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Abstract: The Tangential Guanabara Bay Aeration and Recovery (TAGUBAR) project derives its
origins from a Brazilian government decision to tackle the planning and management challenges
related to the restoration of some degraded aquatic ecosystems such as Guanabara Bay (state of Rio
de Janeiro), Vitoria Bay, and Espirito Santo Bay (state of Espirito Santo). This was performed by
using the successful outcomes of a previous Ministry of Foreign Affairs and Directorate General for
Cooperation and Development (i.e., Direttore Generale alla Cooperazione allo Sviluppo, MFA-
DGCS) cooperation program. The general objective of the program was to contribute to the
economic and social development of the population living around Guanabara, Vitéria, and Espirito
Santo Bays, while promoting the conservation of their natural resources. This objective was
supposed to be achieved by investing money to consolidate the local authorities’ ability to plan and
implement a reconditioning program within a systemic management framework in severely
polluted ecosystems such as Guanabara Bay, where sediments are highly contaminated. Sediments
normally represent the final fate for most contaminants. Therefore, it would be highly undesirable
to perturb them, if one wishes to avoid contaminant recycling. In this context, we explored a bench-
scale novel technology, called the module for the decontamination of units of sediment (MODUS),
which produces an oxygenated water flow directed parallel to the sediment floor that is aimed to
create “tangential aeration” of the bottom water column. The purpose of this is to avoid perturbing
the top sediment layer, as a flow directed toward the bottom sediment would most probably
resuspend this layer. Three kinds of tests were performed to characterize a bench-scale version of
MODUS (referred to as “mini-MODUS”) behavior: turbulence-sediment resuspension tests,
hydrodynamic tests, and oxygenation—aeration tests. In order to understand the functioning of the
mini-MODUS, we needed to eliminate as many variables as possible. Therefore, we chose a static
version of the module (i.e., no speed for the mini-MODUS as well as no water current with respect
to the bottom sediment and no flume setting), leaving dynamic studies for a future paper. The
turbulence tests showed that the water enters and exits the mini-MODUS mouths without
resuspending the sediment surface at all, even if the sediment is very soft. Water flow was only
localized very close to both mouth openings. Hydrodynamic tests showed an interesting behavior.
An increase of low air flows produced a sharp linear increase of the water flow. However, a plateau
was quickly reached and then no further increase of water flow was observed, implying that for a
certain specific geometry of the equipment and for the given experimental conditions, an increase
in the air flow does not produce any reduction of the residence time within the aeration reactor.
Oxygenation—aeration tests explored three parameters that were deemed to be most important for
our study: the oxygen global transfer coefficient, Kia; the oxygenation capacity, OC; and the
oxygenation efficiency, OE%. An air flow increase causes an increase of both Kta and OC, while
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OE% decreases (no plateau was observed for Kia and OC). The better air flow would be a
compromise between high Kta and OC, with no disadvantageous OE%, a compromise that will be
the topic of the next paper.

Keywords: oxygenation capacity; oxygenation efficiency; MODUS; sediment perturbation; bottom
water aeration

1. Introduction

Sediments normally represent the final fate for most of the contaminants present in ecosystems
and they may be responsible for the continuous release of pollutants back to the water column,
generating ecological and public health problems [1]. If the sediments are anoxic, they also produce
unpleasant odors caused by hydrogen sulfide and some other sulfur- or ammonia-based compounds
[1], which can eventually be stripped away by bubble columns or similar equipment [2—-4]. However,
these buried pollutants can sometimes be released back into the environment, especially when the
sediments are perturbed (i.e., when they are dredged or mixed). As this is normally highly
undesirable, this means that we need to adopt a very careful approach in sediment management if
we want to avoid contaminant recycling. In this context, we explored a bench-scale novel technology
called the module for the decontamination of units of sediment (MODUS), which aimed to create
“tangential aeration” of the bottom water column by a “laminar aeration flow” directed tangentially
to the seabed, without perturbing the top sediment layer. On the other hand, the organic matter that
subsequently falls from sedimentation from the sea surface to the bottom crosses the oxygenated
water layers, and is therefore able to form a sediment layer in aerobic conditions, giving rise to the
so-called bio-oxy layer (bio-ox-capping). When not disturbed, this bio-oxy layer allows for the
biological recovery of the top portion of the sediment, forming the basis for the colonization of the
seabed by animals and benthic aerobic microorganisms [4]. Actually, this was the objective of the
Tangential Guanabara Bay Aeration and Recovery (TAGUBAR) project, in the framework of the
Ministry of Foreign Affairs and Directorate General for Cooperation and Development (i.e., Direttore
Generale alla Cooperazione allo Sviluppo, MFA-DGCS) and of the Government of Brazil, which
decided to invest money in order to perform specific research to check this MODUS methodology in
Rio de Janeiro (Guanabara) Bay.

