nr-89.2
90.8-94.0
88
53.1
26.3

SSF, 4-d
FWS, 4-d
FWS
FWS
HSSF
SSF

P. australis
T. latifolia
T. latifolia
S. californicus
Phragmites spp.
P. australis

simulated OPW
simulated OPW
coal comb. leachate
refinery water
municipal
OPW

0.410-1.184
0.410-1.184
3.3
1.208
0.085-0.202
0.08-0.12

99.3-99.7
88.3-98.0
91.0-98.0
91.9
-22.1
-482

SSF, 4-d
FWS, 4-d
SSF
FWS
HSSF

P. australis
T. latifolia
P. australis
T. latifolia
Phragmites spp.

simulated OPW
simulated OPW
urban runoff
coal comb. leachate
municipal

0.313-1.199
0.313-1.199
1.06
0.055
0.006-0.022

64.2-97.0
23.1-63.2
85.3
47.3-62.6
27.7

SSF, 4-d
FWS, 4-d
FWS, 5-d

1.415-6.48
1.415-6.48
0.127-0.145

79.9-99.6
11.5-84.0
38.0-93.7

5.18

92.9

0.566
1.76

84.8
70, 81

0.001-0.640
0.072-0.232

80.3
78.3

Johnson et al. (2008)

FWS, 4-d

Hawkins (1997)
Gillespie et al. (1999)

FWS
FWS, 1-d

P. australis
T. latifolia
S. californicus, T.
angustifolia
S. californicus, T.
latifolia
S. californicus
S. californicus

Al Mahruki et al. (2006)
Kröpfelová et al. (2009)
O&G
Current Study
Current Study
Knight et al. (1999)
Knight et al. (1999)
Knight et al. (1999)
COD
Current Study
Current Study
Kröpfelová et al. (2009)
Ji et al. (2002)
Ji et al. (2007)
Ji et al. (2007)
Knight et al. (1999)
Knight et al. (1999)

SSF
HSSF

P. australis
Phragmites spp.

simulated OPW
simulated OPW
simulated ash basin
water
simulated natural
gas storage water
refinery water
simulated industry
process water
OPW
municipal

SSF, 4-d
FWS, 4-d
FWS
FWS
SSF

P. australis
T. latifolia
na
na
na

simulated OPW
simulated OPW
refinery water
refinery water
refinery water

10.5-107.5
10.5-107.5
2.1
2.5
24

>98.7
>98.7
94
60
54

SSF, 4-d
FWS, 4-d
HSSF
SSF, 3-d
FWS, 15-d
FWS, 7.5-d
FWS
SSF

P. australis
T. latifolia
Phragmites spp.
Phragmites spp.
Phragmites spp.
Phragmites spp.
na
na

simulated OPW
simulated OPW
municipal
OPW
OPW
OPW
refinery water
refinery water

22-403
22-403
200-716
401
390
390
131
101

46.9-98.1
nr-97.5
67.0-81.3
80.8, 67.3
80.3
70.8
69
53

na = data not available, nr = no removal, HSSF = horizontal subsurface flow
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Reactor 1
Simulated OPW
Detention Basin
(3785 L)

Reactor 2
Pumps

Reactor 3
Reactor 4
Free-water Surface

Reactor 1
Reactor 1
Reactor 2
Reactor 2
Reactor 3
Reactor 3
Reactor 4
Reactor 4

Subsurface Flow 1
Subsurface Flow 2

Figure 1. Schematic of the pilot-scale CWTS designed for renovation of a specific OPW from
sub-Saharan Africa. Duplicate subsurface flow and one free-water surface reactor series were
utilized.
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Figure 2. Reduction-oxidation potential (Eh) measured in wetland reactors over the course of
experiments: (A) SSF 2 downstream probe, (B) SSF 2 upstream probe, (C) FWS downstream
probe, and (D) FWS upstream probe.
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Figure 3. Plant maturation measured by green shoot density for (A) SSF 1 planted with P.
australis, (B) SSF 2 planted with P. australis, and (C) FWS series planted with T. latifolia.
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Figure 4. Metal concentration in inflow and reactor outflows, for SSF reactors (A-D) and FWS
reactors (E-H). Concentrations from SSF 1 are similar to SSF 2 (Table 6).
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Figure 5. O&G concentrations in inflow and wetland reactor outflows, for (A) SSF 2 and (B)
FWS. O&G was not measured in SSF 1 reactors at 50 and 100 mg L-1 O&G nominal inflow
concentrations.
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Simulated OPW Bioassay- P. promelas
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Figure 6. Survival percentage of (A) P. promelas and (B) C. dubia exposed to simulated OPW
(i.e. inflow) and outflow from SSF 1, SSF 2, and FWS CWTS.
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Abstract
Seed germination and early growth (SG/EG) bioassays were used to evaluate the
impact of pre- and post-treatment simulated oilfield produced water (OPW) on several
common and agriculturally important crop species. The specific OPW is produced from
non-marine geologic strata of a rift basin in sub-Saharan Africa. Constituents of concern
(COCs) for irrigation identified in the OPW (i.e. oil and grease, Fe, Mn, Ni, and Zn) were
formulated in a simulated OPW and treated using a specifically designed constructed
wetland treatment system (CWTS), consisting of one subsurface flow (SSF) series and
one free-water surface (FWS) series. Germination and early growth response parameters
(e.g. root and shoot fresh mass, elongation, and dry mass) were measured in 14-day
bioassays in which seedlings (n = 20) were exposed to pre-treatment simulated OPW,
SSF post-treatment water, FWS post-treatment water, and a distilled water (dH2O)
negative control. Five plant species, lettuce (Lactuca sativa), millet (Panicum
miliaceum), okra (Abelmoschus esculents), watermelon (Citrullus lanatus), and corn (Zea
mays), were selected for exposures.
COC concentrations decreased by treatment in the CWTS, and lower
concentrations of Fe, Mn, Ni, and Zn were measured in SSF post-treatment water, than in
FWS post-treatment water. Symptoms of phytotoxicity observed include dark
brown/black coloration (necrosis) of roots, blunt and minimal secondary roots, thickened
taproot, browning and wilting of leaves, and visible decrease in plant mass and vigor.
Comparisons for early growth response parameters among exposure waters (i.e. pretreatment simulated OPW, SSF and FWS post-treatment waters, and dH2O negative

98

control) indicate a single phytotoxicity scale, pre-treatment simulated OPW >FWS posttreatment water >SSF post-treatment water. Relative sensitivity of crop species, lettuce
>millet ≈ okra ≈ corn >watermelon, is probably the result of seed size and morphological
differences. Observed symptoms of phytotoxicity in bioassays may be the result of an
excess of trace metals and oil and grease in treatment waters, as well as deficiency of
essential elements and nutrients. Differences in phytotoxicity among inflow and outflow
waters indicate that seed bioassays may be sufficiently sensitive for use in evaluating
toxicity of complex mixtures.
1.

Introduction
Oilfield produced waters (OPWs) are brought to the surface when oil reservoirs

contained in water-bearing geologic units are extracted. In 1999, more than 210 million
barrels (33.4 million m3) of produced water were generated each day worldwide (Khatib
and Verbeek, 2003). These waters are often produced in areas deficient in water
resources. The shortage of available water for irrigation and livestock is most evident in
arid and poor countries, where millions of people are impacted by drought. In subSaharan Africa the large volume of water produced from oilfields has the potential to
lessen demand on existing water resources and partially alleviate the urgent need for
developing new water sources.
In this investigation, a water formulated from an OPW extracted from non-marine
geologic strata of a rift basin in sub-Saharan Africa was treated for possible use in
irrigation. Characteristics of the actual OPW include: 704-1,370 mg L-1 total dissolved
solids (TDS), 45-48 mg L-1 chloride, and 103.8 mg L-1 oil and grease (O&G). The
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available volume of OPW is approximately 165,000 barrels d-1. In addition to O&G, trace
metals identified as constituents of concern (COCs) in the OPW studied included: Mn
(8.1 mg L-1 maximum concentration), Ni (9.5 mg L-1), Zn (17.4 mg L-1), and total and
soluble Fe (171 and 0.5 mg L-1, respectively). COCs are defined as elements or
compounds in the OPW requiring treatment to meet specific water use guidelines. In this
case, the designated use for the treated water is irrigation and COCs and/or phytotoxicity
may prohibit this use.
The relatively low TDS concentration of this OPW (Benko and Drewes, 2008)
and the large volume available indicates a high potential for treatment and use in
irrigation. Robust constructed wetland treatment systems (CWTSs) can be designed for
renovation of targeted constituents in the OPW (Knight et al., 1999; Ji et al., 2002;
Murray Gulde et al., 2003; Al Mahruki et al., 2006), while providing flexibility to treat
multiple constituents (e.g. O&G, metals). Constructed wetland treatment systems are
innovative, effective, and often less expensive alternatives to conventional water
treatment (Myers, 2000; Rodgers and Castle, 2008). Pilot-scale studies can incorporate
critical design features and facilitate experimentation (Tao et al., 2006), while readily
permitting scaling of results to improve full-scale designs (Rodgers and Castle, 2008).
Simulated OPW is utilized in pilot-scale wetland studies because of the cost and
practicality associated with transportation and storage of actual OPW. Although
treatment may decrease the concentration of COCs in an OPW, the adequacy of treatment
for use in irrigation can be confirmed using bioassays for phytotoxicity.
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Seed germination and early growth (SG/EG) bioassays used when evaluating
OPW treatment can detect toxicity or potential adverse effects resulting from a complex
mixture of constituents (Banks and Schultz, 2005). SG/EG bioassays assess the actual or
potential effects of a chemical substance or mixture on plant species. SG/EG bioassays
have been used extensively for ecotoxicity evaluations of contaminated soils, particularly
in petroleum impacted soils (Miller et al., 1980; Salanitro et al., 1997; Dorn et al., 1998;
Crowe et al., 2002; Banks and Schultz, 2005; Płaza et al., 2005), where toxicity can result
from a complex mixture of compounds and chemical analyses alone may be insufficient
in assessing potential ecological impacts (Banks and Schultz, 2005). For the present
study, crop species selected for experimentation included: three dicotyledons, lettuce
(Lactuca sativa), okra (Abelmoschus esculents), and watermelon (Citrullus lanatus); and
two monocotyledons, millet (Panicum miliaceum) and corn (Zea mays). These seeds
were selected for their sensitivity, agricultural importance, availability, as well as
potential morphological and physical differences (monocots and dicots, range in seed
size) (Salisbury and Ross, 1992; USEPA, 1996; OECD, 2003).
This research utilized SG/EG bioassays, in conjunction with chemical and
physical analyses, to evaluate the suitability of post-treatment simulated OPW,
formulated after an OPW from sub-Saharan Africa, for irrigation. Simulated OPW was
treated in a pilot-scale CWTS consisting of two parallel series with different flow
regimes (Chapter 3). The specific objectives of this research were to: (1) compare
phytotoxicity among pre- and post-treatment simulated OPWs, (2) contrast response of
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five plant species to pre- and post-treatment simulated OPW, and (3) identify potential
phytotoxic chemical characteristics of the simulated OPW.
2.

Methods

2.1.

Simulated OPW
Simulated OPW was formulated (Table 1) in a 1000 gallon (3,785 L)

polypropylene tank by adding constituents to municipal water: (1) high purity salts of
targeted COCs, (2) technical grade salts for bicarbonate, sulfate, and calcium, and (3)
Shell Rotella T® motor oil. Salts were obtained from Fisher Scientific Inc., Fair Lawn,
NJ; Sigma, St. Louis, MO; and Acrōs, NJ. A continuous mixing pump was used to
incorporate constituents into the water permitting consistent inflow concentrations of
COCs during wetland experiments.
2.2.

Pilot-scale CWTS
Two series of wetlands were constructed (Chapter 3) in a greenhouse at Clemson

University, South Carolina: subsurface flow (SSF; water level maintained below the
hydrosoil substrate) and free-water surface (FWS; water surface open to atmosphere).
Each pilot-scale series consisted of four 100 gallon (378 L) Rubbermaid® Utility Tank
reactors (R1-R4) arranged sequentially (Figure 1). The nominal hydraulic retention time
(HRT) in both the FWS and SSF series was 24 hr per reactor with a total system HRT of
96 hr (4 d). SSF reactors were planted with Phragmites australis, and FWS reactors with
Typha latifolia. Shoot densities at maturation were approximately 260 shoots m-2 and 60
shoots m-2, respectively. Aqueous samples for testing were collected from the inflow to
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R1 (i.e. pre-treatment simulated OPW) and from outflows of R4 in each wetland series
(i.e. SSF and FWS post-treatment water).
2.3.

Phytotoxicity testing
Methods followed USEPA (1996) and OECD (2003) recommendations, with

minor modification (Table 2). Modification included the use of paper towel as a growth
substrate instead of quartz sand or 200 µm glass beads as a growth substrate (USEPA,
1996). At the conclusion of the experiment, seed germination (SG), as percentage of
germinated seeds on day 14, and root necrosis, defined as the percentage of affected
seeds in relation to the total germinated, were calculated. Germination is the resumption
of active growth by an embryo (USEPA, 1996) and was indicated when the primary root
attained a length of 2 mm.
Seedlings were harvested on day 14 to measure the following early growth
response parameters: (1) root and shoot elongation (cm); (2) fresh mass of roots and
shoots (mg); and (3) dry mass of roots and shoots (dried at 80oC for 24 h). At experiment
end, roots and shoots were cut apart, at the transition point between the hypocotyl and
root. After separation, elongation values were obtained by gently flattening the seedling
structures and measuring with a ruler. Mass measurements were made using an analytical
balance capable of weighing 0.00001 grams. Mass of shoots included all aerial structures
(i.e. shoots and leaves). Root mass included the primary root and all attached secondary
roots. Due to seed morphology and seedling size, not all of the response parameters could
be measured for each seed (Table 3). For example, root elongation for watermelon could
not be measured accurately because of the fibrous structure and individual masses of
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roots and shoots for lettuce could not be measured accurately because of the small
seedling size and mass.
Exposures were verified by measuring water chemistry parameters,
concentrations of metals, and O&G concentration in the exposure waters. Water
chemistry parameters (temperature, pH, conductivity, and dissolved oxygen; Table 4)
were measured in exposure waters (i.e. pre-treatment simulated OPW, SSF posttreatment water, FWS post-treatment water) using direct instrumentation and alkalinity
and hardness using standard methods (APHA, 2005). Exposure waters were analyzed for
O&G after being acidified to pH ≤ 2 using technical grade concentrated (12.1 N)
hydrochloric acid (Fisher Scientific, Fair Lawn, NJ). Aqueous samples were collected in
500 mL glass sample bottles and extracted with n-hexane using gravimetric methods and
a Standard StepSaver apparatus manufactured by Environmental Express®, according to
EPA method 1664 revision A (USEPA, 1999). Total metal concentrations were measured
using inductively coupled plasma-atomic emission spectrometry (ICP-AES;
SPECTROFLAME-EOP, Spectro Analytical Instruments, Kleve, Germany) according to
EPA method 200.7 (USEPA, 1994).
2.4.

