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Abstract: This research evaluated the oxygen transfer efficiency in beds to be used as aerated con-
structed wetlands. The research methods included oxygen transfer efficiency evaluations in several
bed configurations using diffused aeration systems. Experiments were conducted at two locations
with different environmental conditions: a) Talca (Chile), 120 m above sea level (m.a.s.l.), 0.99 Atm
and b) Cajicá (Colombia), 2550 m.a.s.l., 0.76 Atm. A column with only clean water and three bed
configurations representing aerated constructed wetlands were evaluated. These configurations
included: (a) coarse gravel, (b) coarse gravel with an empty core in the middle (inner container), and
(c) fine gravel. Three airflow rates were evaluated: (a) low, 0.7 L/min; (b) medium, 2.5 L/min; and
(c) high, 3.6 L/min. The overall oxygen mass transfer coefficient, standard oxygen transfer rate, and
standard oxygen transfer efficiency were the variables calculated from the oxygen transfer evaluation
tests. The research results indicated that in diffused aeration systems, oxygen transfer efficiency was
negatively influenced by environmental conditions, particularly altitude, which limits the driving
force for oxygen transfer into water. Furthermore, the results showed that the size of the gravel used
in the bed is related to the oxygen transfer efficiency: the larger the gravel size, the higher the oxygen
transfer, regardless of the altitude. Finally, research regarding oxygen transfer in aerated constructed
wetlands has signaled the need for a standard procedure for aeration testing, and this work suggests
a new methodology.

Keywords: aeration; atmospheric pressure; constructed wetlands; gravel size; oxygen transfer

1. Introduction

Constructed wetlands have been used as treatment alternatives for different kinds
of wastewater [1–3]. Although constructed wetland technology is used as a nature-based
solution, mechanical aeration has been used to intensify and consequently increase the
removal efficiency of pollutants or to remove specific contaminants (mainly organics
and nitrogen) [4]. In addition, mechanical aeration reduces the land requirement of the
technology and can be used to retrofit existing passive constructed wetlands [5,6]. Due to
their success, more than 500 systems are currently in operation around the world [6].

In the wastewater treatment industry, diffused aeration has been widely used in the
activated sludge process. Aeration systems design fundamentals, such as aeration system
operations and maintenance, and factors affecting oxygen transfer efficiency in diffused
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aeration have been studied in depth [7–9]. Recent developments include the dynamic
simulation of oxygen transfer efficiency under process conditions [9] and novel advances
in diffusers fouling nature [10]. Standard procedures for oxygen transfer testing in clean
water [11] and in process water for suspended-growth biological systems [12] are also
available. Oxygen transfer testing in clean water is a common practice in diffused aeration
system performance evaluations, with clean water as the reference or the best case [7].

The increase in aerobic kinetics through the aeration of constructed wetlands can be
considered a way to intensify this natural process with recent developments (last 25 years),
compared to an activated sludge process (last century). However, in both processes,
practitioners require specific knowledge regarding oxygen transfer from diffused aeration
systems [6]. The standard procedures for the evaluation of oxygen transfer in clean water,
included in the American Society of Civil Engineers (ASCE) [11], are the overall oxygen
gas transfer coefficient (KLa; 1/h), the standard oxygen transfer rate (SOTR; kgO2/h), and
the standard oxygen transfer efficiency (SOTE; %), all of which can also be applied to
constructed wetland practices [6].

The application of experimental methods for the measurement of oxygen transfer in
clean water [11] allows the calculation of KLa as follows:

C = C*
∞ − (C*

∞ − C0) exp(−KLa) (1)

where C = dissolved oxygen concentration, mg/L, C*
∞ = steady state dissolved oxygen

saturation concentration, mg/L, C0 = dissolved oxygen concentration at time zero, mg/L,
and KLa = liquid-side mass transfer coefficient, 1/h.

