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TIDAL VERTICAL FLOW WASTEWATER
TREATMENT SYSTEM AND METHOD

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to wastewater
treatment systems and methods, and, more particularly, to
such systems and methods using bioremediation techniques.

2. Related Art

Engineered wetlands for wastewater treatment are known
to have three basic hydraulic configurations: surface flow
(SF), subsurface horizontal flow (SSHF), and vertical flow
(VF). The first two are believed the most common, and are
known to have significant design shortcomings. Even
though an early wastewater treatment wetland design uti-
lized vertical flow, design criteria are still considered experi-
mental for vertical flow wetlands. Surface-loaded, vertical-
flow wetlands are believed advantageous because surface
loading forces flow through the root zone.

The basic hydraulic flow path for VF wetlands is for
wastewater to be introduced at the wetland surface, pass
through media and plant roots, then to flow out of the
wetland via an underdrain system. Vertical flow wetlands are
often designed to have a period of filling followed by a
period of draining. When filled by wastewater, bacterial
metabolism within the media depletes dissolved oxygen,
producing anoxic or anaerobic conditions. As water drains,
air is drawn down into wetland media, which is important to
permit aeration of wetland media. Drain and fill cycles with
a period of approximately a day or less are termed tidal flow.
Previously known tidal flow systems are believed to have
poor denitrification performance, with the exception of a
reciprocating tidal flow system as taught by Behrends (U.S.
Pat. No. 5,863,433).

Subsurface horizontal flow wetlands tend to provide bet-
ter BODy and TSS treatment than SF wetlands. Despite this
advantage, both BODg and TSS effluent values from SSHF
wetland cannot reliably be expected to meet tertiary treat-
ment standards. Nitrification in SSHF wetlands is notori-
ously poor.

An advantage of SSHF wetland design is that with no
exposed water surface there is no place for disease vectors
to breed. In practice this advantage is often not realized
because of surfacing and ponding of wastewater resulting
from clogging of wetland media. Surfacing and ponding of
wastewater in SSHF wetlands is inherent to most designs.
Interstices in gravel media eventually fill with organic and
inorganic substances carried in or generated from the wet-
land influent. Channeling then occurs within the wetland
media, degrading treatment. Horizontal flow path velocities
are insufficient to carry inorganic fines and recalcitrant
organic materials through the media to the wetland outlet.
Typically, the inlet of the wetland will dog, forcing waste-
water to the surface. Although wastewater will eventually
submerge again into the downstream media, some ponding
is unavoidable in this situation. Vectors can breed in these
free wastewater surfaces.

With regard to the role of plants in SSHF wetlands, water
flows through the gravel media in which plants are rooted.
Contact of wastewater with plant roots has previously been
thought to play a significant role in treatment; however, there
is growing evidence that this is not the case. Results from
studies comparing vegetated and unvegetated subsurface
flow wetland treatment systems indicate that plants do not
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significantly impact treatment, even though there is strong
evidence that the presence of roots in SSHF wetlands
significantly affects the composition of microbial popula-
tions.

Findings of little or no contribution to treatment from
plant roots in SSHF wetlands probably arise from the
relationship between roots and media, and the growth char-
acteristics of roots. The treatment effect of roots is likely to
be poorly distinguished from that of media if the media
surface area is very large compared with that of plant roots.
Moreover, in subsurface horizontal flow wetlands roots tend
to grow little below the permanently wetted media surface,
creating only a shallow zone of root penetration. The greater
hydraulic resistance created by the plant roots reduces
wastewater flow in this zone. A dead zone frequently results
due to the deposition of organic material and the lack of
circulation and re-aeration in this zone. Obviously, the
potential treatment role of roots cannot be determined if
there is minimal root contact with wastewater.

Studies by Tanner et al. do provide convincing evidence
that plants can play a significant treat role in flood and drain
wetland cells. More research is required to further explore
the role of plants in treatment wetlands. The emerging
picture thus appears to be that the role of plants is sensitive
to wetland hydraulic regime. It is likely that media selection
also affects the apparent treatment role of plants.

Even though an early wastewater treatment wetland
design utilized vertical flow, design criteria are still consid-
ered experimental for vertical flow wetlands. Surface-
loaded, vertical-flow wetlands are believed advantageous
because surface loading forces flow through the root zone.

