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Abstract: Wetlands are an important feature for our society that provides versatile benefits, such
as habitat for diverse wildlife, shoreline erosion protection, flood control, and mitigation of climate
change through capture and storage of carbon. The aim of this work was to assess the application of
nanotechnologies for the restoration of the water quality in the Cascajo Wetlands, Peru, where the
water quality was deteriorated. Ceramic-based bio-filters (CBBFs) were used to reduce and buffer
the contamination rates of pollutants, whereas micro-nano bubbles (MNBs) were applied to increase
the dissolved oxygen and release free radicals in water. Additionally, bio-fence was implemented to
prevent water intrusion from the ocean. Remote sensing data through the Normalized Difference
Vegetation Index (NDVI) and the Enhanced Vegetation Index (EVI) was used to monitor the water
surface condition. With treatment of CBBFs and MNBs for 13 months, we observed reduction in the
chemical oxygen demand (COD), biological oxygen demand (BOD), total nitrogen (TN), and total
phosphate (TP) in the water body, showing removal percentages of 98.5%, 97.5%, 98.1%, 98.5%, and
94.6%, respectively, in comparison with values before starting the implementation. The trends of
NDVI and EVI over seasons are not completely aligned with the results taken from the wetlands
treated with MNBs, CBBFs and bio-fence. While TN was highly correlated with the empirical value of
TN based on remote sensing, no correlation was observed between COD and empirical COD. The use
of eco-friendly techniques has performed efficiently to remove the pollutant.
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1. Introduction

These days, there exists increasing interest in nature-based solutions (NBS) that aim to mitigate
the effects of climate change and its adaptations [1]. NBS is broadly defined as “an action to protect,
sustainably manage and restore natural or modified ecosystems, which is inspired by, supported by,
or copied from nature” [2,3]. Furthermore, the NBS approach needs to be fitted into the criteria of:
(1) societal challenge orientation; (2) ecosystem process utilization; and (3) feasible implementation [4–6].
Hanson et al. [7] reviewed the current NBS research and outlined trends by grouping 112 scientific
peer-reviewed articles. While 52% of the scientific papers using NBS concepts are combined with other
existing concepts (e.g., “ecosystem service” and “green infrastructure”), the major themes are flood
mitigation, biodiversity conservation, and functional ecosystems. As the utility of wetlands covers
those three objectives, the protection and conservation of natural wetlands have been frequently chosen
as an excellent example in the framework of NBS [5,8,9] due to the multi-functionalities of wetlands
to provide social and economic services [10], as well as to maintain the ecological balance [11,12].
Wetlands are reservoirs for biodiversity, by not only providing a vital habitat for hundreds of species
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of amphibians, birds, mammals, and plants, but also giving shelter to endangered, endemic, and
migratory species [13]. The soil and vegetation of wetlands filter pollutants in the water passing
through these areas, rendering the water from rivers, lakes, and underground aquifers cleaner [14,15].
Healthy wetlands play a versatile role in helping adapt some of these climate changes, such as
(1) contributing for flood control by collecting the excess rainwater that is subsequently released
progressively; and (2) acting as water reservoirs during rainy or thawing seasons, thus buffering the
effects of the floods downstream [11]. Regarding connection with other water bodies, it is well known
that many wetlands contribute to the recharge of underground aquifers that store 97% of unfrozen
fresh water in the world [13,16]. In other cases, water from wetlands flows underground downstream
to aquifers, where the water is discharged. With its sediments and nutrient retention capacity, wetlands
slow down the force of water, promoting the deposition of transported sediments and nutrients (e.g.,
nitrogen and phosphorus) [17]. The retention of nutrients thus makes it one of the most productive
ecosystems. Wetlands also act as carbon sumps that play an essential role in retaining carbon dioxide,
and which reduce the effects of global warming [11,18].