However, before choosing the most promising kind of equipment, we perused a list of the
possible alternatives, taking into account that a surface water temperature of 20 °C and one
atmosphere pressure has a dissolved oxygen concentration (DO) of about 9 (mg L™). Below is a brief
(and non-exhaustive) list of the available equipment.

Aeration-by-bubble columns [5]: Their performance mainly depends on the diffusor depth as
well as on the diameter of the bubbles. Unfortunately, in any case, the bubbles move to the surface
where Oz concentration is already maximal, instead of remaining at the bottom long enough to
explicate their function.

Submerged aeration chambers [4,6,7]: The bubbles warrant both aeration and water flow. These
types of equipment withdraw the water from the bottom, aerate it, and then discharge it tangentially
with respect to the sediment. The main disadvantage is the lack of mobility because it is necessary to
anchor them to the bottom sediment.

Aeration by pressurized air (jet aerators) [8,9]: In the mixing chamber, water and air are in close
contact at relatively high pressure, so that the water becomes supersaturated and is then expunged
by ajet diffuser. The drawback is that this water is introduced into the water body quite wildly, and
therefore the risk of resuspending and perturbing the top sediment is non-negligible.

Water fan aerators (Garton pumps) [10,11]: These pump the superficial water layers that are rich
in Oz to the bottom, where oxygenation is scarce. The first disadvantage is that their efficiency clearly
depends on the natural gradient of the dissolved oxygen (DO). Second, the mechanical components
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are eventually subjected to wear, corrosion, and fan jamming due to floating garbage, sand. or
suspended particulates.

“Air-lift” aerators [7,12-15]: Mechanical components are totally absent (wear, corrosion, and jam
are excluded). The water is “pneumatically” aerated and stirred in the “aeration reactor” with
minimum energy consumption. This last one, undoubtedly represents an interesting advantage for
locations where there is no access to the electricity grid, like sea lochs or lagoons. In the “reversed U”
version of this equipment, the top that connects the two vertical pipes is provided with a chimney,
and therefore works as a “degassing chamber”. In the “lift” pipe, the air is introduced from the
bottom of the pipe and therefore produces the desired bubbling while in the other vertical pipe, the
bubbles are absent. This results in a density difference between the two vertical pipes, which is
responsible of the “lifting” effect [12]. In fact, when the bubbling water arrives at the top of the
equipment, it enters the “degassing chamber” where air separates from water and exits from a
chimney; the bubble deprived water (still saturated by oxygen) then descends in the other vertical
pipe and exits the equipment close to the bottom sediment. Normally, when the entrance and exit
flows are directed horizontally, they do not perturb the sediment, even if they are very close to it. For
the purpose outlined in the present paper, we chose this solution. However, the parameters that
define the working conditions cannot be calculated by any mathematical or empirical correlation.
Normally, all variables are mutually interdependent and determined by equipment geometry, scale,
and by particular operative conditions. This makes extrapolations and generalizations difficult or
impossible. Thus, there is no shortcut for performing laboratory experiments that are chiefly oriented
to verify the feasibility of the project by exploring the working operative conditions closest to those
encountered in reality [16,17]. The purpose of the present paper was to determine the best working
conditions and the corresponding best working parameters of the mini-MODUS in order to efficiently
aerate anoxic water in a reasonable lapse of time without perturbing the bottom sediment at all. Three
parameters were deemed to be the most important for our study [16-18]: the oxygen global transfer
coefficient, Kia; the oxygenation capacity, OC; and the oxygenation efficiency, OE%.