Data analysis
Early growth response parameters (e.g. root elongation, shoot elongation, root

mass, shoot mass) were statistically compared using Wilcoxon Rank Sum Tests (nonparametric test) for non-normal data using the Statistical Analysis System (SAS Institute,
2002). To evaluate the effects of pre- and post-treatment simulated OPW on germination
and early seedling growth, early growth response of seeds germinated in pre-treatment
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water, post-treatment waters (SSF and FWS), and a distilled water (dH20) negative
control were compared. Based on predominant trends in seedling response to exposure
waters, a phytotoxicity scale showing the relative toxicity of exposure waters was
developed. Salvatore et al. (2008) and Fjällborg et al. (2006) used phytotoxicity scaling to
describe crop species response to trace metal exposures.
To evaluate the relative sensitivity (i.e. the ability to respond to stimuli) of the
crop species studied to simulated OPW, results of pre- and post-treatment water were
compared among crop species. Morphological characteristics of the crop species studied
were compared to their sensitivity to simulated OPW to evaluate the effect of structure on
seed sensitivity. Comparisons included statistical responses to exposure waters and visual
observations (e.g. necrosis). Based on predominant trends in responses of seedlings
among species, a sensitivity scale showing the relative sensitivity of crop species to
exposure waters was developed.
Seedling growth was observed visually throughout the experiment for symptoms
of phytotoxicity (e.g. chlorosis, necrosis, stunted growth). To evaluate probable
phytotoxicity sources, visually observed symptoms of phytotoxicity and measured early
growth response parameters (necrosis, root and shoot elongation, and root and shoot
mass) were compared to the chemical characteristics of exposure waters.
3.

Results

3.1.

Comparative phytotoxicity among pre- and post-treatment CWTS waters
Germination percentage of seeds was: (1) ≥90% for lettuce, millet, okra, and corn

and 60% for watermelon exposed to CWTS inflow water; (2) ≥95% for millet, okra, and
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corn, 60% for lettuce, and 50% for watermelon exposed to SSF outflow; (3) 100% for
millet, okra, and corn, 75% for lettuce, and 55% for watermelon exposed to FWS
outflow; and (4) ≥95% for millet, okra, and corn, 70% for lettuce, and 50% for
watermelon exposed to dH2O control (Table 5).
Values of the following early growth response parameters were greater for seeds
exposed to SSF post-treatment water than pre-treatment simulated OPW: (1) total fresh
mass of lettuce and millet, (2) root and shoot elongation of okra and corn, (3) root and
shoot fresh mass of okra and corn, and (4) root dry mass of corn (Table 6). Values of the
following response parameters were greater for seeds exposed to FWS post-treatment
water than pre-treatment simulated OPW: (1) total fresh mass of millet, (2) root and shoot
elongation of okra and corn, (3) root and shoot fresh mass of okra and corn, and (4) root
dry mass of corn. Values of the following response parameters were greater in posttreatment water from the SSF series than in post-treatment water from the FWS series:
(1) total fresh mass of lettuce, (2) root elongation of okra and corn, and (3) root fresh
mass of okra. Values of response parameters were greater for dH2O control compared to
pre-treatment simulated OPW for: (1) root fresh mass of okra, corn, and watermelon, (2)
root elongation of corn, and (3) fresh shoot mass of corn. Values of response parameters
were less for dH2O control compared to SSF post-treatment water for: (1) total fresh mass
of lettuce, (2) fresh root and shoot mass for okra, (3) root and shoot elongation for corn,
and (4) dry root mass for corn. Early growth response of seedlings to exposure waters
(i.e. pre-treatment simulated OPW, SSF and FWS post-treatment waters, and dH2O
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control), indicates a single phytotoxicity scale, pre-treatment simulated OPW >FWS posttreatment water >SSF post-treatment water.
3.2.

Comparative response among crop species
Seed germination percentage of millet, okra, and corn was >90%, and maximum

germination was achieved within three days (Table 5, Figure 2) for all exposure waters
(i.e. CWTS inflow, SSF outflow, FWS outflow, dH2O control). Seed germination
percentages for lettuce and watermelon (60-90% and 50-60%, respectively) were less
than percentages for millet (95-100%), okra (90-100%), and corn (95-100%). Although
lettuce and watermelon seedlings had a lower percent germination than millet, okra, and
corn, these observations do not necessarily indicate greater sensitivity of lettuce and
watermelon to constituents in the simulated OPW because germination dynamics of crop
species differ.
Watermelon is the least sensitive of the crop species evaluated under the
conditions imposed in this bioassay (i.e. simulated OPW, filter paper substrate), based on
relative responses of plant species. There was no observed statistical difference in fresh
root and shoot mass and shoot elongation among watermelon seeds exposed to exposure
waters. However, statistical differences were measured in root and shoot elongation
among corn and okra seeds germinated in exposure waters and in fresh mass among
lettuce, millet, okra, and corn seeds germinated in exposure waters. Root necrosis was
observed for 50-67% of lettuce seedlings exposed to treatment waters and 29% exposed
to dH2O control. On the basis of results obtained, a single sensitivity scale for the five
crop species is: lettuce >millet ≈ okra ≈ corn >watermelon.
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3.3.

Description of chemical characteristics and probable toxicity sources
Chemical analysis indicates pre-treatment simulated OPW had a pH of 7.32,

hardness of 26 mg L-1, and alkalinity of 54 mg L-1. SSF and FWS post-treatment waters
had a pH of 6.43 and 6.44, hardness of 42 and 26 mg L-1, and alkalinity of 52 and 46 mg
L-1, respectively (Table 4). Measured concentrations of COCs in pre-treatment simulated
OPW were 0.087 mg L-1 Fe, 1.144 mg L-1 Mn, 1.199 mg L-1 Ni, 1.821 mg L-1 Zn, and
48.4 mg L-1 O&G. Treatment in the SSF pilot-scale CWTS decreased aqueous metal
concentrations to 0.026 mg L-1 Fe, 0.004 mg L-1 Mn, 0.036 mg L-1 Ni, 0.049 mg L-1 Zn,
and non-detect O&G. COC concentrations were less in the SSF post-treatment waters
than the FWS post-treatment water for metals: 0.117 mg L-1 Fe, 0.023 mg L-1 Mn, 0.441
mg L-1 Ni, and 0.714 mg L-1 Zn. O&G concentration measured in the FWS posttreatment water was non-detect.
Values of early growth response parameters (e.g. lettuce fresh mass, okra root
elongation and root fresh mass, corn root elongation; Table 5) were greater for seeds
exposed to SSF post-treatment water than for those exposed to FWS post-treatment
water. Concentration of metals were greater in the FWS post-treatment water than the
SSF post-treatment water, although O&G concentration was non-detect in both posttreatment waters, indicating that metals were a probable source of phytotoxicity in the
pre-treatment water.
4.

Discussion
Although Fe, Mn, Ni, and Zn are essential elements for growth of most higher

plants (Salisbury and Ross, 1992), exposure to trace metals in sufficiently high

108

concentrations can inhibit growth and produce symptoms of phytotoxicity (Reddy, 2006).
Observed toxicity symptoms may be due to the specific toxicity of a constituent or due to
an antagonism (i.e. induced deficiency) with essential nutrients (Reddy, 2006). For
example, Rahman et al. (2005) measured decreasing Fe concentration in plants cultured
in nutrient solutions containing increasing Ni concentrations and observed foliar chlorosis
that was the result of Fe deficiency induced by excess Ni. Symptoms of trace metal
phytotoxity, including decrease in growth, chlorosis, and necrosis, may be the result of an
excess of several different metals including Mn (Reddy, 2006), Ni (Rahman et al., 2005;
Reddy, 2006), and Zn (Reddy, 2006). A deficiency in nutrients (e.g. nitrogen, calcium,
iron; Reddy, 2006) may produce symptoms similar to those of phytotoxicity.
Hydrocarbons have been shown to decrease plant growth in seedlings exposed to crude
oil in soil for several plant species (Salanitro et al., 1997). Symptoms of phytotoxicity
and abnormalities observed in these bioassays included root necrosis, blunt and minimal
secondary root hairs, thickened taproot, browning and wilting of leaves, and visible
decrease in plant mass and vigor (Table 7). Visual symptoms alone are insufficient to
identify the source(s) of phytotoxicity because exposure to specific constituents, such as
trace metals, may not result in diagnostic symptoms (Foy et al., 1978).
Chemical analysis of exposure waters indicates that metal concentrations were
greatest in the pre-treatment simulated OPW, less in the FWS post-treatment water, and
least in the SSF post-treatment water, with the exception of Fe, which was greater in the
FWS post-treatment water (0.117 mg L-1) than pre-treatment simulated OPW (0.087 mg
L-1). Exposure waters listed in order of decreasing phytotoxicity are: pre-treatment
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simulated OPW, FWS post-treatment water, and SSF post-treatment water. Therefore,
greater phytotoxicity of the pre-treatment simulated OPW compared to post-treatment
waters and FWS post-treatment water compared to SSF post-treatment water may be the
result of greater metal concentrations. Comparison of early growth response parameters
with chemical analytical data from exposure waters suggests that seedlings can be used to
differentiate toxicity levels and as a biological indicator of treatment performance (e.g.
lower phytotoxicity in SSF post-treatment water compared to pre-treatment simulated
OPW).
Literature toxicity data (Table 8) for the COCs and seedlings utilized in this
research support metals as a probable source of phytotoxicity. Zinc concentrations in the
inflow (1.821 mg L-1) and FWS outflow (0.714 mg L-1) are similar to a reported EC50 of
1.0 mg L-1 Zn reported for root elongation of L. sativa grown hydroponically (Fjällborg et
al., 2006). Zinc (EC50 1.0 mg L-1) was found to be more toxic than iron (EC50 1.4 mg L1

) and manganese (EC50 28.0 mg L-1) to L. sativa for root elongation (Fjällborg et al.,

2006). Among previous studies, reported toxic concentrations of metals can range two
orders of magnitude (Kopittke et al., 2010); for example, Fjällborg et al. (2006) reported
a 96 hr EC50 for root elongation of 1.0 mg L-1 Zn for L. sativa, and Ronco et al. (2000)
reported a 96 hr EC50 for root elongation of 26.19 mg L-1 Zn for L. sativa (Table 8).
Germination percentages for individual crop species were similar among exposure
waters. However, early growth response variables were statistically different among
exposure waters, indicating early growth response parameters were more sensitive than
germination to differences among the waters tested. Salvatore et al. (2008) and Teacă and
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Bodîrlău (2008) found root elongation to be more sensitive than germination percentage
to trace metal exposures. Dorn et al. (1998) found seedling fresh mass to be more
sensitive than seed germination to crude oil exposures, and Płaza et al. (2005) found root
elongation to be more sensitive than seed germination in petroleum impacted soils.
Previous studies have explained the greater sensitivity of early growth parameters
compared to germination by the presence of seed coats functioning as barriers between
the embryo and external environment until radicle emergence (Munzuroglu and Geckil,
2002; Salvatore et al., 2008).
Different sensitivities among crop species to simulated OPW are probably the
result of morphological differences in seedlings and seed size. Baek et al. (2004) found
that corn (Z. mays), a monocotyledon, was slightly more sensitive to crude oil and
aliphatic hydrocarbons and more sensitive to PAHs than red bean (Phaseolus nipponesis),
a dicotyledon. Munzuroglu and Geckil (2002) found that a monocotyledon (winter wheat,
Triticum aestivum) was more sensitive than a dicotyledon (cucumber, Cucumis sativus)
when exposed to trace metals (Cd, Co, Cu, Pb, and Zn). Morphological differences can
result in varying nutrient demands; for example, calcium requirements are lower in
monocots than in dicots (Reddy, 2006), indicating that availability of essential elements
and nutrients may have influenced sensitivity. Previous studies have established the high
sensitivity of lettuce relative to broccoli, tomato, and radish when exposed to trace metals
(Salvatore et al., 2008) and relative to millet, radish, red clover, rye, cress, cabbage, corn,
wheat, and wild oat when exposed to organic constituents (Dorn et al., 1998; Banks and
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Schultz, 2005; Płaza et al., 2005). Pre-germination masses of crop species (Table 7)
indicate that larger seeds (e.g. watermelon) were less sensitive than smaller seeds.
5.