The primary result of the oxygen transfer evaluation test is expressed as the SOTR.
The oxygen transfer rate (OTR) quantifies the amount of oxygen that the aeration system
can supply to the water per unit time [9,11] according to Equation (2):

OTR = KLa (DOsat − DO) V (2)

where KLa is the liquid-side mass transfer coefficient (h−1); DOsat is dissolved oxygen in
water at saturation (mg/L), and V is water volume (m3). Then, under standard conditions,
as presented per Rosso [9] (clean water; new diffusers, no fouling: F = 1; initial dissolved
oxygen concentration = 0 mg/L; water temperature = 20 ◦C; and standard atmospheric
pressure = 101.3 KPa), the standard oxygen transfer rate, SOTR, can be derived from
Equation (3):

SOTR = KLa20 × C*
∞20 × VTk × 24/1000 (3)

For fine bubble diffusers, the oxygen transfer efficiency (OTE, %) is defined as follows
in Equation (4):

OTE = OTR/WO2 = (O2,in − O2,out)/O2,in (4)

where WO2 is the mass flow of oxygen fed to the aeration tank (KgO2/h), and O2,in and
O2,out represent mass fluxes of oxygen in and out of the clean water volume. More details
on oxygen transfer evaluation can be found in reference [9].

On the other hand, advances in aerated constructed wetlands resulted from different
approaches, from those commonly considered in aeration systems for activated sludge
processes to those found in diffused aeration systems. However, there is little information
about oxygen transfer in the context of aerated constructed wetland applications [13–16].
The lack of developments in aeration system design procedures, aeration control strategies,
aeration system maintenance procedures (mainly including blowers and diffusers), and
standardized procedures for evaluating oxygen transfer in aerated constructed wetlands
have been drivers against the selection of diffused aeration technologies in constructed
wetland practice. In addition, because aeration is an energy-intensive process, a better
understanding of dissolved oxygen (DO) transfer from the gas phase to the liquid phase in
aerated constructed wetland applications will certainly improve energy efficiency [17].
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Aerated constructed wetlands use a support medium based on different gravel sizes
that should have an impact in the aeration process [18–20]. The gravel medium implies
aeration process particularities in aerated constructed wetland oxygen transfer rates, fouling
phenomena, and mixing characteristics inside the wetland bed. For example, in aerated
constructed wetlands SOTE values below 5% have been reported [15,16], different to SOTE
reported for diffused air aeration systems, which vary between 4% and 30% [21]. This fact
reveals the necessity to study in depth the aeration process in aerated treatment wetlands.

Thus, this paper aims to evaluate the oxygen transfer efficiency when diffused aeration
is employed, considering the different gravel sizes and distributions, airflow rates, and
environmental conditions proposed for beds in aerated constructed wetlands.

2. Materials and Methods
2.1. Experimental Setup

To conduct the oxygen transfer efficiency measurement, three columns representing
different bed configurations of actively aerated filters (beds for constructed wetlands) were
used. Each column was different from the others in terms of gravel size and inner space
above a fine bubble membrane diffuser. Other physical characteristics, such as column
diameter, water column depth, and aeration system configuration, were kept constant
(Figure 1: columns 2, 3, and 4). A column without gravel and containing only water
was also evaluated as blank (Figure 1: column 1). The constructive details and the main
components of the evaluated columns are presented in Figure 1.
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Figure 1. Schematic diagram of the bench-scale testing columns (not to scale). Figure 1. Schematic diagram of the bench-scale testing columns (not to scale).

All experimental columns were built using 0.16 m diameter PVC pipes with a total
height of 1.5 m. A total water depth of 1.15 m was used for the tests (Figure 1). Columns 2,
3, and 4 were filled with typical gravel used for construction according to local availability.
Characteristics of the gravel employed were: (a) porosity, between 40–50%, (b) density,
between 1200–1400 kg/m3. Furthermore, the air diffuser was installed in an empty space in
the bottom of each column, separated from the gravel by a perforated sheet with staggered
round holes (hole diameter, 7 mm). Finally, the inner container was installed exactly above
the air diffuser (Figure 1). The inner container was built using a 0.08 m diameter PVC pipe
with a total height of 0.58 m (Figure 1). The wall of the cylindrical inner container was
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perforated with 60 evenly distributed 27 mm diameter holes, and a stainless-steel mesh of
0.01 m aperture width was installed inside the inner container to prevent gravel entry. At
the top, the inner container was closed with a PVC cap.

2.2. Testing Description and Locations

Oxygen transfer tests were conducted in situ at facilities in Chile and Colombia (South
America). Location details and environmental testing conditions are presented in Table 1.
The definition of evaluated airflow rates followed two criteria: (a) as a lower bound, the
specific airflow rate was 0.7 L/min (2.1 m3/m2-h), considering guidelines for actively
aerated filters from German guidelines [19], and (b) as a higher bound, the value was
3.6 L/min (10.7 m3/m2-h); this value was extrapolated, taking as a reference a design
example of an aeration system for an activated sludge process [8].