However, it is reported that 50% of wetlands have been lost since the 1900s [19]. The vulnerability
of wetland resources is an important issue; they are often affected by intensive anthropogenic activities
in surroundings, such as improper treatment of municipal waste disposal and wastewater discharge,
as well as agricultural intensification. The Cascajo Wetlands in Peru were found to be in a severe state
of pollution generated by human activities and a lack of environmental protection for over two decades.
Basically, three environmental drivers affected the deterioration of water quality in Cascajo: (1) high
exploitation and investment in the agricultural sector around this region by using large irrigation
systems in Chancay-Huaral Basin and Chancay-Lambayeque Basin [20–23] that bring high nutrient
concentrations to the wetland, causing the invasion of Pistia stratiotes [24]; (2) mining and industrial
sites pollute natural water resources in this region [25]; as a consequence, the degraded water quality
in the Chancay Bay, which is near the Chancay Wetlands, was detected throughout 2003–2013, due to
pollutants from domestic and industrial discharges [26]; and 3) organic waste deposits from livestock
enclosures nearby the wetlands contributes to the eutrophication above [27,28].

It is worthwhile to highlight that climate-related effects on wetland ecosystems are a global
concern [29–31]. In particular, the impacts on coastal wetlands at a worldwide scale, including the
Peruvian coastal region, have been reported, such as the impacts of El Niño and La Niña [32], and
sea-level rise [31]. In the Northern Peruvian catchment, significant increasing trends in temperature
and precipitation rates were observed over 38 years (1970–2008) [33]. In this context, it should be
addressed the importance of restoration of the wetlands water quality, and removal of its aquatic
vegetation, given that the wetlands have an essential function for water retention, water provision,
and protection against coastal erosion, as well as sea-level rise.

A wide range of different applications have been deployed for wetland cleanup, and dredging
and capping are considered as classic methods. However, sufficient evidence shows the pitfalls of
these methods [34]. Dredging is a costly approach and could cause remobilization of contaminants,
rendering them more bioavailable to the biota and leading to human exposure, while capping with
clean neutral materials (e.g., sand, clay) has the practical approach to minimize the risk in the short-run,
implying that the limited adsorption capacity and porosity of these materials reduce the efficiency for
a long term [35]. With an even more sophisticated approach of active capping using sorbent material
such as activated carbon or biochar, potential risk still remains with the migration of contaminants
through the cap via porewater pathways [36]. Aluminum sulfate application is another popular option
for wetland restoration, especially for the reduction of excess phosphorous release from sediment.
However, a large number of reports show the high risk of toxicity and bioavailability in the water body
by conducting this application [37,38].

Nanotechnologies and beneficial microorganisms for wetland restoration are emerging approaches
which undertake less disruptive implementation [39,40]. Lactobacillus plantarum is a well-known
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microorganism used for the treatment of wastewater [41,42]. Furthermore, the combination of different
technologies enhances the efficiency of environmental remediation [43].

Remote sensing is a recognized tool to monitor the change of water body status (e.g., lagoons,
wetlands, and river basins), and Landsat Thematic Mapper (TM), which is an available imaginary
dataset, enables us to cross-validate the data taken from the field [19,44,45].

While many scientific reports focus on those new technologies of water remediation at a laboratory
scale [41,42], little information is known about efficiency at field level [39,40]. Therefore, this work
aims to examine the effectiveness of the aforementioned new technologies to enhance the water quality
and cross-validate the results, regarding environmental status between field measurements and remote
sensing. The applications of the ceramic-based bio-filters (CBBFs), the micro-nano bubbles (MNBs)
with the microorganism Lactobacillus plantarum, and bio-fence were conducted.

