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Abstract: Iron oxidation and removal from groundwater is a necessary and costly process in drinking
water production. In most cases, iron removal is done via aeration, succeeded by precipitation. Most
systems for aeration are based on increasing the interfacial area via injecting air in the system or
spraying. Both methods have disadvantages, like clogging and formation of aerosols. In this study,
a new vortex-based flow-through reactor consisting of a cylindrical tank with an impeller located
at the bottom was studied regarding its aeration and iron oxidation capabilities in groundwater.
During the aeration experiments, the flow rate, impeller rotation and aerated volume were varied.
A nondimensional constant & was proposed to relate the system’s physical characteristics and its
aeration capabilities, expressed in dissolved oxygen and system volumetric mass transfer coefficient
(Kpa). Three distinct operational regimes were defined: formation, complete and bubble regime.
These regimes showed very specific characteristics regarding the air-water interface structure and the
area to volume ratio, resulting in different aeration capabilities and iron oxidation efficiency values.
The system presented Ky a values similar to commercially available aeration systems, especially inside
the bubble regime. By using dimensionless coefficients, the presented analysis provided the basis for
the design of continuous impeller aeration and oxidation systems of arbitrary size.

Keywords: aeration; iron oxidation; impeller; vortex; groundwater treatment

1. Introduction

Aeration is a commonly used and an important step applied in water and wastewater
treatment processes [1,2]. It is a technique in which air and water are brought into close
contact, normally with the objective of increasing the dissolved oxygen content in the water
body in order to provide, e.g., oxidation of dissolved metals, volatile organic chemicals [3]
or maintenance of biota equilibria in open waters. It can also be used, inversely, to de-
crease the concentration of a specific gas in the liquid phase (in this case, the process is
called stripping).

In order to achieve aeration, air must be transported through the gas-liquid interface
into the liquid. The process can be carried out with different methods, e.g., diffusion
aerators, submerged turbines, jet diffusers, cascades, etc. Diffusion aerators inject gas under
pressure into the liquid phase [4]. Fine pore diffusers are an example of such aerators.
Due to their high efficiency and low energy consumption, these diffusers are a primary
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option for many applications. Another example of commonly used systems are submerged
turbines, or so-called machine aerators. In these systems, the liquid is aerated using a
submerged rotating turbine or impeller. This technique was developed to solve the clogging
problems normally faced when using diffusion aerators.

Aeration is one of the most energy intensive steps in water treatment. Due to this fact,
the improvement of such systems is of great interest for the industry [5]. In this work, we
presented a study regarding the performance of a novel impeller-based aeration system
providing high aeration capabilities and reduced formation of aerosols (reduced splashing)
in a compact flow-through setup. The formation of aerosols is an undesirable aspect of
water treatment processes as the suspended droplets can be a vector for inhalation of
unwanted compounds by operators. Additionally, the performance of the system was
tested in terms of its capability to oxidize Fe?*. These characteristics marked the system as
a promising technique for drinking water—and especially groundwater—treatment, as for
the latter, iron removal is often a necessary step.

Aside from groundwater, aeration is also an important step in wastewater treatment.
Some wastewater treatment plants use a combination of diffusers and machine aerators [4].
Aeration comprises a good fraction of total energy costs. Rosso et al. [6] reported that
the energy consumption of currently available aeration systems ranged between 45% and
75% of the total energy consumption in wastewater treatment plants. Although not the
focus of this work, the abovementioned issues could potentially be addressed with this
proposed system.

1.1. Iron Oxidation

Iron is present in groundwater due to percolation of rain through sand, rocks and
other materials [7]. In general, the iron concentration found in groundwater does not
affect human health, though it can have undesirable effects such as discoloration, turbidity,
bad taste, staining and deposition on solid surfaces, causing problems, especially in the
distribution system [8]. Tron occurs mainly in two states: dissolved divalent iron (Fe?")
and trivalent or ferric iron (Fe3*) [7]. Ferric iron is less soluble than divalent iron and can
therefore be removed with filtration [9].

A common approach taken to remove undesirable concentrations of dissolved iron
from ground water is oxidation via aeration, followed by a filtration step. In this pro-
cess, the divalent iron loses an electron to the oxygen, creating ferric iron and water
(Equation (1)). The ferric iron then reacts with water and precipitates as iron hydroxide,
Fe(OH);3 (Equation (2)). The sum of these reactions is given in Equation (3),

Fe2* + i O, + H" — Fe** + % H,O 1)
Fe3* + 3 H,O — Fe(OH); | + 3 H* )

1 1
Fe?* + 1 02+25 H0 — Fe(OH); | +2 H* 3)

The reaction is pH dependent [8]. At a pH value of about 8, the solubility of Fe(OH)s
is lowest, and the hydroxide (as a solid) can be more easily removed in the filtration step [9].
The necessary oxygen is brought via aeration. A comparison of the efficiency of different
ground water iron oxidation systems is given in Table 1.
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Table 1. Iron oxidation efficiencies before the liquid enters the filter bed.