Table 1. Experimental characteristics for each location.

Location
Altitude
(m.a.s.l)

Atmospheric
Pressure

(Atm)

Water
Temperature

(◦C)

Oxygen
Solubility

(mg/L)

Airflow Rate

Low Medium High

L/min m3/m2-h L/min m3/m2-h L/min m3/m2-h

1 * 102 0.99 11.4–16.5 10.82–9.67 0.7 2.1 1.5 4.5 3.6 10.7

2 ** 2550 0.76 13.2–21.5 7.94–6.66 0.7 2.1 1.6 4.8 3.6 10.7

Note: * Universidad Católica de Maule (Talca, Chile). ** Universidad Militar Nueva Granada (Cajicá, Colombia).

2.3. Aeration System

The experimental setup of the aeration system included a compressed airline (up
to 120 L/min), a thermal mass flow controller (Aalborg Instruments & Controls, Inc.,
Orangeburg, NY, USA), tubing, fittings, and an ethylene propylene diene monomer (EPDM)
fine pore membrane diffuser (diameter: 50 mm or 5 cm, Figure 1, SSI Aeration, Inc.,
Arlington, NY, USA). The pilot diffuser housings were custom assembled using PVC
components and round coupons of new fine-pore EPDM diffusers (SSI Aeration, Inc., NY,
USA). This configuration followed as a reference a diffused aeration setup typically used in
activated sludge processes for wastewater treatment [9].

2.4. Data Collection and Instrumentation

Process variables were measured and logged in a plain-text archive at 30 s intervals
(Data Logger Lascar EL USB 4). Data collected included water temperature, total dissolved
solids, DO concentration, and airflow rate. Water quality parameters were measured with
specific electrodes using a multi-parameter Portable Hanna HI 9829. (Hanna Instruments,
Woonsocket, RI, USA) Each oxygen transfer evaluation test presented a DO profile following
the trend exemplified in Figure 2. This pattern reflects the reaeration process, moving from
the absence of DO to the steady state, (i. e., saturation). Airflow regulation was automated
using a microcontroller (In-house fabrication) and a thermal mass flow controller (analogue
signal, 0-5VDC; airflow controller ALBORG CFC37) (Aalborg Instruments & Controls, Inc.,
NY, USA). A thermal mass flow controller was used to guarantee that low, medium, and
high airflow rate scenarios were comparable in both locations. This air flow measurement
technology compensated for air density variations. Figure 1 and Table 1 include details of
the references and locations of the sensors and controller.

2.5. Oxygen Transfer Evaluation

Measurements of oxygen transfer in clean water, as described in ASCE [11], were
implemented throughout all aeration tests. The test method is based on the removal of
DO from the water volume by sodium sulfite (Na2SO3) and cobalt chloride (CoCl2). The
DO is reduced to zero via oxidization with sodium sulfite catalyzed with cobalt. Once
the DO has been reduced to zero, diffused aeration starts, and as a consequence, the DO
returns to a liquid; then, the DO concentration was recorded at 30 s intervals. The test ends
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once the DO reaches saturation and holds a constant value. The data collected from the
reoxygenation test were processed using the ASCE-approved DO Par Ver. 3.0.3 [22]. The
results of this tool were different variables representing oxygen transfer to the water: (KLa,
1/h), SOTR (kg/h), and SOTE (%). The KLa, SOTR, and SOTE were calculated according to
Equations (1) to (4), described in the introduction section. Normalized STOR and SOTE
were calculated using results from Equations (3) and (4), respectively, and then, the results
were divided by the water volume contained in each column. Each oxygen transfer test
was repeated three times.
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Figure 2. Example dissolved oxygen (DO) profile showing the changing DO concentration during
oxygen transfer test.

2.6. Statistical Analysis

Statistical analysis was conducted to evaluate the calculated parameters KLa, SOTR,
and SOTE. The previously mentioned parameters were selected as a representative of
oxygen transfer evaluation in diffused aeration systems for wastewater treatment prac-
tice [9]. To compare the influence of each configuration (columns 1, 2, 3, and 4) for each
airflow rate (low, medium, and high) and to compare the influence of airflow rate (low,
medium, and high) for each configuration (columns 1, 2, 3, and 4) at each location (Table 1),
a non-parametric Kruskal—Wallis test was employed. To compare the influence of local
environmental conditions (atmospheric pressure) at each location (Table 1), the different
configurations (columns 1, 2, 3, and 4) and the airflow rate (low, medium, and high), a
non-parametric Wilcoxon test was employed. All statistical analysis tests were performed
using INFOSTAT V. 2019 [23] with a significance level of α = 0.05.