2. Materials and Methods

2.1. Study Site

The Cascajo Wetlands are located in Chancay, a district in the province of Huaral, department of
Lima, Peru (Figure 1). The coordinates of the wetlands are as follows: (1) North 8717000 UTM; (2) East
252500 UTM. Average temperatures are between 18 and 19 ◦C, with maximum absolute temperatures
between 25 and 28 ◦C and minimum temperatures between 12 and 15 ◦C. There is little rainfall, which
averages 18 mm, with a maximum and minimum annual rainfall of 36 mm and 0 mm, respectively.
They are a part of a coastal wetland system in the Pacific Corridor and represent an ecosystem that
permanently and temporarily accommodates several life forms, especially migratory birds. They also
provide shelter to different groups of fauna and typical flora of this ecosystem. The extension of the
wetlands is approximately 0.5 km2 and is integrated into the hydrological system of the Chancay river
basin, receiving a minimum influx from the Pacific Ocean. These wetlands are composed of freshwater,
i.e., river water, with slight salinity close to the shoreline, which is remarkably reduced by the extension
of the beach between the wetlands and the ocean, which acts as a natural salinity filter [46]. Soils
are loam–sandy loam, of moderate depth, with imperfect drainage in certain areas and slow surface
runoff and are susceptible to flooding. Although the deterioration of water quality in these wetlands
was observed over two decades, no implementation for the restoration was undertaken before this
present work.
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Figure 1. (a) Picture of the Cascajo Wetlands covered by invasive plant, Pistia stratiotes, taken in 
January 2011; (b) Aerial picture in March 2012, presented by Google Earth; (c) Aerial photograph in 
December 2013, presented by Google Earth. 
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Pistia stratiotes, commonly known as water lettuce, is a perennial monocotyledonous aquatic 
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subtropical fresh waterways. It floats on the water surface, with roots hanging below the floating 
leaves [47]. Since the plants were covering all of the wetlands, the removal was done manually. This 
activity was conducted by pushing them with bamboo sticks to the edge of each sector to be removed. 
Approximately over 280 tons of P. stratiotes were removed and transported to a city vivarium and 
compost sites. 

2.3. Micro-Nano Bubbles (MNBs) 

The MNB equipment was designed and assembled using the following four components: 1) 
MNB device (MRK MS-1); 2) water pump (BAP-30); 3) air compressor (Bonelly Advanced ®); 4) 
electric generator (Honda Powermate 5000). More detailed information on these materials is 
described together with pictures in Supplementary Materials. For installation of the equipment, a 
quadrangular-shaped platform of 4 m × 4 m was assembled using PVC tubes, and placed 6 m away 
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compressor, which were placed peripherally on the wetlands shore. The MNB system devices were 
installed one meter deep in the wetlands with a handle attached to the surface to allow the operative 
personnel to move and control them (shown in Supplementary Figure S1). 

2.4. Ceramic-Based Bio-Filters (CBBFs) 

The primary material used to prepare the bio-filters’ ceramic carriers was clay. It was collected 
and screened through a sieve number 20 (0.841 mm) for the homogenization. Then it was mixed with 
kaolin at a ratio of 9:1, and distilled water was added to produce a dough that was kneaded by hand 
to remove air bubbles to favor the process of molding. With this, mass cylindrical forms of about 10–
15 cm in diameter were constructed and dried at a temperature of 80 °C for 24 h, or longer if necessary, 
to remove water from surface areas to avoid splitting [48]. The formed cylindrical ceramic was taken 
for a calcination process in a furnace at 900 °C for two hours and cooled at least for 24 h to avoid 
deformation of calcined materials [49]. This temperature range and duration were chosen for the 
optimization of the porosity of the ceramic carriers [50]. To create a bio-filter, it was necessary to 
effectively immobilize the bacteria and add them onto the ceramic carriers to form biofilms, which 
ultimately can adhere, adsorb, and decompose the contaminants [51,52]. For this purpose, we used 
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Figure 1. (a) Picture of the Cascajo Wetlands covered by invasive plant, Pistia stratiotes, taken in January
2011; (b) Aerial picture in March 2012, presented by Google Earth; (c) Aerial photograph in December
2013, presented by Google Earth.

2.2. Removal of Invasive Species from Wetlands

Pistia stratiotes, commonly known as water lettuce, is a perennial monocotyledonous aquatic
plant, present either naturally or through an anthropogenic introduction, in nearly all tropical and
subtropical fresh waterways. It floats on the water surface, with roots hanging below the floating
leaves [47]. Since the plants were covering all of the wetlands, the removal was done manually. This
activity was conducted by pushing them with bamboo sticks to the edge of each sector to be removed.
Approximately over 280 tons of P. stratiotes were removed and transported to a city vivarium and
compost sites.

