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The fate of volatile organic compounds was evaluated in
a wastewater-dependent constructed wetland near Phoenix,
AZ, using field measurements and solute transport
modeling. Numerically based volatilization rates were
determined using inverse modeling techniques and hydraulic
parameters established by sodium bromide tracer
experiments. Theoretical volatilization rates were calculated
from the two-film method incorporating physicochemical
properties and environmental conditions. Additional analyses
were conducted using graphically determined volatilization
rates based on field measurements. Transport (with first-
order removal) simulations were performed using a range
of volatilization rates and were evaluated with respect
to field concentrations. The inverse and two-film reactive
transport simulations demonstrated excellent agreement
with measured concentrations for 1,4-dichlorobenzene,
tetrachloroethene, dichloromethane, and trichloromethane
and fair agreement for dibromochloromethane, bromo-
dichloromethane, and toluene. Wetland removal efficiencies
from inlet to outlet ranged from 63% to 87% for target
compounds.

Introduction
Constructed wetlands are a treatment alternative used to
improve the quality of municipal and industrial wastewater
effluents, agricultural and livestock operation runoff, and
nonpoint-source pollution including pesticides and acid mine
drainage (1-6). The primary transformation pathways af-
fecting the fate of trace organic compounds in aquatic systems
such as treatment wetlands include sorption, biotransfor-
mation, photolysis, and volatilization (7). Low levels of volatile
organic compounds (VOC) can persist in municipal waste-
water effluents and are of concern when released into aquatic
environments (8). Chlorination of wastewater effluents can
produce a variety of chlorinated and brominated VOC (9).
Surface-water constructed wetlands are typically designed
with large surface areas and alternating deep and shallow
zones, which increase solute contact with the air-water
interface, promoting VOC removal. Many wetland studies
have focused on long-term mass balance measurements of

inlet and outlet concentrations of biochemical oxygen
demand, ammonia, suspended solids, nitrogen, and phos-
phate (10-14). Fewer studies have focused on the behavior
of organic compounds (2, 15-17), and less work has been
done on the fate of VOC in treatment wetlands (18-21).

Deterministic, steady-state models have been used to
define kinetic rates based on first-order areal or volumetric
removal rates without focus on internal removal functions
(5, 22-24). Kadlec (25) noted the inadequacy of first-order
models at incorporating the strong correlation of removal
rates to hydraulic loading rate (HLR, volumetric flow rate
divided by surface area; 5) and initial concentration. Buch-
berger and Shaw (26) represented reactive transport in
constructed wetlands as a combination of nonideal plug flow
reactors and first-order decay rates. These techniques
illustrate the limitations of current research in linking wetland
hydraulics to removal pathways.

In this paper, we discuss the transport and volatilization
of VOC in a constructed wetland that receives secondary-
advanced, activated-sludge treated denitrified, chlorinated
municipal wastewater. Tracer test data were used to quantify
wetland hydrodynamics describing main channel transport
and associated transient storage interactions (27). VOC
removal was simulated using the OTIS (one-dimensional
transport with inflow and storage) solute transport model
(28) with inverse, theoretical, and graphical volatilization
rates. The simulations are presented as a means of quantifying
physical and chemical processes and to introduce a technique
for investigating reactive transport in constructed wetlands.

Methods
Site Description. The experiment was conducted at the Tres
Rios Demonstration Wetlands (29), located near the Salt River
in Maricopa County, southwest of Phoenix, AZ. The wetlands
were constructed in 1995 to process effluent from the City
of Phoenix 91st Avenue Wastewater Treatment Plant (WWTP).
The site consists of four individual 0.90-1.34-ha wetlands
that collectively receive 3780 m3 s-1 (1.0 MGD) of secondary-
advanced treated municipal wastewater (30). The Hayfield
1 (H1) wetland (Figure 1) was constructed on a former
agricultural field consisting of topsoil that curtails ground-
water seepage and has five internal sinusoidal deep zones
(1.5 m depth) alternating with shallow emergent vegetated
zones (0.5 m depth). Wetland flow was controlled through
60° v-notched inlet and outlet weirs. In June 1999, the H1
wetland contained ∼30% emergent vegetation consisting of
softstem bulrush (Schoenoplectus tabernaemontani) and
Olney’s bulrush (Schoenoplectus americanus) as well as
duckweed (Lemna spp.) growth on the deep zone water
surface (Table 1). The HLR was 15 cm d-1.