3. Results
3.1. KLa, SOTR, and SOTE for Different Bed Configurations and Environmental Conditions (Altitude)

The results from the oxygen transfer rate evaluation tests (KLa, SOTR, and SOTE) for
each location and bed configuration are presented in Table 2. The results of the statistical
test comparison, considering bed configurations and locations, are presented in Table 3.



Water 2022, 14, 3284 6 of 13

Table 2. Overall oxygen mass transfer coefficient (KLa), specific oxygen transfer rate (SOTR), and
specific oxygen transfer efficiency (SOTE) for each configuration, airflow, and location.

Column No Airflow Rate
KLa (1/h) SOTR (kgO2/h) SOTE (%)

Location 1 Location 2 Location 1 Location 2 Location 1 Location 2

1
Low 11.29 ± 1.04 a 6.94 ± 0.66 a 2.29 ± 0.16 a 1.86 ± 0.15 a 19.72 ± 1.42 a 15.78 ± 1.23 a

Medium 12.95 ± 2.47 a,b 12.75 ± 1.17 b 2.58 ± 0.47 a 2.99 ± 0.32 b 10.38 ± 1.91 a 11.49 ± 1.25 b

High 29.42 ± 1.53 b 21.48 ± 2.10 c 6.55 ± 0.15 a 4.54 ± 0.30 c 10.99 ± 0.25 a 7.60 ± 0.50 c

2
Low 19.15 ± 0.75 a 6.14 ± 0.56 a 1.85 ± 0.09 a 0.77 ± 0.07 a 15.93 ± 0.81 a 6.56 ± 0.58 a

Medium 24.06 ± 1.73 a,b 13.44 ± 1.04 a,b 2.32 ± 0.20 a,b 1.18 ± 1.02 a 9.32 ± 0.79 a,b 7.17 ± 0.69 b

High 44.74 ± 1.95 b 15.81 ± 1.20 b 4.17 ± 0.10 b 1.79 ± 0.14 a 6.98 ± 0.17 b 2.99 ± 0.23 b

3
Low 14.40 ± 0.17 a 8.79 ± 0.37 a 1.60 ± 0.06 a 1.80 ± 0.12 a 13.81 ± 0.52 a 15.34 ± 1.03 a

Medium 20.15 ± 3.45 a,b 14.11 ± 1.99 b 2.32 ± 0.20 a,b 2.36 ± 0.24 a,b 9.32 ± 1.50 a,b 9.07 ± 0.91 a,b

High 32.98 ± 3.52 b 19.54 ± 6.28 b 3.66 ± 0.37 b 3.59 ± 1.20 b 6.13 ± 0.61 b 6.00 ± 2.01 b

4
Low 12.69 ± 1.26 a 4.38 ± 0.51 a 1.10 ± 0.11 a 0.53 ± 0.09 a 9.49 ± 0.98 a 4.52 ± 0.80 a

Medium 16.06 ± 2.79 a,b 10.30 ± 3.06 a,b 1.61 ± 0.35 a,b 1.11 ± 0.32 a,b 6.47 ± 1.40 a,b 4.25 ± 1.22 a,b

High 23.61 ± 1.94 b 17.28 ± 2.94 b 2.08 ± 0.13 b 1.69 ± 0.21 b 3.49 ± 0.21 b 2.82 ± 0.36 b

Note: Location 1: Universidad Católica de Maule (Talca, Chile); location 2: Universidad Militar Nueva Granada
(Cajicá, Colombia). Same letter, non-significative difference (p > 0.05) only for comparison between different
airflows at each configuration and location.

Table 3. Results of statistical comparison between columns for each airflow and statistical comparison
between the two locations (atmospheric pressures) (p values).