2.3. Micro-Nano Bubbles (MNBs)

The MNB equipment was designed and assembled using the following four components: (1) MNB
device (MRK MS-1); (2) water pump (BAP-30); (3) air compressor (Bonelly Advanced®); (4) electric
generator (Honda Powermate 5000). More detailed information on these materials is described together
with pictures in Supplementary Materials. For installation of the equipment, a quadrangular-shaped
platform of 4 m × 4 m was assembled using PVC tubes, and placed 6 m away from the wetlands shore.
Four steel rods of 1 m length were submerged perpendicularly and attached to every corner. At the
distal points, the MRK devices were installed and connected through rubber hoses and galvanized
materials (to ensure a high-pressure air inlet) to the water pump and air compressor, which were
placed peripherally on the wetlands shore. The MNB system devices were installed one meter deep
in the wetlands with a handle attached to the surface to allow the operative personnel to move and
control them (shown in Supplementary Figure S1).

2.4. Ceramic-Based Bio-Filters (CBBFs)

The primary material used to prepare the bio-filters’ ceramic carriers was clay. It was collected
and screened through a sieve number 20 (0.841 mm) for the homogenization. Then it was mixed
with kaolin at a ratio of 9:1, and distilled water was added to produce a dough that was kneaded
by hand to remove air bubbles to favor the process of molding. With this, mass cylindrical forms of
about 10–15 cm in diameter were constructed and dried at a temperature of 80 ◦C for 24 h, or longer if
necessary, to remove water from surface areas to avoid splitting [48]. The formed cylindrical ceramic
was taken for a calcination process in a furnace at 900 ◦C for two hours and cooled at least for 24 h to
avoid deformation of calcined materials [49]. This temperature range and duration were chosen for
the optimization of the porosity of the ceramic carriers [50]. To create a bio-filter, it was necessary to
effectively immobilize the bacteria and add them onto the ceramic carriers to form biofilms, which
ultimately can adhere, adsorb, and decompose the contaminants [51,52]. For this purpose, we used the
bacterium of Lactobacillus plantarum ATCC 8014, acquired at Japan Collection of Microorganisms (JCM),



Water 2020, 12, 1097 5 of 15

Microbe Division, RIKEN Bioresource Center in Japan. It was kept routinely in vials with full form
(MRS) agar at 2–8 ◦C for 24 h, and then at 4 ◦C in 15% glycerol (vol/vol) [24]. Single colonies were
cultured in plates with MRS agar at 30 ◦C for 48 h and later sub-cultured in MRS broth (Casein peptone
10g/L; beef extract 8 g/L; yeast extract 4 g/L; D(+) glucose 20 g/L; hydrogen potassium phosphate
(KH2PO4) 2 g/L; Tween-80 1 g/L; ammonium citrate hydrogen (C6H5O7(NH4)2H) 2 g/L; sodium acetate
(CH3COONa) 5 g/L; magnesium sulfate (MgSO4·7H2O) 0.2 g/L; and manganese sulfate (MnSO4·H2O)
0.04 g/L at 30 ◦C for 24 h [53]. The cultures in the MRS broth develop characteristic white sediment,
making it easier for their qualitative identification. To create biofilms, a container of 60 cm in diameter
and 130 cm in length was filled with a previously conditioned medium consisting of a mixture of
molasses and water (3/7, m/w) at room temperature (around 18–21 ◦C). Later, Lactobacillus plantarum
ATCC 8014 was added to the mixture. After 2 h, the ceramic carriers were immersed and rested
for 6 days (during summer) or 3 days (during spring). This period was mandatory to immobilize
Lactobacillus plantarum to form the biofilms onto the ceramic carriers’ surface, as it is shown in the
scanning electron microscope (SEM) image (Figure 2). Finally, several supports and wooden baskets
were arranged and placed with the attached eucalyptus sticks to hold the bio-filters into the wetlands.
Bio-filters were placed into these wooden baskets at a depth of 40–50 cm.
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2.5. Bio-Fence Preparation 