[Fe2*] Iron Oxidation
Reference Method Inlet/mg/L pH Efficiency/%
[10] Diffused aeration 6.10 6.97-7.14 88-95
[3] Diffused aeration not stated 6 66-72
[11] Diffused aeration 0.65 8.39-8.51 14-39
[12] Spray aeration 0.85 6.4 49
[8] Cascade aeration 1.8 7.6 70-85

After oxidation, the hydroxide formed can be removed by various methods. Since
it resembles a suspended particle, a logical, frequently applied step is sand filtration.
Membranes can also be used, but are often avoided, as scaling via iron precipitation can
be a big issue in such systems. Depending on environmental and chemical parameters,
the iron process can be categorized into three types: homogeneous, heterogeneous and
biological [13]. Since for these processes, an aeration step is necessary, by setting the
parameters accordingly, the presented impeller aerator could, in principle, be applied for
all types of iron oxidation.

1.2. Impeller Based Aeration

Impellers can be used in different mixing processes, such as blending of substances,
generating gas-liquid exchange or suspending particles in a fluid medium [14]. Different
types of impellers produce distinct flows that can be used for different purposes. The
optimum design of a stirred tank depends on the desired process and is achieved by the
correct choice of tank and impeller geometry, impeller position in the vessel, rotational
speed, type of fluid and inlet-outlet location [15].

Impeller-based aeration systems, also known as stirred tanks, are commonly used for
mixing, creating solid suspensions and gas dispersion for industrial, chemical, pharma-
ceutical and food processes, as well as in industrial and municipal wastewater treatment
plants [16]. Regarding the position of the impeller they can be submerged or floating
stirrers. Some studies have reported that the use of submerged stirrers, contrary to floating
ones, increased system efficiency [17,18].

Impellers can also be described according to the type of flow produced by their rotation.
Axial flow impellers primarily move the liquid up and down whereas radial flow impellers
primarily move the liquid to the side and back again [18]. The design of an impeller is
important for the operation of an aeration system and can also help to reduce running
costs [15,19]. Zheng et al. [19] investigated how different impeller designs can influence
energy consumption in aeration systems. According to these authors, a fan-shaped turbine
performed best in terms of gas dispersion and energy efficiency. When the airflow reaches
the central disk, it is guided to the blades on the sides.

The most used approach to characterize the efficiency of an impeller is the volumetric
mass transfer coefficient K4, a parameter that combines the mass transfer coefficient Ky
and g, the gas-liquid interface area divided by tank volume. In most cases, the separate
experimental determination of K}, and a is a rather complex task. Therefore, the two terms
are generally combined [18]. This approach is described in detail in Section 2.2. For a
given liquid, the magnitude of K;a mainly depends on the interface area. Prediction and
measurement of the volumetric mass transfer coefficient is therefore essential in order to
establish the aeration efficiency—and for the design of aeration systems [20].

Additionally, as recently shown by Baeten et al. [21], the height of the tank in a bubble
aeration system, i.e., system geometry, can have effects on the aeration efficiency. The
authors investigated the effect of the vertical gradient of gas phase composition and the
pressure on the total stripping and absorption rate of volatile substances in tall reactors.
They showed that the increase in the length of the reactor showed an almost linear cor-
relation to the increase in the stripping rate. This effect could be explained by a longer
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residence time of the gas which allowed enhanced gas transport and diffusion. When the
Kpa doubled, the stripping rate also doubled [21].

A more theoretical approach was taken by Nienow et al. [22], who tried to correlate gas
dispersion with operational conditions of Rushton turbine agitators using dimensionless
variables. The authors proposed two numbers governing aeration rate: the Froude number
(Fr) and the aeration number (Fl;). The key application of these operational variables was
the relation between the impeller diameter, the tank diameter and the gas flow rate [18].
These parameters are crucial for designing and upscaling impeller-based aeration systems.
They are shown below in Equations (4) and (5),

Fr = sz-gf1 4

Fly, = 13D°Dy °Fr? (5)

where w (s~!) is the impeller rotation rate, D (m) is the impeller diameter, g (9.81 m-s~2) is
the gravitational acceleration constant and Dt (m) the tank diameter.

1.3. Vortices

When an impeller is spinning, the angular velocity of the liquid is increased due to
the rotating motion of an impeller and the redistribution of vorticity. This effect leads to a
deformation of the free surface, normally present in form of a vortex. As the rotation of the
impeller increases, the width and the depth of the vortex also increases [17,23,24].

