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(57) Abstract: A system for saturating a liquid with a gas followed by bubble-less delivery and mixing of the gas-saturated liquid

into a gas-unsaturated liquid wherein a biological process is occurring. The system comprises a gas-saturation unit which controllably

& communicates with a bioreactor unit containing a gas-unsaturated liquid wherein a biological process is occurring. The gas saturation
& unit comprises a sealable pressure-resistant vessel for receiving therein an unsaturated liquid and wherein the liquid is saturated with
a gas under pressure. The rate of introduction of gas-saturated liquid into the bioreactor unit is controllable to make it equivalent to
the rate of gas consumption by the biological process occurring in gas-unsaturated liquid contained within the bioreactor unit. The
invention is particularly useful for bubble-less gas delivery to open and closed bioreactor configurations for wastewater treatment

processes.
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BUBBLE-LESS GAS DELIVERY INTO LIQUID SYSTEMS

TECHNICAL FIELD

The present invention relates to the field of bubble-less gas delivery into

liquids, and more particularly, to saturation of liquids with gases for affecting

- processes in liquid systems.

BACKGROUND ART

While the invention is useful for-many applications, it is directed in

particular to the purification of contaminated water systems.

Nitrate contamination of water systems presents numerous significant
problems and issues for governments and industries around the world because of
the impacts on: (a) the avaiiability and supply of safe drinking water, (b)
ameliorating and reducing the effects of pollution on fragile ecosystems, and (c) |
the costs and liabilities associated with management of waste streams generated
by industrial processes and urbanization. The largest source of nitrate
contamination comes from intensive farming practices, primarily heavy
fertilization of crops and significant animal waste production in confined spaces.
Significant contamination also comes into water systems through discharges ﬁom
industrial waste streams and municipal sewage plants, and also from nitrogen
oxide emissions into the atmosphere from the burning of hydrocarbon fuels which

are consequently incorporated into precipitation.

The most common approaches to rémoving nitrates from water are based
on the use of microorganisms to convert nitrates into nitrogen gas through a series
of steps referred to collectively as denitrification. The biological treatment 6f
water is typically conducted and rﬁanaged within contained systems commonly
referred to as bioreactors. Suitable bioreactors for denitrification of water
encompass in sifu open-systems such as lagoons, ponds, and basins and open-top

digester tanks, ex situ open-system such as open-top digester tanks, and ex situ
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closed-systems such as tanks and other enclosed vessels. In both types of
bioreactor systems, denitrifying ﬁlicroorganisms may be grown in suspension in
the liquid or alternatively, may be attached to solid growth support media thereby ‘
thereby forming biofilms. Two denitrification approaches are commonly used for
water treatment i.e.: (a) heterotrophic denitrification whereiﬁ the microorganisms
require a supplied source of organic carbon to sustain their metabolic activities,
and (b) ahtotrophic denitrification wherein the microorganisms are able to

synthesize complex organic materials from simple inorganic compounds.

Heterotrophic denitrification is a common waste water treatment strategy
amenable to Eoth open and closed-system bioreactors. Heterotrophic
denitrification is very effective in nitrate removal as long as there is sufficient
organic carbon available to drive the proéess. Consequently, it is common practice
to add organié substrates such as alcohols, acetates, or waste plant debris from
food processing. The advantages include high substrate loading capaciﬁes and
generally rapid throughput rates. The disadvantages include the increased input
treatment costs associated with the added organic carbon donor substrates,
elevated sludge production and associated removal costs, organic carbon donor
residuals remaining in treated water thereby contribuﬁng to unpalatable odours
and tastes which require further post-denitrification treatments for clarification

and deodorization of denitrified water.

Autotrophic denitrification processes utilize autotrophic microorganisms
to reduce nitrates to nitrogen gas. Autotrophic microorganisms derive their energy
source from inorganic oxidation-reduction ‘react_ions with elements such as
hydrogen or reduced-sulfur compounds providing the requisite electron donor.
They utilize inorganic carbon compounds such as carbon dioxide and carbonate as
their carbon source. Consequently, autotrophic denitrification has two advéntages
over the heterotrophic process. First, autotrophic denitrification does not require
the addition of external organic carbon sources, which significantly lowers the
cost and post-treatment water problems associated with organic carbon donor
residuals. Second, autotrophic denitrification produces significantly less sludge

resulting in reduced costs associated with sludge removal and handling.
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Development of autotrophic denitrification processes has focused on fwo
primary electron donors, i.e., hydrogen gas or alternatively, sulfur—containing
compounds. However, hydrogen gas is difficult to handle-safely and economically
in large systems due to its low sblu_bility which results not only in low mass

5  transfer rates into microbial processes, but also rapidly dissipates into headspaces
above the liquid sysfems thereby causing potential explosion hazards.
Consequently, more efforts have been placed on developing systems and
equipmént for the use of sulfur-reducing microorgansims for autotrophic

denitrification in closed-system bioreactors.

10 Sulfuf-based autotrophic denitrification systems may use elemental sulfur
or alternatively, thiosulfate compounds as the electron donor. The sulfur
containing compounds are delivered in a slurried format to the denitrifcation
systems. ‘Such systems include fixed-bed bioreactors wherein the inorganic carbon
Sources are provided as granulated limestone, or as larger rock material

15 exemplified by lava rocks. In such systems, the microorganisms will form
biofilms on the surfaces of the granular substrates. Alternatively, sulfur-reducing
microoganisms fnay be kept in suspension by their use in bioreactors such as
fluidized bed digesters and continuous stirred tank reactors under aerobic or
anaerobic conditions wherein sulfur compounds are slurried. In these systems,

20  inorganic carbon may be supplied as pulverized limestone or altemnatively, as

 carbon dioxide gas. Disadvantages associated with eiemental sulfur-based
autotrophic denitrification using suspended microbial cultures, include poor
mixing and distribution of sulfur throughout liquid substrates in closed-system
bioreactors due to elemental sulfur’s low specific gravity, poor microbial culture

25  development and denitrification performance when influents contain relatively
low nitrate concentrations, a tendency to build-up concentrations of nitrites and
sulfates when influents contain higher nitrate concentrations to levels whereby
feedback inhibition of the denitrification process occurs thus limiting its
efficiency. Disadvantages associated with sulfur-reducing autotrophic

30 denitrification systems wherein the inorganic carbon is supplied in solid forms

include the inability to maintain constant high rates of denitrification over
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extended periods of time as the biofilms grow thicker and more dense around the

solid inorganic carbon sources. Therefore, costly scouring methods and equipment

must be employed to di'slodge and manage biofilm development and performance.

A further disadvantage with all sulfur-based autotrophic denitrification systems is
5 the production of malodorous hydrogen disulfide gas that must be collected and

reconverted into reusable forms of sulphate.

Therefore, despite the disadvantages associated with the use of hydrogen
gas for autotrophic denitrification, the use of hydrogen as an energy source for
autohydrogenotrophic microorganisms provides a commercially feasible and '

10  economic alternative for denitrification of water systems. Advantages of
hydrogen-driven denitrification include lower unit cost of electron donor, and

minimal concentration of residual donor.

With developing membrane technology, the bubble-less dissolution of
hydrogen into the water was made possible by using micro-porous membrane
15 diffusers. These membranes have been used to introduce the hydrogen to biofilms
and to suspended autohydrogenotrophic bacteria to drive denitrification.
However, although these membranes show very high hydrogen transfer rates
during start-up stages, there are numerous impediments that currently limit the
applications for membrane-based hydrogen delivery in long-term denitification

20 installations. The main limitations include:

1. The membranes are very fragile and any physical damage to the

membrane causes bubble formation and ineffective hydrogen delivery.

2. In cases where membrane diffusers are in direct contact with biological

medium, their mass transfer efficiency decreases.

25 3. Biofilms grown on membrane surfaces are usually thick thereby reducing ‘
the efficiency of hydrogen uptake as the biofilm expands. Furthermore,
scouring or sheering biofilms from the membrane surfaces is difficult due

to precipitation of inorganic compounds inside the biofilm mass.
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4. The hydrophobicity of the membranes change over time due to
condensation of water vapour inside the biofilm. The changes in
hydrophobicity of the membranes make them vulnerable to irreversible -

fouling.