2. Materials and Methods

2.1. Equipment Description

The mini-MODUS (see Figure 1) is mainly composed of six glass parts: (1) the outlet mouth
(equipped with an “exit water” sampling point); (2) the descent pipe; (3) the degassing chamber
(equipped with a chimney); (4) the lift pipe, comprising the air-lift reactor (called also
oxygenation/aeration reactor) filled with Rashig rings; (5) the associated sparger; and (6) an inlet
mouth (equipped with an “entering water” sampling point).
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Figure 1. Schematic representation of the bench-scale module for the decontamination of units of
sediment (mini-MODUS). Legend: (1) “water out” sampling point, (2) ground glass joint (conically
tapered joint), (3) degassing chamber chimney, (4) grids, (5) air-lift reactor (oxygenation/aeration
reactor) filled with Rashig rings, (6) sparger, and (7) “water in” sampling point.

The Rashig rings were chosen as an increase in the air-water contact time and the exchange
surface would have the desired result of an efficient oxygen transfer from air to water. In this context,
a bubble-breaker system would be useful while not worsening the air resistance. As a first attempt,
we tried to use Rashig rings, which were chosen because of their sufficient weight (they did not
accumulate on the top of the reactor bed), their rigidity, and their tendency to distribute regularly
across the reactor bed.

Figure 2 shows the images of a few chosen crucial parts of the equipment: the mouth (exit and
entrance mouths are identical), the reactor, the degassing chamber, the sparger (2) and the entrance
mouth (1) along with the “water in” sampling point seen from the top.
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Part (b)

Part (c)

Parts (a) and (b) assembled together and viewed
Parts (b) and (d) assembled together

from the top

Figure 2. Main parts of the mini-MODUS glass components: (a) entrance/exit mouth, (b) oxygenation
reactor filled with Rashig rings, (c) degassing chamber, and (d) sparger.

All equipment parts were realized in Pyrex glass and connected to one another by standard
ground glass joints (conically tapered joints). The pipes measured 40 mm in diameter. The
oxygenation reactor, which measured 60 mm in diameter and 120 mm in height, was filled with a
bed made of glass Rashig rings measuring 8 mm in diameter and 10 mm in height. This bed was
maintained in position by two grids: one at the top of the bed, the other on the bottom, and both grids
are clearly shown in Figure 1 and in Part (b) of Figure 2. The empty and the filled reactors measured
0.33 L and 0.24 L of free volume, respectively. The whole equipment, measuring 0.50 m in height and
0.6 m in length, was placed in a 2 m x 0.7 m x 0.4 m tank, filled with a few millimeters of sediment
from the bottom and then filled with 480 L of tap water. The sediment, which was taken from the
Venice Lagoon, oven dried, and then ground, was particularly soft. The temperature used during the
oven drying guaranteed that the resulting ground sediment did not contain any biotic components.
This was done because the biotic components could have interfered with the oxygenation
experiments as the microorganisms could have used part of the introduced oxygen in metabolic
processes.

2.2. Sampling, Analysis, and Data Elaboration
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In order to determine the aeration efficiency, DO concentrations were measured in
correspondence of the “water in” sampling point (see point “7” of Figure 1) and “water out” sampling
point (see point “1” of Figure 1). DO concentrations were determined by a Vernier Dissolved Oxygen
Probe whose accuracy was checked by the Winkler standard method [19] several times during a
single experiment. For each sampling, DO measurements were repeated five times to calculate the
average and standard deviations used for further elaborations.

Air flows were measured by a variable area flow meter, while water speeds (from which water
flows were calculated) were determined by measuring the time needed for a drop of a green dye
scarcely soluble in water to travel a determined stretch of the mini-MODUS’s pipe.