Free surface vortices are used for various engineering and industrial applications [25].
They can be formed during the operation of impeller-based aeration systems [17], and
thus are commonly seen in aeration, gas stripping and mixing systems. The vortex flows
occur when concentrated air vortices encounter a liquid surface in an open channel. This
interaction leads to increased rotation and depression on the liquid—air interface. The
structure acquired by the liquid due to this rotation is often related to a whirlpool or
a maelstrom.

When a vortex is formed in a liquid, the angular momentum must be conserved.
A particle moving towards the intake of a closed system only needs a little vorticity to
generate a surface dip at the center. The steady application of energy ensures the formation
of a stable vortex with a full air core [25].

2. Materials and Methods

The impeller used in this work is shown in Figures 1 and 2. It was a prototype from
the company H2MOTION [26], resembling a hyperbolic frustum with an opening in the
center and air outlets at the bottom. In contrast to most other systems, this configuration
allowed air to be sucked into the impeller and consequently being expelled at its bottom,
provided that the rotational velocity is high enough.
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Figure 1. Image of the impeller investigated in this work (Prototype designed by the company
H2MOTION [26]).

65

75

Figure 2. Technical drawing of impeller investigated in this study [26]. The numbers represent the
different measures in mm.

The setup used for the experiments conducted for this work is shown in Figure 3. A
SAER Electropump M150 was used to pump groundwater from the lab well to the setup’s
inlet. The groundwater composition was evaluated prior to the experiments. The evaluated
parameters and the obtained results are tabulated in Table 2.
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Figure 3. Experimental vortex aeration setup: (1) water pump, (2) inlet sampling point, (3) NaOH
dosing pump, (4) inlet Redox, pH and DO sensors, (5) inlet flow meter, (6) vortex aeration tank,
(7) engine, (8) rotation control, (9) outlet sampling point, (10) outlet Redox, pH, and DO sensors,
(11) outlet flow meter, (12) drain, (13) data logger, (14) computer.

Table 2. Chemical analysis, IC, TC, TOC, pH, redox potential and temperature of the groundwater
used in the experiments.

Parameter Result Unit Measuring Device
Chloride >800 mg L1 Metrohm 930 compact IC flex
Inorganic Carbon (IC) 114 mg L1 Shimadzu TOC-L in combination with ASI-L
Total Carbon (TC) 135 mg L1 Shimadzu TOC-L in combination with ASI-L
Total Organic Carbon (TOC) 20.4 mg L1 Shimadzu TOC-L in combination with ASI-L
Iron 4.58 mg L1 Perkin-Elmer ICP OES Optima 5300 DV
Manganese 0.405 mg L1 Perkin-Elmer ICP OES Optima 5300 DV
Sodium >400 mg L1 Perkin-Elmer ICP OES Optima 5300 DV
NH,* 3 mg L1 Metrohm 930 compact IC flex
CHy 2-5 mg L1 Varian CP-4900 Micro-GC
H,S <0.13 mg L-! Varian CP-4900 Micro-GC
pH 6.9 - Endress + Hauser memosens orbisint CPS11D
Dissolved Oxygen (DO) 0.002 mg L1 PreSens® PSt3 Sensor
Redox Potential —200 mV Endress + Hauser memosens orbisint CPS12D
Temperature 13 °C PT100 thermocouple

In the inlet system, NaOH with a concentration of 0.075 M was dosed using a SIMDOS
10 UFEM 1.10 S2 membrane dosing pump (KNF Ferder B.V., Vleuten, The Netherlands),
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in order to adjust the pH. After the NaOH dosing point, the water passed through three
Tjunctions with pH, Redox potential and a dissolved oxygen (DO) sensor connected. After
that, the flow passed through a flow meter (Picomag DMA15-AAABA1, Endress + Hauser
AG, Reinach BL, Switzerland) and finally entered the aeration tank.

Before filling the tank, the impeller rotation rate necessary for the experiment was
adjusted using the rotor rotation control. The engine used was sufficiently strong to
compensate for the friction of the water; thus, the rotation rate decrease when water was
added was negligible. The rate was measured using a VOLTCRAFT rotation meter (Conrad
Electronics SE, Hirschau, Germany). Then, the rotor was stopped and the tank filling
process started. The tank inlet was located at its top part; however, the tubing continued
all the way down to the bottom to ensure that there was no extra turbulence that could
increase the dissolved oxygen concentration of the feed. The tank was filled to a previously
defined water level to allow experiments to be conducted with different volumes (see
Table 3). After the tank was filled up to the desired level, the outlet valve was opened. In
the drain line, a second set of pH, redox potential and DO sensors allowed us to measure
these parameters for the outlet. Finally, before completely exiting the system, the water
passed through another flow meter. The inlet and outlet flow meters were used to equalize
the flows guaranteeing a constant volume in the aeration tank.