The basic hydraulic flow path for VF wetlands is for
wastewater to be introduced at the wetland surface, pass
through media and plant roots, then to flow out of the
wetland via an underdrain system. Vertical flow wetlands are
often designed to have a period of filling followed by a
period of draining. When filled by wastewater, bacterial
metabolism within the media depletes dissolved oxygen,
producing anoxic or anaerobic conditions. As water drains,
air is drawn down into wetland media, which is important to
permit aeration of wetland media. Drain and fill cycles with
a period of approximately a day or less are termed tidal flow.
Previously known tidal flow systems are believed to have
poor denitrification performance, with the exception of a
reciprocating tidal flow system as taught by Behrends (U.S.
Pat. No. 5,863,433).

Most work with VF wetlands has been done in Europe,
employing fine, sharp sand at the surface, underlain with
coarser media. Plants root in the fine sand. The low hydrau-
lic conductivity of the fine sand forces a temporary free
water surface. Slow percolation through the saturated sand
layer is thought to aid treatment. After completely draining,
the previously flooded wetland cell is allowed to rest for a
period, usually a few days, to permit reaeration of the sand
layer. Without reaeration the sand in the interstices would
eventually dog with accumulated wastewater constituents
and biomass growing on wastewater nutrients.

European VF wetland designs appear to provide superior
BOD, removal, nitrification, and total nitrogen removal than
SF and SSHF wetlands, but removal of TSS may be better
in SSHF wetlands. Some treatment wetlands are designed in
combination, employing a VF wetland for nutrient removal,
then followed by an SSHF wetland for TSS removal. Ver-
tically loaded wetlands in series, followed by SSHF
wetlands, have been investigated as well.

SUMMARY OF THE INVENTION

The present invention provides a system and method for
treating wastewater, for example, municipal, agricultural,
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and industrial wastewater, to a predetermined level of purity.
Another type of water that can be treated with the present
invention includes storm water runoff from agricultural,
suburban, and urban development.

The present invention comprises an integrated tidal ver-
tical flow marsh modular (TVFMM) treatment system and
associated methods. In a particular embodiment the prede-
termined treatment level may comprise advanced secondary
standards, which are defined as BODs=20 mg/L, TSS=20
mg/L, and NH;=5 mg/L.. Storm water is generally consid-
ered as weak wastewater, and herein the term wastewater is
intended to include storm water runoff.

A particular embodiment of a wastewater treatment sys-
tem according to the present invention, not intended to be
limiting, can include a vertical flow marsh cell that is
adapted to contain a first particulate media. The marsh cell
has a top surface, an outlet adjacent a bottom thereof, and
means for supporting plants so as to permit roots thereof to
extend into the first media. The roots and the first media are
thereby positioned to contact water flowing into and down-
ward through the marsh cell.

The system also comprises a subsurface horizontal wet-
land that is adapted to contain a second particulate media
and to support vegetative growth upon a top surface thereof.
Again, this permits the roots to extend into the second
media, so that the roots and the second media are positioned
to contact water flowing substantially horizontally and
downward through the wetland.

Means are provided for transporting water to be treated
and water exiting the marsh cell outlet to a top surface of the
wetland adjacent a first end thereof. Means are also provided
for recycling water from an outlet adjacent a bottom of the
wetland adjacent a second end to the marsh cell top surface.
The second end is generally opposed to the first end. Means
are further provided for discharging treated water from the
wetland outlet.

Another aspect of the system is for improving a perfor-
mance of a subsurface horizontal flow wetland wastewater
treatment device. This system may be used, for example, to
retrofit onto an existing SSHF wetland, and comprises a
vertical flow marsh cell as above, and means for transporting
water exiting the marsh cell outlet to a top surface of the
wetland adjacent a first end thereof. Means are also provided
for recycling water from a wasteland outlet adjacent a
second end.

Alternate embodiments of these systems further include
the first and the second media and plants positioned in the
wetland and marsh cells.

A first method of the present invention, for treating
wastewater, comprises the step of exposing wastewater to be
treated to a first environment that is substantially anaerobic/
anoxic. Next water is transported from the first environment
to a second environment that contains a negatively charged
surface to which ammonia ions can adsorb. The adsorbed
ammonia ions are then aerated by exposure thereof to
atmospheric oxygen when the second environment is
drained, permitting nitrification of the ammonia ions into
nitrate ions. The second environment is then flooded to
permit the nitrate ions to desorb into bulk water, which is
transported back to the first environment. In the first
environment, the nitrate ions are exposed to bacterial res-
piration to yield nitrogen gas.

A second embodiment of a method of the present inven-
tion is for improving a performance of a substantially
anaerobic/anoxic subsurface horizontal flow wetland waste-
water treatment device. This aspect comprises the step of
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transporting water from the wetland to a second environ-
ment that contains a negatively charged surface to which
ammonia ions can adsorb. The adsorbed ammonia ions are
then aerated by exposure thereof to atmospheric oxygen
when the second environment is drained, thereby permitting
nitrification of the ammonia ions into nitrate ions. Next the
second environment is flooded to permit the nitrate ions to
desorb into bulk water, which is then transported back to the
wetland, where the nitrate ions are exposed to bacterial
respiration to yield nitrogen gas.