Dye drops (of the same green dye) were also used to analyze the level of turbulence generated
around the two mouths during the turbulence tests.

In order to perform oxygenation tests, it was first necessary to remove all the DO present in the
tap water in the tank. This was obtained by flushing such water for an appropriate time with a
nitrogen stream [18]. Once the oxygen absence was confirmed, the experiments were started. Water
temperatures were measured throughout the entire course of each experiment. Normally, during
each experiment, the temperature remained constant within the experimental error of the
thermometer we used (0.1 °C). Air flows were chosen from 1 to 25 L min™ using steps of 1 L min™".
The DO concentrations were measured each 5 min from the very beginning of each experiment (i.e.,
when the measured DO concentration was equal to zero) to the end of the experiment when the DO
concentration at the entrance mouth was equal to that of the exit one (indicating the condition of
oxygen saturation for the water present in the whole tank). In this way, for each air flow, we obtained
an “oxygenation test” diagram reporting “DO concentrations” in the ordinate versus “elapsed time”
in the abscissa (diagrams here not reported) [3,20,21]. From this data, three parameters were
calculated: the oxygen global transfer coefficient, Kia; the oxygenation capacity, OC; and the
oxygenation efficiency, OE%. The Ki. was determined by considering the well-known expression
dC/dt = Kia (Cs — C) where C is the DO at time t and Cs is the DO saturation concentration at the
temperature at which that oxygenation test was performed. For each air flow, the Kta was determined
by regression from the corresponding “oxygenation test” diagram, taking into account the
temperature at which that specific test was performed [18,20] in the following way: seeing as some
of the experiments were done on different days, the room temperature varied, therefore the variation
of Kia with the temperature was estimated to be 1.8% per 1 °C, in full agreement with that reported
in the literature [22]. The Kta data were then normalized at 20 °C. OC was calculated from K. using
the formula [3]: OC = Kta x Cs x V, where V is the volume of the tank occupied by the tap water. For
different “oxygenation tests”, temperatures varied between 18 °C and 22.5 °C so that Cs was included
in the interval 9.2-8.8 mg L-. The OE% represents how much of the oxygen introduced in the
equipment by the air flow during that specific experiment (Ozint) was effectively transferred to the
water. Ozint was calculated assuming an oxygen concentration in the air of 20.95% and considering
an atmospheric pressure of 1 atm (i.e., assuming 22.4 mole L). Therefore, for each air flow it will be
OE% = (OC/Ozint) x 100.

3. Results

3.1. Turbulence Tests (Sediment Resuspension Tests)

It is evident that the first aim of our study was fulfilled as Figure 3 clearly shows that the water
enters into the mini-MODUS without resuspending the sediment surface in any way, even though
the sediment was very soft. The very same observation can be made for the exit mouth (Figure 4).
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Figure 3. Turbulence test for the mini-MODUS inlet mouth. Using a pipette, a few dye drops were
put just in front of the mini-MODUS entrance (water in) in order to make the water flow detectable.
The influence of the water flow due to the air lift pumping was localized only very close to the mouth.
The water results unaffected in the immediate proximity below the mouth. The figure shows no
disturbance of the sediment at a 9 L min™ water flow. The time elapsed between each frame (shot
from left to right) was half a second.

Figure 4. Turbulence test for the mini-MODUS exit mouth. Using a pipette (which can be seen in both
frames), a few dye drops were put just in front of the mini-MODUS exit (water out) in order to make

the water flow detectable. The influence of the water flow due to the air lift pumping was localized
only very close to the mouth. The water results unaffected in the immediate proximity below the
mouth. The figure shows no disturbance of the sediment at 9 L min! water flow. The time elapsed
between these two frames (shot from left to right) was half a second.

For these tests, the maximum air flow of 25 L min (corresponding to the maximum water flow
of 9 L min') was employed. This warrants that in any operative condition, the mini-MODUS would
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not perturb the sediment while oxygenating the bottom water layers that are immediately above the
sediment.