Table 3. Description of the one-pass system experiments.

Height h/m Rotational Speed w/rpm Flow Rate ¢/L-min—1
0.3 210; 350; 700; 750; 800; 1000 0.38;0.8;1.2;25
0.5 210; 350; 700; 1000 0.8
0.7 210; 350; 750; 1000 1.2

Depending on operational parameters, the system generated three different shapes
of the air-water interface, representing three aeration regimes. These were: a formation
regime, where the rotation was not yet strong enough for air to enter the impeller; a
complete regime, where air has entered the impeller from the top, but has not yet been
ejected on the sides; and a bubble regime, where air has been ejected in the form of bubbles
(The different regimes are explained in more detail in Section 3.1). In order to better
understand the influence of the parameters on these regimes, a series of experiments was
done with different aeration volumes (water heights) and impeller rotation rates. The
relation between impeller diameter and tank diameter was kept constant at a ratio of 2/5.
The temperature changes during the treatment were negligible.

Table 4 lists all sensors used for the experiments. A sampling time of three seconds
was attributed to all sensors. Measured data was collected using a data logger (Memograph
RSG40, Endress Hauser, Reinach BL, Switzerland). Groundwater samples for measuring
Fe?* and Fe3* concentrations were collected both at the inlet and outlet after one hydraulic
retention time (HRT, the water volume divided by the feeding flow rate), to ensure compa-
rability of data. The iron analyses were performed using Hach® Lange LCK 320 Iron tests
using the 1,10-Phenanthroline method [27].

Table 4. List of sensors used at the inlet and outlet.

Type Model Measuring Principle
pH Endress + Hauser® memosens orbisint CPS11D Glass Electrode
Redox potential Endress + Hauser® memosens orbisint CPS12D Glass Electrode
DO PreSens® PSt3 Sensor Optical Fiber Sensor

In order to measure the oxygen transfer capability of the system a total of 32 experi-
ments were performed (see Table 3), varying groundwater flow rate ¢, impeller rotation w
and water height /. The objective of these experiments was to relate the final DO concentra-
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tion, the Ky a, the area to volume ratio, A/V, and the nondimensional coefficient « (defined
in Section 2.1) to these three variables.

Additional experiments were conducted to test the iron oxidation performance at
different pH conditions. These tests were performed with / = 0.3 m, three different rotation
velocities (w = 350, 750 and 1000 rpm), a flow rate ¢ = 0.38 L min~—! and four different pH
values (6.9, 7.3, 7.7, and 8.1). The pH values were chosen according to the work of van
Beek et al. [28] to guarantee that oxidation would take place inside the homogenous zone,
heterogeneous zone and biological zone, respectively.

2.1. Determination of the Kya Value

It is known that there are different challenges to experimentally define the Kra in an
aeration system, mostly caused by the difficulty of precisely determining the interface area.
Such challenges make comparisons between different aeration systems rather difficult [20].
Often, more theoretical approaches are proposed to tackle this problem. Among the
different methods, the gas out—gas in approach has been described as one of the most
reliable [18,29,30]. In this method, the oxygen volumetric transfer rate of the system, dC/dt,
is defined as the product between the volumetric mass transfer coefficient Ky a and the gas
concentration gradient relative to saturation [28], as shown in Equation (6),

dC/dt =mip_g=Kpa-(Cs—C) (6)

where C is the DO concentration in mg-L~! and Cs the DO saturation concentration in
mg‘L_1 at the same temperature.
The mass balance of oxygen in the system can be expressed using

@ - Ciyt+Kpa V- (Cs—Cout) -t =9 Cour-t 7)

where ¢ is the flow rate in m®-h~!, C;, the DO concentration at the inlet in mg-L~!, V is
the volume in m3, t the time in h and C,,; the DO concentration at the outlet in mg~L’l.
Therefore, Kra can be calculated according to Equation (8),

Kia = ¢ (Cout — Cin) V™1 (Cs — Cour) " ®)

In order to relate the aeration number Fl [18] with the geometry of the tank, we
proposed the nondimensional coefficient & according to Equation (9),

a = log,(Flg (h.DTfl)*l), )

where Flg denotes the aeration number, h the height and Dr the diameter of the tank,
respectively. The use of a logarithm was chosen to create values in the operating range
that were easy to work with. a was calculated for rotations between 100 and 2000 rpm
and for water heights of 0.3, 0.4, 0.5, 0.6 and 0.7 m, that corresponded in volumes of 21, 28,
35, 42 and 49 L, respectively. This coefficient combined the tank geometry, the impeller
geometry and the rotation in a single number that could be used to distinguish different
vortex regimes and help in aeration system design. When combined with other coefficients
like K g, it facilitates understanding of how the different aeration regimes contribute to the
aeration behavior.