The installation of bio-fence was conducted in November 2012. The excavation proceeded for 
bio-fence with the backhoe loader and a few meters from the wetlands, a trench was created with 5-
m width and 3 to 3.5 m depth along the area where the dump was located within the ditch, using 
ceramic spheres in cloth bags to prevent dispersal. Each cloth bag contained 1000–1100 ceramic 

Figure 2. (a) Bio-filter made by ceramic cylindrical carrier form; (b) Lactobacillus plantarum ATCC8014
in MRS medium; (c) scanning electron microscope (SEM) image of immobilized Lactobacillus plantarum
ATCC 8014 on a ceramic carrier; (d) picture of bio-filter in the Cascajo Wetlands, placed with the
attached eucalyptus sticks.

2.5. Bio-Fence Preparation

The installation of bio-fence was conducted in November 2012. The excavation proceeded for
bio-fence with the backhoe loader and a few meters from the wetlands, a trench was created with
5-m width and 3 to 3.5 m depth along the area where the dump was located within the ditch, using
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ceramic spheres in cloth bags to prevent dispersal. Each cloth bag contained 1000–1100 ceramic spheres.
After placing, the ceramic spheres proceeded to fill the remaining space with fine sand to create a
second barrier.

2.6. Sampling

To analyze the water conditions, the pH, chemical oxygen demand (COD), biological oxygen
demand (BOD), total phosphate (TP), and total nitrogen (TN) were measured before, during, and after
the implementation. In case of MNBs, the MRK devices ran for 5 h per day over the course of 8 days, and
we used the devices during three different periods (23 July–30 July 2011; 23 November–30 November
2011; and 23 March–30 March 2012). The first and last days of each round were designated as the
initial and final measurements, respectively, to calculate the contaminant reduction rate. In the case of
bio-filters, the samples were taken every month for three months. Lastly, the water samples for bio-fence
were analyzed every month for one year. The water samples were taken from eight sectorized sites
using bamboo and eucalyptus sticks tied perpendicularly together with nylon strings. The objectives
of these sectorizations were to: (a) isolate the invasive species according to their respective sectors and
to control their proliferation; (b) analyze the water quality in each sector; and (c) check the different
biotic and abiotic contaminants entering into the wetlands. Values of pH were measured on site with a
pH meter (pH-009III Paradox), dissolved oxygen (DO) and other pollutant indices such as BOD, COD,
TN, and TP were determined following standard methods for examination of water and wastewater
by APHA-AWWA [54] in the Environmental Testing Laboratory SAC in Lima, Peru. The water quality
before the implementation of the technologies in the wetlands was shown for water temperature, pH,
COD, BOD, TN, and TP in Table 1.

Table 1. Mean and standard deviation of indicators of water quality before the implementation of the
present study on the 21st of July 2011. Chemical oxygen demand (COD); biological oxygen demand
(BOD); total nitrogen (TN), and total phosphate (TP).

Temperature (◦C) pH CODm(mg/L) BODm(mg/L) TN (mg/L) TP (mg/L)

18
(0.1) *1

9.2
(0.3) 1300.0 (113.1) 494.4 (79.6) 155.0

(17.0)
10.2
(0.5)

*1 Standard deviation in brackets (n = 4).

2.7. Remote Sensing

To assess the degree of turbidity due to aquatic vegetation in the wetlands, we used a Landsat 7
Enhanced Thematic Mapper Plus (ETM+) with a 25-m resolution derived from Tier 1 orthorectified
scenes, using the computed top-of-atmosphere (TOA) reflectance satellite data in the Google Earth
Engine (GEE) cloud platform where the pre-processing steps were carried out. GEE cloud masking
was used based on the Landsat algorithm [55]. The GEE service provides a Normalized Difference
Vegetation Index (NDVI) that is calculated as:

NDVI = (NIR − Red)/(NIR + Red); (1)

Where near-infrared red (NIR) and red (Red) wavelengths, in the range of 0.77–0.90 and 0.63–0.69,
respectively, were used for the spectral reflectance measurements acquired. The median 32-days-NDVI
value of Landsat was processed by Chander [56]. More detailed information can be obtained in the
following link: https://developers.google.com/earth-engine/datasets/catalog. The GEE service also
provides Enhanced Vegetation Index (EVI) from Landsat 7 ETM+ that are illustrated as follow:

EVI = (2.5 × ((NIR − Red)/(NIR + 6 × Red − 7.5 × Blue + 1)); (2)

https://developers.google.com/earth-engine/datasets/catalog
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Where NIR, Red, and blue (Blue) with the wavelength of 0.45–0.52, were used with the ranges in
value from −1.0 to 1.0 [57]. More descriptive information is available in the GEE [58].