Field Sampling. Water samples were collected at the inlet
splitter box, in each deep zone, and at the wetland outlet of
the H1 wetland on February 16, 2000, for determination of
VOC (Figure 1). Quadruplicate water samples were collected
in 40-mL amber glass bottles. The bottles were submerged
to the midpoint of the water column and filled with no
headspace to prevent volatilization losses, preserved by the
addition of 0.5 mL of hydrochloric acid and 250 mg of ascorbic
acid, and stored at 4 °C until analysis. Water temperature
was 24.6 °C at the Hayfield inlet splitter box. Hourly wind
speed velocities were obtained 3 m above the ground from
the Arizona Meteorological Network Litchfield weather
gauging station located approximately 30 km away (http://
ag.arizona.edu/azmet/). The wind velocities averaged 1.2 m
s-1 with a range of 0.4-1.9 m s-1 on February 16, 2000.
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Laboratory Analysis. Water samples were analyzed for
VOC (31) by the U.S. Geological Survey National Water Quality
Laboratory (NWQL). The inlet splitter box sample was
analyzed using NWQL Schedule 2020 (86 compounds), and
the remainder of internal wetland samples were analyzed
using Schedule 2022 (34 compounds). A Tekmar model LSC
2000 concentrator with a Tekmar Aquatek automatic purge-
and-trap unit was used to bubble helium through a 25-mL
aliquot of the environmental sample. A VOCARB 3000 trap
containing 10 cm of (60/80 mesh) Carbopak B (Supelco), 6
cm of (60/80) Carboxen mesh, and 1 cm of (60/80 mesh)
Carboxen 1001 were used to trap the VOC. Compounds were
thermally desorbed into a Megabore (J&W DB-624, 75 m ×
0.53 mm i.d.) capillary gas chromatography column inter-
faced with a Hewlett-Packard model 5971/5972 gas chro-
matograph/mass spectrometer (subambient oven-cooling,
jet separator). The VOC were identified using standard
reference materials and comparing retention times and
relative ion ratios of the mass spectra.

Modeling
Solute Transport. The physical and chemical processes
governing solute transport and volatilization in the wetland
were quantified using measured field data and the OTIS
model (28). OTIS has been used extensively in stream and
river systems (32-34), but only recently has it been applied
to quantify the effects of transient storage on conservative
and reactive transport in constructed wetlands (27, 35). For
this application, the concentrations of reactive (volatile)
compounds are assumed to be relatively steady state over
long time periods. On shorter time scales, however, WWTP
effluents have diel variations in content resulting from daily
fluctuations of influent composition. The governing equation
for the main channel at steady state is therefore (28):

where Q is volumetric flow rate (m3 s-1), A is main channel
cross-sectional area (m2), C is concentration in the main
channel (µg L-1), x is distance (m), D is longitudinal dispersion
coefficient (m2 s-1), qevap is rate of evaporation (m3 s-1 m-1),
and kvol is volatilization rate coefficient for the main channel
(s-1).

Conservative Transport. A sodium bromide tracer ex-
periment was conducted in the H1 wetland during June to
July 1999, 7 months prior to the VOC field survey. The
operational conditions of the 1999 tracer experiment are given
in Table 1. The H1 wetland had 30-cm shallow zone depths
and about 30% vegetation coverage during both the June
1999 and February 2000 field experiments. The hydrologic

conditions during the VOC field survey differed slightly from
the H1 bromide tracer test with the winter season having a
0.94-cm (10%) difference in reference evapotranspiration
relative to the mid-summer conditions. Although, conserva-
tive transport parameters (Table 1) directly depend on the
amount of water present in the system, it is assumed that the
difference between the water budgets of the two sampling
events did not substantially influence the transport char-
acteristics. Therefore, the bromide tracer test results and the
steady, nonuniform water budget provide a basis to describe
the hydrologic conditions during the VOC sampling. The
bromide tracer test breakthrough curve (Figure 2) was used
to quantify the physical processes affecting solute transport
in the wetland, and the resulting conservative transport
parameters were estimated by comparing transport simula-
tions with measured tracer data (Table 1). Details of the
parameter estimation techniques are presented elsewhere
(27).

FIGURE 1. Hayfield 1 wetland (DZ ) deep zone, HS ) Hayfield site,
I ) inlet, O ) outlet, WWTP ) wastewater treatment plant).
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TABLE 1. Hydraulic and Transient Storage Parameters for the
Hayfield 1 Wetland Bromide Tracer Test, June to July 1999
(27)a

Physical
basin length (m) 228
basin width (m) 60
no. of deep zones 5
no. of shallow zones 6
shallow zone depth (cm) 30
bulrush (%) 30

Measured
Qin (m3 s-1) 2.19 × 10-2

Qout (m3 s-1) 1.70 × 10-2

Qevap (m3 s-1) 1.52 × 10-3

Qinf (m3 s-1) 3.34 × 10-3

design volume (m3) 6760
HLR (cm d-1) 15
HRT (d) 3.89

Modeled
A (m2) 24.2 (( 0.21)
D (m2 s-1) 9.97 × 10-3 (( 2.35 × 10-4)
As (m2) 3.90 (( 0.26)
R (s-1) 9.00 × 10-7 (( 1.35 × 10-7)
a Qin ) average daily volumetric inflow rate; Qout ) average daily

volumetric outflow rate; Qevap ) average daily evaporation volumetric
flow rate; Qinf ) average daily infiltration volumetric flow rate; HLR )
hydraulic loading rate; HRT ) hydraulic retention time; A ) main channel
cross-sectional area; D ) longitudinal dispersion coefficient; As ) storage
zone cross-sectional area; R ) storage zone exchange coefficient. Values
in parentheses represent parameter standard deviation.