Conclusion
Seed germination and early growth bioassays provided a biological indicator for

evaluating treatment performance of a pilot-scale CWTS designed to treat simulated
OPW. Chemical analysis of pre- and post-treatment waters indicates that the
concentrations of trace metals and O&G were decreased to below irrigation guideline
values. SG/EG bioassays demonstrated greater values for early growth response
parameters for seeds germinated in post-treatment waters, both SSF and FWS, compared
to pre-treatment simulated OPW. Analysis of response parameters indicates that small
seeds (e.g. lettuce) may be more sensitive than large seeds (e.g. watermelon) to the
experimental conditions imposed in this research (e.g. trace metals, O&G, filter paper
growth media). The experimental protocol and crop species selected were sufficiently
sensitive to the pre- and post-treatment OPW for detecting differences in phytotoxicities
of treatment waters and have the potential to complement chemical and physical
measurements to evaluate effectiveness of contamination and treatment systems.
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Table 1. Concentrations of constituents in the OPW studied, treatment criteria, and chemical
sources utilized to simulate OPW.
OPW, mg L-1
Calcium
Magnesium
Potassium
Sodium
Carbonate (CO32-)
Bicarbonate (HCO3-)
Sulfate (SO42-)
Iron (total)
Iron (dissolved)
Manganese
Nickel
Zinc
Oil and grease

Treatment criteria, mg L-1

Average

Range

Irrigation guideline

Target inflow

61.2
3.7
10.5
156.3
7.3
705
na
54.9
0.12
3.51
4.27
7.09
103.8

2.5-300
1.1-8.7
1.6-42.6
8.8-430
nd-14.6
433-976
nd-3
nd-171
nd-0.5
nd-8.1
nd-9.5
nd-17.4
na

na
na
na
115-460c
na
na
na
1.0b
na
0.2acd
0.2abcd
2.0bcd
35e

6.14
1.3
15.5
18.0
14.9
38.4
3.2
0.08
na
1.26
1.44
2.0
50

nd = non-detect, na = not available
a
AE (1999)
b
Govt. SA (1999)

c
d

ANZECC (2000)
USEPA (2004)
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e

Chemical source
for simulated OPW
CaCO3
MgSO4•7H2O
KNO3
NaHCO3
CaCO3
NaHCO3
MgSO4•7H2O
FeCl3
Na
MnCl2•4H2O
NiCl2•6H2O
ZnCl2
motor oil

Wilson (2007)

Table 2. Experimental details of seed bioassays.
Description
Plant species

dicotyledons: lettuce (Lactuca sativa), okra (Abelmoschus esculents), and
watermelon (Citrullus lanatus)
monocotyledons: millet (Panicum miliaceum) and corn (Zea mays)

Surface sterilization

10% bleach solution and rinsed 3 times with dH2O

Replicates

20 per seed species

Exposure waters
Experimental chamber

Pre-treatment simulated OPW, SSF post-treatment water, FWS post-treatment
water, and dH2O negative control
sterile 9-cm petri dishes

Growth substrate

single layer of autoclaved paper towel

Exposure and duration

2.5 mL exposure water at test initiation and additional exposure water as needed
Corn and okra seedlings were transferred to 50 mL centrifuge tubes with exposure
water after radicle extension
14 day test duration (i.e. plating to harvesting)

Test conditions

incubator at 25 ± 2oC and 16 hr light/8 hr dark cycle

Germination response parameters

Days to maximum germination, % seed germination, and germination rate

Early growth response parameters

Root necrosis, root and shoot elongation, root and shoot fresh mass, and root and
shoot dry mass
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Table 3. Seed germination and early growth response parameters measured for various seeds.
Early growth response parameters
Germination,
%
Lettuce
Millet
Okra
Corn
Watermelon

Root
Necrosis

X
X
X
X
X

X
X
X
X
X

Elongation

Fresh Mass

Root

Root

Shoot
X
X
X
X

X
X

X = response parameter was measured
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Shoot

Dry Mass
Total

Root

Shoot

X
X

X
X

X
X
X
X
X

X
X
X

Table 4. Physical and chemical characteristics of inflow, SSF outflow, and FWS outflow waters
used in SG/EG bioassays.
Parameter

Method

Characteristics
MDL1

Inflow

SSF Outflow

FWS Outflow

YSI Model 522
Orion Model 420A2

0.5
0.01

22.33
7.32

18.64
6.43

18.62
6.44

Standard Method: 2340 C2

2

26

42

26

Standard Method: 2320 B2

2

54

52

46

YSI 302

0.1

201.3

222.5

202.1

YSI Model 522

0.1

8.75

8.51

7.96

Iron, mg L

EPA Method: 200.7

0.006

0.087

0.026

0.117

Manganese, mg L-1

EPA Method: 200.7

0.002

1.144

0.004

0.023

Nickel, mg L-1

EPA Method: 200.7

0.015

1.199

0.036

0.441

Zinc, mg L-1

EPA Method: 200.7

0.002

1.821

0.049

0.714

Temperature, oC
pH, s.u.
Hardness, mg L-1 as CaCO3
-1

Alkalinity, mg L as CaCO3
Conductivity, µS cm-1
DO3, mg L-1 O2
-1

Oil and grease, mg L

-1

1

method detection limit

2

direct instrumentation

EPA Method: 1664A

1.4

3

48.4

4

nd

nd4

dissolved oxygen
O&G concentration in CWTS outflows assumed to be below MDL because measured O&G in the R2 outflow in the SSF
series and R3 outflow in the FWS series were below MDL
4
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Table 5. SG/EG response parameters measured for lettuce, millet, okra, corn, and watermelon.
Germination, %

RN, %

Control

70

Pre-treatment sim. OPW

90

SSF post-treatment water
FWS post-treatment water

Elongation, cm

Fresh mass, mg

Root

Shoot

29

na

na

50

na

na

60

67

na

75

67

Control

95

Pre-treatment sim. OPW
SSF post-treatment water

Root

Shoot

Dry mass, mg
Root

Shoot

15.1 ± 6.1 b

na

na

18.2 ± 9.6 b

na

na

na

27.4 ± 2.8 a

na

na

na

na

13.3 ± 7.9 b

na

na

5

na

4.96 ± 0.65 a

39.8 ± 6.0 ab

na

na

95

5

na

5.19 ± 0.97 a

38.4 ± 6.1 b

na

na

95

0

na

4.79 ± 1.14 a

42.0 ± 11.6 a

na

na

100

0

na

4.92 ± 0.78 a

43.7 ± 5.7 a

na

na

Control

95

100

na

na

61.2 ± 11.3 b

215.3 ± 42.5 b

na

na

Pre-treatment sim. OPW

90

0

3.13 ± 0.92 b

7.99 ± 3.04 b

43.0 ± 13.9 c

204.2 ± 88.5 b

na

na

SSF post-treatment water

100

0

8.40 ± 3.38 a

10.67 ± 3.17 a

108.6 ± 31.2 a

338.1 ± 87.1 a

na

na

FWS post-treatment water

100

5

3.46 ± 0.57 b

10.03 ± 1.57 a

60.3 ± 13.4 b

299.9 ± 49.5 a

na

na

Control

100

0

13.41 ± 3.24 b

11.61 ± 1.83 b

55.4 ± 18.6 a

220.9 ± 44.1 a

7.4 ± 2.5 b

21.6 ± 5.4 a

Pre-treatment sim. OPW

100

0

9.19 ± 2.04 c

11.27 ± 2.54 b

27.2 ± 9.5 c

183.3 ± 55.0 b

6.7 ± 1.9 b

23.2 ± 6.9 a

SSF post-treatment water

95

0

20.32 ± 7.57 a

14.09 ± 2.73 a

40.9 ± 11.2 b

246.3 ± 47.8 a

11.1 ± 3.7 a

20.6 ± 5.0 a

FWS post-treatment water

100

0

16.77 ± 9.97 b

14.64 ± 4.15 a

54.2 ± 24.9 ab

227.9 ± 60.6 a

9.4 ± 3.8 a

21.9 ± 5.7 a

Control

50

0

na

9.10 ± 2.78 a

170.5 ± 43.1 a

423.2 ± 123.2 a

10.6 ± 4.1 a

32.2 ± 4.6 a

Pre-treatment sim. OPW

60

0

na

7.62 ± 3.67 a

112.0 ± 61.3 b

342.1 ± 151.8 a

8.6 ± 3.6 a

28.1 ± 5.3 ab

SSF post-treatment water

50

10

na

8.60 ± 1.74 a

140.8 ± 35.2 ab

384.7 ± 101.9 a

8.6 ± 2.2 a

27.3 ± 3.9 b

FWS post-treatment water

55

0

na

10.16 ± 3.51 a

142.4 ± 57.1 ab

442.7 ± 157.7 a

8.2 ± 2.6 a

29.9 ± 5.9 ab

Lettuce

Millet
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FWS post-treatment water
Okra

Corn

Watermelon

na = not available, response parameter was not measured, GR = germination rate, RN = root necrosis
Values followed by the same letter are not statistically significant (alpha = 0.05)

Table 6. Statistical significance of early growth response parameters for simulated OPW (i.e.
CWTS inflow), SSF outflow, and FWS outflow.
Elongation
SSF x Pre-treatment1
Lettuce
Millet
Okra
Corn
Watermelon
FWS x Pre-treatment2
Lettuce
Millet
Okra
Corn
Watermelon
SSF x FWS3
Lettuce
Millet
Okra
Corn
Watermelon

Fresh mass

Dry mass

Root

Shoot

Root

Shoot

Total

Root

Shoot

yes
yes
-

no
yes
yes
no

yes
yes
no

yes
yes
no

yes
yes
-

yes
no

No
No

no
yes
-

no
no
yes
no

yes
yes
no

yes
yes
no

no
yes
-

yes
no

No
No

yes
yes
-

no
yes
no
no

yes
no
no

no
no
no

yes
no
-

no
no

No
No

yes = statistical significance, no = not statistically significant, “-“ = data not available
1
For all statistically significant differences, SSF mass or length > Inflow mass or length
2
For all statistically significant differences, FWS mass or length > Inflow mass or length
3
For all statistically significant differences, SSF mass or length > FWS mass or length
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Table 7. Observations of early growth of seedlings grown in exposure waters.
Seed characteristics

Early growth observations

Lettuce

Seed mass1, mg
1.16 ± 0.25

Class
dicotyledon

Pre-treatment sim. OPW
root necrosis and
browning of radicle tip

Millet

6.70 ± 0.79

monocotyledon

Control
root necrosis and
browning of radicle
tip
browning of leaves

Okra

52.8 ± 7.2

dicotyledon

wilting of shoots and
leaves, blunt tipped
roots

extensive wilting and
browning of leaves and
shoots

Corn

138.4 ± 30.1

monocotyledon

support roots developed,
second leaves present,
and no observable
abnormalities

Watermelon

90.9 ± 12.8

dicotyledon

lack of root hairs,
thickened taproot,
dark brown/black
coloration
(necrosis) of roots,
possible chlorosis
no observable
abnormalities
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1

browning of leaves

fewer and more blunt
roots

Average mass (± one standard deviation) of 20 individual seeds from the same seed stock used in bioassays

SSF post-treatment
root necrosis and
browning of radicle
tip
no observable
abnormalities
no observable
abnormalities

FWS post-treatment
root necrosis and
browning of radicle
tip
browning of leaves

support roots
developed, second
leaves present, and
no observable
abnormalities

support roots
developed, second
leaves present, and
no observable
abnormalities

no observable
abnormalities

no observable
abnormalities

no observable
abnormalities

Table 8. Literature phytotoxicity values for lettuce (L. sativa) and corn (Z. mays) exposed to Fe, Mn, Ni, Zn, and crude oil.
Constituent of
Concern

Phytotoxicity Values
Species

Duration

Endpoint

Value

Units

Reference

Growth Medium

Response Parameter

Iron
Manganese

L. sativa
L. sativa

96-hr
96-hr

EC50
EC50

1.4
28.0

mg L-1
mg L-1

Fjällborg et al. (2006)
Fjällborg et al. (2006)

Hydroponics
Hydroponics

root elongation
root elongation

Nickel

L. sativa

56-day

EC25

60

mg kg-1

Mitchell (1977)

natural soil (2.6% OM, pH 5.7)

total biomass

L. sativa

72-hr

MIC

32, 104

µM, mg L-1

Salvatore et al. (2008)

3 layers 140 mm Watman No. 1 filter

root elongation

L. sativa

72-hr

MIC

4, 13.0

µM, mg L-1

Salvatore et al. (2008)

Agar

root elongation

Zinc

Petroleum1

L. sativa

NOEL

100

mg kg-1

Sheppard et al. (1993)

Sand

emergence

L. sativa

LOEL

300

mg kg-1

Sheppard et al. (1993)

Sand

emergence
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Z. mays

120-day

LOEL

600

mg kg-1

Chiu et al. (2005)

natural soil (3.8% OM, pH 7.8)

total biomass

L. sativa

56-day

EC25

130

mg kg-1

Mitchell (1977)

natural soil (2.6% OM, pH 5.7)

total biomass

L. sativa

96-hr

EC50

1.0

mg L-1

Fjällborg et al. (2006)

Hydroponics

root elongation

L. sativa

96-hr

EC50

26.19

mg L-1

Ronco et al. (2000)

Na

root elongation

L. sativa

NOEC

2.30

wt % oil, API 30

Dorn et al. (1998)

silty loam (0.3% OM, pH 8.2)

germination

L. sativa

NOEC

<2.40

wt % oil, API 30

Dorn et al. (1998)

sandy loam (4.6% OM, pH 4.1)

germination

L. sativa

14-day

NOEC

<1.15

wt % oil, API 30

Dorn et al. (1998)

silty loam (0.3% OM, pH 8.2)

fresh mass

L. sativa

14-day

NOEC

<2.40

wt % oil, API 30

Dorn et al. (1998)

sandy loam (4.6% OM, pH 4.1)

fresh mass

Z. mays

NOEC

9.19

wt % oil, API 30

Dorn et al. (1998)

silty loam (0.3% OM, pH 8.2)

germination

Z. mays

NOEC

<2.40

wt % oil, API 30

Dorn et al. (1998)

sandy loam (4.6% OM, pH 4.1)

germination

Z. mays

14-day

NOEC

1.15

wt % oil, API 30

Dorn et al. (1998)

silty loam (0.3% OM, pH 8.2)

fresh mass

Z. mays

14-day

NOEC

<2.40

wt % oil, API 30

Dorn et al. (1998)

sandy loam (4.6% OM, pH 4.1)

fresh mass

Z. mays

14-day

effect2

1.0

% (w/w), API 33

Baek et al. (2004)

sandy soil (0.9% OM, pH 6.7)

root elongation

effect2

5.0

% (w/w), API 33

Baek et al. (2004)

sandy soil (0.9% OM, pH 6.7)

germination

Z. mays
Z. mays

40-day

no effect

850

mg L-1, fuel oil

Chaîneau et al. (2000)

hydroponics, pre-germinated

biomass

Z. mays

120-day

effect2

3300

mg kg-1, fuel oil

Chaîneau et al. (2000)

natural soil, pre-germinated

plant height

Z. mays
120-day
effect2
3300
mg kg-1, fuel oil
Chaîneau et al. (2000)
natural soil, pre-germinated
dry aerial biomass
MIC = minimum inhibitory concentration, NOEL = no observable effect level, LOEL = lowest observable effect level, na = data not available, EC50 = effective conc. of a chemical that is
estimated to produce a specific adverse effect in 50% of the test organisms, EC25 = effective conc. of a chemical that is estimated to produce a specific adverse effect in 25% of the test
organisms
1
petroleum source is crude oil unless otherwise noted
2

statistically significant decrease compared to control

Pumps
R1

Simulated OPW
Detention Basin
(3785 L)

R2
R1

R3
R2

R4
R3

Free-water Surface
Reactor Series
R4

Subsurface Flow
Reactor Series

Figure 1. Schematic of the pilot-scale CWTS designed for treating a specific OPW from subSaharan Africa and used in this study
.
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Figure 2. Average values for early growth response parameters measured on seedlings: millet (A,E), okra (B,F), corn (C,G), and
watermelon (D,H) exposed to CWTS inflow (pre-treatment), SSF outflow, FWS outflow, and dH2O control. Error bars represent one
standard deviation of the average value.