2.2. Determination of the Gas/Liquid Interface

In order to determine the relationship between the aeration rate and the size of the
diffusive surface (normally expressed as the system area to volume ratio “a”), an image
analysis of the interface formed in different regimes was performed. To this end, images of
the impeller reactor were taken from a side view using different water column heights (30,
40, 50, 60 and 70 cm) and impeller rotation rates (210, 350 rpm, and every 50 rpm between
550 and 1000 rpm) intervals. The images were taken with a Nikon D7200 and the interfacial
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areas generated in each situation were subsequently calculated in the following way: first,
the images were preprocessed in Fiji® by edge determination and manual blacking out of
areas with larger radii than the visual location of the interface. The scale of the picture was
determined from the diameter of the glass vessel (300 mm) as a reference. Next, a program
written in Python® determined the location of the interface for every vertical pixel position.
For a given pixel row, a threshold of 10% of the maximum pixel value in the row was set
and, from both sides, a test was performed to determine when this value was first exceeded.
These two pixel positions were then considered to be the instantaneous position of the
interface. In the bubble regime, the presence of bubbles blocked the view of the central
interface, especially in the bottom part of the reactor. Therefore, only the upper part of the
image was considered. Additionally, in this regime, an additional area was present via
the interface created by the bubbles emerging from the impeller. This area could not be
measured and was not included in the calculations.

Since the interface position fluctuated during the course of the experiments, averaging
was performed. It is known that the interface created by an irrotational vortex with constant
fluid density forms a hyperboloid, also known as Gabriel’s horn [31]. This form corresponds
to a shape where the surface drops inversely with the radius squared. The space above the
impeller resembled such a flow, since water has low viscosity. Additionally, before flowing
through the impeller inlet, no extra vorticity is introduced by boundaries in this region.
We fitted the determined interface position, as described above, with a hyperboloid using
orthogonal distance regression (ODR) [32]. Errors of this method were calculated and taken
into consideration. The area of this hyperboloid was subsequently calculated between the
inlet of the impeller and the radius of the reactor. For the bubble regime where the visibility
was obstructed, the fit was extrapolated to these boundaries.

2.3. Determination of the Iron Oxidation Efficiency

In order to determine the iron oxidation efficiency of the system, 12 experiments were
performed in duplicate. In each experiment, one inlet sample was taken in the beginning
and one was taken after one HRT. Airtight sampling points were installed in the inlet
and outlet, and the samples were taken with glass syringes. The concentrations of Fe?*
and Fe®* were measured in each sample using Hach® Lange LCK 320 Iron tests that used
the 1,10-Phenanthroline method [27]. The iron oxidation 7, efficiency of each test was
determined using Equation (10),

24 2+
_ Fein —Fegur 10
Nox = — — 5+ (10)
Fe,N
3. Results and Discussion
3.1. Vortex Regimes

Figure 4 shows a series of images of the different regimes obtained during the experi-
ments performed with 30 and 40 cm water level and different rotation rates.
The different regimes can be described as follows:

e  Regime (1): Formation: This regime happens at low rotation rates. In this case, the
rotation causes the formation of a liquid—-air interface, normally seen as a small notch
at the air-water interface. Even though the interface is deformed, the vortex is not yet
completely established, and the liquid—air interface is not contacting the impeller. «
values are low (Figure 4a,d).

e Regime (2): Complete: This regime can be established when the rotation rates are
increased. The liquid surface makes contact with the impeller and the vortex is fully
formed, but air is drawn into the impeller. « values are intermediate (Figure 4b,e,f).

e  Regime (3): Bubble: Upon further increase of the rotation rate, air is drawn into the
impeller and ejected as bubbles in the lower part of the reactor (Figure 4c). This
regime could not be obtained for 40 cm column height because the rotor could not
provide rotation rates higher than 1100 rpm (Figure 4f still represents the complete
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regime, since no bubbles were ejected). In the bubble regime, the highest « values
were obtained.

The vortex regime is dependent on the type and speed of the impeller, the dimensions
of the aeration tank and the type of liquid. The first two regimes are commonly observed
with impellers, whereas the third one is specific for the impeller used in this work. In this
study, tests with different rotation rates and water heights were performed in order to
determine the onset of each regime for the chosen experimental conditions. The transition
between the different regimes was determined using the previously defined nondimen-
sional coefficient a (see Equation (9)). Figure 5 shows a diagram for easy comprehension of
the variability of « for the different volumes and regimes.