A third embodiment of a method of the present invention
serves to improve consumption of human pathogens by
incorporating a lagoon between the discharge of the wetland
and final discharge of system effluent. Zooplankton within
the lagoon consume biological particles of the size classes
that comprise human pathogens. The lagoon may also serve
to equalize recycle flow and store irrigation water.

The features that characterize the invention, both as to
organization and method of operation, together with further
objects and advantages thereof, will be better understood
from the following description used in conjunction with the
accompanying drawing. It is to be expressly understood that
the drawing is for the purpose of illustration and description
and is not intended as a definition of the limits of the
invention. These and other objects attained, and advantages
offered, by the present invention will become more fully
apparent as the description that now follows is read in
conjunction with the accompanying drawing.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a plan view of an exemplary layout of the system
of the present invention.

FIG. 2 is a cross-sectional view of an embodiment of the
system of the present invention in passive flow mode.

FIG. 3 is a cross-sectional view of a below-ground
installation of a marsh cell of the present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

A description of the preferred embodiments of the present
invention will now be presented with reference to FIGS.
1-3.

System Elements

A preferred embodiment of the present invention com-
prises a system 10 that includes a vertical flow marsh cell 11
in fluid communication with a subsurface horizontal flow
wetland 12. The system 10 may be installed as depicted, or
the marsh cell 11 and associated components may be added
to an existing wetland 12 (“retrofit”) to improve the perfor-
mance thereof. Preferably, depending upon the site
characteristics, the system 10 may comprise a plurality of
marsh cells 11 shown here as three marsh cells 11,114,115,
configured in parallel, although this is not intended as a
limitation. As these are substantially identical, only one
marsh cell 11 will be described herein. In another embodi-
ment (FIG. 3), a below-round system 10' with a marsh cell
11' is depicted.

In a preferred embodiment, the marsh cell 11 comprises a
substantially impermeable basin 15 that is adapted to contain
a first particulate media 13 and wetland plants 14 positioned
atop the first media 13, and the marsh cell outlet comprises
a bottom drain collection system 16. In a particular embodi-
ment wherein the marsh cell 11 is installed above ground
(FIG. 1), the basin 15 may comprise a modular, prefabri-
cated unit. The means for transporting water exiting the
marsh cell outlet 16 can comprise a drainage siphon 20.
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Above-grade marsh cell positioning is attractive for ease
of installation and the ability to use gravity drain siphons 20,
which obviate the need for process pumping except for the
recycle pump. This simplicity of hydraulic design is
economical, and presents opportunities in regions where
complex or high capital cost treatment technologies are not
practicable or desirable.

In the case of a below-ground basin 15', as shown in FIG.
3, the means for transporting water exiting the marsh cell
outlet 16' may comprise, for example, a level sensor 17
positioned within the basin 15', and an automatic valve
assembly 18 actuated by the level sensor 17 (FIG. 3). The
means for transporting water exiting the marsh cell outlet 16
may comprise, for example, a drain pump 19.

Selection of marsh media is critical to proper hydraulic
design. Vertical flow wetlands previously known in the art
are known to clog, as a result of excessive organic loading,
typically those having fine sand and soil media. Among
these are the standard European design, which employs fine
sand that requires prolonged resting periods after loading
and draining to avoid clogging. These periods range from
several hours to days. Therefore, fine sand is inappropriate
for tidal vertical marsh design because of the long obligatory
drained resting periods. The first media 13 used in the
present invention preferably comprises aggregates no
smaller than one-millimeter (d;,) nominal diameter for
tertiary treatment and no smaller than four millimeters (d, )
nominal diameter for primary and secondary treatment. The
uniformity coefficient is preferably less than or equal to 4,
with a value of less than or equal to 2 preferred. In some
applications, high-porosity plastic media may comprise part
of the first media 13. Media specifications allow drained
resting periods as short a few minutes without significant
loss of hydraulic conductivity. In some embodiments the
first media 13 may comprise a plurality of layers of different
media.

The type of aggregate material selected can also increase
hydraulic conductivity. The preferred aggregate comprises
expanded shale. Expanded shale is produced by the baking
of shale in a rotary kiln at sufficient temperatures to induce
vitrification of semi-molten, steam-expanded shale, thereby
transforming shale into a lightweight ceramic product. The
advantage of expanded shale is that it has a low bulk density,
55 to 60 Ibs/ft>. Low bulk density permits easier penetration
by plant roots. Penetration of roots into expanded shale
aggregate wetland beds has been observed to extend beyond
two feet after only a few months of growth.