FIGURE 2. Bromide tracer test breakthrough curve and OTIS model
simulation for the Hayfield 1 wetland, June 24-July 6, 1999 (27)
(HRT ) hydraulic retention time)
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Reactive Transport. Solute transport within the wetland
results in significant contact with the air-water interface
promoting volatilization reactions. Reactive simulations were
therefore conducted using OTIS to quantify the effects of
first-order volatilization on VOC transport using the physical
transport parameters estimated from the bromide tracer data
and inverse, two-film, and graphically determined volatiliza-
tion rates.

VOC Mass Balance. Mass removal (% removal) within the
wetland was calculated for each VOC as 100(Cin - Cout)/Cin

where Cin is inlet deep zone (IDZ) concentration (µg L-1) and
Cout is outlet deep zone (ODZ) concentration (µg L-1). VOC
mass flux to the atmosphere was calculated as the difference
between the mass loading rate and the export rate corrected
for mass and flow loss (11%) to groundwater infiltration.
VOC mass loading and export rates (g d-1 ha-1) were
calculated as VOC mass in (86.4QinCin) and mass out
(86.4QoutCout) normalized to wetland surface area (1.34 ha),
where Qin is the average daily volumetric inflow rate
(m3 s-1) and Qout is the average daily volumetric outflow rate
(m3 s-1).

Inverse Reactive Simulations. Inverse modeling simula-
tions were conducted to calculate volatilization rates
(kvol,inverse) from field VOC measurements. Parameter estima-
tion to determine first-order removal rates producing the
closest correspondence between simulated and observed
concentrations was facilitated by OTIS-P, a nonlinear least
squares approach to minimize differences between simulated
and observed concentrations (28). Corresponding inverse
half-life values, (t1/2,inverse) were calculated from ln(2)/kvol,inverse,
which includes a 95% confidence interval as a measure of
parameter regression variability.

Two-Film Reactive Simulations. The two-film theory of
volatilization was used to mathematically describe molecular
diffusion across laminar aqueous and gas boundary layers
at the water surface (7, 36-38). The two-film first-order
volatilization rate coefficient, kvol,2-film, was calculated by
distributing the overall rate of transfer of a compound through
both boundary layers, kwo (cm s-1), over the entire depth of
the water column, Y (cm) (7):

The kwo parameter is a function of transfer velocity through
the air layer, va,comp (cm s-1), and transfer velocity through
the water boundary layer, vw,comp (cm s-1). The rate of mass
transfer through the air layer is influenced by the ideal gas
constant, R (0.082 atm L mol-1 K-1), temperature, T (K), and
the compounds Henry’s law constant, KH (atm L mol-1). Table
2 lists the relevant physicochemical properties (39, 40) for
the VOC detected in the field sampling.

The transfer velocity in the water layer of each compound
of interest, vw,comp, was calculated as a function of diffusion
relative to an oxygen molecule (7):

where vw,oxy is the transfer velocity of an oxygen molecule
through the water layer (cm s-1), Dw,comp is the diffusivity
coefficient of a compound of interest in the water layer (cm2

s-1), and Dw,oxy is the diffusivity coefficient of an oxygen
molecule in the water layer (cm2 s-1).

The diffusivity coefficient through the water layer (Dw) of
an oxygen molecule (Dw,oxy) and each compound of interest
(Dw,comp) was calculated by (41):

where µw is the water viscosity at temperature T (10-2 g cm-1

s-1) and Vh is the molar volume (cm3 mol-1).
The vw,oxy parameter depends primarily on the wind

velocity (7):

where uz is wind velocity (m s-1) recorded at vertical distance
z (m) above the water surface. Increased wind velocity
decreases the thickness of the water and air boundary
layers, which causes a proportional rise in the rate of vola-
tilization.

The transfer velocity of each compound of interest in the
air layer (va,comp) was estimated as a function of diffusion

TABLE 2. Molecular Weight (m), Molar Volume (Vh), Henry’s Law Coefficient (KH), Inlet Deep Zone Concentration (Cin), Laboratory
Reporting Limit for Long-Term Method Variability, Percent Removal at the Outlet, and Mass Flux to the Atmosphere of VOC
Detected in the Hayfield 1 Field Sampling on February 16, 2000

compound
m

(g mol-1)
Vh a

(cm3 mol-1)
KH

b

(atm L mol-1)
Cin

(µg L-1)
lab reporting
limit (µg L-1)

removal at
outlet (%)c

atmos flux
(g d-1 ha-1)

Target VOC
bromodichloromethane 163.8 94.7 2.12 2.16 0.05 83.4 2.47
dibromochloromethane 208.3 97.1 0.78 0.77 0.18 86.5 0.91
1,4-dichlorobenzene 147.0 132.5 2.40 0.74 0.05 65.5 0.69
dichloromethane 84.9 71.4 3.25 0.87 0.38 63.3 0.78
tetrachloroethene 165.8 128.0 17.70 0.48 0.10 65.4 0.45
trichloromethane 119.4 92.3 3.67 4.45 0.05 66.4 4.19
toluene 198.5 186.7 6.64 0.23 0.05 63.4 0.21