Airflow
Rate

Column
No

Comparison between Columns Comparison between Locations

KLa SOTR SOTE KLa SOTR SOTE

L1 L2 L1 L2 L1 L2 L1 L2 L1 L2 L1 L2

Low

1

0.0216 <0.001 0.0156 0.0001 0.0156 0.0001

0.0121 0.0121 0.0121
2 0.0238 0.0238 0.0238
3 0.0238 0.0952 0.0952
4 0.0167 0.0167 0.0167

Medium

1

0.037 0.2496 0.077 0.0017 0.077 0.0013

0.9371 0.2168 0.4685
2 0.1 0.1 0.1
3 0.1 0.99 0.99
4 0.0571 0.2286 0.2286

High

1

0.0216 0.0437 0.0156 0.0023 0.0156 0.0023

0.0167 0.0167 0.0167
2 0.0571 0.0571 0.0571
3 0.0571 0.4 0.4
4 0.0357 0.0357 0.0357

Note: Values in bold type p > 0.05 showing non-significant difference. L1: location 1; L2: location 2.

Mean KLa range were similar between locations. Location 1 (lower altitude above sea
level and higher atmospheric pressure) varied between 11 1/h and 33 1/h, and location
2 (higher altitude above sea level and lower atmospheric pressure) varied between 4 and
22 1/h (Table 1). When the KLa behavior between the two locations was compared, non-
significant differences (p < 0.05) at medium and high air flow could be found for columns
2 and 3 (Table 2). Therefore, the higher results achieved in this study can be explained
by the differences between the evaluated configurations. Furthermore, as a consequence
of increasing the airflow rate from low to high, in each location and configuration, the
average KLa values increased in a significant way (p < 0.05) (Table 2). Similar results were
presented in Du et al. [24], where increasing the airflow rate improved KLa at 20 ◦C in
a significant way (p < 0.05) when experimenting on fine pore diffusers with clean water.
When comparing the columns (Table 3), the results showed that for medium air flow at
location 2, a non-significant difference (p > 0.05) could be found.

Mean SOTR values vary between 1.0 and 6.5 kgO2/h for location 1 and between 0.8 and
4.5 kgO2/h for location 2 (Table 2). Furthermore, the results showed that for each location
and configuration, SOTR values followed a similar trend as KLa; the values increased
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significantly (p < 0.05) when airflow increased, with the only exception being column
1 in location 1 and column 2 in location 2 (Table 2). Comparisons between the columns
showed that the SOTR only shows a non-significant difference (p > 0.05) for location 1 when
medium airflow was employed (Table 3). In addition, when comparisons between locations
were made, the trend was as follows: column 3 showed no significant differences (p > 0.05)
for all the different airflows tested (Table 3). Column 3 was the only configuration with an
inner container above the aeration system and coarse gravel (Figure 1). Additionally, when
medium airflow was employed, all columns showed non-significant differences (p > 0.05)
between the two locations (Table 3).

Contrary to the KLa and SOTR, the SOTE decreased in a significant way (p < 0.05)
when the airflow was increased in each location (except for column 1 at location 1 and
column 2 at location 2) (Table 2). In the same way as the SOTR, the SOTE only showed a non-
significant difference (p > 0.05) between the columns in location 1, when medium airflow
was employed. The same tendency was demonstrated by the SOTE compared to the SOTR;
(a) when comparisons between locations were made, column 3 showed non-significant
differences (p > 0.05) for all airflows tested (Table 3), and (b) when medium airflow was
employed, all configurations showed non-significant differences (p > 0.05) between the
two locations (Table 3). The SOTE values in Table 2 achieved in these experiments varied
between 3% and 20%, which are similar to a typical range between 10% and 30% reported for
activated sludge systems using fine bubbles (the same used in the experimental system) [21].

3.2. Normalized SOTR and SOTE

Considering the different volumes of water contained in each column, normalization
of the SOTR and SOTE was made per liter of water contained in each column. Normalized
values for the SOTR and SOTE are presented in Figures 3 and 4.
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For the two locations, the normalized SOTR in Figure 3 increases linearly from around
0.1 gO2/(h-L) up to 0.2–0.3 gO2/(h-L) for all columns (except column 2 in location 1, up
to 0.4 gO2/(h-L)), when airflow increases. In addition, Figure 3 shows similar behavior in
the normalized SOTR for columns 3 and 4 between the two locations; however, column 3
shows higher values for the different airflows. Columns 3 and 4 have different gravel sizes
and airflow distributions, because Column 3 includes an inner container in the middle.