3.2. Hydrodynamic Tests

The results of the hydrodynamic tests are reported in Figures 5 and 6.
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in the abscissa.
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3.3. Oxygenation/Aeration Tests

From the data collected and appropriately averaged and elaborated, the three parameters Kta
(measured in s7) [16], OC (measured in kg of Oz per hour) [3], and OE% [23], which are useful to
characterize the mini-MODUS behavior, were calculated (taking into account the temperature
fluctuations) and graphed [16] as it can be seen here below in Figures 7-9.
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Figure 7. The oxygen global transfer coefficient Kta (s!) values (normalized at 20 °C) in the ordinate
vs. air flow (L min™) in the abscissa. The ordinate values were multiplied by 10%.
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Figure 8. The oxygenation capacity OC (kg Oz h) in the ordinate vs. air flow (L min™) in the abscissa.
The ordinate values were multiplied by 10°.
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Figure 9. The oxygenation efficiency OE% in the ordinate vs. air flow (L min') in the abscissa.

Some observations can be made. First of all, it is interesting to note that in the diagrams in
Figures 7 and 8, no plateau was observed [3,18,24,25]. This would likely suggest that the hydraulic
behavior does not influence the aeration performance in a simple way. Second, the Kta behavior
seems to be quite linear, which we found to be a common occurrence in the literature [16,18,22,25,26].

4. Discussion

The aim of the MODUS technology is to create a highly oxidized natural covering of the
contaminated sediment (bio-ox-capping) by oxygenating the deep water present above the sediment
without perturbing it. This would greatly favor the colonization of animals and benthic
microorganisms, which will permit a definitive return of life to the sea sediment [4]. In order to
prevent sediment perturbation, the technology here proposed would allow the contaminated
sediments to be maintained unperturbed in situ while oxygenated water flows tangentially to it, as
shown by our turbulence tests reported in Figures 3 and 4. The experiments indicated that, even at
the maximum possible water flow, no sediment resuspension was ever observed.

On the other hand, Figures 5 and 6 show an interesting behavior of the mini-MODUS. First, the
mini-MODUS appeared to work at very low levels of air flow [12-14,27,28]; an air flow of 1 L min™
still produced a water flow of about 3 L min. Second, at the beginning, an increase in air flow
produced a sharp linear increase [14] of water flow (Figure 5) and the induced water flow was
systematically superior to the corresponding air flow (e.g., an air flow of 5 L min generates a water
flow of about 7.5 L min™) [3,13,14,27]. This would likely suggest that the dragging effect (water pulled
by air) was very strong. A third point can be said on the fact that despite the initial sharp linear
increase, a plateau was quickly reached, and beyond an air flow of about 11 L min, no increase of
water flow above about 9 L min-1 was ever observed [12-14]. All these represent fundamental aspects
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of the mini-MODUS’s behavior that would probably be crucial in the design of a larger scale MODUS
(for example on “pilot-plant” scale). The consequence of the presence of the water flow plateau is that
the residence time (Figure 6) also experiences a horizontal segment beyond 11 L min-'. Indeed, from
this air flow, the residence times do not decrease below 1.6 s.