The transition from regime 1 (formation) to regime 2 (complete) started at « values
of ~5.2. The transition from regime 2 to regime 3 (bubble) started at « values of ~6.5. As
indicated by the color gradients in Figure 5, the transition between the different regimes
was not sharp. Table 5 shows the « values at the onset of the regime transitions for different
volumes (represented as water column heights).

Table 5. Critical a values indicating a change of vortex regime for different water heights; the
first transition occurring from formation to complete, and the second from complete to bubble
regime, respectively. An asterisk (*) means that for the o value shown the bubble regime was not
obtained due to limitations of the maximum achievable rotation rate, thus the actual values are higher
than indicated.

. « For the Onset of the « For the Onset of the
Height h/m Volume V/L First Regime Transition Second Regime Transition
0.3 21 5.21 6.91
0.4 28 5.79 7.17
0.5 35 5.87 >6.46 *
0.6 42 5.96 >6.50 *

0.7 49 5.89 >6.65 *
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(b) h=30cm (c) h=30cm
v =500 rpm v =1000 rpm
o =6.10 a=7.30

(d) h=40cm (e) h=40cm (f) h=40cm
v =250 rpm v =500 rpm v =1000 rpm
a=4.77 a =597 a=717

Figure 4. Images of the system for different water levels and impeller rotation rates. For every
situation, « is shown. (a,d) are examples for the formation regime; (b,e,f) for the complete regime,
and (c) for the bubble regime.

As seen in Figure 5, there was a variation of 0.7 between the minimum and maximum
value for the transition from the formation to the complete regime, depending on the
experimental combinations for volume and rotation rates. Inside this interval (denoted as
1... 2), especially when close to the lower limit, the authors observed that the interface
shape would sometimes be inside one or the other regime, or would even slightly oscillate
between the two. The same variation was found for the transition from the complete to the
bubble regime (denoted as 2 ... 3). An interesting behavior was observed for values close
to 7.2, with the system sometimes producing bubbles and sometimes not, again blurring the
transition line into a transition regime. To facilitate the definition of the aeration systems,
we decided to include the two transition regimes into the complete regime, which hence
ranged from « = 5.2 to 7.2, while the transition regimes were indicated as part of the
complete regime in all following graphs by dotted lines and color gradients. Each regime
described above was investigated regarding its physical and chemical properties, including
interfacial area to volume ratio, aeration capabilities and iron oxidation efficiency.
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Formation Transition between Complete Transition between Bubble
regime (1) formation and complete regime (2) complete and bubble regime (3)
(1..2) (2...3)

-« I— >+ -t :-l >
| |
Regime (1) | Regime (2) | Regime (3)
< > »le >
| |
| |
| |
| i |
| 58 5.96 ; |
| :

|  aamE : :

5.2: 5.5 5.91: |
| 6:48 7.04 |
| I ] | |
| I | Tl
I 646  6.70 |72
| ; |
| |

5.0 5.5 6.0 6.5 7.0 725
o

Figure 5. A box plot of the « values indicative of the regimes: (1) formation regime (2) complete
regime and (3) bubble regime, as well as transition regimes in between them. The dashed lines indicate
regime transitions; the dotted lines show the intra-regime transitions within the complete regime.

3.2. Determination of the Gas/Liquid Interfacial Area

The Kpa value is a direct function of the mean interfacial area and the liquid volume in
aeration systems, as well as the diffusion coefficient K; . The interfacial area is composed
of two parts: The central surface dip extending downwards and outwards, characteristic
of a multiphase vortex, and the area of the bubbles created at the impeller outlets. We
performed an image analysis on the central interface which resulted in an additional
interface to volume (A/V) ratio shown in Figure 6 as a function of . Here only additional
surface area created by the vortex was considered, not the original interfacial area of the
liquid at zero rotation. The logarithm of (A/V) and « can be satisfactorily fit with a linear
correlation, especially in the complete regime. From combining Equations (4), (5) and (9), it
can be seen that A/V behaves linearly in w*, meaning that the additional area is directly
proportional to the fourth power of the rotational velocity.