Low-Level VOCd

benzene 78.1 90.7 5.55 0.01 0.04 31.1 0.01
chlorobenzene 112.6 111.6 3.77 0.03 0.03 0.04
diethyl ether 74.1 103.6 1.23 0.10 0.17 37.1 0.06
ethylbenzene 106.2 135.1 7.88 0.01 0.03 0.01
methyl-tert-butyl ether 88.2 125.8 0.59 0.13 0.17 39.8 0.08
trichloroethene 131.4 107.1 9.85 0.07 0.04 58.9 0.06
1,2-xylene 106.2 135.1 5.18 0.02 0.04 39.3 0.01
1,3- + 1,4-xylene 106.2 135.1 7.18 0.02 0.06 20.8 0.01

a LeBas molar volume (39). b Measured Henry’s law coefficient (KH) (40). c Removal (%) calculated as (Cin - Cout)/Cin × 100. d Compounds detected
at concentrations near or below laboratory reporting level.

vw,comp ) vw,oxy[Dw,comp

Dw,oxy
]0.5

(3)

Dw ) 13.26 × 10-5

µw
1.14Vh0.589

(4)

vw,oxy ) (4 × 10-4) + (4 × 10-5)[ 10.4uz

ln(z) + 8.1]2

(5)

kvol,2-film )
kwo

Y
) 1

Y[ RT
KHva,comp

+ 1
vw,comp]-1

(2)

VOL. 38, NO. 7, 2004 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 2211



relative to a water molecule (7):

where va,H2O is the transfer velocity of a water molecule
through the air layer (cm s-1), Da,comp is the diffusivity
coefficient of the compound of interest in the air layer (cm2

s-1), and Da,H2O is the diffusivity coefficient of a water molecule
in the air layer (cm2 s-1).

The diffusivity coefficient in the air layer (Da) of a water
molecule (Da,H2O) and each compound of interest (Da,comp)
was calculated by (42):

where mair is the average molecular mass of air (28.97 g mol-1),
m is the compound molecular mass (g mol-1), P is the gas-
phase pressure (1 atm), and Vhair is the average molar volume
of gases in air (20.1 cm3 mol-1).

The va,H2O parameter depends primarily on the wind
velocity (7):

As the average wind speed increases, the gas-film thickness
decreases resulting in a faster va,comp value.

Reactive simulations were performed using kvol,2-film (eq
2) for each VOC in order to evaluate the suitability of
theoretically calculated volatilization rates in conjunction
with experimentally determined hydraulic transport param-
eters. Two-film half-lives (t1/2,2-film) were calculated from two-
film volatilization rates (kvol,2-film) independent of wetland
hydraulics (i.e., ln(2)/kvol,2-film).

Graphical Reactive Simulations. Reactive simulations were
carried out using graphically determined volatilization rates
(kvol,graph). To calculate kvol,graph for each VOC, field measure-
ments were converted from distance to time using a fractional
distance and flow estimate at each sample location. The flow
at any location within the wetland (Qx) was estimated as a
linear function of distance:

where qevap (Qevap/wetland length) is the rate of evaporation
(m3 s-1 m-1), qinf (Qinf/wetland length) is the rate of
groundwater infiltration (m3 s-1 m-1), Qevap is the average
daily evaporation volumetric flow rate (m3 s-1), and Qinf is
the average daily infiltration volumetric flow rate (m3 s-1).
An average flow (Qavg,x) between the inlet and a sample
location at a distance x was estimated by Qavg,x ) 0.5(Qin +
Qx). A corresponding average velocity (uavg,x) was calculated
by normalizing flow to the main channel cross-sectional area
(A) such as uavg,x ) Qavg,x/A. Finally, a travel time to each
sample location (tx) was calculated by x/uavg. The graphical
approach was used to determine volatilization rates (kvol,graph)
based on the slope of a ln(C/Co) versus travel time plot of
VOC field measurements, where Co is the initial concentra-
tion, and associated half-life values (t1/2,graph) were calculated
based on ln(2)/kvol,graph.

Results
VOC Measurements. Table 2 lists the VOC detected in the
H1 wetland. A complete compilation of VOC measurements
are presented elsewhere (43). Only 7 of the 34 compounds
measured were detected at concentrations substantially

above detection limits and are referred to as target VOC.
Laboratory reporting limits (Table 2) represent the long-term
variance of multiple instruments, multiple operators, and
multiple calibrations over an extended time. From the
wetland inlet (IDZ) to the outlet (ODZ), concentrations were
substantially reduced (63-87%) for 1,4-dichlorobenzene,
tetrachloroethene, dichloromethane, trichloromethane, bro-
modichloromethane, dibromochloromethane, and toluene.
The atmospheric flux of target VOC ranged from 0.21 g d-1

ha-1 for toluene to 4.19 g d-1 ha-1 for trichloromethane.
Table 2 also lists VOC detected in field samples at

concentrations near detection limits, referred to as low-level
VOC. Concentrations were reduced by 21-59% from the IDZ
to the ODZ for benzene, diethyl ether, methyl-tert-butyl ether,
trichloroethene, 1,2-xylene, and 1,3- + 1,4-xylene. Between
the IDZ and the third deep zone (DZ3), concentrations of
chlorobenzene were reduced by about 68% and ethylbenzene
was reduced by 14%. The low-level VOC atmospheric fluxes
ranged from 0.01 g d-1 ha-1 for benzene to 0.08 g d-1 ha-1