In the case of SOTE, Figure 4 shows that for all the columns and locations, the normal-
ized SOTE decreases when airflow increases. This decrease is higher in columns 2, 3, and 4,
showing the effect of inclusion of any element in the bed. In addition, for columns 3 and
4, the normalized SOTE decreases from around 1.2 %/L at lower airflow (0.7 L/min) to
around 0.4 %/L at higher airflow (3.6 L/min). This suggests that the normalized SOTE
decreased almost three times while the airflow increased around five times. In the case
of column 3, similar behaviors in values for the two locations could be found despite a
difference of 25 times in altitude and 25% in atmospheric pressure. This result suggests
that the proposed configuration for constructing a bed of constructed wetland in column 3
can be used regardless of the location in terms of altitude above sea level and thus in terms
of atmospheric pressure.

The results in Figures 2 and 3 show that when the airflow increases for all configura-
tions, the normalized SOTR increases, but the normalized SOTE is reduced in all columns.
The reason for the reduced efficiency at a higher airflow rate can be explained through the
aggregation of bubbles, which decreases the total transfer area toward the water phase and
increases the bubble rising times [13].
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4. Discussion

The results of the oxygen transfer efficiency evaluations in diffused aeration systems
carried out according to standardized methodology as outlined by the ASCE [11], com-
parable for tests and systems with equivalent characteristics. Factors affecting oxygen
transfer to water include the driving force for the transfer of oxygen to water (influenced by
atmospheric pressure and water temperature), reactor configuration (depth and airflow rate
per diffuser), diffusers (physical characteristics and distribution), mixing regime, and water
quality (presence of surfactants) [7,25,26]. Considering these factors, the comparison of
test results is applicable only if the test, geometry, and process conditions are similar. This
concern must be considered when comparisons of oxygen transfer efficiency test results
from different locations are required. In the present research, tests were carried out under
different environmental conditions. However, the reactors evaluated had the same physical
characteristics. An analysis of the results for the different response variables considered is
presented below.

4.1. Influence of Airflow Rate

Oxygen transfer efficiency decreased as the airflow rate increased (Table 2). This
trend was present in all the evaluated columns and locations. As the airflow rate per
diffuser increased, so did the bubble size, and therefore, their ascending speed increased,
resulting in decreases in their residence time. This relationship between airflow rate and
the bubble ascending speed has been previously documented [9]. The influence of airflow
rate on SOTE for the evaluated column configurations accounted for variations ranging
from 1.60 to 2.55 times for high-altitude conditions and between 1.79 and 2.71 times for
low-altitude conditions. As expected, an increase in airflow resulted in a decrease in SOTE
(Table 2).

Considering the relationship between airflow rate, oxygen transfer efficiency, energy
demand for blower operation, and altitude, the phenomena depicted herein appear to be a
relevant concern when designing and operating aerated constructed wetlands. The results
show a clear tendency for the effect of the oxygen transfer efficiency (measured as SOTE)
to decrease as the airflow rate increases for both locations (Table 2). This relationship is
a consequence of the airflow rate per porous membrane unit area. The diffuser area was
constant in all oxygen transfer tests; the higher the airflow rate per diffuser, the greater
the bubble size. Consequently, a change in the surface-area-to-volume ratio was inversely
proportional to the airflow rate. This situation was maintained, despite the inclusion of
gravel and an inner container over the aeration system (columns 2, 3, and 4), modifications
that clearly showed a positive effect on oxygen transfer in comparison to the column
with only water (column 1), but these modifications did not have a positive effect on the
tendency of SOTE when the airflow rate increase.

4.2. Influence of Environmental Conditions

The results of the tests developed in different locations (Table 1) were analyzed to
assess the effect of environmental conditions on oxygen transfer efficiency to water. The
results are consistent with previously depicted relationships between environmental condi-
tions and diffused aeration into water [27]. As dissolved oxygen saturation is a function of
atmospheric pressure and water temperature, the driving force for oxygen transfer into
water is exclusively dependent on local environmental conditions. The larger the driving
force, the greater the oxygen transfer [27]. The results presented herein are limited to
gravel beds as recommended for aerated constructed wetlands (Table 2). Aside from the
bubble rising speed, which was associated with airflow rate, a location-dependent trend
was depicted from the results: location 2 (higher elevation and lower atmospheric pressure)
exhibited lower oxygen transfer efficiencies than location 1 (lower elevation and higher
atmospheric pressure). This trend can be explained by the correlation between oxygen
solubility and the driving force for oxygen transfer to water. Oxygen transfer tests were
carried out at two different locations under different atmospheric pressures; the elevation
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difference of 25 times between locations 1 and 2 caused a 25% reduction in atmospheric
pressure (Table 1). Oxygen solubility was inversely correlated with water temperature
and directly correlated with atmospheric pressure [28,29]; therefore, location 1 had higher
values for oxygen solubility (Table 1). Baquero et al. [27] presented a detailed review of
environmental factors, including atmospheric pressure, that affect oxygen solubility in a
wastewater treatment context.