CHAPTER FIVE
SUMMARY AND CONCLUSION
A large volume of oilfield produced water (OPW) is generated worldwide and
presents environmental challenges, as well as opportunities for beneficial use if
constituents posing risk can be remediated. Beneficial use of OPW at the surface for
irrigation and livestock watering can be limited by the presence of common constituents
in OPW, including hydrocarbons, metal/metalloids, and salts (Knight et al., 1999;
O‟Rourke and Connolly, 2003; Veil et al., 2004). As an alternative to conventional water
treatment, constructed wetland treatment systems (CWTSs) are innovative, effective, and
often less expensive (Myers, 2000; Rodgers and Castle, 2008) option for treating
constituents posing risk. To ensure that water reuse guidelines are met through treatment,
chemical and physical parameters can be measured, although seed germination and early
growth (SG/EG) bioassays provide a method for detecting toxicity or potential adverse
effects resulting from a complex mixture of constituents (Banks and Schultz, 2005).
The objective of this research was to provide an approach for risk assessment of
OPW for reuse and mitigation of risk through efficient and effective treatment. The
approach was illustrated by an example of an OPW from non-marine geologic strata of a
rift basin in sub-Saharan Africa. The presented research addressed questions regarding
performance of constructed wetland treatment systems for the renovation of a subSaharan OPW for reuse in irrigation and livestock watering. Three major objectives were:
1. Characterize and identify constituents of concern in a specific oilfield produced
water for beneficial use;
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2. Evaluate treatment performance of a pilot-scale constructed wetland treatment
system designed to renovate an oilfield produced water;
3. Conduct seed germination and early growth bioassays to confirm suitability of the
post-treatment simulated OPW for irrigation.
1.

Characterize and identify COCs in a specific OPW
The purpose of this study was to apply a risk assessment approach for identifying

constituents in a specific oilfield produced water that require treatment to permit
beneficial use of the treated water. Specifically, the risk assessment approach was applied
to characterizing water co-produced with oil from non-marine geologic strata of a rift
basin in sub-Saharan Africa. To illustrate the risk assessment approach used for this
produced water, specific objectives of this research were to: 1) measure chemical and
physical characteristics as well as the quantity of a specific OPW in sub-Saharan Africa,
2) develop a conceptual model for exposure pathways for inorganic and organic
constituents in untreated OPW for use in irrigation and livestock watering, and 3) identify
COCs in the OPW that require treatment and determine treatment goals based on criteria
associated with the selected use options.
A risk assessment approach incorporating exposure pathways and calculated risk
quotients was applied to identifying COCs in OPW from non-marine geologic strata of a
rift basin in sub-Saharan Africa. The OPW studied has the following characteristics: 7041,370 mg L-1 total dissolved solids, 45-48 mg L-1 chloride, and 103.8 mg L-1 O&G. Using
risk quotients calculated for constituents in soil and water, COCs identified for the OPW
studied include: Fe, Mn, Ni, Zn, and O&G. The OPW has a high potential for treatment
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and beneficial use based on chemical and physical composition, volume, and local need
for water for irrigation and livestock. The large volume (165,000 barrels d-1) of OPW
generated in the study area and potentially available for use may improve crop yields
through irrigation and provide valuable drinking water for livestock. Identification of
COCs allows for development of reliable treatment design criteria to help ensure that
effective and consistent treatment is achieved to meet guideline levels required for
irrigation, livestock watering, or other beneficial uses. The risk assessment approach
developed and applied to a sub-Saharan OPW can add value to produced water by
identifying and facilitating viable use options.
2.

Evaluate treatment performance of a pilot-scale CWTS
This research utilized a pilot-scale CWTS and simulated OPW to measure both

chemical (i.e. rates and extents of removal) and biological (i.e. organism bioassays)
treatment parameters of COCs in OPW from specific oilfields in sub-Saharan Africa.
COCs in the OPW studied include oil and grease (O&G), Fe, Mn, Ni, and Zn, based on
analysis and comparison with water reuse criteria. The objectives of this research were to:
(1) design, construct, and monitor pilot-scale vertical subsurface flow (SSF) and freewater surface (FWS) series for the treatment of COCs in the OPW studied, (2) measure
chemical and biological treatment performance of the pilot-scale CWTS for simulated
OPW containing COCs, and (3) determine water reuse feasibility and full-scale CWTS
design criteria. Effective treatment of water produced from oilfields in sub-Saharan
Africa has the potential to help alleviate growing demand for water for agriculture,
livestock watering, and human consumption in this semi-arid region.
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A pilot-scale CWTS was designed that successfully promoted conditions
favorable for dissimilatory sulfate reduction, aerobic biodegradation of organics, and
formation of Fe and Mn oxides and oxyhydroxides. Chemical and biological performance
of the pilot-scale CWTS indicated a decrease in aqueous concentration of COCs (Fe, Mn,
Ni, Zn, and O&G) and a decrease in toxicity to P. promelas and C. dubia during
treatment. This pilot-scale CWTS study indicates through removal kinetics the feasibility
of CWTSs for treatment of the OPW studied for beneficial use in livestock watering and
irrigation to lessen the demand on local water supplies. Although the pilot-scale CWTS
was designed specifically for a sub-Saharan OPW, it also demonstrates the potential of
CWTSs to effectively co-treat constituents requiring different geochemical pathways (i.e.
reducing and oxidizing).
3.

Conduct SG/EG bioassays to confirm suitability for irrigation
This research utilized SG/EG bioassays, in conjunction with chemical and

physical analyses, to evaluate post-treatment pilot-scale constructed wetland treatment
system (CWTS) phytotoxicity of a simulated OPW representative of specific oilfields in
sub-Saharan Africa. Two CWTS flow regimes were evaluated: subsurface flow (SSF;
water level maintained below the hydrosoil substrate) and free-water surface (FWS;
water surface open to atmosphere). Simulated OPW for the pilot-scale CWTS
experiments was used because of the cost and practicality associated with transportation
and storage of actual OPW. The specific objectives of this research were to: (1) compare
phytotoxicity among pre- and post-treatment simulated OPWs, (2) contrast response of

130

five plant species to pre- and post-treatment simulated OPW, and (3) identify potential
phytotoxic chemical characteristics of the simulated OPW.
Seed germination and early growth bioassays were used as a biological parameter
for evaluation of treatment performance of a CWTS for simulated OPW. Chemical
analyses of pre- and post-treatment waters indicate that the concentrations of trace metals
and O&G were decreased to below irrigation guideline values. SG/EG bioassays
demonstrated an absence of phytotoxicity in seedlings exposed to waters containing trace
metals and O&G. Analysis of response variables indicates that small seeds (e.g. lettuce)
may be more sensitive than large seeds (e.g. watermelon). However, the effect of
morphological differences cannot be discounted, and early growth response variables are
more sensitive than seed germination and rate.
4.

Full-scale CWTS design criteria recommendations
Pilot-scale CWTS function indicates that several design parameters should be

addressed for full-scale design and construction, including: pretreatment, vegetation,
detention time (i.e. HRT) and hydraulic efficiency, and wetland additions (e.g. fertilizer,
carbon). Pretreatment of OPW in a stabilization pond may benefit sustainability of
treatment wetlands through decreasing temperature of OPW (Ji et al., 2007) and
promoting sedimentation of suspended solids. Skimmers, API separators, or
hydrocyclones can be used to physically remove low solubility fractions of crude oil, and
an aeration unit can improve treatment by increasing dissolved oxygen to 3 to 4 mg L-1
from the < 1 mg L-1 typically in OPW (Tellez et al., 2005), which stimulates aerobic
degradation of organics. Removal of suspended solids and some of the O&G during
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pretreatment can improve CWTS sustainability, decrease maintenance, and help to
minimize the possibility of clogging and channelization.
Macrophytes contribute to functions in wetland reactors by providing extensive
surface area in rhizosphere for microorganisms, decreasing water velocity, promoting
sedimentation, and transporting oxygen to the root zone for aerobic decomposition of
organic matter (Brix, 1997; Vymazal, 2002; Lee and Scholz, 2007). While both P.
australis and T. latifolia were resilient to wetland conditions imposed in this study,
reactors planted with P. australis had more new shoots and performed better in terms of
propagation (i.e. spreading) than reactors planted with T. latifolia. P. australis shoot
density increased during wetland tests while T. latifolia shoot density decreased, probably
as a result of induced stress from O&G and/or metals in the simulated OPW.
Hydraulic efficiency, defined as the ability of a wetland to distribute flow
uniformly throughout its volume (Holland et al., 2004), can be improved through design
based on wetland size, aspect ratios, internal structures (dense macrophyte community),
and basin morphology (Holland et al., 2004). Control over organic loading, flushing, and
additional reserve wetland area are design features that may be implemented at the fullscale to maintain treatment efficiency.
The greatest time required to meet water use guidelines based on pilot-scale
wetland experiments was for Ni, therefore, promoting dissimilatory sulfate reduction in a
full-scale CWTS could improve Ni removal and decrease the wetland area required. To
attain reducing conditions and optimize removal of Ni, manipulations in hydrosoil,
plants, chemical additions, and loading may be required. Methods that can be applied at
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the full-scale CWTS to promote reducing conditions in reactors include: adding organic
compounds as a bacterial carbon source (Dvorak, 1992) and adding a sulfate source.
5.

Summary
This research provided a method for assessing an OPW for reuse and evaluating a

constructed wetland treatment system (CWTS) as a potential treatment option. Chemical
and biological treatment performance of a pilot-scale CWTS for identified constituents of
concern (Fe, Mn, Ni, Zn, and oil and grease) was assessed in order to provide refined
kinetic rate coefficients and extends of removal for incorporation into full-scale CWTS
design. This research provided a framework for evaluating a water for beneficial use and
was designed to improve understanding of the capability and versatility of CWTSs to
renovate water with multiple constituents.
Three chapters of this thesis will be submitted for publication in peer-reviewed
journals. Chapter 2 is an application of a risk assessment approach for identifying
constituents in a specific oilfield produced water that require treatment prior to beneficial
use. Chapter 2 will be submitted to Ecotoxicology and Environmental Safety. Chapter 3 is
a treatment performance evaluation of a pilot-scale constructed wetland treatment system
designed to treat constituents in an oilfield produced water and will be submitted to
Water, Air, and Soil Pollution. Chapter 4 is an evaluation of phytotoxicity associated with
simulated oilfield produced water by seed germination and early growth bioassays
conducted on pre- and post-treatment pilot-scale constructed wetland treatment system
water. Chapter 4 will be submitted to Chemosphere.

133

References
Banks, M.K., K.E. Schultz, 2005. Comparison of plants for germination toxicity tests in
petroleum-contaminated soils. Water, Air, and Soil Pollution 167, 211-219.
Brix, H., 1997. Do macrophytes play a role in constructed treatment wetlands? Wat. Sci.
and Tech. 35(5), 11-17.
Dvorak, D.H., R.S. Hedin, H.M. Edenborn, P.E. McIntrye, 1992. Treatment of metal
contaminated water using bacterial sulfate reduction: results from pilot scale
reactors. Biotechnol. Bioeng. 40, 609–616.
Holland, J.F., J.F. Martin, T. Granata, V. Bouchard, M. Quigley, L. Brown, 2004. Effects
of wetland depth and flow rate on residence time distribution characteristics.
Ecological Engineering 23, 189-203.
Ji, G.D., T.H. Sun, J.R. Ni, 2007. Surface flow constructed wetland for heavy-oil
produced water treatment. Bioresource Technology 98, 436-441.
Knight, R.L., R.H Kadlec, H.M. Ohlendorf, 1999. The use of treatment wetlands for
petroleum industry effluents. Environmental Science & Technology 33, 973-980.
Lee, B-H., M. Scholz, 2007. What is the role of Phragmites australis in experimental
constructed wetland filters treating urban runoff? Ecological Engineering 29, 8795.
Myers, J.E., 2000. Constructed wetland overview for the petroleum industry. Society of
Petroleum Engineers. SPE Paper 61181, 1-5.
O‟Rourke, D., S. Connolly, 2003. Just oil? The distribution of environmental and social
impacts of oil production and consumption. Annu. Rev. Environ. Resour. 28, 587617.
Rodgers Jr., J.H., J.W. Castle, 2008. Constructed wetland treatment systems for efficient
and effective treatment of contaminated waters for reuse. Environmental
Geosciences 15, 1-8.
Tellez, G.T., N. Nirmalakhandan, J.L. Gardea-Torresdey, 2005. Kinetic evaluation of a
field-scale activated sludge system for removing petroleum hydrocarbons from
oilfield-produced water. Environmental Progress 24(1), 96-104.