SUMMARY OF THE INVENTION

The exemplary embodiments of the present invention, at least in preferred
fonﬁs, are directed to equipmeht, systems and methods for saturating liquids with
gases to concentrations significantly greater than the solubilities of the gases in
those liquids under ambient conditions, and then delivery of the gas-saturated
liquids into vessels or the like where the dissolved gas is to be consumed, e.g.

bioreactors to affect biological processes therein.

The inventors of the present invention have found that when a liquid
containing a gas dissolved therein under pressure i.e. the liquid is supersaturated
with the gas, is fed to a vessel which is operating at a lower pressure in which the
gas is utilized or consumed, gas bubbles will form only when the liquid in the
vessel has been saturated with the gas at the prevailing pressure. When the gas-
superséturated liquid is released to a vessel containing liquid that is not saturated
with the gas, the gas from the gas-saturated liquid introduced into the vessel] first
commingles with and saturates the liquid in the vessel and only then forms
initially microbubbles not visible to the naked eye followed by formation of largef
bubbles. If delivery of the dissolved gas is less than or equal to the uptake or
consumption of the gas in the vessel (e.g. consumption in a biological process),
substantially no bubbles will be formed in the vessel. The appropriate delivery
rate can be determined from a knowledge of or observation of rates of utilization
or consumption of the gas in the vessel, which allows appropriate rates to be
established for dissolving the gas and delivering the resulting gas-saturated liquid

solution to the vessel.

It should be realized that the term “vessel” as used herein should be given

a broad interpretation to include not only open or closed containers or tanks, but
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such other liquid reservoirs as ponds, lagoons or flowing bodies of liquid such as -

streams.

According to a preferred embodiment of the present invention, there is
provided a closed-system gas-saturation apparatus having a saturation tank, a
liquid inflow line, a.liquid feed pump connected into the liquid inflow line for
pumping and precisely regulating the flow of liquids therethrough into the ~ ~
saturation tank, a gas supply line, a gas supply valve for controlling the flow of
gas into the saturation tank, a liquid outflow line, a pressuré regulator valve
interconnected into the liquid outflow line for precisely controlling the flow of
liquid therethrough out of the saturation tank, a microprocessor, a pressure sensor
communicable with the microprocessor, and a dissolved gas sensor communicable
with the microprocessor. The saturation tank may optionally be fitted with a
mixing apparatus for commingling liquids and gases introduced into the saturation
tank, one or more drainage valves for removal of liquids from the saturation tank,
one or more pressure relief valves for releasing gases from the saturation tank’s
headspace, instrumentation for monitoring and. displaying selected physical and
chemical parameters within the saturation tank, and controlling devices
communicable with the microprocessor for electronically affecting operation of
the inflow liquid pump, gas supply valve, outflow pressure regulator valve, and
pressure relief valve. The liquid inflow line may optionally be fitted with a spray
nozzle attachment at its terminus into the saturation tank for dispersing a liquid
flow into a spray upon entry into the saturation tank. It is preferable that the
instrumentation and controlling devices are interconnected with, communicable
with and controllable by the microprocessor. Operation of the saturation unit
commences by pumping a liquid into the saturation tank while the outflow
pressure regulator valve is in an open position, until a selected volume is reached
under ambient conditions. The outflow pressure regulator valve is then closed and
a selected gas is introduced into the saturation tank under pressure and
commingled with the liquid. As the pressure within the tank increases with

addition of gas, the gas molecules will be prevented from bubbling through the

liquid to the headspace interface and dispersing into the saturation tank’s

headspace, but instead, will increasingly commingle with and integrate into the
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liquid molecules thereby saturating the liquid with solubilized gas. The degree of
saturation of the liquid with the gas can be precisely controlled and adjusted to
desired levels by monitoring the process with sensing devices concurrent with
electronic manipulation of the inflow liquid pump and gas supply, and optionally
with a pressure relief valve if so fitted. The saturated liquid may then be precisely
and controllably delivered from the saturation tank by microprocessor-controlled

operation of the liquid feed pump in cooperation with the pressure regulator valve.

According to a preferred aspect of the present invention, there is provided
a system for the generation, delivery and use in a biological process of liquids
saturated with a selected gas, made up of a closed-system gas-saturation unit '
connected to and communicating with a bioreactor, supplies of a selected liquid
and a selected gas to the saturation unit, supplies of one or more of liquid, gaseous
and solid feed stocks to the bioreactor, and controllable devices for the release /
removal of solid, liquid and gaseous products and by-products from the
bioreactor. The solid, liquid and gaseous products and by-products released /
removed from the bioreactor may be optionally released into ecosystems such as
waterways, onto terrain, or into the atmosphere, or alternatively, collected into
closed-systems for further processing for use in other industrial uses. Such
processing and industrial uses may optionally include recycling the products and
by-products back into the saturation unit and / or the bioreactor to further drive the
biological processes occurring within the bioreactor. This system is adaptable for
use with a variety of bioreactors including ex situ closed-system bioreactors.
Furthermore, this system may also be used in situ groundwater denitrification by
injecting supersaturated hydrogen into groundwater wherein microorganisms are
cultivated in a controlled manner and materials are converted or transformed via
specific metabolically mediated reactions commonly referred as bioprocesses.
Such ex situ closed-system bioreactors are exemplified by continuous stirred-tank
reactors, continuous flow stirred-tank reactors, plug-flow reactors, and fluidized-
bed reactors wherein parameters such as the compositions and inflow rates of
nutrients and feed stocks, temperature, pressure, pH, agitation of the liquid phase,
and rates of removal of products and by-products are precisely controlled by

instrumented monitoring electronically connected to and communicating with a
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microprocessor configured to controllably affect the operation of the inflow,
outflow, agitation and circulation control devices. Microbial growth in such
bioréactors may be suspended in the liquid phase, or alternatively, managed and
controlled to form biofilms on surfaces of physical supports. If so desired, solid
support systems may be added to the working volumes of the bioreactors to
facilitate the develobment of biofilms, and optionally as exemplified by micro-
porous hollow-fibre membrane filters, to provide means for separating metabolic
products and / or by-products from the bioreactor feed stocks. Alternatively, the
system provided by this embodiment is adaptable for use with in situ open-system
bioreactors commonly employed for open-system treatment of industrial waste
water, municipal waste and sewage, and contaminated ground water and
exeinpliﬁed by ponds, lagoons and open-top tanks and digesters. Furthermore, the
system provided by this embodiment is amenable for both aerobic and anaerobic
microbial processes occurring with bioreactors. It should be noted that regardless
of the type of bioreactor employed in this system, if so desired, the liquid supply
to the saturation unit may be drawn from the same source as the feed stock supply

to the bioreactor.

According to another preferred aspect of the present invention, there is

provided a method for controllably saturating liquids with selected gases for

~ delivery to bioreactors. The method provides a closed-system gas-saturation unit

consisting of a saturation tank, a liquid inflow line, a liquid pump connected into
the liquid inflow line for pumping and precisely regulating the flow of liquids
therethrough into the saturation tank, a gas supply line, a gas supply valve, a
liquid outflow line, a pressure regulator valve interconnected into the liquid
outflow line for precisely controlling the flow of liquid therethrough out of the
saturation tank, a microprocessor, a pressure sensor communicable with the
microprocessor, and a dissolved gas sensor communicable with the
microprocessor; The saturation tank may optionally be fitted with mixing
apparatus for commingling liquids and gases introduced into the saturation tank,
drainage valves for removal of liquids, pressure relief valves for releasing gases
from the headspace, instrumentation communicable with the microprocessor for