In addition, existing empirical equations were used to analyze the correlation with the ground-truth
data. Based on the previous study [59], the empirical value of COD and TN are computed by using
Blue, Red, and green (Green) with the wavelength of 0.52–0.60 as follows:

COD (mg/l) = eˆ (−0.3671 + 102454 × Ln (Green/Red)); (3)

TN (mg/l) = eˆ (8.228 − 2.713 × Ln (Blue + Green)) (4)

Some of these empirical equations based on the study of Wang and Ma [59] been already used in
another study to cross-validate the water quality in a polluted lake [60]. To distinguish the results of
COD and TN from the field observation, these parameters are named as “Emp_COD” and “Emp_TN”,
respectively, in present work henceforth.

2.8. Statistical Analysis

The data of MNBs and bio-fence were measured in quadruplicate, while that of CBBFs was done
in duplicate. The average values were reported in Tables 2–4. The statistical analyses were conducted
with R program (Rstudio 3.5.1 version, RStudio, Boston, MA, USA), and the significant differences
were verified at p < 0.05. The Shapiro–Wilk method was tested to check the normal and non-normal
distribution before the correlation analysis. Spearman’s correlation between indicators was analyzed
using R studio. The dataset from January to July 2017 was used by taking into the consideration of the
accessible data from GEE, cloud shadow areas, and saturation of the pixels. The significance levels of
the Spearman’s correlation are 0.05. The order of the correlation matrix was arranged based on the
hierarchical clustering of correlation coefficients by using “corrplot package” in Rstudio program.

Table 2. Mean and standard deviation on indicators of water quality treated by micro-nano bubbles.
Chemical oxygen demand (COD); biological oxygen demand (BOD); total nitrogen (TN), and total
phosphate (TP).

Time Temperature (◦C)*1 pH COD (mg/L) BOD (mg/L) TN (mg/L) TP (mg/L)

23/July/2011 17.6 (0.8) 8.9 (0.1) 1295.3 (63.4) 547.8 (4.1) 161.6 (4.0) 10.3 (0.2)
30/July/2011 17.9 (0.6) 8.7 (0.1) 1131.0 (65.3) 535.3 (4.2) 154.4 (2.1) 9.7 (0.1)
23/Nov/2011 21.3 (0.5) 7.6 (0.4) 428.4 (38.5) 168.2 (17.7) 89.5 (4.2) 5.1 (0.1)
30/Nov/2011 21.0 (0.8) 7.6 (0.1) 304.6 (42.5) 103.1 (18.9) 75.6 (4.0) 4.8 (0.1)
23/Mar/2012 27.3 (1.0) 7.5 (0.0) 70.8 (1.1) 31.7 (0.8) 18.6 (0.7) 2.1 (0.1)
30/Mar/2012 24.3 (1.0) 7.4 (0.1) 66.1 (1.9) 29.3 (0.5) 16.2 (0.9) 1.9 (0.1)

*1 Standard deviation in brackets (n = 4).

Table 3. Mean and standard deviation on indicators of water quality treated by ceramic-based bio-filters
(CBBFs). Chemical oxygen demand (COD); biological oxygen demand (BOD); total nitrogen (TN), and
total phosphate (TP).