134

Veil, A., M.G. Ruder, D. Elcock, R.J. Redweik Jr., 2004. A white paper describing
produced water from production of crude oil, natural gas, and coal bed methane.
United States Department of Energy, National Energy Technology Laboratory,
Contract W-31-109-Eng-38. pp. 87.
Vymazal, J., 2002. The use of sub-surface constructed wetlands for wastewater treatment
in the Czech Republic: 10 years experience. Ecological Engineering 18, 633-646.

135

APPENDICES

136

Appendix A
Standard Operating Procedures for Water Analysis
The standard operating procedures used to analyze simulated oilfield produced water
aqueous samples from the CWTS are listed below and found on the pages indicated.
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METHOD FOR MEASURING BIOCHEMICAL OXYGEN DEMAND (BOD)
Jennifer Horner, Sarah E. Sundberg, Derek Eggert, J. Chris Arrington, and John H.
Rodgers Jr.
1.0 OBJECTIVE
Biochemical oxygen demand (BOD) is determined through the use of an empirical test in
which standardized laboratory procedures are used to find the relative oxygen
requirements of the wastewater. This method measures the molecular oxygen utilized
during a specified incubation period for the biochemical degradation of organic material
and the oxygen used to oxidize inorganic material such as sulfides and ferrous iron. It
also may measure the amount of oxygen used to oxidize reduced forms of nitrogen unless
their oxidation is prevented by an inhibitor.
This method has been amended for application to a specific simulated oilfield produced
water (OPW) and the standard methods (APHA, 2005) for BOD analyses should be
reviewed before starting experiments.
2.0 HEALTH AND SAFETY
Proper lab attire, including scrubs, lab coat, gloves and safety glasses must be worn at all
times.
3.0 PERSONNEL/TRAINING/RESPONSILITIES
Any graduate research assistant familiar with the equipment and laboratory techniques
and trained in this and referenced SOPs may perform this procedure.
4.0 REQUIRED AND RECOMMENDED MATERIALS
4.1 Supplies
Incubation bottles, 300 mL foil-wrapped glass bottles having a ground-glass stopper
and a flared mouth are preferred.
4.2 Equipment
Dissolved oxygen meter
5.0 PROCEDURE
Fill a 300 mL aluminum foil wrapped incubation bottle to overflowing with sample water
at 20oC. Measure the dissolved oxygen (DO) concentration in each bottle, insert stopper,
make an airtight seal, and wrap the top with aluminum foil. Incubate at 20oC in the dark.
After five days measure the DO in each bottle. If the final DO concentration is below 2
mg L-1 the experiment will need to be conducted again with a diluted wastewater sample
(e.g. 50/50 mix of wastewater and milli-Q water). BOD concentration (reported in mg L-1
O2) is the final DO concentration at five days subtracted from the initial DO
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concentration. If the wastewater sample was diluted, multiply the BOD concentration by
the dilution factor.
6.0 QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA
All procedures are subject to review by the Quality Assurance Unit.
7.0 REFERENCES
American Public Health Association (APHA), 2005. Standard methods for the
examination of water and wastewater 21st Ed. American Public Health
Association, Port City Press: Baltimore, MD, pp. 1368.
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METHOD FOR MEASURING CHEMICAL OXYGEN DEMAND (COD)
Jennifer Horner, Sarah E. Sundberg, Derek Eggert, J. Chris Arrington, and John H.
Rodgers Jr.
1.0 OBJECTIVE
Chemical oxygen demand (COD) is defined as the amount of a specified oxidant that
reacts with the sample under controlled conditions. The quantity of oxidant consumed is
expressed in terms of its oxygen equivalence. Because of its unique chemical properties,
the dichromate ion (Cr2O72-) is the specified oxidant in this method. When a sample is
digested, the dichromate ion oxidizes COD material from the hexavalent (VI) state to the
trivalent (III) state. Both of these chromium species are colored and absorb in the visible
region of the spectrum. The chromic ion absorbs strongly in the 600 nm region. The
measured absorbance of the digested sample is the COD of the water sample.
This method has been amended for application to a specific simulated oilfield produced
water (OPW), and the standard methods (APHA, 2005) for COD analyses should be
reviewed before starting experiments.
2.0 HEALTH AND SAFTEY
Proper lab attire, including scrubs, lab coat, gloves and safety glasses must be worn at all
times.
3.0 PERSONNEL/TRAINING/RESPONSIBILITIES
Any graduate research assistant familiar with the equipment and laboratory techniques
and trained in this and referenced SOPs may perform this procedure.
4.0 REQUIRED AND RECOMMENDED MATERIALS
4.1 Reagents
Water, 18 M _ cm
Potassium hydrogen phthalate
4.2 Supplies
HACH COD digestion vials, dichromate, 0-1500mg L-1 range
Cuvettes
4.3 Equipment
Spectrophotometer, for use at 600 nm
Dry bath incubator, for operation at 150°C
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5.0 PROCEDURE
Prepare a calibration standard stock solution by dissolving 425 mg of potassium
hydrogen phthalate in 1 L of deionized water. The theoretical COD of this solution is 500
mg O2 L-1. Prepare seven calibration standards by diluting stock solution to 5, 10, 25, 50,
100, 200, and 400 mg O2 L-1. If expected COD is outside the range of suggested
calibration standards additional standards can be made from stock solution. Add 2 mL of
standard solutions to labeled COD digestion vials, carefully mix contents, and place on a
dry bath incubator at 150oC for 2 hours, then let sit for 24 hours. Measure the turbidity of
the standards on the spectrophotometer at 600 nm. Plot the turbidity readings and
concentrations as a linear regression to determine the equation of the calibration curve.
Acidify water samples with approximately 2 drops of concentrated sulfuric acid to
decrease the pH to less than 2 for storage. Dilute the water sample to achieve less than
1500mg L-1 chlorides. Add 2 mL diluted sample to labeled COD digestion vials in
duplicate.
Carefully mix contents of the COD vials, and place on a dry bath incubator at 150oC for 2
hours, then let sit for 24 hours. Measure the turbidity of the standards on the
spectrophotometer at 600 nm. Use the calibration equation of y = mx + b (positive linear
relationship) to determine COD by substituting the spectrophotometer reading for y and
solving for x, then multiplying by the dilution factor used.
6.0 QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA
All procedures are subject to review by the Quality Assurance Unit
7.0 REFERENCES
American Public Health Association (APHA), 2005. Standard methods for the
examination of water and wastewater 21st Ed. American Public Health
Association, Port City Press: Baltimore, MD, pp. 1368.
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METHOD FOR MEASURING GENERAL WATER CHEMISTRY
PARAMETERS: pH, DISSOLVED OXYGEN, CONDUCTIVITY,
TEMPERATURE, ALKALINITY, AND HARDNESS
Jennifer Horner, Brenda M. Johnson, Laura E. Ober, and John H. Rodgers Jr.
1.0 OBJECTIVE
The purpose of this protocol is to measure various general water chemistry parameters.
Parameters such as pH, dissolved oxygen (DO), conductivity, temperature, alkalinity, and
hardness are fundamental water chemistry parameters and are necessary for all water
quality related studies.
2.0 HEALTH AND SAFTEY
Proper lab attire, including scrubs, lab coat, gloves and safety glasses must be worn at all
times.
3.0 PERSONNEL/TRAINING/RESPONSIBILITIES
Any graduate research assistant familiar with the equipment and laboratory techniques
and trained in this and referenced SOPs may perform this procedure.
4.0 Required and Recommended Materials
4.1 Reagents
Reagent:
Milli-Q water
pH buffers (4, 7, & 10)
0.02 N standard sulfuric acid solution (H2SO4)
Eriochrome Black T indicator
Standard EDTA titrant (0.01M, 0.02N)
Buffer solution (Reference Standard Methods2340C)

Test:
all tests
pH, alkalinity
alkalinity
hardness
hardness
hardness

4.2 Supplies
Supply:
Graduated cylinder
100 mL beakers
Magnetic stir bar
50 mL buret and stand

Test:
alkalinity, hardness
all tests
alkalinity, hardness
alkalinity, hardness

4.3 Equipment
Orion-model 420A pH Meter
YSI 500 Dissolved Oxygen Meter
YSI 30 Salinity, Conductivity, and Temperature Meter
Magnetic stir plate
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5.0 PROCEDURE
5.1 pH
1. Calibrate the Orion Model 420A pH Meter using standard pH buffers 4, 7, and 10.
2. Rinse probe with milli-Q water to remove any prior contaminant.
3. Remove the small blue rubber stopper from the probe.
4. Submerge the tip of the probe in the sample and gently stir the sample with the
probe or use a magnetic stir-bar.
5. When the pH meter beeps, record reading.
6. Rinse probe with milli-Q water and return to holder.
5.2 Dissolved Oxygen (DO)/Temperature
1. Calibrate the YSI 500 Dissolved Oxygen Meter.
2. Rinse probe with milli-Q water to remove any prior contaminant.
3. Completely submerge the tip of the probe in the sample and turn on the mixer.
Note: If sample contains live organisms, do not use the mixer. Instead, gently stir
the sample with the probe.
4. When the DO meter beeps, record DO in mg L-1 (a “*” should also appear by the
mg L-1 and the % symbol). Also record the temperature to a tenth of a degree (i.e.
20.1ºC).
5. Rinse probe with milli-Q water and return to holder.
5.3 Conductivity
1. Turn on the YSI 30 Salinity, Conductivity, and Temperature Meter.
2. Rinse probe with milli-Q water to remove any prior contaminant.
3. Submerge the probe in the sample and gently stir the sample with the probe.
4. When the conductivity reading has stabilized the conductivity. Conductivity will
record in _S cm-1 (mS cm-1) and temperature in degrees Celsius.
5. Rinse probe with milli-Q water and return to holder.
6. When finished turn off the meter.
5.4 Alkalinity
1. Using a graduated cylinder, measure 50 mL of sample water and pour it into a 100
mL beaker with a magnetic stir-bar.
2. Place sample beaker on magnetic stir-plate. Turn on stir-plate to begin mixing
sample.
3. Calibrate pH meter. Place probe in the appropriate stand, with the tip completely
submerged in the sample water. (Make sure the stir-bar does not hit the pH
probe).
4. Record the initial level of titrant (0.02 N H2SO4) in the buret (fill buret as
necessary).
5. Slowly drip titrant into the sample, allowing time for the pH meter to stabilize.
6. Titrate to pH 4.5.
7. Record the volume (mL) of titrant used to reach the pH endpoint (pH=4.5).
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8. Calculate: Total Alkalinity (mg L-1 as CaCO3) = vol. titrant (mL) x 20
9. Turn off stir-plate and discard sample.
5.5 Hardness
1. Using a graduated cylinder, measure 50 mL of sample water and pour it into a 100
mL beaker with a magnetic stir-bar. (Dilutions can be made to conserve EDTA
titrant, be sure to calculate dilutions into the final equation.)
2. Add 2-5 mL of buffer solution (to give the sample a pH of 10.0-10.1).
3. Add 2-4 drops of Eriochrome Black T Indicator. Sample should turn gold (deep
yellow).
4. Place sample beaker on magnetic stir-plate. Turn on plate to mix sample.
5. Record the level of titrant (EDTA) in the buret (fill buret as necessary).
6. Slowly drip titrant into the sample, allowing time for the color change to stabilize.
7. Titrate until the gold turns to a bright yellow (very similar to pH buffer 7).
8. Record the volume of titrant (mL) used to reach the color change.
9. Calculate: Hardness (mg L-1 CaCO3) = volume titrant(mL) x 20
10. Turn off stir-plate and discard sample.
6.0 QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA
All procedures are subject to review by the Quality Assurance Unit.
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METHOD FOR CALCULATING WASTEWATER FLOW RATES AND
ADJUSTING WATER VOLUMES IN CONSTRUCTED WETLANDS FOR
WASTEWATER TREATMENT BASED ON HYDRAULIC RETENTION TIMES
Jennifer Horner, Sarah E. Sundberg, Derek Eggert, J. Chris Arrington, and John H.
Rodgers Jr.
1.0 OBJECTIVE
The hydraulic retention time (HRT) is the time it takes wastewater to flow through a
constructed wetland treatment system by gravity flow. Accurate HRTs are necessary to
ensure that the desired contact times of wastewater with sediment are being achieved.
HRT can greatly influence the chemical, physical, and biological treatment processes
occurring in the system to treat constituents in the wastewater. HRT is a function of water
flow rate and water volume. Prior to setting the appropriate flow rates, it is necessary to
adjust water volumes in the wetland microcosms to constant and known volumes. HRTs
are chosen based on land constraints, wastewater flow rates, and costs at industrial sites
where the wetland system will be constructed full-scale. This method describes how to
efficiently adjust water volumes in wetland cells and calculate the necessary water flow
rates based on desired HRTs. Common HRTs are 24-, 36-, or 48-hrs per wetland
microcosm.
2.0 HEALTH AND SAFTEY
Proper lab attire, including lab coat, gloves, and safety glasses must be worn at all times.
3.0 PERSONNEL/TRAINING/RESPONSIBILITIES
Any graduate research assistant familiar with the equipment and laboratory techniques
and trained in this and referenced SOPs may perform this procedure.
4.0 REQUIRED AND RECOMMENDED MATERIALS
4.1 Supplies
Microcosms containing hydrosoil
5 gallon bucket
5.0 PROCEDURE
Based on the site requirements the HRT must first be decided upon and the initial water
volumes of each wetland cell must be obtained. Fill the subsurface flow microcosms
(already containing gravel hydrosoil) with water from a 5 gallon bucket while recording
the amount of water needed to fill the microcosm. When water flows through the outflow
elbow the microcosm is full. The volume of water for the free-water surface microcosms
containing hydrosoil can be measured using the same method. The volume of water
needed to fill the subsurface flow microcosms should be measured periodically and the
flow rate adjusted to account for root growth and maturity (decrease in void volume). The
water flow rate can then be calculated:
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FlowRate ( mL / min)