monitoring and displaying selected physical and chemical parameters within the
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saturation tank, and controlling devices are in;cerconnected with, communicable
with and controllable by the microprocessor for electronically affecting operation
of the inflow liquid purhp, gas supply valve, and the outflow pressure regulator
valve. A selected liquid is pumped into the saturation tank while the outflow
pressure regulator valve is in an open position, until a selected volume is reached
under ambient conditions. The outflow pressure regulator valve is then closed and
a selected gas is introduced into the saturation tank under pressure and
commingled with and integrated into the liquid. After fhe selected degree of
saturation is reached, the saturated liquid may be delivered from the saturation
unit by controllably opening the outflow pressure regulator valve. If so desired, a
constant supply of saturated liquid may' be delivered over extended vperiods from
the saturation unit by co-adjusting the outflow regulator valve in communication
with the controls for the gas supply and inflow liquid pump whereby constant
feeds of inflow liquid and gas are supplied in communication with the outflow
delivery of saturated liquid; As illustration of how this method may be practised,
under ambient atmospheric pressure and a temperature of 20°C, the maximum
solubility of hydrogen gas in watér is about 1.62 mg/L. Addition of hydrogen gas
into water contained in an open-system will result in hydrogen gas bubbles
formed wifhin the matrix of water molecules wherein the gas bubbles will
turbulently rise to the water surface and dissipate into the atmosphere. However,
when hydrogen gas is introduced into the closed-system saturation unit with the
pressure regulator valve closed and filled with water to a selected level, the
hydrogen molecules will be increasingly integrated into the water molecules as
increasing amounts of hydrogen gas are introduced under pressure into saturation
tank. It is possible with this method to attain concentrations of dissolved hydrogen
on the order of 16.2 mg/L and greater if so desired. It is possible to provide a
constant supply by controllably adjusting the flow rate of gas-saturated liquid
through the liquid outflow line in co-reference to the rate of gas supply and the

flow rate of liquid through the liquid inflow line.

According to a further preferred aspect of the present invention, there is
provided a method for supplying a flow of gas-saturated liquid to a bioreactor at a

rate controllably adjusted to the rate of biological consumption of the gas within
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the bioreactor, thereby avoiding loss of gas from the saturated liquid in form Vof
bubbles dissipating into the bioreactor head space. The saturation tank is equipped
with sensing devices and instrumentation for repeated or optionally, continual .
measurements and monitoring of the concentration of one or more solubilized
gases in the liquid added to and contained within the saturation tank. The gas
monitoring equipmént is electronically communicable with a microprocessor .
configured to communicate with and control the liquid feed pump, gas supply
valve ahd/or the pressure regulator valve. The bioreactor is equipped with sensing
devices and instrumentation in communication with the microprocessor for
repeated or optionally, continual measurements and monitoring of the
concentration of one or more solubilized gases in a liquid system contained within
the bioreactor. The bioreactor gas monitoring equipment is also electronically
communicable with a microprocessor configured to communicate with and
control the liquid feed pump whereby the rate of flow of gas-saturated liquid
through the outflow pressure regulator valve is modulated in response to

electronic signals received from the bioreactor and the gas-saturation tank.

According to another preferred embodiment of the present invention, there
is provided a system for saturating a liquid with a gas and delivery of the gas-
saturated liquid to a biological process, wherein the system comprises: (a) a
closed-system gas-saturation unit comprising a sealable vessel for saturating an
unsaturated liquid therein with a gas thereby producing a gas-saturated liquid, a
liquid feed supply line having a pump interconnected therein for pumping the
unsaturated liquid into the vessel, a gas supply for delivering the gas into the
vessel, and a gas-satufated liquid outflow line having a communicatingly
controllable pressure regulator valve interconnected therein, (b) a bioreactor unit
for containing a biological process therein, the bioreactor unit connected to the
gas-saturated liquid outflow line of the closéd-system gas-saturation unit and
commﬁnicating therewith the pressure regulator valve, and (c) a control means for
controlling release of gas-saturated liquid from the closed-system gas-saturation

unit through the pressure regulator valve into the bioreactor unit.
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According to yet another preferred erﬁbodiment of the present invention,
there is provided a system for saturating a liqﬁid with a gas whereafter the gas-
saturated liquid is delivered to a liquid system thereby affecting the liquid system,
the system comprising: (a) a closed-system gas-saturation unit comprising a
sealable vessel for saturating an unsaturated liquid therein with a gas thereby
producing a gas-saturated liquid, a liquid feed supply line having a pump -
interconnected therein for pumping the selected unsaturated liquid into the vessel,
a gas supply for delivering the selected gas into the véssel, and a gas-saturated
liquid outflow line having a communicatingly controllable pressure regulator
valve interconnected therein, and (B) a reactor unit for containing a liquid system
therein, the reactor unit connected to the gas-saturated liquid outflow line of the .
closed-system gas-saturation unit and communicating therewith the pressure

regulator valve,

According to a further preferred embodiment of the present invention,
there is provided a mefhod for affecting a biological process within a bioreactor,
the method comprising: (a) saturating an unsaturated liquid with a gas with a
pressure applied in a closed-system gas-saturation unit thereby producing a gas-
saturated liquid, and (b) controllably delivering the gas-saturated liquid to a
bioreactor receiving a liquid supply therein, the bioreactor containing a blologlcal '

process therein.

According to a further preferred embodiment of the present invention,
there is provided a method for denitriﬁéation of a nitrate-containing water supply,
the method comprising: (a) satufating an unsaturated liquid with a gas with a
pressure applied in a closed-system gas-saturation unit thereby producing a gas-
saturated liquid, and (b) controllably delivering the gas-saturated liquid to a
bioreactor receiving a supply of nitrate-containing water and containing a

biological denitrification process therein.
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BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be described in conjunction with reference to the

following drawing in which:
Fig. 1 is a schematic view of one embodiment of the present invention;

Fig. 2 is a graph showing dissolved hydrogen concentrations in water
circulating through the embodiment shown in F ig. 1 — Stage A shows results when
there is no mixing in the separator and no membrane scouring; Stage B shows the
saturator mixer on and no membrane scouring; Stage C shows the separator mixer

off and membrane scouring on (30 L/min);

Fig. 3 is a graph showing the denitrifying performance of the embodiment

shown in Fig. 1 and is a comparison of nitrate levels in the influent and effluent

- during treatment of synthetic waste water;

Al

Fig. 4 is a graph showing the concentrations of volatile suspended solids
(VSS) and total suspended solids (TSS) produced during treatment of synthetic

waste water with the embodiment shown in Fig 1;

Fig. 5 is a graph showing concentrations of soluble organic carbon (COD)
produced during treatment of synthetic waste water with the embodiment shown
in Fig 1;

Figs. 6a and 6b are graphs showing flux and pressure through, respectively,

first and second membrane filter units during treatment of synthetic waste water

with the embodiment-shown in Fig 1;

Fig. 7 is another graph showing the denitrifying performance of the
embodiment shown in Fig. 1 and is specifically a comparison on nitrate levels in
influent and effluent samples collected during treatment of municipal final

effluent;

Fig. 8 is a graph showing the concentrations of volatile suspended solids
(VSS) and total suspended solids (TSS) produced during treatment of municipal

final effluent with the embodiment shown in Fig 1; and
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Fig. 9 is a graph showing concentrations of soluble organic carbon (COD)

produced during treatment of municipal final effluent with the embodiment shown

in Fig 1.

BEST MODES FOR CARRYING OUT THE INVENTION

Embodiments of the present invention provide equipment, systems and
methods for saturating liquids with gases to concentrations significantly greater
than the gases’ solubility in those liquids under ambient conditions, and then
delivery of the gas-saturated liquids into vessels where the dissolved gas is to be
consumed. If the rate of delivery of the gas/liquid solution to the vessel is less
than or equal to the rate at which the gas is consumed or utilized in the vessel, gas
bubbles do not form in the vessel. In the following, the vessels are exemplified as

bioreactors, and the gases are intended to affect biological processes therein.