The presence of the water flow plateau displayed in Figure 5 should guarantee that sediment
resuspension is excluded, even if air flow is increased beyond 25 L min™. The existence of such a
water flow plateau can probably be rationalized, assuming that at strong air flows, the air occupies a
large part of the oxygenation reactor, leaving a smaller volume for the water: the air-water mixture
will be composed mainly of air while resulting poor in water, and so the ensuing water flow will be
lowered. On the other hand, there could also be a dragging effect and the compromise between these
two forces could be the plateau (beyond ca. 11 L min™ of air flow) observed in the diagram. The
consequent residence time plateau, from a practical point of view, means that for a certain specific
geometry of the equipment and for given experimental conditions, an increase in the air flow does
not produce a reduction of the residence time, for example, of polluted water. This is important
because different residence times imply different contact times between air and water and therefore
the possibility of having oxygen exchange between air and water: the presence of the horizontal
segment assures that there will always be enough time for such an exchange. However, a better
description of what happened in the aeration reactor will be provided by the oxygenation tests that
were aimed to find the best oxygenation conditions. The three diagrams depicted in Figures 7-9
provide some glimpse on the mini-MODUS behavior at a deeper level. Assuming Kta is linear within
the considered air flow intervals, OC should also be linear [3], despite more noise added to the OC
with respect to Kiua due to Cs variations as a consequence of temperature fluctuations. In the
hypothesis of Kta linearity, we can apply a linear regression to find the best fit, which would be y =
mux + q1 where x = air flow and y = Kta. Such a linear regression produced the following figures: m1 =
0.0566 10 min L' s and q1 = 1.5988 10~ s'with Ri? = 0.9947. As m1 and q: are independent from the
air flow, we suggest that these parameters can be used to characterize a specific equipment once fixed
with certain “standard conditions” (for example: tap water, 20 °C, 1 atm of atmospheric pressure,
etc.). If we also apply the linear regression to OC, we obtain m2 = 0.0843 10 kg min h"' L' and q2 =
2.5394 107 kg h™' with R2? = 0.9884. On the other hand, while an air flow increase results in an increase
in both Kta and OC, vice versa the OE% decreases. Interestingly, similar to the residence time, OE%
does not tend to zero for increasing air flows, but instead seems to reach a “plateau value”, this time
beyond the air flow of ca. 25 L min'. This is probably because the expression of OE is of the kind y =
(m2x + q2)/kx, where y = OE, m2x + q2 = OC (in kg h™), and kx = Ozint (where k = 0.017957142 min kg
L h, x = air flow in L min™, and so kx will be expressed in kg h-1). Therefore, when x—-s, it is
y—mz/k = 4.7 103, which is 0.47% (i.e., in theory OE% would tend asymptotically to be 0.47%).
However, it is necessary to point out that OE% # y = (ma2x + q2)/kx inasmuch, for example, for x—0 it
is y—eo while, obviously, OE% cannot overstep 100%. Therefore, a possible overlap between OE%
and y = (max + q2)/kx should be considered as limited to an air flow interval of 1-25 L min-! and not
too far beyond it.

Together with the presence of the aforementioned water flow plateau, the Kt., OC, and OE%
behaviors are also fundamental for the design of MODUS (at any scale). In addition, it is clear that
the best working conditions (i.e., the better air flow) are a compromise between high Kta and OC,
without the disadvantageous OE%. However, a compromise should be reached on a different basis
of energy demand, and most importantly, the biological oxygen demand (BOD) reduction rate, for
example, in polluted water. In fact, residence time together with oxygen concentration is crucial to
determine the BOD reduction rate, while, on the other hand, the maximum BOD tolerated at the exit
mouth will also be fundamental for both the MODUS design and the choice of the best air flow as
well. Other subjects of further study could be the optimization of the speed at which a real scale
MODUS should move with respect to the seabed in order to optimize bottom water oxygenation.
This would probably depend on the different environments as well as their level of pollution. This
issue will be addressed when a real scale MODUS will be built and tested in Guanabara Bay as
already programmed in the framework of the TAGUBAR project. A further question could be
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addressed: How long would the aeration be needed in a real environment to oxygenate the bottom
of alake, sea loch, or lagoon (even in presence of water currents) in order to accomplish the formation
of a bio-oxi layer on the top of the sediment? Other interesting topics could be the investigation of
energy efficiency and the costs of MODUS construction and maintenance. The output of the
TAGUBAR project will determine whether or not it is both technically and economically feasible. The
literature seems to tell us that this is the most promising technology, which is why the Brazilian and
Italian Governments have bet on it. If the results are successful for Guanabara Bay, we hope that they
can also be applied to other cases of severely polluted sediments in aquatic ecosystems. However,
these important aspects will not be addressed here as they will be the topic of the next paper.
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