Time Temperature (◦C)*1 pH COD (mg/L) BOD (mg/L) TN (mg/L) TP (mg/L)

Jun/2012 17.5 (0.7) 7.4 (0.1) 40.4 (8.4) 19.0 (2.3) 10.0 (0.5) 1.0 (0.3)
Jul 16.5 (0.7) 7.3 (0.1) 29.4 (8.1) 16.5 (2.5) 7.7 (0.6) 0.8 (0.2)

Aug 16.5 (0.7) 7.3 (0.0) 19.5 (1.1) 12.3 (0.9) 2.9 (0.2) 0.6 (0.2)

*1 Standard deviation in brackets (n = 2).
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Table 4. Mean and standard deviation on indicators of water quality treated by bio-fence. Chemical
oxygen demand (COD); biological oxygen demand (BOD); total nitrogen (TN), and total phosphate (TP).

Time Temperature (◦C)*1 pH COD (mg/L) BOD (mg/L) TN (mg/L) TP (mg/L)

Jan/2012 22.8 (0.5) 8.0 (0.3) 72.6 (6.9) 34.6 (7.4) 31.7 (7.3) 2.3 (0.9)
Feb 25.0 (0.8) 7.6 (0.2) 68.7 (6.2) 30.3 (4.9) 26.2 (5.9) 2.0 (0.7)
Mar 28.3 (0.5) 7.7 (0.2) 64.3 (7.1) 27.2 (5.0) 21.9 (4.0) 1.7 (0.5)
Apr 24.5 (1.3) 7.6 (0.1) 58.4 (6.2) 24.2 (3.9) 18.6 (3.2) 1.5 (0.4)
May 20.0 (1.4) 7.6 (0.1) 49.7 (9.7) 19.7 (1.6) 15.7 (3.2) 1.3 (0.4)
Jun 17.3 (0.5) 7.6 (0.1) 36.8 (6.1) 16.7 (0.7) 12.4 (2.9) 1.0 (0.2)
Jul 17.5 (0.6) 7.5 (0.1) 30.0 (4.9) 15.0 (0.8) 9.7 (1.6) 0.8 (0.2)

Aug 16.5 (0.6) 7.6 (0.1) 23.4 (3.0) 13.9 (1.3) 7.6 (1.1) 0.7 (0.1)

*1 Standard deviation in brackets (n = 4).

3. Results and Discussion

3.1. The Effect of MNBs

High contents of BOD, COD, TN, and TP in the Cascajo Wetlands before the introduction of MNBs
in July 2011 were shown in Table 1. These high values were caused by the coverage of invasive species
(Figure 1a). The causes of pollution affecting the wetlands were from dumping of solid waste and
acid mine drainage from informal mining [61], expanded agriculture activities with nutrients and
agrochemicals [62] as well as improper drainage due to low quality of wastewater treatment [23]. As a
consequence, dying fish were observed, and a foul odor was released from the wetlands. After the
implementation of MNBs, all these indicators decreased up to one-tenth concentration in March 2012
(Table 2).

Regarding the removal rate within a week, the reduction in those indicators has been observed
more efficiently in the second phase in November, showing the reduction in 28.9%, 38.7%, 15.5%,
and 5.9%, in COD, BOD, TN, and TP, respectively. It could be partly attributed to change in climate
condition; from July to September, it is winter in Peru, while the spring season is from October to
December. The temperate spring condition in November could have favored certain microbial growth,
which could improve the biological treatment. Another factor could be the well-known limitations of
the MNBs in precision and instability [63,64]. Also, it should be noted that the water level decreased
due to seasonal change in summer from January to March, and this could be another factor of lower
removal rate in March 2012.

3.2. The Effect of CBBFs

The CBBF application was initiated on the wetlands in June 2012 for three months. Although
MNBs already removed a high volume of the contaminants, the water quality did not yet wholly
reach a sufficient level, demonstrated by the turbidity of the water surface in March 2012 (Figure 2).
The reduction in the contaminant concentration within three months is shown in Table 3. The removal
percentages from June 2012 to August 2012 of COD, BOD, TN, and TP were 51.7%, 35.4%, 71.4%, and
45.0%, respectively. The effect of nano-filters varies with materials and environmental conditions.
Siracusa and La Rosa [65] reported the use of bio-filters with a BOD removal efficiency of 6.2%.
In contrast, Davidson et al. [66] obtained 66–82% of BOD removal and 15–41% of TP when using sand
bio-filters in an aquaculture effluent.