A specific embodiment of the water purification system of the present
invention is illustrated in Fig. 1 and comprises two separate units: a gas-saturation
unit 5 and a bioreactor unit 6, both units receiving a liquid feed from a liquid feed
storage tank 10. The gas-saturation unit 5 comprises a gas-saturation mixing tank
16 having a total volume of 8.5 litres (L), and is connected to a vliquid inflow line
11 and liquid outflow line 18. An electronically controllable liquid feed pump 12
is interconnected to liquid inflow line 11, and a pressure regulator valve 19 is
interconnected with liquid outflow line 18. A selected gas is controllably supplied
through an electronically controllable gas valve 15 to the gas-saturation mixing
tank 16 through a gas supply line 14 connected to a cylinder 13 which in this
example contains hydrogen gas. The gas-saturation mixing tank 16 is also
provided with a pressure sensor (not shown) electronically communicable with a
microprocessor 21 and a dissolved gas sensor (not shown) electronically
communicable with the microprocessor 21, the microprocessor 21 being
programmed or configured for cooperating with the sensors, the liquid feed pump
12 and the gas valve 15 for precisely controlling the pressure within the gas-

saturation mixing tank 16 and the degree of gas-saturation provided to the liquid
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contained therein, as well as the rate of feed of the gas-saturated liquid through
the pressure regulator valve 19-to the bioreactor 6. The gas saturation unit 5 is
optionally provided with an agitator 17 to agitate the liquid feed in mixing tank 16
while it is being saturated with gas. The gas-saturated liquid is controllably
released from the gas-saturation mixing tank 16 by outflow pressure regulator

valve 19,

The bioreactor unit 6 in this example is a closed-system reactor
comprising a cylindrical vessel 30 made of a light transparent weather-resistant
thermoplastic material (e.g. Plexiglass®) having a total volume of 10.1 L with a
working volume of 5.6 L, into which are fitted two hollow-fibre membrane filter
units 31a and 31b (Model ZW-I manufactured by Zenon Environmental Inc.,
3239 Dundas Street West, Oakville? Ontario, Canada L6M 4B2) each having a
nominal pore size of 0.04 um and a combined total surface area of 0.094 m’.
The bioreactor unit 6 is connected to a b_ioreactdr feed supply line 20 and to a
headspace pressure relief line 34 to which is fitted a pressﬁre regulator valve 35.
Liquid outflow line 18 from the gas—satﬁration unit § is connected fo the
cylindn'ca]i vessel 30. The hollow-fibre membrane filter units 31a and 31b are
connected to permeate outflow lines 36a and 36b into which permeate pumps 37a
and 37b are interconnected. A headspace gas recirculation line 32 is fitted into the
cylindrical vessel 30 and is interconnected with gas recirculation pump 33 for re-
circulating the headspace contents of bioreactor unit 6 into the hollow-fibre
membrane filter units 31a and 31b for providing from time to time in response to
excessive formation of biofilms, a scouring action to remove portions of biofilms
forming on the outer surfaces of the hollow-fibre membrane filter units 31a and
31b. Itis preferred that the gas recirculation pump 33, pressure regulator valve 35,
and permeate pumps 37a and 37b are communicable with the microprocessor 21

to enable electronic control of the scouring action.

A portion of the liquid feed, which in this example would be a wastewater,
is pumped from the liquid feed storage tank 10 to the gas-saturation mixing tank
16 through the liquid inflow line 11 by the liquid feed pump 12 concurrent with a
supply of hydrogen gas through gas supply valve 15 interconnected with gas
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supply line 14 from cylinder 13, thereby causing pressure to build-up in the gas-'
satﬁration mixing tank 16 and subsequently forcing the hydrogen gas molecules to
become increasingly integrated into water molecules thereby saturating the water
mocules with hydrogen gas. The liquid feed is preferably agitated during the gas
saturation procesé. When pressure within the gas saturation bmixing tank 16
reaches a preset level, the outflow pressure regulator valve 19 contr_ollably
releases the hydrogen-saturated wastewater through the liquid outflow line 18 into
the bioreactor unit 6. Bubble-less hydrogen gas delivery is achieved by delivering
the hydrogen-saturated liquid feed to the bioreactor unit 6 at rates approximately
equal to the rates of hydrogen uptake aﬁd metabolism by biological processes
ongoing within the bioreactor unit 6. Pressure and dissolved gas sensors (ﬁot
shown) communicable with the microprocessor 21 are provided within the
bioreactor vessel 30 to provide electronic feedback to the microprocessor 21 to
enable precis‘e electronic control for the operation of the liquid feed pump 12
thereby ensuring that the delivery of the gas-saturated liquid through the outflow
pressure regulator valve 19 interconnected with outflow line 18 does not exceed
the rate of utilization of the hydrogen by the biological processes occurring in the

bioreactor unit 6 under normal operating conditions.

Supplying hydrogen and nitrate (already present in the waste water) to the
bioreactor unit 6 provides conditions favourable for hydrogenotrophic denitrifying
microogalnismsvto proliferate within the wastewater liquid feed delivered to
bioreactor vessel 30 from storage tank 10. Hydrogenotrophic denitrifiers
metabolise hydrogen and nitrate present in the wastewater resulting in-the
conversion of nitrates to nitrogen gas. The biomass produced in bioreactor unit 6
is separated from the treated wastewater by the hollow-fibre membrane filter
units 31a and 31b. The headspace in cylindrical vessel 30 is filled with nitrogen
gas produced during denitrification, and is recycled through gas recirculation line
32 by gas recirculation pump 33 for mixing with wastewater contained within the
vessel 30 and for membrane scouring. Excess nitrogen gas is released
automatically to the atmosphere through pressure relief line 34 through the
operation of pressure relief valve 35. Eventually, the bioreactor is taken off-line

and cleaned to remove solids that build up during the process.
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Example 1

An experiment using the preferred embodiment of the present invention
illustrated in Fig. 1 was conducted to assess the mass transfer of hydrogen gas
5  from supersaturated water released from the saturation mixing tank 16 into
unsaturated water contained within the bioreactor unit 6. Pure Water contained in
storage tank 10 was pumped into the bioreactor vessel 30 after which, the
headspace in the bioreactor vessel 30 was filled with nitrogen gas. Hydrogen gas
was released from the gas cylinder 13 into the gas saturation mixing tank 16 until

10 a pressufé of 120 psi was reached. Then, water was pumped from the storage tank
10 into the gas saturation mixing tank 16 at a flow rate of 37 mL/min and was
continuously mixed by agitator 17. The working pressure of outflow regulator
valve 19 interconnected with liquid outflow line 18 was adjusted to 125 psi
thereby maintaining pressure within the gas satufation mixing chamber at 125 psi.

15  Hydrogen-saturated water was then controllably introduced to bioreactor unit 6 by
the outflow pressure regulator valve 19 through the liquid outflow line 18. At
steady-state conditions, the flow rate of the liquid feed pump 12 transferring water
from the storage tank 10 into the gas saturation mixing tank 16 was equal to the
flow rate of the hydrogen-saturated water released by outflow pressure regulator

20  valve 19 from the mixing tank 16 into the bioreactor vessel 30. The volume of

" water maintained in the bioreactor vessel 30 was kept constant with a float valve
38, which controlled flow of water from the storage tank 10 into bioreactor vessel
30. Hydrogen-saturated water from the gas-saturation mixing tank 16 and
unsaturated water from the storage tank 10 were commingled, mixed and _

25 circulated in the bioreactor vessel 30, while the headspace in the bioreactor vessel
30 was filled and maintained with nitrogen gas. Permeate emanating from the
bioreactor vessel 30 through hollow-fibre membrane filter units 31a and 31b was
pumped out of the bioreactor unit 6 by permeate pumps 37a and 37b at a flow rate
of 480 ml/min. The membrane filter units 31a and 31b were periodically scoured

30 by reversing the permeate pumps 37a and 37b thereby forcing permeate back

through the membrane filter units 31a and 31b into the bioreactor vessel 30. The
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dissolved hydrogen concentration of the commingled water circulating in the
bioreactor vessel 30 was monitored using an online dissolved hydrogen analyzer
in a closed-system (not shown). Dissolved hydrogen gas levels in supersaturated
water circulating in the gas saturation mixing tank 16 was measured by the
headspace methéd described by Schmidt et al. in Applied and Environmental
Microbiology Vol. 59 pages 2546-2551 (1993). Measurements were taken during
three stages of the study: (1) Stage A during which time water in the gas
saturation mixing tank 16 was not mixed and no membrane scouring was applied,
(2) Stage B during which time water in the gas saturation tank was agitated but no
membrane scouring was applied, and (3) Stage C during which time the water in
the gas saturation mixing tank was not agitated, but membrane scouring was