for methyl-tert-butyl ether.
Concentration reductions from the inlet splitter box to

the IDZ reflect VOC removal as the wastewater travels over
the inlet weir and undergoes turbulent mixing before entering
the wetland through a subsurface pipe. The brominated
compounds such as bromodichloromethane, dibromochloro-
methane, and tribromomethane had 63-68% removal be-
tween the inlet splitter box and the IDZ. Tribromomethane
concentrations were further reduced by 50% from the IDZ
to the first deep zone (DZ1). Concentrations of benzene were
reduced by 29%, chlorobenzene by 58%, and trichloro-
methane by 46% between the inlet splitter box and the IDZ.
The inlet splitter box sample contained 12 additional VOC
that were not measured in the other wetland samples:
acetone (9.62 µg L-1), 2-butanone (1.66 µg L-1), bromochloro-
methane (0.31 µg L-1), carbon disulfide (0.25 µg L-1),
dibromomethane (0.11 µg L-1), chloromethane (0.22 µg L-1),
4-methyl-2-pentanone (0.19 µg L-1), 1,2,3-trichloropropane
(0.06 µg L-1), chloroethane (0.06 µg L-1), 1,2,4-trichloroben-
zene (0.04 µg L-1), hexachloroethane (0.02 µg L-1), and 1,4-
isopropyltoluene (0.01 µg L-1).

Volatilization Simulations. Volatilization is the primary
removal mechanism for 1,4-dichlorobenzene, tetrachloro-
ethene, dichloromethane, trichloromethane, bromodichloro-
methane, and dibromochloromethane in aquatic systems
(44). Secondary removal pathways include reductive dechlo-
rination, biodegradation, sorption, and plant uptake. Figure
3 shows results for inverse, two-film, and graphical volatil-
ization simulations as well as measured concentrations
for 1,4-dichlorobenzene, tetrachloroethene, bromodichloro-
methane, and toluene. The physical transport parameters
were used in conjunction with kvol,inverse, kvol,2-film, and kvol,graph

(Table 3) to simulate transport and first-order volatilization
reactions.

Target VOC. Figure 3A,B shows excellent agreement with
all three simulations and 1,4-dichlorobenzene and tetra-
chloroethene measured concentrations. The inverse simula-
tion (67% removal) had the closest correspondence to
measured concentrations (66% removal) for 1,4-dichloro-
benzene. The two-film simulation slightly overestimated
1,4-dichlorobenzene removal (71%), and the graphical
simulation underestimated removal (64%). At the ODZ, the
tetrachloroethene inverse (70% removal), two-film (71%
removal), and graphical (62% removal) simulations had good
agreement with measured concentrations (65% removal).
However, the tetrachloroethene measured outlet concentra-
tion does not decrease at the same rate as the other internally
measured concentrations. Analysis of tetrachloroethene
concentrations at the fifth deep zone (DZ5) indicated
excellent agreement for the inverse (63% removal) and two-
film (64% removal) simulations with measured concentra-

va,comp ) va,H2O[Da,comp

Da,H2O ]0.6

(6)

Da )
(10-3)(T1.75)[ 1

mair
+ 1

m]0.5

P[Vhair
1/3 + Vh1/3]2

(7)

va,H2O ≈ 0.2[ 10.4uz

ln(z) + 8.1] + 0.3 (8)

Qx ) Qin - qevapx - qinfx (9)
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tions (63% removal), while the graphical simulation under-
estimated mass removal (55%).

The dichloromethane and trichloromethane measured
concentrations demonstrated almost identical behavior,
showing good agreement with all three simulations (data
not shown). For both dichloromethane and trichloromethane,
the inverse simulations (69% removal) had the best correla-

tion with field measurements (63% and 66% removal) at the
ODZ. The two-film simulation overestimated mass removal
for dichloromethane (77%) and trichloromethane (74%). In
contrast, the graphical simulation underestimated mass
removal for dichloromethane (58%) and trichloromethane
(60%).

The measured concentrations of bromodichloromethane
demonstrated faster removal between the IDZ and the second
internal deep zone (DZ2), which was most closely replicated
by the inverse simulation (Figure 3C). At DZ2, the inverse
simulation (53% removal) had the closest correspondence
with bromodichloromethane measured concentrations (61%
removal), while the two-film (37% removal) and graphical
(39% removal) simulation results deviated substantially from
field measurements. At the ODZ, the variability between the
methods was less, with the inverse (90% removal), two-film
(75% removal), and graphical (78% removal) simulations
having general agreement with measured concentrations
(83% removal) for bromodichloromethane. In a similar
manner, the dibromochloromethane simulation (data not
shown) demonstrated better agreement at DZ2 between
measured concentrations (70% removal) and the inverse
simulation (62% removal), while the two-film (35% removal)
and graphical (42% removal) simulations deviated signifi-
cantly. At the ODZ, the inverse (95% removal), two-film (73%
removal), and graphical (80% removal) simulations had
general agreement with the measured concentrations (87%
removal). The two-film and graphical simulations did not
reproduce the observed initial drop in concentration, and
the apparent agreement with outlet concentrations does not

FIGURE 3. Field concentrations and volatilization simulations showing the inverse, two-film, and graphical approaches for (A) 1,4-
dichlorobenzene, (B) tetrachloroethene, (C) bromodichloromethane, and (D) toluene (DZ ) deep zone, I ) inlet, O ) outlet).