3.3. Aeration

Figure 7 relates the different vortex regimes to the equilibrium DO concentration. It
also presents the lower and upper DO saturation concentrations denoted as S(T'4x) and
S(T i) for the lowest and the highest water temperature measured during the experiments,
calculated from [33].
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Figure 6. log(A/V) as a linear function of a. The area considered is only the additional area created
by the vortex. A linear regression yields log(A/V) = 0.775x — 1.89. The dashed lines indicate regime
transitions; the dotted lines show the intra-regime transitions within the complete regime.
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regime (1) regime (2) regime (3)
12 g
L10 . ..
20 :
£ :
c :
x s
> .
o 5
° :
26 5
o]
vy
w
:
E 4
=
—
=
g 2
0 :
5.0 6.0 7.0 8.0

o
Hydraulic retention times: e56 min =44 min  a44l1min o026 min A1l8 min o8 min

Figure 7. Equilibrium-dissolved oxygen reached for different « values for different hydraulic reten-
tion times. Temperature-dependent maximum and minimum saturation concentrations S(Tx) and
S(Tin) calculated from [33]. The dashed lines indicate regime transitions; the dotted lines show the
intra-regime transitions within the complete regime.

DO, increased with respect to « and seemed to increase more steeply into the bubble
regime, when considering the values obtained within the same HRT. This was probably
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caused by increase of the interfacial area created by the bubbles in that regime compared
to the previous ones. Another interesting aspect was the fact that, inside this regime, the
DO, reached values very close to saturation, even for the smallest HRT (8 min). Thus, long
HRTs produced higher DO, inside the same regime. The difference could be close to twice
as much when comparing, for example, the values obtained for HRT = 8 min and HRT = 56
min with a = 6.8. Inside the complete regime (2), the system could provide DO,,; values
close to the saturation concentration only with an HRT of 56 min.

A plot of Kja against « is shown in Figure 8, showing the rather high values of Ky a
obtainable with the system investigated, especially in the bubble regime.

Formation Complete Bubble
regime (1) regime (2) regime (3)
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Figure 8. Ky a for different a values at different hydraulic retention times. The dashed lines indicate
regime transitions; the dotted lines show the intra-regime transitions within the complete regime.

The Kpa values inside the bubble regime were rather high compared to, e.g., Kra
values of commercially available fine bubble aerators (1.64 h~! [34]) or cascade aerators
(4.86 h~! [35]). Inside the bubble regime, high oxygen transfer rates were obtained for
HRTs of 8, 18, 41 and 56 min; thus, already short HRTs (8 min) resulted in high Kja
values. It should be mentioned that the choice of the design of both impeller and tank (and
therefore the a) must be taken into account when designing a system for reaching high
DO concentrations, or if one intends to aerate a large quantity of liquid in a short time
thus requiring a high Kya. An ideal aeration system should be able to provide both. The
obtained data indicated that the impeller system investigated was capable of doing so in
the bubble region.

For small « values, the DO, concentration and the K;a were low and therefore, it
could be concluded that, in the formation regime, the aeration capabilities of the system
were moderate. This was mainly due to the small interface area created by the relatively
low rotation in a given tank geometry.

Most of the experiments in this work were performed in the complete regime. The
interface area varied considerably for a given geometry, when the rotational speed was
increased. It was noted that, of all three regimes, the complete regime showed the most
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significant changes in surface area inside its own region, thus presenting a wide range of
equilibrium DO concentrations (1.94-7.09 mg L) and Kya (0.71-10.45 h~—!). The HRT also
influenced the DO, and, in the complete regime region as shown in Figure 5, it was clearly
visible that for higher HRTs (56 min) the DO concentration was higher, too. This was due
to the longer aeration period. The longer the water stayed in the tank, the more oxygen
was transferred from the air to the liquid mass.

The presence of bubbles in the system suggested an increase in the aeration capabil-
ities, mainly due to the rise in surface area created, thus, in the bubble regime, high DO
concentrations (8.45-9.13 mg L~1) and K;a values (10.56-37.09 h~1) were achieved.

3.4. Relation between Interfacial Area and Kya

In order to better understand the relationship between interfacial area and aeration in
the system investigated, we tested if K was constant with respect to « by dividing the data
in Figure 8 by the fit in Figure 6. The results can be seen in Figure 9, separated by regimes
including the best fit average K; . Within the formation and complete regimes, a Pearson-R
test showed no significant (p < 0.87 for the formation and p < 0.16 for the complete regime)
correlation with &, so we considered K}, to be a constant within these regimes. However,
since the spread of K} between experiments was quite large, the actual diffusion rate likely
depended on specific turbulent conditions in the boundary layer flow. The bubble regime
did not allow a statistical analysis, as it was not possible to determine the real interfacial
area created by the bubbles.

Formation Complete Bubble
regime (1) regime (2) regime (3)

Hydraulic retention times:

a 8 min
o 13 min
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o
Figure 9. K} as a function of « for the three regimes. Since the interfacial area in the bubble regime
could not be measured directly, the shown values are based solely on the central surface dip. The

dashed lines indicate regime transitions; the dotted lines show the intra-regime transitions within the
complete regime.