applied. -

Fig. 2 shows that the dissolved hydrogen concentration in commingled
water circulating in the bioreactor vessel 30 was maintained at steady-state
conditions. In the first part of the experiment i.e. Stage A, the agitator 17 was shut
off thereby not mixing Water'contained in gas saturation mixing tank 16 with the
hydrogen gas present in the headspace of tank 16. During this stage, the dissolved
hydrogen content in the bioreactor vessel was approximately 0.55 mg/L. In order |
to calculate the mass transfer efficiency, the dissolved hydrogen concentration in
the gas saturation mixing tank 16 was measured by taking samples from pressure
regulator valve 18 and was recorded as 7.18 mg/L. Hydrogen mass balance
calculations confirmed that 100% hydrogen delivery was achieved. During the
second part of the experiment i.e. Stage B, agitation of water in the gas saturation
mixing unit 16 did not affect its dissolved hydrogen contents. This was due to a
short retention time in the gas saturation mixing tank 16 thereby resulting in only
small mixing effects. During the third part of the experiment i.e. Stage C,_tﬁe
headspace gases in the bioreactor vessel 30 were circulated through the hollow-
fibre membrane filter units 31a and 31b at a rate of 30 L/min. The dissolved
hydrogen content in the bioreactor vessel 30 decreased from 0.55 mg/L to 0.2
mg/L indicating that the circulating headspace gases stripped out some portion of

the dissolved hydrogen gas from headspace within the bioreactor vessel 30. In the
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last step of the experiment i.e. the later part of Stage C, decreasing the flow rate of
water re-circulating through the bioreactor vessel 30 from 30 L/min to 15 L/ min

increased the dissolved hydrogen concentration from 0.2 to 0.25mg/L. .

5 Example 2

An experiment using the preferred embodiment of the preseht invention
illustrated in Fig. 1 was used to assess denitrification of a high-nitrate synthetic
wastewater. The synthetic wastewater was prepared by dissolving 25 mg L' NO;-
N, 1000 mg L' NaHCOs, 25 mg L' KH,PO,, 5 mg L' CaCl, 25 mg L'

10  MgSO47H;0 and 1 mg L' FeSO, in pure water. The storage tank 10 and the
bioreactor vessel 30 were filled with the synthetic wastewater while the gas
saturation mixing tank 16 was filled with hydrogen gas from gés cylinder 13 until
the pressure inside tank 16 was 120 psi. The synthetic wastewater transferred into
the bioreactor vessel 30 was then inoculated with wastewater-activated sludge

15 containing hydrogenotrophic denitrifying bacteria. The wastewater-activated
sludge was obtained from a municipal water treatment facility located in
Winnipeg, Manitoba, Canada. The working pressure of the outflow pressure
regulator valve 19 interconnected to the liquid outflow line 18 was adjusted to 125
psi thereby maintaining pressure within the gas-saturation mixing chamber 16 at

20 125 psi. The synthetic wastewater was then pumped from the storage tank 10 into
the gas-saturation mixing tank 16 wherein it was mixed by agitafor 17. After the
synthetic wastewater was supersaturated with hydrogen gas as determined by the
head space method described in Example 2, it was then released from the gas
saturation mixing tank 16 through the saturated feed outflow lihe 18 by the

25  outflow pressure regulator valve 19 into the bioreactor vessel 30 wherein the
supersaturated synthetic wastewater was commingled and mixed with the |
unsaturated synthetic wastewater which had been previously inoculated with
wastewater-activated sludge containing hydrogenotrophic denitrifying bacteria.
Concurrent with the introduction of the supersaturated synthetic wastewater into

30 the bioreactor vessel 30, the flow rate of synthetic wastewater from the storage

tank 10 into the bioreactor vessel 30 was set at 17 mL min”' while the flow rate of
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synthetic wastewater from the storage tank 10 into the gas saturation mixing tank
16 was set at 16 mL min™' and was maintained at this rate for the duration of the
study. A constant volume of wastewater was maintained in the bioreactor vessel
30 by the float valve 38 which regulated the flow of synthetic wastewater from the
storage tank 10. The delivery of high concentrations of hydrogen and nitrate into
the bioreactor vessel 10 stimulated metabolism and proliferation by the
hydrogenotrophic denitrifying bacteria thereby converting nitrate into nitrogen gas
which accumulated in the headspace of the bioreactor vessel 30 from where it was
periodically recycled through gas recirculation line 32 into the hollow-fibre
membrane filter units 31a and 31b by the gas recirculation pump 33. The recycled
nitrogen gas was forced from the interior to the exterior of the hollow-fibre .
membrane filter units 31a and 31b thereby: (a) scouring from the outer surfaces of
the filters any biofilms that may have been formed there by the hydrogenotrohic
denitrifying bacteria, and (b) facilitating the mixing and turbulence of the
synthetic wastewater contained within the bioreactor vessel 30. When the
headspace gases were not being recycled through the membrane filter units 31a
and 31b, denitrified water diffused from the bioreactor vessel 30 through the
membrane filter units 31a and 31b thereby separating the denitrifying bacteria
from the treated water which is also referred to as permeate. The permeate was ‘
removed from the bioreactor vessel 30 through permeate outflow lines 36a and
36b by permeate pumps 37a and 37b into a permeate holding tank 39 and then
released through effluent outflow line 40. The venting of excess nitrogen gas
formed in the headspace of the bioreactor vessel 30 was controlled through the

pressure relief line 34 by the pressure regulator valve 35.

Fig. 3 shows that the water purification treatment system of the present
invention was effective in complete removal of nitrates from the synthetic
wastewater feed. The synthetic wastewater influent coming from the storage tank
10 was 25mg L' NO;-N with a loading rate of 0.11 kg N m>d". However, NO;-
N was not detected in effluent samples collected from the permeate holding tank
39 throughout the 75-day duration of the study. Furthermore, no nitrite
accumuiation was observed. The dissolved hydrogen concentrations in the

effluent samples ranged between 0.05 to 0.1 mg L.
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Fig. 4 shows the concentrations of volatile suspended solids (VSS) and
total suspended solids (TSS) measured during the 7‘5-day duration of the study.
The average value for the VSS component was 803+ 108 mg I and the average
value for the TSS component was 1033 + 166 mg 1. Based on a solids retention .
time of 20 days, fhe calculated yield of VSS in this system was 0.36 mg per mg N
removed. The inorgénic fraction of TSS was attributed to the precipitation of Ca®*
with phosphate and/or carbonate ‘ions, thereby creating calcium-phosphate or
calcium-carbonate solids. Cations such as Ca** and Mg®* normally present in
water can precipitate basic anions, such as hydroxide, carbonate, phosphate,
mono-hydrogen phosphate and di-hydrogen phosphate. Minerals with higher
pKso, such as Cas (PO4);0H, Caz (PO4); and CaCO; have iower solubilitiés, and

- therefore are expected to be the major contributors to the inorganic fraction of

TSS. It should be noted that solubility of precipitated materials is pH dependent as

higher precipitation of inorganic compounds is expected at higher pHs.

Fig. 5 shows that the concentrations of soluble organic carbon (COD) in
both the influent and the effluent streams of synthetic wastewater were nearly
identical during the course of this study. The data indicate that the influent
contained some COD. It is likely that the tap water used to prepare the synthetic
wastewater contained small quantities of natural organic matter and/or
disinfection by-products produced during chlorination of municipal tap water. The
COD present in the effluent inay have originated from soluble microbial pioducts 4
(SMP) produced during denitrification or alternatively, may have been the result
of organic carbon carryover from the synthetic wastewater feed. A simple test was
conducted to test if the organic carbon in the feed was possibly rejected by the
membrane. The test results showed that almost all of the soluble organic carbon in

the feed passed through the membrane filter units 31a and 31b.

During autotrophic denitrification processes, generation of organic carbon
occurs due to release of SMP. SMP are considered to contain utilization-
associated products (UAP) and biomass-associated products (BAP). UAP are
associated with substrate metabolism and biomass growth and are produced at

rates proportional to substrate utilization, which in this study, was the
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denitrification rate. BAP are associated with biomass decay and are produced at
rates proportional to biomass concentrations. In order to assess the fate of organic
carbon, the biodegradability kinetics of organic carbon is required. The
degradation of organic carbon requires heterotrophic activity. Despite the
autotrophic condition in the reactor, the degradation of SMP in the reactor is
possible. It has been found that all of hydrogen-dependent denitrifies are:
mixotrophic as they are able to use inorganic carbon under autotrophic and
organic carbon under heterotrophic conditions. SMP are slciwly biodegradable and
the kinetics of their degradation under aerobic conditions are well understood.
However, SMP have high saturation coefficients and low utilization rates and |
therefore, SMP require long hydraulic retention times for significant
biodegradation to occur. Furthermore, when the nitrates serve as the electron
acceptors, the rates of degradation are further reduced. The assumption was made
in the study that SMP degradation would not occur to a significant extent during
the three-hour hydraulic retention time. To confirm the assumption, the waste
biomass from the reactor vessel 30 was transferred to a batch reactor system and
spiked with supplemental nitrate. Nitrogen gas was bubbled into the batch reactor
system to provide anoxic conditions. Because the SMP was the only electron
donor, t_hé rate of nitrate consumption would provide evidence of biodegradation
of SMP. However, only a small amount of nitrate was consumed during the 3- |

hour test period thereby showing the assumption made above was valid.