TABLE 3. Inverse (kvol,inverse), Two-Film (kvol,2-film), and
Graphical (kvol,graph) Volatilization Rates for VOC Detected in
the Hayfield 1 Wetland

compound
kvol,inverse

(s-1)
kvol,2-film

(s-1)
kvol,graph

(s-1)

Target VOC
bromodichloromethane 9.40 × 10-6 5.54 × 10-6 5.99 × 10-6

dibromochloromethane 1.21 × 10-5 5.25 × 10-6 6.53 × 10-6

1,4-dichlorobenzene 4.42 × 10-6 4.85 × 10-6 4.05 × 10-6

dichloromethane 4.62 × 10-6 5.82 × 10-6 3.46 × 10-6

tetrachloroethene 4.81 × 10-6 4.93 × 10-6 3.88 × 10-6

trichloromethane 4.63 × 10-6 5.41 × 10-6 3.67 × 10-6

toluene 6.62 × 10-6 4.41 × 10-6 3.68 × 10-6

Low-Level VOC
benzene 1.64 × 10-6 5.45 × 10-6 1.69 × 10-6

chlorobenzene 8.17 × 10-6 5.11 × 10-6 8.48 × 10-6

diethyl ether 2.96 × 10-6 5.16 × 10-6 1.73 × 10-6

ethylbenzene 1.19 × 10-6 4.85 × 10-6 9.61 × 10-7

methyl-tert-butyl ether 1.67 × 10-6 4.79 × 10-6 2.08 × 10-6

trichloroethene 4.24 × 10-6 5.20 × 10-6 3.04 × 10-6

1,2-xylene 2.02 × 10-6 4.84 × 10-6 1.80 × 10-6

1,3- + 1,4-xylene 9.43 × 10-7 4.85 × 10-6 1.03 × 10-6
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accurately represent the internal behavior of the brominated
compounds.

The toluene inverse simulation demonstrated agreement
with internally measured concentrations (Figure 3D). At the
fourth deep zone (DZ4), the inverse simulation (66% removal)
had the best agreement with measured concentrations (65%
removal), while the two-film (52% removal) and graphical
(45% removal) simulations did not reproduce the rapid loss
of toluene in the initial stages of the wetland. However, at
the ODZ the measured concentrations (63% removal) had
better agreement with the two-film (67% removal) and
graphical simulations (60% removal) than the inverse simu-
lation (81% removal). The graphical method closely cor-
responded to the outlet concentration without detailing the
rapid mass loss internally observed in the wetland. The two-
film simulation did not account for all of the internal removal
observed in the wetland due to the assumption that
volatilization is the principal removal pathway. Toluene may
be susceptible to additional removal by biodegradation in
aquatic systems (44).

Low-Level VOC. The low-level VOC inverse simulations
demonstrated excellent agreement with field measurements,
good agreement with graphical simulations, and generally
deviated from the two-film simulations. The inverse simula-
tions had very good agreement with field measurements at
ODZ for benzene (inverse ) 32% removal vs field measure-
ment ) 31% removal), methyl-tert-butyl ether (34% vs 40%
removal), 1,2-xylene (39% vs 39% removal), and 1,3- + 1,4-
xylene (17% vs 21% removal); at DZ5 for diethyl ether (45%
vs 45% removal) and trichloroethene (58% vs 56% removal);
and at DZ3 for chlorobenzene (63% vs 68% removal) and
ethylbenzene (12% vs 14% removal). The two-film simulation
results overestimated mass removals calculated from mea-
sured concentrations for benzene (two-film ) 75% removal),
methyl-tert-butyl ether (71% removal), 1,2-xylene (71%
removal), and 1,3- + 1,4-xylene (71% removal) at ODZ; for
diethyl ether (66% removal) and trichloroethene (66%
removal) at DZ5; and ethylbenzene (45% removal) at DZ3,
with the exception of chlorobenzene, which was lower (47%
removal) at DZ3. The graphical simulations had good
agreement with measured concentrations and overestimated
removals for benzene (graphical ) 34% removal) and methyl-
tert-butyl ether (41% removal) at the ODZ; underestimated
removals for 1,2-xylene (35% removal) and 1,3- + 1,4-xylene
(19% removal) at the ODZ; and chlorobenzene (64% removal)
and ethylbenzene (9% removal) at DZ3. However, the
graphical simulations underestimated internal measured
concentrations for diethyl ether (28% removal) and trichloro-
ethene (46% removal) due to a higher ODZ concentration
than measured in DZ5.