The altitude difference had a significant effect (p < 0.05) on the results of KLa, SOTR,
and SOTE for all columns at low airflow (except Column 3) and for columns 1 and 4 at high
airflow. However, at medium airflow, altitude variation did not exhibit a significant effect
(p > 0.05) in any of the columns. This is important because under high-altitude scenarios
such as location 2 at 2500 m.a.s.l, the lower driving force for transferring oxygen to water
was mitigated by the proposed bed configuration for aerated constructed wetlands used in
columns 2 and 3.

Another important factor is water temperature. Water temperature has an effect on
oxygen saturation [21] and, therefore, on the driving force for oxygen transfer to water.
In the equatorial zone (location 2), this is related to altitude. In the Mediterranean zone
(location 2), this is related to the season. In this study, the temperature difference between
locations varied only from 1.8 ◦C to 5.0 ◦C. This temperature similarity is because at
location 1, the experiments were developed during winter. For this reason, and because all
results are reported in standard conditions (20 ◦C), temperature has not been included in
the discussion.

4.3. Influence of Inner Container on Aeration System

A novel bed configuration, which combines a gravel-free core (inner container) located
over a fine pore diffuser, was evaluated in column 3 (Figure 1). When a higher airflow rate
was applied, the results in Table 2 show that the KLa and SOTR increased in a significant
way (p < 0.05; see Table 2, different letters). This behavior was observed in the other
experimental columns, showing that the inclusion of the inner container did not have a
positive or negative effect when a higher airflow rate was applied. When column 3 is
compared to the other columns, Table 3 (comparison between columns) shows significant
differences (p < 0.05) for each location and airflow rate. In addition, when column 3 was
compared to column 2 (same gravel size and only effect of inner container is considered)
(results not shown) in location 1, for the three airflows tested, the KLa, SOTR, and SOTE
did not show significant differences (p > 0.05). However, in location 2, when column 3 and
2 was compared, non-significant differences (p > 0.05) could be found for KLa, SOTR, and
SOTE, only for medium and high airflow. Similarly, column 3 did not show statistically
significant differences (p > 0.05) when comparing the SOTR (p > 0.05) and SOTE (p > 0.05)
between locations at the different airflow rates tested (Table 3). Thus, from these results
two observations arise. First, at location 1, with higher atmospheric pressure, the inclusion
of the inner container would allow to it work with a low airflow (0.7 L/min), since oxygen
transfer results showed similar behavior compared to the medium airflow (1.5 L/min),
but if an increase in oxygen transfer rate is desired, a high airflow (3.6 L/min) can be
employed. Second, if a medium or high airflow is employed at any location, regardless of
the atmospheric pressure (or altitude), the inner container has a positive effect, because an
increase of 17.4% in the water volume is achieved (Figure 1, see water volume in columns 2
and 3), and therefore, treatment capacity increase of the system can be expected.

Furthermore, the inner container in column 3 allowed the achievement of a similar
normalized SOTR and SOTE between locations (Figures 3 and 4). When a normalized
SOTR was compared to the same gravel size (column 2) but reduced water volume, the
normalized SOTR showed an improvement in location 2. The improvement in the oxygen
transfer when the free space was included in the bed at a higher altitude can be explained,
because when water volume increases, gravel quantity is reduced. Thus, fewer bubbles
are imploded by gravel. As an effect of altitude, less oxygen is available in each bubble;
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therefore, the reduction in the number of bubbles that implode can improve the oxygen
transfer to water.

4.4. Influence of Gravel Size

Comparisons of the results when evaluating columns containing different gravel sizes
(columns 2 and 4) showed that the gravel size had an effect on oxygen transfer efficiency.
In fact, the greater the gravel size, the higher the SOTE. Coarse gravel is related to oxygen
transfer efficiency; this fact is promoted by high air-water interface renewal rates as a
consequence of fluids traveling through a bed’s empty spaces. The influence on gas-liquid
interfacial renewal rates in diffused aeration systems has been previously discussed [25,26].
This is especially relevant for the environmental conditions of location 1 and is promoted by
the high driving force for the transfer of oxygen to the water associated with this location
(previously described). Considering that the volume of water is dependent on the empty
spaces within the gravel bed, column 2 stored a greater water volume than column 4.
To confirm the results presented in Table 2, considering the difference in the volumes of
water, normalized SOTR and SOTE results in Figures 3 and 4 were included. These results
confirm the advantage of coarse gravel in terms of oxygen transfer efficiency for diffused
aeration. In fact, column 2 gravel presented the highest oxygen transfer efficiency within
the evaluated configurations.