The water purification system of the present invention as illustrated in Fig.
1 shows the two separate membrane filter units 31a and 31b submerged in the
closed bioreactor vessel 30. Figs. 6a and 6b show the flux and trans-membrane
pressure respectively of the two membrane filter units 31a and 31D at steady state
conditions during the 75-day duration of this study. Both membrane filter units
31a and 31b were operated under repeating cycles of a 5-minute filtration interval
and a 30-second backwash interval. Since the water purification system was a
“closed” system, the trans-membrane pressure was not only affected by fouling
and cake formation within the bioreactor vessel 30, but also by flow conditions

and headspace pressure within the bioreactor vessel 30. Figs. 6a and 6b show that
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the flux and trans-membrane pressures in the membrane filter units 31a and 31b
were not the same during the course of the study. The first membrane filter unit
31a started with higher flux values and magnitudes of flux increases, and
gradually reached a steady condition after about 5 weeks of continual operation
(Fig. 6a). The second membrane filter unit 31b startéd with relatively steady flux
and flux values decreased over time (Fig. 6b). These results were hpt expected
since the first membrane filter unit 31a operated under higher flux conditions and
was therefore subjected to greater fouling pressures. However, the data collected
can be explained as a consequence of flow rates. The initial increase in the flux of
the first membrane filter unit 31a was due to a chemical pre-cleaning treatment
pﬁor to the start of the study. It was experimentally found that chemically cleaned
membranes show more resistance at the start up and gradually achieve higher
flux. This might be due to change in polarity of the membrane and biofilm

formation on the membrane.

The constant trans-membrane pressure in the first membrane filter unit 31a
(Fig. 6a) can be explained by the concept of critical flux. Critical flux is defined '
as a flux below' which the membrane fouling does not occur. The critical flux is
related to different factors such s hydrodynamics and scouring rate. The data in
Fig. 6a suggest that the first membrane filter unit 31a operated under critical flux
conditions thereby resulting a minimal fouling. The data in Fig. 6b indicate that
the second membrane filter unit 31b operated under lower flux conditions in
comparison to the first membrane filter unit 31a and therefore, the second
fnembrahe filter unit 31 b was subjected to greater fouling pressures. This fouling
was found to be the consequence lower rates scouring supﬁlied to the second
membrane filter unit 31b. Subéequent measurements confirmed that the nitrogen
(headspace) scouring rate of the first membrane filter unit 31a was 18 L min™ as
compared to a scouring rate of 12 L min ! for the second membrane filter unit 31b
thereby showing the impact of membrane scouring processes on membrane

operation and foﬁling.
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Exampie 3

The preferred embodiment of the present invention illustrated in Fig. 1
was used to assess denitrification of a final effluent containing high nitrate levels
produced by a municipal water treatment facility located in Winnipeg, Manitoba,
Canada. The storage tank 10 and the bioreactor vessel 30 were filled with the |
municipal final effluent, while the gas-saturation mixing tank 16 was filled with
hydrogen gas from gas cylinder 13 until the pressure inside the gas saturation tank
16 was 120 psi. The municipal final effluent transferred into the bioreactor vessel
30 was then inoculated with wastewater-activated sludge containing
hydrogenotrophic denitrifying bacteria. The wastewater-activated sludge was ‘
oBtained from the same municipal water treatment facility. The working pressure
of the outflow pressure regulator valve 19 interconnected to the liquid outflow
line 18 was adjusted to 125 psi, thereby maintaining pressure within the gas
saturation mixing chamber at 125 psi. Municipal final effluent was then pumped
from storage tank 10 into the gas saturation mixing tank 16 wherein it was mixed
by agitator 17. After the municipal final effluent was supersaturated with
hydrogen gas as determined by the head space method described in Ekample 2,it
was then released from the gas saturation mixing tank 16 through the saturated
feed outflow line 18 by the outflow pressure regulator valve 19 into the bioreactor
vessel 30 wherein the supersaturated municipal final effluent was commingled
and mixed with the unsaturated municipal final effluent which had been
previously inoculated with wastewater-activated sludge. Concurrent with the
introduction of the supersaturated municipal final effluent into the bioreactor
vessel 30, the flow rate of municipal final effluent from the storage tank 10 into
the bioreactor vessel 30 was set at 17 mL min™ while the flow rate of municipal
final effluent from the storage tank 10 into the gas-saturation mixing tank 16 was

set at 16 mL min”' and maintained at this rate for the duration of the study. A

constant volume of municipal final effluent was maintained into bioreactor vessel

by the float valve 38 which regulated the flow of municipal final effluent from the
storage tank 10. The delivery of high concentrations of hydrogen and nitrate into
the bioreactor vessel 10 stimulated metabolism and proliferation by the

hydrogenotrophic denitrifying bacteria thereby converting nitrate into nitrogen gas
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which accumulated in the headspace of the bioreactor vessel 30 from where it wés
periodically recycled through gas recirculation line 32 into the hollow-fibre
membrane filter units 31a and 31b by gas recirculation pump 33. The recycled
nitrogen gas was forced from the interior to fhe exterior of the hollow-fibre
membrane filter units 31a and 31b thereby: (a) scouring from the outer surfaces of
the filters any biofilms that may have been formed there by the hydrogenotrohic
denitrifying bacteria, and (b) facilitating the mixing and turbulence of the
municipal final effluent contained within the bioreactor vessel 30. When the
headspace gases were not being recycled through the membrane filter units 31a
and 3 1b, denitrified water diffused from the bioreactor vessel 30 through the .
membrane filter units 3 la'and 31b thereby separating the denitrifying bacteria
from the treated water which is also referred to as permeate. The permeate was
removed from the bioreactor vessel 30 through permeate outflow lines 36a and
36b by permeate pumps 37a and 37b into a permeate holding tank 39 and then
released through effluent outflow line 40. The venting of excess nitrogen gas
formed in the headspace of the bioreactor vessel 30 was controlled tllrough
pressure relief line 34 by pressufe regulator valve 35. The two membrane filter
units 31a and 31b were operated under repeating cycles of a 5S-minute filtration
interval and a 30-second backwash interval. The bioreactor unit 6 was operated at
room temperature (25-28°C) with an SRT of 20 days and HRT of 3 hours. Bofh
influent and effluent were sampled and analyzed for nitrate, nitrite, total and
soluble chemical oxygen demand, pH, alkalinity, true colour, turbidity, hardness,
total dissolved solids and total coliforms. The mixed liquor from the reactor was
analyzed for volatile and total suspended solids and soluble COD. These analyses
were performed according to Standard Methods (APHA, 1998). The dissolved
hydrogen in the permeate tank was monitored using an Orbisphere online

dissolved hydrogen analyzer.

Fig. 7 shows that the water purification treatment system of the present
invention was effective in complete removal of nitrates from the municipal final
effluent. The municipal final effluent coming from the storage tank 10 contained
33+4 mg L "' NO;-N with a loading rate of 0.14 kg N m* d . However, NO;-N

was not detected in the effluent samples collected from the permeate holding tank
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39 throughout the 75-day duration of the study. Furthermore, no nitrite
accumulation was observed. The dissolved hydrogen concentration in the effluent

ranged between 0.03 to 0.1 mg L ™.

Fig. 8 shows the concentrations of volatile suspended solids (VSS) and
total suspended solids (TSS) measured during the 75-day duration of the study.
The average value for the VSS component was 1127+ 235 mg L™ and the average
value for the TSS component was 1645 + 327 mg L.