Volume ( mL)
HRT (min)

Note: in this equation, water volume is given in mL and HRT is given in minutes
6.0 QUALITY CONTROL CHECKS AND ASSURANCE CRITERIA
All procedures are subject to review by the Quality Assurance Unit.
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METHOD FOR SIMULATING AND LOADING SIMULATED OILFIELD
PRODUCED WATER (OPW) INTO A PILOT-SCALE CONSTRUCTED
WETLAND TREATMENT SYSTEM (CWTS)
Jennifer Horner, Brenda M. Johnson, Laura E. Ober, and John H. Rodgers Jr.
1.0 OBJECTIVE
The objective of this standard operating procedure (SOP) is to clearly outline and define
the requirements of loading OPW to insure quality assurance and quality control
measures.
2.0 HEALTH AND SAFTEY
Proper personnel protective equipment will be worn at all times
3.0 PERSONNEL/TRAINING/RESPONSIBILITIES
Any graduate research assistant familiar with the equipment and laboratory techniques
and trained in this and referenced SOPs may perform this procedure.
4.0 REQUIRED AND RECOMMENDED MATERIALS
4.1 Supplies
Hose
1000 gallon detention basin
Mixing pump
1000 mL beaker
5.0 PROCEDURE
Fill the detention basin to 250 gal and turn on the submersible mixing pump. Keep the
hose and mixing pump running while adding the desired concentrations (formulated from
target constituent concentrations) of salts and oil and grease (O&G). Add the salts first
allowing for adequate mixing before the O&G is added. Dissolve salts in 500 mL of
water before adding to the detention basin. Continue to run the mixing pump throughout
the loading of the CWTS to ensure that the O&G is continually mixed in the simulated
OPW.
After the detention basin is adequately mixed the pumps to the CWTS can be turned on,
the calibration of the pumps must be verified. This is completed one at a time by turning
on the pumps, and measuring the collected volume in a 200 mL graduated cylinder over
two minutes. If this volume is different than 292 mL (for the free-water surface series)
and 184 mL (for the subsurface flow series) then the pumps must be adjusted accordingly
to achieve the flow rate of 146mL min-1 and 92mL min-1, respectively. After the pumps
are calibrated, the pumps may be turned on to pump the simulated OPW into the CWTS.
Note: If the volume of water in microcosms is measured the hydraulic retention time
(HRT) and flow rates need to be adjusted.
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6.0 QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA
All procedures are subject to review by the Quality Assurance Unit.
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METHOD FOR MEASURING OIL AND GREASE (O&G)
Jennifer E. Horner
Adapted from the directions for the StepSaver apparatus manufactured by Environmental
Express, www.envexp.com
1.0 OBJECTIVE
The following protocol provides a method for measuring the concentration of oil and
grease (O&G) in a water sample. An apparatus manufactured by Environmental Express
was used to measure O&G using a modification on EPA method 1664 Revision A. EPA
Method 1664A is a performance based method, “The laboratory is permitted to modify
the method to overcome interferences or lower the cost of measurements, provided that
all performance criteria are met” (Section 1.7 of EPA 1664A). The procedure is a solid
phase extraction for O&G (defined as any components extractable by n-hexane). The
outlined procedure can yield false positive results because fatty acids in samples can be
extracted as O&G. There is a secondary test using silica gel to further distinguish
between n-hexane extractables and total petroleum hydrocarbons (TPH). This procedure
can be competed with the StepSaver apparatus from Environmental Express but was not
utilized in this research. The outlined procedure for O&G has four basic steps: rinse disk
with elution solvent, condition disk with methanol, extract analytes from water sample,
and elute analytes with elution solvent.
Additional application notes on the StepSaver apparatus can be found at the
manufacture‟s website www.envexp.com.
2.0 HEALTH AND SAFTEY
Proper lab attire, including lab coat, gloves, and safety glasses must be worn at all times.
3.0 PERSONNEL/TRAINING/RESPONSIBILITIES
Any graduate research assistant familiar with the equipment and laboratory techniques
and trained in this and referenced SOPs may perform this procedure.
4.0 REQUIRED AND RECOMMENDED MATERIALS
4.1 Reagents
n-hexane (85% purity or greater)
Methanol
Hexadecane, stearic acid and acetone
Deionized water
4.2 Apparatus and Supplies
47mm or 90mm StepSaver glass with filtration manifold, water trap and vacuum
source
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Prefilter material such as Filter Aid 400, and/or appropriate sized glass fiber filters
Dried and weighed receiving flasks with 24/25 or 24/40 ground glass joint
5.5 gram sodium sulfate drying cartridges
Teflon dispensing squirt bottles
Analytical balance
Desiccator
Water bath or other evaporative device capable of achieving at least 85oC
5.0 PROCEDURE
5.1 Sample Collection and Preparation
Collect 0.5 L samples in glass jars (EPA method recommends 1 L samples). Do not
allow sample to touch any glassware or plastic besides the sample container because
O&G will adhere to material and underestimate O&G sample concentration. Adjust
sample pH to ≤ 2.0 with HCl (approximately 1% or 5 mL acid in 0.5 L sample). Cool
sample in dark for storage up to 7 days.
5.2

O&G Extraction Methods
Extraction Disk Conditioning
Note: proper filter conditioning is essential for both adequate flow rate through the
disk and good recovery
1. Place the stainless steel filter support screen in the top of the StepSaver head. The
screen should be resting on the glass.
2. Place the Empore extraction disk into the filter gasket. The filter should be resting
inside the gasket, mesh side down, white side up towards the 1 liter funnel.
3. Place the gasket and filter together onto the stainless steel screen, and center the
funnel on the head. While holding the funnel with one hand, squeeze the clamp
firmly into place.
4. Attach a flask to collect waste solvent to collection arm of StepSaver with keck
clip.
5. For extremely dirty samples, place a scoop of Filter Aid 400 atop the disk. 90mm
StepSavers have 4X the solids loading capacity of the 47mm StepSaver.
Note: Use of glass fiber pre-filters can result in low recoveries of the
stearic acid fraction.
6. Turn the upper stopcock with the red handles so that flow will be toward the
collection flask.
7. Position the valve on the manifold to the off/vent position. Wash the disk and
walls of the funnel with 10-15 mL of n-hexane. Quickly turn the manifold valve
to the on (12 o‟clock) position and then back to off/vent (9 o‟clock/3 o‟clock)
position. This should draw a small amount of hexane through the disk. Allow the
disk to soak for two minutes. Apply vacuum and pull remaining hexane through
disk into collection flask. Allow disk to vacuum dry for one to two minutes,
making sure all hexane is removed from the disk.
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8. If the seal was leaking n-hexane repeat the n-hexane rinse steps above.
9. Position the valve on the manifold to the off/vent position.
10. Turn the StepSaver stopcock (upper stopcock) to the waste position. Add 10-15
mL of methanol to the reservoir. If necessary, quickly turn manifold valve to on
position and then quickly back to off/vent position, and back up to the off/off
position (1 o‟clock/ 6 o‟clock) position. Allow the methanol to soak for one
minute before adding sample.
Note: If the vacuum pressure is not fully vented from the StepSaver, the
methanol will continue to flow through the disk even through the valve is
in the off/off position. Also, a small amount of methanol may leak from
the vent hole in the manifold if the stopcock is not moved up to the off/off
position.
11. Add sample on top of methanol and immediately turn vacuum to „on‟ position.
12. Set empty container on its edge so that the remaining water (1 to 3 mLs) can
collect, then add this remaining water to the reservoir before the extraction is
complete.
13. After elution is complete, continue vacuum to air dry the filter for 5-20 minutes.
The longer the better.
Note: While the filter is drying pre-weigh the collection flasks (5 decimal
place accuracy).

1.
2.

3.

4.
5.

6.
7.

Sample Elution
Position StepSaver stopcock (upper stopcock) to collection position.
Remove waste flask and properly dispose of collected solvents. Gently attach a
5.5 g sodium sulfate cartridge to the luer tip in the collection arm of the
StepSaver. (When attaching and removing the cartridge be careful to pull straight
up and down.) Attach collection flask that has been dried and weighed.
Add 10-15 mL of n-hexane to sample container, rinsing down the sides. Shake the
hexane around the sample container, venting the cap occasionally. Pour the nhexane from sample container into StepSaver funnel.
Carefully apply vacuum and release to pull a few drops of n-hexane through the
disk. Allow the hexane to soak the filter for two minutes.
Carefully apply vacuum to slowly pull hexane through disk, through sodium
sulfate drying cartridge and into the preweighed flask. It is important to pass the
n-hexane through the drying cartridge slowly to allow adequate contact time for
water absorption.
After all hexane has passed into the collection flask, turn the vacuum to off/vent
position.
Rinse down the sides of the 1-liter funnel with 10-25 mL of n-hexane. Be sure to
rinse with hexane until all O&G is removed from the sides of the glass funnel.
Note: Stearic acid sticks to glassware. Be sure to rinse the funnel walls
with hexane until all Stearic acid crystals dissolve. Failure to thoroughly
rinse Stearic acid from the glassware will result in low recoveries.
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8. Remove pre-weighed collection flask, and evaporate n-hexane at a temperature of
80-85oC in a hot water bath. Do not boil or evaporate to absolute dryness. Sweep
with a vacuum tube to evaporate via air flow the final drops of n-hexane and
fumes. Desiccate to room temperature. Reweigh flask to obtain final weight.
Note: Hexadecane will volatilize if the n-hexane boils. Further,
hexadecane begins to volatilize soon after the weighing flask becomes dry.
Be sure to weigh the flask within an hour or two of placing it into the
desiccator. Do not store weigh flask in desiccator overnight. Reducing
volatization of hexadecane will improve recoveries.
5.3 Cleaning
For O&G applications only the funnel needs to be cleaned with soap and water after
use. The stopcock and the head of the StepSaver may be cleaned by rinsing with
hexane.
5.4 O&G Standards and Quality Assurance
A method blank flask was carried through the procedure for quality assurance and
control. Blank mass was subtracted from or added to final mass measurements of
sample flasks. The reported method detection limit for EPA method 1664: Revision A
is 1.4 mg L-1 O&G. The method limit of detection for this specific procedure and for
research purposes was set at three times the standard deviation of the blanks for a
given set of samples.
Motor Oil Standards
Motor oil standards are used in this procedure to demonstrate calibration verification
as part of ongoing precision and recovery. If the standard recoveries are within the
range specified (78-114%), the extraction, distillation, and weighing processes are in
control. Percent recoveries for standards can be calculated using the following
equation:
P 100

A
B

where, P is the percent recovery, A is the measured concentration of the calibration
standard, and B is the theoretical concentration of the calibration standard (i.e. mass
of motor oil (mg)/volume of standard (L).
Sample Matrix Spiking
Analysis of a matrix spike is required to demonstrate recovery and to monitor matrix
interferences. Matrix spikes were completed by collecting duplicate samples and
spiking one with a known mass of motor oil. Matrix spikes should be conducted for
each set of 20 samples or less (USEPA, 1999). Acceptable matrix spike recoveries are
78-114%, calculated using the following equation:
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P 100