The KLa, SOTR, and SOTE in a coarse gravel bed (column 2) were almost 1.5 to
2.0 times higher than in a fine gravel bed (column 4). This is valid for high atmospheric
pressure at lower altitudes above sea level scenarios (location 1). For high altitudes (location
2), similar behaviors were achieved at a low airflow rate, but at a high airflow rate, the
trend was different, showing similarities for the KLa, SOTR, and SOTE between columns 2
and 4. These results suggest that at a low altitude (high atmospheric pressure), gravel size
increases have a positive effect on the oxygen transfer rate.

By including gravel of any size, the normalized SOTE (%/L) value was at least 30%
higher than the control (column 1) in the low-altitude scenario (location 1), for any of the
three airflows tested. This result is in line with previous discussions and suggests that a
certain amount of porosity must be included in the bed of constructed wetlands with an
aerated system to achieve the maximum normalized SOTE. However, Figure 3 shows that
higher normalized SOTE was achieved when gravel of 1

2 ” to 3
4 ” was employed (column 2).

This effect was not evident in the results for high altitude (less atmospheric pressure).

4.5. Complementary Remarks

Aeration systems for constructed wetlands rely on the use of commercial diffusers
integrated into a hose that release air according to the pressure exerted [13,19,30]. In this
work, a disc diffuser was adopted, referencing the common practice in diffused aeration
systems for aerated wastewater treatment [8,9]. Therefore, in constructed wetland aerated
systems, diffusers (hose or disc), fouling (organic and inorganic), bed configuration, con-
structive process, the possibility of oxygen stratification, and diffusers maintenance and
replacement are complementary topics to be considered, as these factors could affect the
oxygen transfer efficiency throughout the operational life of the systems. Furthermore,
these factors should be considered when designing constructed wetlands at a full scale.

During the tests throughout the periods of a few days (less than two weeks), a thin
layer of inorganic sediment was observed above the diffuser’s membrane. Thus, the
impact of inorganic fouling caused by the bed’s gravel degradation and precipitates of
dissolved ions has not been previously documented, and neither has its long-term effects.
Although the aerated constructed wetlands do not work on highly concentrated cultures of
microorganisms as an activated sludge process that promotes biofouling, the combination
of inorganic and biological fouling demands further research. Since aerated wetland
technology is now the spearhead of the wetlands treatment technology being established
everywhere to treat different pollutants, further research dealing with diffuser fouling and
oxygen transfer rates is relevant and necessary. This research will be important to determine
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accurate design parameters for the aeration systems in aerated constructed wetlands in
the same way as is available for the design of aeration systems for the activated sludge
process [31]. A better understanding of diffuser fouling phenomena will improve energy
savings in aeration, because in different kinds of aerobic technologies, energy expenses
represent between 25% and 60% of the operating costs [8,32].

5. Conclusions

The studied beds for aerated constructed wetlands included modifications in gravel
size and an inner container evaluated under different atmospheric pressures (different
altitudes), and they showed that bed configuration and environmental conditions have a
relevant influence on the oxygen transfer efficiency in clean water using fine-pore diffusers.

In high atmospheric pressures at low-altitude locations, the inclusion of an inner
container with a gravel size of 1/2”–3/4” is recommended for aerated constructed wetlands
operated at low airflow (0.7 L/min). However, a high airflow (3.6 L/min) can be employed
if a significant increase in oxygen transfer is the objective.

In low atmospheric pressures at high-altitude locations, these elements can be included.
However, it is clear that the inclusion of these elements can only be recommended at a low
airflow because at a medium or high airflow, its effect was not significant.

The increase in research on oxygen transfer in aerated constructed wetlands has driven
the need for a standard procedure for aeration testing. This work proposed a methodology
that can be used to optimize the future design of intensified constructed wetlands with
mechanical aeration. In this way, the design and operation of this wastewater treatment
alternative can be improved and contribute to expanding the technology to different
locations, especially for applications in places located at high elevations above sea level.
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