Fig. 9 shows that the organic carbon content of the effluent (17+4 mg L™
as COD) was consistently lower than that of the influent feed. The organic carbon
removal was mostly achieved by membrane rejection. The organic carbon which
passed through the membrane filter units, could either originate from the

incoming feed or from SMP produced during denitriﬁéation.

Table 1 shows the effects of the water purification system of the present
invention on various parameters used to assess water quality. Soluble and total
organic carbon levels, dissolved organic carbon, turbidity, hardness and total
dissolved solids were substantially reduced while nitrates and coliform bacteria
were non-detectable in effluent samples collected from the permeate holding tank
39.
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Table 1:

Parameters . " Measurement unit Influent Effluent
Soluble COD mgL" 399 17+4
Total COD O mgLt | ewl4 | 174
Dissolved organic Carbon mgL"™ N 165:t3 9+0.3
Dissolved Hydrogen mgL™ 0 - 0.1£0.03
Nitrate . mgNL-1 - 334 0
“Alkalinity | mgCaCO,L" | 237437 30848
pH : - 78404 9.320.14
o, R —, ........................ s 0162005
True Color .: Hu ¢ 30 25+5
e R i Rt o e o
Total Dissolved Solids ~ mgL” . 580£100 | 76%20
Total Coliform . CFU/100ml = 2x10° . ND

While a particular exemplary embodiment of the present invention has
been described in the foregoing, it is to be understood that other embodiments are
5  possible within the scope of the present invention and are intended to be included
herein. In view of numerous changes and variations that will be apparent to
persons skilled in the art, the scope of the present invention is to be considered

limited solely by the appended claims.

10



WO 2006/060897 PCT/CA2005/001817
27

CLAIMS:
1. Anapparatus for saturating a liquid with a gas and delivcry of the gas-
saturated liquid to a biological system, comprising:

a gas-saturation unit having a sealable vessel for holding a gas and a liquid
under pressure, a liquid feed for introducing a liquid into the
vessel, a gas feed for introducing a gas into the vessel, a gas-
saturated liquid outflow for liquid saturated with said gas, and a
pressure regulator valve operatively associated with said liquid
outflow;

a bioreactor unit for containing a biological system therein, said bioreactor
unit being connected to said gas-saturation unit via said gas-
saturated liquid outflow downstream of said valve; and

a controller for regulating release of said gas-saturated liquid from the gas-

saturation unit into the bioreactor unit.

2. An apparatus according to claim 1 wherein the gas-saturé.tion unit is
| provided with a controllable liquid feed pump in communication with said
controller and a controllable gas valve in communication with said controller for

codperatingly creating a pressure therein the sealable vessel.

3. An apparatus according to claim 1 wherein the gas-saturation unit is
provided at least one pressure sensor and at least one dissolved gas sensor, said

sensors configured for communicating with said controller.

4, An apparatus according to claim 1 wherein the bioreactor unit is provided
at least one pressure sensor and at least one dissolved gas sensor, said sensors

configured for communicating with said controller.

5. An apparatus according to any of claims 2 to 4 wherein the controller is
configured to concurrently communicate with the gas-saturation unit and the
bioreactor unit while said controller is regulating the release of gas-saturated

liquid from the gas-saturation unit into the bioreactor unit.
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6.  ‘An apparatus according to any of claims 1 to 5 wherein the bioreactor is a
closed-system bioreactor. '
7. An apparatus according to claim 6 wherein the closed-system bioreactor is

selected from the group consisting of continuous stirred-tank reactors, continuous
flow stirred-tank reactors, plug-flow reactors, fluidized-bed reactors, said reactors

equipped with external re-circulating lines having pumps interconnected therein.

8. An apparatus according to claim 7 wherein the closed-system bioreactor is
equipped with a physical support for the development of a biofilm for the

biological process contained therein.

9. An apparatus according to claim 8 wherein the physical support is a |

membrane filter unit.

10.  An apparatus according to claim 9 where in the membrane filter unit is a

hollow-fibre membrane filter unit.

11.  An apparatus according to any of claims 1 to 10 wherein the biological

process is a denitrification of a nitrate-containing water supply.

12.  An apparatus according to claim 11 wherein the denitrification biological |

process is a hydrogenotrophic denitrification biological process.

13.  An apparatus according to any of claims 1 to 12 wherein the gas supply is

a hydrogen gas supply.

14. A method for affecting a biologic;al process within a bioreactor, the
method comprising: '
saturating a selected liquid with a selected gas by a pressure applied within
a closed-system gas-saturation unit thereby producing a gas-
saturated liquid; and '
controllably delivering the gas-saturated liquid to a bioreactor receiving a
liquid supply therein, the bioreactor containing a biological process

therein the liquid supply.
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15. A method according to claim 14 wherein the unsaturated liquid is drawn
from the liquid supply to the bioreactor. '
16. A method according to claim 14 wherein the rate of release of gas'-

saturated liquid from the gas-saturation unit to the bioreactor unit is limited to a
rate equal to or less than the rate of consumption of the gas by the biological

process occurring within the liquid supply contained within the bioreactor unit.

17. A method according to claim 16 wherein the rate of gas consumption by
the biological process occurring within the liquid supply is calculable from
repeated measurements of the dissolved gas concentration in said liquid supply

contained within the bioreactor unit.

18. A method according to claim 17 wherein the rate of release of gas-
saturated liquid from the gas-saturation unit to the bioreactor unit is equal to or
less than the calculated rate of gas consumption by the biological process

occurring within said liquid supply contained within the bioreactor unit.

19. A method according to any of claims 14 to 18 wherein the biological

process is a denitrification process.

20. A method according to any of claims 14 to 19 wherein the biological

denitrification process is a hydrogentrophic denitrification process.

21. A method according to any of claims 14 to 20 wherein the gas is hydrogeﬁ
gas.
22. A method for denitrification of a nitrate-containing water supply, the
method comprising: ‘
saturating a liquid with a gas by a pressure applied in a closed-system gas- '
saturation unit thereby producing a gas-saturated liquid; and
* controllably delivering the gas-saturated liquid to a bioreactor receiving a
supply of nitrate-containing water and containing a biological

denitrification process therein.
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23.  An apparatus for saturating a liquid with a gas whereafter the gas-saturated
liquid is delivered to a liquid system thereby affecting a biological process
occurring within the liquid system, the apparatus comprising:

a closed-system gas-saturation unit comprising a sealable vessel for
séturating a selected liquid contained therein with a selected gas
thereby producing a gas-saturated liquid, a liquid feed supply line
having a controllable pump interconnected therein fbr controllably
pumping the liquid into the vessel, a gas supply having a valve
interconnected therein for controllably delivering the gas into the
vessel, and a gas-saturated liquid outflow line having a pressure
regulator valve interconnected therein; A

a reactor unit for containing a liquid system therein and for controilably
releasing liquid therefrom, the reactor unit connected to the gas-
saturated liquid outflow line of the closed-system gas-saturation |
unit and communicating therewith the regulator valve; and

a controller for regulating release of said gas-saturated liquid from the gas- .

saturation unit into the reactor unit.



PCT/CA2005/001817

WO 2006/060897

1/9

'] 81



WO 2006/060897

Fig. 2:

Dissolved hydrogen

Stage A

219

Stage B

PCT/CA2005/001817

Stage C

*00

50

Time (min)

. 100 150 200 250



WO 2006/060897 ‘ PCT/CA2005/001817

3/9
Fig.3:
30 ; _
) * L AP R 4 ot . ) * oo ) .
.25 1 _’0 40 .0.0§ 0‘09.0 'Y . ‘o ‘0.0 .0“.”.
20 -
<
O 15 -
pd
10 -
: ' ¢ |nfluent
5 : o Effluent
' 0 —MMMM_.—W—O—M—.—“M"—H‘M'—

0 10 20 - 30 40 50 60 70 80
A Operation time (days) -



WO 2006/060897 PCT/CA2005/001817
4/9

- Fig. 4:

1600 —
1400 — —
1200 :
1000 {o-o — '
800 = o082 o0 _ o

- 600 ' s
400 ) . .
200 » _ _ " TSS

0 — . . . - —_—

0 10 - 20 - 30 40 50 60 70 - 80
‘Operation time (days) ‘

[ ]

<

w

».
T

Suspended solids (mg-1)-
®
L J
[ ]




WO 2006/060897

Fig. 5:

Soluble COD (mg/L)

100 1
90 -

70 1.
60
50 1
40
30 1
20

A
A
AAA

10 o= ¢ 52080 & 0008 880

5/9

AA A
A'A‘AA‘

PCT/CA2005/001817

¢ |nfluent
0 Effluent

A In the reactor

LR L L] LEY Y Ll

0
0.