Preferably, the first media 13 in the basin 15 has a depth
21 from the top surface 22 to the basin bottom 23 that is less
than or equal to 5 feet. Deeper depths are technically
feasible, but unlikely to economically practical. Also pref-
erably the basin 15 has a depth 24 from a top 25 to the
bottom 23. A difference 26 comprising an operating depth is
then left between the basin depth 24 and the first media
depth 21 that is sufficient to permit the creation of a free
water surface above the first media’s top surface 22, typi-
cally less than or equal to 2 feet.

Water is discharged into the marsh cell 11 onto the first
media top surface 22 via a low-head distribution system 27.
Here a surface distribution system is not needed for the
purposes of evenly distributing influent evenly over the
marsh cell; rather, the purpose of the inlet system 27 is to
disperse the energy of pumped influent sufficiently to avoid
scouring of plants 14 and media 13. The inlet 27 is typically
configured as a low-head system for energy efficiency. An
example of a low-head distribution piping comprises a
large-diameter, slotted irrigation pipe such is known to be
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used in agricultural applications. An open-channel distribu-
tion system is another example of a low-head distribution
system.

Wetland plants 14 are positioned atop the first media’s top
surface 22 so as to permit their roots 28 to extend into the
first media 13. Thereby the roots 28 and the first media 13
are positioned to contact water flowing into and downward
through the marsh cell 11, with the roots 28 tending to
prevent clogging.

A second major element of the system 10 comprises a
subsurface horizontal flow wetland 30, which, as discussed
above, can be installed contemporaneously with the marsh
cell 11 or can have been previously installed. The wetland 30
extends from a first end 31 in fluid communication with the
marsh cell outlet 16 and entering wastewater Q, to a second
end 32, at which is positioned an outlet 33 adjacent the
bottom 34.

Influent enters the wetland from two sources: first distri-
bution piping 35 containing incoming wastewater to be
treated Q, and second distribution piping 36 containing
water exiting the marsh cell 11. In both cases the influent is
distributed across the wetland’s first end 31. The influent
flows by gravity to the outlet 33 at the second end 32, from
which at least some of the water Q, proceeds to a sump 37
containing a recycle pump 38. Axial flow propeller pumps
and airlift pumps are examples of low-head hydraulic con-
veyance machinery usable as recycle pumps 38. Overflow
discharge Q,_,, from a discharge outlet 50 in the sump 37
comprises the system effluent.

The wetland 30 itself typically comprises a basin 39
adapted to house a second particulate media 40. Again,
wetland plants 41 are positioned on the top surface 42 of the
media 40, so as to permit the roots 43 to extend into the
second media 40. Thus the roots 43 and the media 40 are
positioned to contact water flowing substantially horizon-
tally and downward from the top surface 42 at the first end
31 to the outlet 33 at the bottom 34 at the second end 32,
illustrated schematically in FIG. 1 with the vertical scale
exaggerated as a hydraulic grade line 44.

The flow-through capacity of the wetland 30 is not limited
by the hydraulic conductivity of the engineered aggregate
bed. Fine gravel (d,,=8 mm) and medium gravel (d,,=32
mm) comprise the size range commonly specified for media
40 in SSHF wetlands. The hydraulic conductivity of these
media 40 when clean are 16,400 ft/d and 32,800 ft/d,
respectively. Design hydraulic conductivity of these media
40 for wastewater treatment applications is reduced by 90%
to 1,640 ft/d and 3,280 ft/d, respectively. A reduction in
design hydraulic conductivity of ~67% has been recom-
mended in the literature. These drastic safety factors are in
part due to the reduction of the effective media porosity by
plant roots and tubers, but reduction in porosity is mostly
due to entrapment of influent solids in media pore spaces and
by the accumulation of biofilms that reduce the mean pore
diameter.

The hydraulic capacity of a subsurface horizontal flow
wetland 30 receiving recycle flow may be of concern for
some retrofit designs. Distribution of recycle flow over the
length of wetland 30 may be desirable in these instances.
Standard treatment wetland design uses a very conservative
fraction of the hydraulic conductivity of wetland media. It is
therefore likely that concerns of hydraulic capacity would be
readily addressed by increasing the slope of the hydraulic
gradient 44 for the horizontal flow path by alteration or
adjustment of the horizontal wetland outlet 33 structure.

A level-sensing device or timer linked to an electrome-
chanical or programmable logic controller may be used to






