VOC Half-Life Calculations. Target VOC. The inverse, two-
film, and graphical volatilization rates (Table 3) were
converted to half-life values (ln(2)/kvol) to provide an estimate
of relative residence time required for VOC removal via
partitioning to the atmosphere (Figure 4). The inverse
simulations include a 95% confidence interval for kvol,inverse

that was converted to error bars for each VOC t1/2,inverse. The
total 95% confidence intervals for the t1/2,inverse simulations
ranged from 6.7 to 11.9 h (16-49%) for target VOC with the
exception of toluene (20.1 h, 70%). Published volatilization
half-life values of 11-12 h for 1,4-dichlorobenzene (44), 0.3-
0.5 h for tetrachloroethene (45, 46), 0.3-0.4 h for dichloro-
methane and trichloromethane (45, 46), and 5.2 h for toluene
(47) significantly deviate from the wetland half-life calcula-
tions, likely due to the highly variable nature of surface and
bulk agitation characteristics in laboratory studies versus
the quiescent nature of flow regimes typical in wetland
systems.

The t1/2,2-film values illustrate VOC partitioning behavior
independent of wetland hydraulics (Figure 4). Similar

compound composition resulted in t1/2,2-film values averaging
37.5 ( 3.6 h for target VOC and 38.0 ( 2.7 h for all VOC
investigated. For 1,4-dichlorobenzene, tetrachloroethene,
dichloromethane, and trichloromethane, the t1/2,2-film values
ranged from 1 to 8.6 h (2-21%) shorter than t1/2,inverse values
and 0.7-3.5 h (2-10%) from the lower 95% confidence limit.
The t1/2,2-film values were longer than t1/2,inverse values by 14.3
h (70%) for bromodichloromethane, 14.8 h (68%) for dibromo-
chloromethane, and 14.6 h (50%) for toluene and were 8.1
h (30%), 14.1 h (63%), and 1.5 h (3.4%) longer than the upper
95% confidence limit.

The t1/2,graph values represent a classical mathematical
approach based on field concentrations and bulk hydraulic
characterizations. The t1/2,graph values ranged from 3.9 to 13.9
h (9-33%) longer than t1/2,inverse values and from 0.2 to 7.1 h
(0.4-14.6%) longer than the upper 95% confidence limit for
1,4-dichlorobenzene, tetrachloroethene, dichloromethane,
and trichloromethane (Figure 4). The t1/2,graph values were
longer than t1/2,inverse values for bromodichloromethane (57%)
and dibromochloromethane (35%) and were 20% and 31%
longer than the upper 95% confidence limit. For toluene, the
t1/2,graph value was 80% longer than the t1/2,inverse value and
24% longer than the upper 95% confidence limit.

Low-Level VOC. The half-life calculations for the low-
level compounds demonstrated similar trends to target VOC,
with the t1/2,inverse half-life values generally longer than t1/2,2-film

values and consistent with t1/2,graph values. The 95% confidence
interval had good agreement with the associated t1/2,inverse

values for trichloroethene (37%) and 1,2-xylene (17%) and
lesser agreement for benzene (55%), chlorobenzene (66%),
diethyl ether (71%), ethylbenzene (83%), and 1,3- + 1,4-xylene
(94%). For methyl-tert-butyl ether, the 95% confidence
interval (334.1 d) was the largest of any of the simulations
(t1/2,inverse ) 115.3 h,) due to field measurements that indicated
overall removal (from IDZ to ODZ) but larger internal
concentrations (DZ2, DZ3, DZ4) than observed at the inlet
deep zone (IDZ). The t1/2,2-film values were less than the lower
limit of the t1/2,inverse 95% confidence interval by 62% for
benzene, 25% for diethyl ether, 67% for ethylbenzene, 31%
for methyl-tert-butyl ether, 4% for trichloroethene, 55% for
1,2-xylene, and 73% for 1,3- + 1,4-xylene with the exception
of chlorobenzene, which was 108% higher than the lower
limit of the 95% confidence interval. The t1/2,graph values were
lower than t1/2,inverse values by 3% for benzene, 4% for

FIGURE 4. Half-life calculations for the inverse, two-film, and
graphical approaches for 1,4-dichlorobenzene, tetrachloroethene,
dichloromethane, trichloromethane, bromodichloromethane, dibro-
mochloromethane, and toluene. Error bars represent 95% confidence
interval for t1/2,inverse.
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chlorobenzene, 20% for methyl-tert-butyl ether, and 9% for
1,3- + 1,4-xylene. The t1/2,graph values were greater than t1/2,inverse

values by 72% for diethyl ether, 24% for ethylbenzene, 40%
for trichloroethene, and 12% for 1,2-xylene. Similar to target
VOC, the published volatilization half-life values of 4.8 h for
benzene (47), 9 h for chlorobenzene (44), 5-6 h for
ethylbenzene (44), 0.3-0.4 h for trichloroethene (45, 46), and
5.6 h for 1,2-xylene (47), are substantially shorter than
observed in the wetland.