20

1

40
~ Operation time (days)

60

80



WO 2006/060897 PCT/CA2005/001817

TMP (bar)

6/9
- Fig. 6a:
450 — _ ——— 0.12
400 1a o . ® : ‘ '
v °° o 4 | T 0.10
T350 {aa o ° L BV - A
23004 4 - © A Aapngy 1008 T
£ : 0 O%p0 poo P . o
S 2501 0 ° 1006 o
£200 p7 | o | TS
= 150 1 Madh o | ___ too04F
T 100 - 4 o a Flux ~
o + 0.02
: 50 - .| o TMP
0 : : : : —— 0.00
0 20 40 60 80
Operation time (days)
Fig. 6b
300 - | T 0.20
_ 250 A o ' ' '
& | | ° o e °0 . L1045
2 200 1 a4 AA oo ©
c A A A AA . o o o ‘
T 150 }a 4 o W A Flux 14610
= o o0 o°° ah ' o TMP '
% 100 j@o° © 4 T |
E 1. Asa, . 1 0.05
[V 50 . A . A ‘AAA‘AMA ‘,A‘ | o
0 : : . 0.00
0 20 40 60 80

Operation time (days)



WO 2006/060897 PCT/CA2005/001817
719 '

Fig. 7:

45
40 - .+
35 1  ’0’ e ® o0 .
304 . |
25 {e**
201
157 A . o Influent
10 1 - o Effluent
5 - .

0 a2 2 A A A 28 8 8 & 0 500ttt BB Bl B- b B0 5llDB 00000

0 10 20 30 40 50 60 . 70 - 80
' Operation time (days) '

"NO4-N




WO 2006/060897 PCT/CA2005/001817
8/9
Fig. 8:
3000
—_ o VSS
Y 2500 ‘
A ATSS | .

g La A o
o 2000 : A
é ' ' A 4 A A‘ A . ‘A , A AA i‘
3 1500 4 o : " ‘i—go%—?ﬁ*"m:‘
E}{ OQQOAOAQ '&"b 0n 0 &0 & © % ©
2 1000 —2° o o% s ¥ o5 Y
o o
Q
3 500 >
w -

0 ] .

0 50 100

Operation time (days)

150



WO 2006/060897 PCT/CA2005/001817
9/9
Fig. 9:
800
__ 700 - A
_, N .
= Jaa A A A - A A
o 600 A/ K a’ N . a B4 A“
= 500 - Aa ¥ 4 R
8 400 - ¢ |nfluent
%’ 300 1 O Effluent
;‘3} 200 - A Inthe reactor
100 - | | _
O f208 3 ege 32 % 2 3 Y 8 0o Soe *8E ee e
0 20 40 60 80

Operation time (daYS).



International application No.
INTERNATIONAL SEARCH REPORT ® POT/CAS005/001817

A. CLASSIFICATION OF SUBJECT MATTER ]
IPC: BOIF 3/04 (2006.01) , CO2F 7/00 (2006.01) , CO2F 3/00 (2006.01) , BO1J 19/24 (2006.01)
According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
IPC: BOIF 3/04 (2006.01) , CO2F 7/00 (2006.01) , CO2F 3/00 (2006.01) , BO1J 19/24 (2006.01)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic database(s) consulted during the international search (name of database(s) and, where practicable, search terms used)
DELPHION, CANADIAN PATENTS DATA BASE, WEST ESP@CENET (saturat*, bubble-less, bubbleless, denitrification)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X US 3, 662, 890 Bl (ENVIRONMENTAL SERVICES INC.) 1,2,4-8,and 14- 18
16 May 1972 (16-05-1972)
col.2157-col51. 11, Fig 1

A *whole document * : 3,9-13,and 19-23

X US 3, 530, 990 B1 (ENVIRONMENTAL SERVICES INC.) : 1-8,and 14- 18
29 September 1970 (29-09-1970) g
col 2,1.23 - col. 6, 1. 55

A whole document 9-13,and 19-23
[X] Further documents are listed in the continuation of Box C. [X] See patent family annex.
* Special categories of cited documents : “T" later document published after the international filing date or priority
3 Lo ) date and not in conflict with the application but cited to understand
A" document defining the general state of the art which is not considered the principle or theory underlying the invention
to be of particular relevance . . X . .
X o i . . “X"  document of particular relevance; the claimed invention cannot be
“E" earlier application or patent but published on or after the international considered novel or cannot be considered to involve an inventive
filing date step when the document is taken alone
“L”  document which may throw doubts on priority claim(s) or which is “Y"  document of particular relevance; the claimed invention cannot be
cited to establish the publication date of another citation or other considered to involve an inventive step when the documentis =~
special reason (as specified) combined with one or more other such documents, such combination

being obvious to a person skilled in the art

“o” document referring to an oral disclosure, use. exhibition or other means
. - “&"  document member of the same patent family
“pn document published prior to the international filing date but later than
the priority date claimed
Date of the actual completion of the international search ' Date of mailing of the international search report
28 March 2006 (28-03-2006) 31 Marcil 2006 (31-03-2006)
Name and mailing address of the ISA/CA Authorized officer
Canadian Intellectual Property Office
Place du Portage [, C114 - 1st Floor, Box PCT Malgorzata Samborski
50 Victoria Street
Gatineau, Quebec K1A 0C9 (819) 936 0759
Facsimile No.: 001(819)953-2476 ‘

Form PCT/ISA/210 (second sheet ) (April 2005) . Page 2 of 4




INTERNATIONAL SEARCH REPORT

’

International application No,

PCT/CA2005/001817

C (Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category*

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X

US 4, 274, 959 B1 (TECHTRANSFER GmbH)
23 June 1981 (23-06-1981)
col. 3,1 8 - col. 5, 1. 50, Fig. 1

*whole document *

CA 2490756 At (BAYER TECHNOLOGY SERVICES GmbH)
31 Dec. 2003 (31-12-2003)
*whole document *

US 4, 251, 365 B1 (SPEECE)
17 Feb. 1981, ( 17-02-1981)
*whole document*

US 4, 861, 524 B1 (MERCK PATENT GESELLSCHAFT MIT
BESCHRANKER HAFTUNG

29 Aug. 1989 (29-08-1989)

*whole document *

EP1072304A4 (SAWADA)
31 Jan. 2001 (31-01-2001)
*whole document *

1,2,4,5, 8,and 14-18

3,6,7,9-13,19-23

1-23

1-23

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

Page 3 of 4




INTERNATIONAL SEARCH REPORT

International application No.

ALLULUAUULL UL PALVILE AGILILLY UV VA D PCT/CA2005/001 8 1 7
Patent Document Publication Patent Family Publication
Cited in Search Report Date Member(s) Date
US3662890 16-05-1972 NONE
US3530990 29-09-1970 DE2022248 A1 03-12-1970
FR2047538 AS 12-03-1971
US4274959 23-06-1981 DE2835709 A1 21-02-1980
JP55047157 A 03-04-1980
CA2490756 31-12-2003 AU2003237929 A1 06-01-2004
BR0312067 A 29-03-2005
DE10228261 B3 26-02-2004
EP1517743 A2 30-03-2005
JP2005530604T T  13-10-2005
US2004055941 A1 25-03-2004
WO02004000447 A2  31-12-2003
US4251365 17-02-1981 NONE
US4861524 29-08-1989 DE3708967 A1 06-10-1988
DE3862330D D1 16-05-1991
EP0283874 A1 28-09-1988
EP1072304 31-01-2001 CA2312996 A1 08-07-1999
HK1034215 A1 03-09-2004
US6315893 B1 13-11-2001
WO09933552 A1 08-07-1999
Form PCT/ISA/210 (patent family annex ) (April 2005) Page 4 of 4




	Abstract
	Bibliographic
	Description
	Claims
	Drawings
	Search_Report