A B
TE

where, P is the percent recovery, A is the measure concentration of analyte after
spiking, B is the measured background concentration of the sample, and TE is the true
concentration of the spike.
If any part of the ongoing precision and recovery quality assurance and controls
measures are out of control (i.e. standards or matrix spike recoveries out of range) the
operator should trouble shoot the O&G procedure and make modifications as needed.
Duplicate samples may need to be collected and analyzed until the methods are under
control.
6.0 QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA
All procedures are subject to review by the Quality Assurance Unit.
7.0 REFERENCES
United States Environmental Protection Agency (USEPA), 1999. Method 1664: Nhexane extractable material and silica gel treated n-hexane extractable
material by extraction and gravimetry, revision A. Engineering and Analysis
Division, Contract 68-C-98-139, Washington, D.C., pp. 27.
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METHOD FOR SAMPLING PETROLEUM PRODUCED WATER (PW) FROM A
CONSTRUCTED WETLAND TREATMENT SYSTEM (CWTS) FOR MULTIPLE
CHEMICAL ANALYSES
Jennifer Horner, Brenda M. Johnson, Laura E. Ober, and John H. Rodgers, Jr.
1.0 OBJECTIVE
The objective of this standard operating procedure (SOP) is to clearly outline and define
the requirements of aqueous sample collection of simulated OPW to ensure quality
assurance and quality control measures.
2.0 HEALTH AND SAFTEY
Proper personnel protective equipment will be worn at all times.
3.0 PERSONNEL/TRAINING/RESPONSIBILITIES
Any graduate research assistant familiar with the equipment and laboratory techniques
and trained in this and referenced SOPs may perform this procedure.
4.0 REQUIRED AND RECOMMENDED MATERIALS
4.1 Supplies
Glass bottles (1000 mL) with secured seal (screw top)
Filter paper (0.45µm) and syringe
Centrifuge tubes (50 mL)
Trace metal grade nitric acid (HNO3)
5.0 PROCEDURE
Simulated OPW (loading predetermined) will be introduced into the pilot-scale CWTS
starting at approximately time-0 hrs from the detention basin (1000 gallon carboy).
CWTS influent should be sampled from the plastic tube delivering simulated OPW to the
first reactor in series (1-2 L of water should be collected in glass containers depending on
the volume of water needed for intended analyses). If metal analysis is needed collect
additional water in a 50 mL centrifuge tube.
Water can be sampled along the flow path of the CWTSs at sampling ports (breaks in
PVC pipes connecting microcosms). Water should be sampled after the first reactor (R1)
24 hours after the influent to the CWTS was sampled, assuming a 24-hr HRT per reactor.
Water should be sampled after the second reactor (R2) in series 48 hours after the
influent was sampled, continue for reactors 3 and 4. Depending on intended analyses 1-2
L of water should be collected, in addition to a 50 mL centrifuge tube. Subsurface flow
and free-water surface series can be sampled in the same way.
All water samples will be immediately transported to the Ecotoxicology laboratory in
Lehotsky Hall, room 228, and prepared for analyses. Soluble metal preparation for ICP-
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AES analysis will be conducted by filtering 50 mL of sample water with a 0.45 µm
membrane filter (Millipore MF 25mm) and syringe into a 50 mL centrifuge tube acidified
with 0.5 mL (1% of sample water volume) trace metal grade nitric acid (11N•HNO3).
Centrifuge tubes intended for total and dissolved metals analysis with an ICP-AES will
be checked for an adequate seal and analyzed within ≤ 6 months. The remaining sample
will be divided into required volumes for analysis of water quality parameters, COD,
BOD, O&G, TDS, and TSS (see individual SOPs) or refrigerated at 4oC until analyses
can be conducted.
6.0 QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA
All procedures are subject to review by the Quality Assurance Unit.
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MEASUREMENT OF ELEMENTS USING AN INDUCTIVELY COUPLED
PLASMA- ATOMIC EMISSION SPECTROMETER (ICP-AES)
Jennifer Horner
1.0 OBJECTIVE
This method outlines the specific experimental details for analysis of select elements
using the ICP-AES as it pertains to simulated oilfield produced water. This protocol is
intended for measuring the concentrations of iron, manganese, nickel, and zinc in
aqueous samples with a oil and grease (O&G) concentration of less than 25 mg L-1 and a
low total dissolved solids (TDS) concentration. It is not intended to be applied directly to
unknown produced water samples.
This method has been amended for application to a specific simulated oilfield produced
water (OPW) and the standard methods (USEPA, 1994) for metals and trace elements in
water analyses should be reviewed before starting experiments.
2.0 HEALTH AND SAFETY
Proper lab attire, including lab coat, gloves, and safety glasses must be worn at all times.
3.0 PERSONNEL/TRAINING/RESPONSIBILITIES
Any graduate research assistant familiar with the equipment and laboratory techniques
and trained in this and referenced SOPs may perform this procedure.
4.0 REQUIRED AND RECOMMENDED MATERIALS
4.1 Supplies
Tap water
500 mL acidified NANOpure water for rinse
Standards for the element(s) of interest
4.2 Standards
Standards should not exceed a range of two orders of magnitude
Standards should be made in a matrix to resemble that of the samples
Acidified in same manner as samples (10% by volume with nitric acid)
Standards should be made the day of sample analysis
5.0 PROCEDURE
This procedure only includes the basic methods for sample collection, ICP-AES use and
cleanup, and quality assurance controls. Instrumentation manual and EPA Method 200.7
(USEPA, 1994) should be reviewed.
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5.1 Sample Collection and Preparation
Collect samples in clean 50 mL plastic centrifuge tubes, do not allow the tube to
overfill when filling. Adjust sample pH to ≤ 2.0 with HNO3 (approximately 1% by
volume or 0.5 mL acid in 50 mL sample). Cool sample in dark for storage up to 6
months. Warm samples to room temperature before analysis.
5.2 ICP-AES Methods
The instrument manual for the SPECTROFLAME-EOP contains procedures for
calibration and analysis of samples and the ICP SOP, written by Brenda M Johnson,
Derek A. Eggert, and Andrew McQueen (unpublished, 2007) contains step by step
instructions of ICP-AES use. The USEPA (1994) recommends wavelengths,
detection limits, and possible element interferences.
Analyte Wavelength1 (nm) Estimated Detection Limit2 (µg L-1)
Fe
259.940
6.2
Mn
257.610
1.4
Ni
231.604
15
Zn
213.856
1.8
1
Recommended for sensitivity and overall acceptability
2
Estimated 3-signma instrumental detection limits

Interferant
none
Ce
Co, Tl
Ni, Cu, Fe

5.3 Cleaning
After ICP-AES use the system lines should be flushed with acidified Milli-Q for 5-10
minutes. Prior to and at the conclusion of each use of the ICP-AES all lines and
tubing should be checked for blocks and wear. Empty the waste container if
necessary. The remainder of unused standards can be disposed of in appropriate waste
containers and aqueous sample should be stored in centrifuge tubes in the refrigerator,
in case further analysis is required.
5.4 Quality Assurance
Quality assurance and quality control measures for ICP-AES metal analyses should
include standard recovery and standard addition every ten samples. Sample analyses
can be considered acceptable if standard recoveries are within ±10% of the calibration
concentration for individual metals. A middle standard should be used for standard
additions and the percent recovery should be within 70-130%. A new calibration
curve should be accepted every 20 samples and duplicate samples can be analyzed for
additional assurance. These quality assurance and control measures should be
considered as the minimum requirements of USEPA methods, additional quality
measures should be performed for unknown or excessively cloudy (nonhomogeneous) samples.
6.0 QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA
All procedures are subject to review by the Quality Assurance Unit.
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7.0 REFERENCES
United States Environmental Protection Agency (USEPA), 1994. Method 200.7:
Determination of metals and trace elements in water and wastes by inductively
coupled plasma-atomic emission spectrometry, revision 4.4 EMMC Version.
Office of Research and Development, Cincinnati, Ohio., pp. 58.
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METHOD FOR MEASURING REDUCTION-OXIDATION POTENTIAL OF
HYDROSOIL IN A CWTS
Jennifer Horner, Sarah E. Sundberg, Derek Eggert, J. Chris Arrington, and John H.
Rodgers, Jr.
1.0 OBJECTIVE
Oxidation and reduction (redox) reactions mediate the behavior of many chemical
constituents in wastewaters. The reactivities and nobilities of important elements in
biological systems, as well as those of a number of other metallic elements, depend
strongly on redox conditions. Like pH, Eh (redox) represents an intensity factor; it does
not characterize the capacity of the system for oxidation or reduction. Measurements are
made by potentiometric determination of electron activity (or intensity) with an inert
indicator electrode and a suitable reference electrode. Electrodes made of platinum are
most commonly used for Eh measurements. This protocol describes the method used to
measure redox in the hydrosoil of a constructed wetland treatment system.
2.0 HEALTH AND SAFTEY
Proper lab attire, including lab coat, gloves, and safety glasses must be worn at all times.
3.0 PERSONNEL/TRAINING/RESPONSIBILITIES
Any graduate research assistant familiar with the equipment and laboratory techniques
and trained in this and referenced SOPs may perform this procedure.
4.0 REQUIRED AND RECOMMENDED MATERIALS
4.1 Supplies
Potassium ferrocyanide, K4Fe(CN)6•3H2O
Potassium ferricyanide, K3Fe(CN)6
Potassium chloride, KCl
4.2 Equipment
pH or millivolt meter
Reference electrode
Oxidation-reduction indicator electrode
Beakers and magnetic stirrer
5.0 PROCEDURE
Prepare ZoBell‟s standard redox solution by adding 1.4080 grams potassium
ferrocyanide, 1.0975 grams potassium ferricyanide, and 7.4555 grams potassium chloride
to 1000 mL of Milli-Q water at 25oC. These measurements must be as accurate as
possible to result in a reliable solution. When stored in dark plastic bottles in a
refrigerator, this solution is stable for several months.

159

Follow the manufacturer‟s instructors for using the pH/millivolt meter and in preparing
electrodes for use. Immerse the reference electrode connected to the millivolt meter and
the redox indicator electrode (platinum tip end) in the gently stirred, standard solution in
a beaker. Connect the millivolt meter to the end of the indicator electrode opposite the
platinum tip. Allow several minutes for electrode equilibrium then record the reading to
the nearest millivolt. If the reading is within ±10 mV from the theoretical redox standard
value at 25oC (+183 mV), record the reading. The indicator electrode is ready for
placement in the hydrosoil. If the reading is not within ±10 mV, the indicator electrode
must be re-made.
In free-water surface microcosm place the indicator electrode‟s platinum tip
approximately four inches deep into the sediment making certain it is not near the plant
roots. Secure the electrode with cable ties. In subsurface flow microcosms the indicator
electrode‟s platinum tip can be installed in a PVC casing to the midpoint of hydrosoil
depth. Allow the electrode to equilibrate for 24 hours prior to taking any readings. To
measure redox potential of the hydrosoil place the reference electrode approximately four
inches deep into the hydrosoil in the subsurface flow microcosms or submerge
completely in the water of the free-water surface microcosms. Be sure that the reference
electrode is not placed directly next to the plant roots (this may be hard to avoid in the
subsurface flow microcosms because of the advantageous root systems of Phragmites
australis). Connect the millivolt reader to the end of the indicator electrode opposite the
platinum tip. Record the redox potential in mV. Repeat a second time by placing the
reference electrode in another location in the hydrosoil or water. Successive readings that
vary less than ±10 mV over 10 minutes are adequate for most purposes. Adjust the
reading according to field corrections and electrode calibration corrections.
Example: The field redox measurement of a hydrosoil was -206mV. When the electrode
was initially calibrated in the lab, the redox reading was +193mV (which is +10mV
difference from the theoretical redox standard value of +183mV). The field redox
measurement must be corrected for this difference by subtracting 10mV from -206mV.
This gives a redox measurement of -216mV. The standard correction factor for field
redox measurements for the millivolt reader is +240mV. Therefore, this correction factor
is added to the redox measurement of -216mV to yield a final redox measurement of
+24mV.
Ehsystem = Ehobserved + Ehreference standard – Ehreference observed + Ehfield correction
Ehsystem = -206mV + 183mV – 193mV + 240mV
6.0 QUALITY CONTROL CHECKS AND ACCEPTANCE CITERIA
All procedures are subject to review by the Quality Assurance Unit.
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7.0 REFERENCES
Faulkner, S.P., W.H. Patrick, Jr., R.P. Gambrell, 1989. Field techniques for measuring
wetland soil parameters. Soil Sci. Soc. Am. J. 53, 883-890.
ZoBell, C. E., 1946. Studies on redox potential of marine sediments. Bulletin of the
American Association of Petroleum Geologists 30, 477-513.
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Appendix B
Standard Operating Procedures for Bioassays
The standard operating procedures used to conduct bioassays on aqueous samples using
animals and plants are listed below and found on the pages indicated.