3.5. Redox Potential

Redox potential, or oxidation reduction potential (ORP), is a measure of the tendency
of a chemical species to acquire or lose electrons and thereby be reduced or oxidized,
respectively [36]. Many factors can influence ORP changes and the kinetics of iron oxidation.
The most important are hydrogen sulfide (which was below the limit of detection for the
water treated in this work, see Table 2) as well as CO, [37]. Usually, ORP is also related
to dissolved oxygen—that is, the higher the DO concentration in water, the higher the



Water 2022, 14, 795

16 of 19

ORP (mV)

ORP (mV)

redox potential. Redox potentials measured for different experimental configurations are
presented in Figure 10.
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Figure 10. Redox potentials at inlet and outlet for various rotation rates at 0.38 L min~! and 30 cm
water column height (HRT = 55 min): (a) without NaOH dosing at a pH of 6.91; (b) with NaOH
dosing at pH 7.3; (c) at a higher NaOH dosing at pH 7.7; (d) at the highest pH dosing at pH 8.1.

In all the experiments, the redox potentials in both the inlet and outlet were negative
with more negative values at the inlet. The reason for that was the high tendency of the
Fe?* to lose electrons, i.e., to be oxidized. After the aeration process, the redox potential
increased because of the higher DO concentration and lower concentration of Fe?*.

The relation between pH and the inlet redox potential can be given by the well-known

Nernst equation,
RT
E— ot (>ln{ared}
zF Aox

where E is the redox potential, Ey is the standard potential at 25 °C, R is the general gas
constant, T the absolute temperature in K, z the number of electrons transferred, F the
Faraday constant, and a are the activities of the species involved. From this equation, a
direct proportionality of the ORP and the pH can be deduced,

(11)

E ~ —0.059V-pH (12)

The higher the pH, the lower is the inlet ORP. This can be explained by the increase in
OH~ in the water and a higher availability of species to oxidize Fe?*. Additionally, it was
noted that. for higher rotation rates and pH levels, the outlet ORP was higher, due to the
high oxygen concentration and lower Fe?* concentration after aeration.

3.6. Iron Oxidation

Figure 11 presents the Fe>* oxidation efficiency for different « values in different pH
conditions. At higher « values, more DO was available to oxidize Fe?*, thus there was
more iron oxidation. The Fe?* concentration in the inlet varied from 4.56 to 5.65 mg L~
and the outlet concentration varied from 0.8 to 3.92 mg L~ 1.
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Figure 11. Iron oxidation for different « in different pH conditions. The darkened area shows
representative oxidation efficiencies reported by Sharma [7]. The dashed lines indicate regime
transitions; the dotted lines show the intra-regime transitions within the complete regime.

Generally, there was no prominent increase in iron oxidation when transitioning from
the complete regime to the bubble regime (at pH 7.7 there was a small decrease, but when
taking the error bars of the efficiency in the formation regime into account, the changes
at this pH were not significant). Thus, when a certain DO concentration was reached, an
additional increase did not play an important role in Fe>* oxidation, suggesting that DO
was no longer the limiting factor of the oxidation.

At higher pH values (7.7 and 8.1), the iron oxidation efficiency increased. The chemical
equilibrium in reaction of Equation (3) was shifted to the right, since free hydroxyl ions
were available for Fe(OH); precipitation or, in the case of pH 8.1, the beginning of the
formation of Fe(OH),~ [38]. The oxygen concentration was measured only in-line and
not in the sample, so it was assumed to be the same. The highest efficiencies (83, 80 and
73%) were obtained with pH = 8.1 and « = 7.3, 6.8 and 5.48, respectively. This means that
when O, was in excess in the reaction, the pH condition played a more significant role in
the process.

4. Conclusions

The vortex impeller system presented in this paper exhibited robust and efficient
aeration capability. This capability can best be evaluated using the proposed « coefficient,
which permitted a complete analysis of the system, combining different variables such
as water height, volume, rotational speed, tank design and impeller design into one
dimensionless coefficient.

There was a direct relationship between the interfacial area and oxygen transfer
capabilities; for a larger surface area, higher DO,,; and K a values could be achieved. These
results showed that the impeller system studied in this work represented an effective and
commercially competitive aeration technology. The vortex impeller system also provided
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interesting results for Fe?* oxidation in groundwater. At a high DO concentration and
a high pH, the iron oxidation efficiency of the system increased to 83%. After a certain
DO threshold, the oxidation rates could be further increased by increasing the pH. Even
though more experiments must be conducted to determine energy-related coefficients, the
performance observed indicated that the presented vortex impeller flow-through aeration
system was applicable for aeration and iron oxidation in ground water due to the large
water—air interface created and its high mechanical mixing capability. The dimensionless
parameter & could provide engineers with the possibility to scale it according to their
desired water volume and flow.
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