Discussion
Transport simulations using the inverse and two-film vola-
tilization models illustrated good agreement for 1,4-dichloro-
benzene, tetrachloroethene, dichloromethane, and trichloro-
methane; the inverse volatilization simulations had the
best agreement with measured concentrations for all of
the compounds. Bromodichloromethane, dibromochloro-
methane, and toluene underwent a substantial drop in
concentration in the initial stages of the wetland that was
not characterized by the two-film or graphical methods. This
deviation suggests other processes influencing the bromi-
nated compound concentrations such as source variations.
For example, WWTPs typically have diel variations in
concentrations representing daily fluctuations in domestic
and commercial activities, and the inlet sample may represent
a time-dependent peak concentration that is greater than
concentrations in the later deep zone samples where the
daily concentration variations have been dampened by
dispersion. Likewise, toluene was susceptible to additional
removal pathways (biodegradation) not addressed by the
two-film method. For the low-level compounds, the inverse
and graphical simulation results had the best agreement with
measured concentrations, while the two-film simulation
results were generally substantially lower than outlet con-
centrations.

Overall, the inverse approach provided the most rigorous
analysis of volatilization by including the effects of evapora-
tion and groundwater infiltration on internal VOC levels.
The mass removals calculated from the inverse simulations
averaged 4% ( 7% higher than measured concentrations for
all VOC investigated. It should be noted that the kvol,inverse

values encompassed the rate of overall mass removal
regardless of the specific removal pathway. The two-film
method did not account for multiple removal pathways and
therefore served as a general indicator of target VOC behavior.
The mass removals calculated from the two-film simulations
had better agreement with observed concentrations (averag-
ing 6% ( 4% higher) for the chlorinated target VOC, than for
the brominated compounds which averaged 11% ( 4% lower
than measured concentrations. The graphical approach
introduced error by not considering the effects of all of the
hydrologic processes, specifically evaporation, on measured
concentrations and resulted in generally good agreement
with outlet concentrations and mass removal (3% ( 3%)
and less agreement with internal removal characteristics.
Although some of the simulations resulted in relatively
large percent deviations from observed values, all OTIS
model results were within 0.4 µg L-1 of measured concentra-
tions.

Volatilization rates for compounds in the constructed
wetland deviated substantially from published experimental
values. The range of environmentally relevant removal rates
emphasizes the importance of developing techniques to
accurately quantify the transport and fate of contaminants
in wastewater-dominated wetland systems. Difficulties arose
in extrapolating laboratory results to wetland conditions due
to the relatively low environmental concentrations (less than
10 µg L-1) and the variable nature of surface and bulk agitation
characteristics that ultimately determine volatilization rates.

Quiescent, slow-flow regimes prevailed in the constructed
wetlands at the Tres Rios facility (velocities ranged from 3.89
× 10-4 to 1.10 × 10-3 m s-1; 27), which results in longer field
half-life values than observed in laboratory experiments and
more turbulent stream systems. In the wetland, the HRT (94
h) was nearly three times longer than the average target VOC
t1/2,inverse value, allowing sufficient time for volatilization to
occur and the resulting substantial reduction of environ-
mental concentrations.

Theoretical models present a means of evaluating the
importance of volatilization relative to other transport and
fate processes but cannot be used as an absolute measure
of volatilization rates from natural waters. For example,
acetone (9.62 µg L-1) and 2-butanone (1.66 µg L-1) were
detected at substantial concentrations in the inlet splitter
box but were not target analytes in the wetland samples.
Without the availability of additional field data, a two-film
volatilization rate can be used in conjunction with hydraulic
transport parameters to provide an order-of-magnitude
estimation of compound residence time in the wetland. In
this application, the two-film simulation for acetone had a
61% mass removal (Cout ) 3.79 µg L-1) with a t1/2,2-film value
of 68.6 h, while the two-film simulation of 2-butanone had
a mass removal of 62% (Cout ) 0.63 µg L-1) with a t1/2,2-film

value of 66.0 h. The inverse and two-film simulation results
as well as the t1/2,inverse and t1/2,2-film values had good agreement
for chlorinated compounds and greater deviations for
brominated compounds.

Several of the detected VOC (trichloromethane, bromo-
dichloromethane, dibromochloromethane) are disinfection
byproducts (DBP) formed when chlorine reacts with the
dissolved organic carbon (DOC) in wastewater effluent (17,
48). DOC produced internally by the wetland vegetation (15)
was more reactive for production of DBP than DOC from the
91st Avenue WWTP (49). Water samples collected from the
Hayfield wetland inlet in 1998 (49) had concentrations of
trichloromethane, bromodichloromethane, dibromochloro-
methane, tetrachloroethene, tribromomethane, and trichloro-
ethene that were within a factor of 2 of those reported in this
study.

Constructed wetlands represent a complex system of
interconnected physical, chemical, biological, and hydro-
dynamic processes that vary with time and space. Inherent
difficulties arise by describing such complex systems using
numerical analysis of explicit design equations. Overall, the
model simulation results presented here demonstrate a
suitable approach for investigating VOC removal in con-
structed wetlands. The use of tracer test results together with
calculated and graphically determined volatilization rate
coefficients illustrate investigative techniques using varying
amounts of field measurements. Further analysis indicated
that two-film volatilization rates may be used as a general
indicator of VOC behavior in wetland systems in the absence
of field data. The simulations presented here validate the
application of stream modeling techniques to wetland
systems.
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