Fathead Minnow Pimephales promelas Rafinesque .................................. 163
Water Flea Ceriodaphnia dubia Richard ................................................... 166
Hydroponic Seed Germination and Early Growth ..................................... 169
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AQUEOUS TESTING USING FATHEAD MINNOW PIMEPHALES PROMELAS
RAFINESQUE
Jennifer Horner, Brenda Johnson, and John H. Rodgers Jr.
1.0 OBJECTIVE
This method is for the use of fathead minnow fry for aqueous acute bioassays as
recommended by the USEPA (Lewis, 1994). Bioassays can be used to examine potential
environmental stressors (chemical, physical, and/or biological) that exist in the
environment as permitted discharge water and other releases that potentially impact
surface waters. Specifically this protocol is for simulated oilfield produced water sampled
from a CWTS, where metals and oil and grease (O&G) are constituents of concern.
2.0 HEALTH AND SAFTEY
Attire appropriate to the task must be worn at all times. All Clemson University
personnel must be enrolled in the Clemson University Medical Surveillance Program.
3.0 PERSONNEL/TRAINING/RESPONSIBILITIES
Personnel familiar with the equipment and laboratory techniques and trained in this and
referenced standard operating procedures (SOPs). All Clemson University personnel
must have completed the Institutional Animal Care and Use Committee (IACUC) online
training. Prior to performing aqueous bioassays, personnel must have demonstrated
proficiency in culturing and bioassays in a closely supervised environment.
Documentation of training should be kept for each person performing the procedure.
4.0 REQUIRED AND RECOMMENDED MATERIALS
4.1 Supplies
Pimephales promelas (fathead minnow) fry < 24 hours since hatching
250 mL beakers
Brine shrimp
MS222
50 mL plastic centrifuge tubes
4.2 Equipment
Water chemistry instrumentation (pH meter, DO meter, etc.)
5.0 PROCEDURE
The following procedures were developed to meet or exceed the National Institute of
Health (NIH) Guide for the Care and Use of Laboratory Animals (2007). Fry will be
obtained from P. promelas cultures maintained at the P&A building. Fry < 24 hours old
will be collected from hatching tanks when required for testing.
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5.1 Sample collection and preparation
Aqueous samples will be collected in 1 L Nalgene® high-density polyethylene bottles
and cooled until test initiation. After the range finding test, serial dilutions of sample
water will be made at an appropriate range. At least one of the dilution concentrations
should result in statistically no effect on survival and one should result in 100%
mortality. Aliquots will be diluted in 1 L bottles with moderately hard water. Enough
test sample water to sustain the length of the bioassay should be mixed at once on test
initiation. To determine the exposure 50 mL of each test sample should be set aside
for metal analyses on the ICP-AES and 500 mL for O&G analysis (if applicable to
research).
5.2 Range finding bioassays
Before definitive aqueous testing is initiated, range finding tests will be conducted in
order to determine an approximate range of aqueous toxicity. Range finding tests will
consist of exposing a minimum of ten juvenile P. promelas to a series of aqueous
dilutions of sample water, without replication.
5.3 Bioassay procedure
Bioassays require the use of newly hatched fry (< 24 hours old) in 24h, 48h, 96h, or
7d tests. Each test water will have three replicates (n=10 per replicate). One beaker is
one replicate. Water conditions (pH, DO, alkalinity, hardness, and conductivity) are
measured prior to testing and at test conclusion. Test water will be stored in the
refrigerator over the course of the bioassay and warmed to room temperature before
use. Experimental chambers will consist of three replicate borosilicate 240 mL glass
beakers per test concentration with approximately 200 mL of water. Tests will be
initiated by adding juvenile fish to each test chamber and placed in an incubator 25 ±
2oC (16h light / 8h dark photoperiod) for the duration of the test. For static aqueous
tests, water will be added at test initiation and remain for the duration of the
experiment, monitoring water quality daily. Aqueous static renewal tests will be
conducted by gently pouring off 50% of the old test water and refilling the beaker to
test volume with fresh test water every 48 hours of test. For all tests, fry will be fed
one-drop of brine shrimp (Artemia nauplii) once a day. Test beakers will be cleaned
daily and mortality (defined as no movement following gentle prodding) and
behavioral effects (e.g. erratic swimming or lethargic behavior) will be observed
daily. All attempts will be made to not stress fry at test initiation and test water
replacement. Replacement water should be the same temperature as water already in
beaker and should be removed and added gently.
5.4 Cleaning
At the end of the testing period, live organisms will be euthanized using MS222 and
discarded. If changes in growth are to be measured, total biomass dry weight of
euthanized fry will be determined prior to discarding.
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5.5 Statistics
Survival data will be statistically compared using one-way analysis (SAS Institute.,
2002) and reproduction data were compared using one-way analysis of variance with
Dunnett‟s mean separation. All alpha levels were set at 0.05.
6.0 QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA
All procedures are subject to periodic review by the Attending Veterinarian(s) and the
IACUC. A reference toxicant CuSO4 (copper sulfate) can be used in aqueous samples as
an ongoing method for evaluating the health of the culture.
7.0 REFERENCES
American Veterinary Medical Association (AVMA), 2007. AVMA guidelines on
euthanasia.
Lewis, P.A., D.J. Klemm, J.M. Lazorchak, T.J. Norberg-King, W.H. Peltier, M.A. Heber,
1994. Short-term methods for estimating the chronic toxicity of effluent and
receiving waters to freshwater organisms, 3rd Edition. US Environmental
Protection Agency, EPA/600/4-91/002., pp. 334.
SAS Institute, 2002. Statistical analysis system, Version 9. SAS Institute Inc., Cary,
North Carolina.
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AQUEOUS TESTING USING WATER FLEA CERIODAPHNIA DUBIA
RICHARD
Jennifer Horner, Brenda Johnson, Michael M. Spacil, and John H. Rodgers Jr.
1.0 OBJECTIVE
This protocol gives an overview of the experimental details and quality assurance
procedures for Ceriodaphnia dubia Richard bioassay techniques, recommended by the
USEPA (Lewis, 1994) conducted by the Clemson Aquatic Ecotoxicology Laboratory.
Bioassays can be used to examine potential environmental stressors (chemical, physical,
and/or biological) that exist in the environment as permitted discharge water and other
releases that potentially impact surface waters. Specifically this protocol is for simulated
oilfield produced water sampled from a CWTS, where metals and oil and grease (O&G)
are constituents of concern.
2.0 HEALTH AND SAFTEY
Attire appropriate to the task must be worn at all times. All Clemson University
personnel must be enrolled in the Clemson University Medical Surveillance Program.
3.0 PERSONNEL/TRAINING/RESPONSIBILITIES
Personnel familiar with the equipment and laboratory techniques and trained in this and
referenced standard operating procedures (SOPs). All Clemson University personnel
must have completed the Institutional Animal Care and Use Committee (IACUC) online
training. Prior to performing aqueous bioassays, personnel must have demonstrated
proficiency in culturing and bioassays in a closely supervised environment.
Documentation of training should be kept for each person performing the procedure.
4.0 REQUIRED AND RECOMMENDED MATERIALS
4.1 Supplies
Ceriodaphnia dubia neonates < 24 hours old
50 mL plastic centrifuge tubes
4.2 Equipment
Water chemistry instrumentation (pH meter, DO meter, etc.)
5.0 PROCEDURE
Neonates will be obtained from C. dubia cultures maintained at the P&A building.
Broods of neonates < 24 hours old will be moved to the web lab in their original glass
vials until test initiation.
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5.1 Sample collection and preparation
Aqueous samples will be collected in 1 L Nalgene® high-density polyethylene bottles
and cooled until test initiation. After the range finding test, serial dilutions of sample
water will be made at an appropriate range. At least one of the dilution concentrations
should result in statistically no effect on survival and one should result in 100%
mortality. Aliquots will be diluted in 1 L bottles with moderately hard water. Enough
test sample water to sustain the length of the bioassay should be mixed at once on test
initiation. To determine the exposure 50 mL of each test sample should be set aside
for metal analyses on the ICP-AES and 500 mL for O&G analysis (if applicable to
research).
5.2 Range finding bioassays
Before definitive aqueous testing is initiated, range finding tests will be conducted in
order to determine an approximate range of aqueous toxicity. Range finding tests will
consist of exposing a minimum of one C. dubia neonate (< 24 hours old) in a 20 mL
glass vial to a series of aqueous dilutions of sample water, without replication.
5.3 Bioassay procedure
Bioassays require the use of neonates < 24 hours old in 24h, 48h, 96h, or 7d tests.
Each test water will have at least 10 replicates (one individual in a vial is a replicate).
Ten replicates is the minimum required by the USEPA (Lewis, 1994), although
twenty is preferable if there is enough sample water. Water conditions (pH, DO,
alkalinity, hardness, and conductivity) are measured prior to testing and at test
conclusion. Test water will be stored in the refrigerator over the course of the
bioassay and warmed to room temperature before use. Experimental chambers will
consist of glass 20 mL vials, 10 per test concentration, with approximately 10-15 mL
of water. Tests will be initiated by adding one neonate to each test chamber and
placed in an incubator 25 ± 2oC (16h light / 8h dark photoperiod) for the duration of
the test. For static renewal tests each parent organism will be gently transferred to a
new vial with test water. After the organisms are transferred, using a small disposable
pipette, they will be fed daily with 100 µL Raphidocelis subcapitata and 100 µL YCT
(reference R. subcapitata and YCT preparation section). Test vials will be cleaned
daily and mortality (defined as no movement following gently prodding) and
reproduction (number of neonates in brood) will be observed daily. All attempts will
be made to not stress fry at test initiation and test water replacement. Replacement
water should be the same temperature as water already in beaker and should be
removed and added gently.
5.4 R. subcapitata and YCT preparation
Raphidocelis subcapitata is cultured in a 3 or 4 L autoclaved flask, nano-pure water is
amended with 1 mL of each of the 5 algal nutrient solutions per liter water. R.
subcapitata stock algae (5-10 mL) is added to the flask. The flask will be capped with
foam and tinfoil (also autoclaved) and are continuously aerated under light for 4-5
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days. When the algal solution acquires a dark green color they are removed from light
and placed in the refrigerator to settle. After 3-5 days of refrigeration, approximately
1/3-1/2 of the supernatant is poured off and algae is re-suspended. The cell density
should range between 3x106 to 3x107 cells mL-1, measured using a modified
Neubauer hemocytometer.
The YCT diet is a solution consisting of baker‟s yeast (Fleishmann‟s Yeast Inc.,
Oakland, CA) (5 mg L-1), trout chow (Purina Brand, St. Louis, MO) (5 g small pellet
L-1), and wheat grass (5 g powder L-1). The trout chow is added to 1 L nano-pure
water in a 1 L flask and then allowed to digest for 7 days while mixing on a stir plate
with continuous aeration. On day 6, the wheat grass is blended and allowed to settle
in the refrigerator overnight. On day 7, immediately before mixing the solutions, the
yeast is blended for 5 minutes.
5.5 Cleaning
At the end of the testing period, live organisms will be discarded and vials will be
cleaned and stored.
5.6 Statistics
Survival data will be statistically compared using one-way analysis (SAS Institute.,
2002) and reproduction data were compared using one-way analysis of variance with
Dunnett‟s mean separation. All alpha levels were set at 0.05.
6.0 QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA
Selected neonates should be hatched from the first brood and the brood should have at
least 6-8 neonates. A reference toxicant CuSO4 (copper sulfate) can be used in aqueous
samples as an ongoing method for evaluating the health of the culture.
7.0 REFERENCES
Lewis, P.A., D.J. Klemm, J.M. Lazorchak, T.J. Norberg-King, W.H. Peltier, M.A. Heber,
1994. Short-term methods for estimating the chronic toxicity of effluent and
receiving waters to freshwater organisms, 3rd Edition. US Environmental
Protection Agency, EPA/600/4-91/002., pp. 334.
SAS Institute, 2002. Statistical analysis system, Version 9. SAS Institute Inc., Cary,
North Carolina.
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HYDROPONIC SEED GERMINATION AND EARLY GROWTH BIOASSAYS
Jennifer Horner, Susan Chandler, and James W. Castle
1.0 OBJECTIVE
This protocol provides an overview of the experimental details for seed germination and
early growth (SG/EG) bioassays. The methodology provided was recommended by the
EPA (1996) and OECD (2003), with some procedure modifications. SG/EG bioassays
have been used extensively for ecotoxicity evaluations of contaminated soils, particularly
in petroleum impacted soils (Miller et al., 1980; Salanitro et al., 1997; Dorn et al., 1998;
Crowe et al., 2002; Banks and Schultz, 2005; Płaza et al., 2005) where toxicity can result
from a complex mixture of compounds that chemical analyses alone are insufficient to
assess potential ecological impacts (Banks and Schultz, 2005). In complex mixtures, such
as OPWs, it can be difficult to determine which constituents to analyze, predict their
ecological effects, and account for possible additive effects or interactions (Płaza et al.,
2005; Fjällborg et al., 2006). In addition to evaluating the total effect or impact of a
contaminant, SG/EG bioassays are a valuable tool because they determine toxicological
effects on plants at a sensitive life cycle stage.
Seed germination is sensitive to environmental factors including osmotic stress,
availability of oxygen and water, and non-optimal temperatures (Crowe et al., 2002).
Early growth indicators, such as root elongation, are important for development and
growth and survival of plants (Teacă and Bodîrlău, 2008), and have been found to be
more sensitive than seed germination to metal exposures (Salvatore et al., 2008; Teacă
and Bodîrlău, 2008) and petroleum impacted soils (Płaza et al., 2005). Several species of
plants have been used for SG/EG bioassays for their sensitivity to contaminants and
economical or agricultural importance including lettuce (Lactuca sativa), tomato
(Lycopersicon esculentum), cucumber (Cucumis sativus), soybean (Glycine max),
cabbage (Brassica oleracea), oat (Avena sativa), and corn (Zea mays) (USEPA, 1996;
Dorn et al., 1998; OECD, 2003).
2.0 HEALTH AND SAFTEY
Attire appropriate to the task must be worn at all times.
3.0 PERSONNEL/TRAINING/RESPONSIBILITIES
Personnel familiar with the equipment and laboratory techniques and trained in this and
referenced standard operating procedures (SOPs).
4.0 REQUIRED AND RECOMMENDED MATERIALS
4.1 Supplies
1 L Nalgene® high-density polyethylene bottles
50 mL centrifuge tubes
Seeds (20 replicates per seed variety)
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9 cm Petri dishes
Bleach
4.2 Equipment
Water chemistry instrumentation (pH meter, DO meter, etc.)
Analytical balance (capable of weighing 0.00001 grams)
5.0 PROCEDURE
5.1 Seed variety selection
In order to obtain site specific data regarding phytotoxicity and the potential for reuse
at a site, indigenous species can be utilized. Seeds of various crop species were
selected for the bioassays used in this research for their sensitivity to contaminants,
agricultural importance, and availability of seeds to natives for planting. Seed
varieties included lettuce (Lactuca sativa), millet (Panicum miliaceum), okra
(Abelmoschus esculents), watermelon (Citrullus lanatus), and corn (Zea mays).
5.2 Sample collection and preparation
Aqueous samples will be collected in 1 L Nalgene® high-density polyethylene bottles
and cooled until test initiation. Enough test sample water to sustain the length of the
bioassay should be collected before test initiation. To determine the exposure 50 mL
of each test water should be set aside for metal analyses on the ICP-AES and 500 mL
for O&G analysis (if applicable to research).
5.3 Bioassay procedure
Test water will be stored in the refrigerator over the course of the bioassay. Seeds
were surface sterilized in a 10% bleach solution and rinsed three times in distilled
water prior to plating. Twenty seeds were placed on a single layer of autoclaved paper
towel in sterile 9-cm Petri dishes and incubated in 2.5 mL of treatment or control
water. The petri dishes were placed in an incubator at 25 ± 2oC and a 16-hr light/8-hr
dark cycle. Seeds were monitored daily to count germination and make growth
observations. Corn and okra seedlings were transferred to 50-mL centrifuge tubes
containing treatment water after germination and radicle extension. Watermelon,
millet, and lettuce were wetted with treatment water throughout the experiment as
needed. On day-14 from start of experiment seedlings were harvested and response
variables were measured.
The following response variables were analyzed for this research: (1) seed
germination (SG), as the percentage of germinated seeds after the experiment, (2)
germination rate, defined as the relationship between the number of seeds germinated
and the germination time, calculated by GR = Σ(ni)/t, where ni is the number of seeds
germinated per day and t is the germination time from seeding to the germination of
the last seed (Valerio et al., 2007), (3) root necrosis, defined as the percentage of the
affected seeds in relation to the total (root system and hypocotyls), (4) root and shoot
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elongation (RE), (5) fresh mass of roots and shoots, measured at experiment end, and
(6) dry mass of roots and shoots, measured after seedlings had been dried at 80oC for
24-hr. Seedlings were considered germinated when radicle was clearly visible and
extension was > 1 mm and mass of shoot measurements including all above ground
structures (i.e. shoots and leaves).
5.4 Cleaning
After mass and length measurements were completed, seeds and Petri dishes were
disposed of.
5.5 Statistics
Early growth response variables (e.g. root elongation, shoot elongation, root mass,
shoot mass) were statistically compared using Wilcoxon Rank Sum Tests (nonparametric test) for un-normally distributed data in Statistical Analysis System (SAS
Institute, 2002).
6.0 QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA
All procedures are subject to review by the Quality Assurance Unit.
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