3.3. The Effect of Bio-fence

The implementation of bio-fence was done in January 2012. The present study demonstrates that
the removal of contaminants was accompanied by an increase in pH (Table 4).

A key part of the sand filter is the formation of a biofilm on top of the coat of fine sand. When
contaminated water is poured, the particles are trapped on the surface of fine sand [67] and settle to
form a biological layer or “schmutzdecke”, which is “dirt layer” in German [68]. Once established, this
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biological layer acts as a physical barrier to trap the particles in the film. The fine sand coat acts as
a physical barrier to trap particulate matter, protozoa, and helminths [69]. These contaminants are
trapped between the grains of sand and fill the spaces, allowing the filter to trap smaller particles
over time.

3.4. Remote Sensing and Correlation Analysis

Remote sensing techniques are useful environmental tools to monitor and cross-validate field
data. NDVI and EVI are well-known parameters for aquatic vegetation [70,71] as well as for turbidity
of the water surface [72]. In our study, an increase in NDVI and EVI was observed from the initial
time of our intervention in August 2011, to January 2012 (Figure 3). In March 2012, when aquatic
vegetation was still observed from the aerial picture of Google Earth (Figure 1b), a moderate peak in
these indicators was exhibited (Figure 3). Later, the NDVI was mostly stable, with a value below 0.2
over the course of the two years (2012 and 2013). In contrast, although the same trend was shown in
EVI, more sharpened peaks were prominently observed. In mid-December 2013, seen from Google
Earth (Figure 1c), where less aquatic vegetation appeared visually, the values of NDVI and EVI, were
0.079 and 0.047, respectively.
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Overall, these unstable trends of NDVI and EVI are not completely aligned with the results
taken from the wetlands treated with MNBs, CBBFs, and bio-fence, which were shown in Tables 2–4,
respectively. Difficulties with monitoring the wetlands condition using remote sensing have been
frequently reported, due to (1) coarse spatial resolution; (2) fewer cloud-free images of TM images; and
(3) signal saturation made by dense vegetation [73,74]. Barret and Frazier [75] highlighted the difficulty
of monitoring with remote sensing data across different seasons, due to the instability that results from
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water turnover effect when the equalization of the thermal gradient in the water body leads to stirring
water of the surface and bottom, which consequently hampers the monitoring. Partly, this could be
attributed to other underlying factors associated with complexities and dynamics of wetland systems,
such as seasonal change and connectivity with rivers, which are eventually related to water spread,
sediment movement, the turbidity of open water, and spread of aquatic vegetation [76]. To overcome
these limitations, it is recommendable to apply a combination of different data, from remote sensing
with high resolution [71], Lidar [77], and unmanned vehicle (UAV) [78].

The correlation matrix provides information about the interaction between different indicators
(Figure 4). It is shown that, to some extent, there is a relationship between the indicators derived from
the remote sensing and from the field observation. The water pH has a relatively strong correlation
with Emp_TN, reflected by correlation coefficient (0.81). NDVI has a strong relationship with TP, TN,
COD, and BOD. While TN has a strong correlation with empirical TN (Emp_TN), no significant link
was found between COD and empirical COD (Emp_COD). Japitana et al. [79] express the difficulty
with the remote sensing approach for the estimation of dissolved oxygen in the water body, due to the
decomposing vegetation materials within the water body. In our study, neither water temperature nor
water pH are correlated with the field data (COD, BOD, TN, and TP).
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Figure 4. Correlation heatmap matrix of indicators of water quality in the Cascajo Wetlands.
The significance levels of the Pearson correlation are 0.05. Blank means no significant coefficient.
The blue number represents a positive correlation, while the red number demonstrates a negative
correlation. Chemical oxygen demand (COD); biological oxygen demand (BOD); total nitrogen (TN),
and total phosphate (TP), Normalized Difference Vegetation Index (NDVI); Enhanced Vegetation Index
(EVI); empirical COD (Emp_COD), empirical TN (Emp_TN).

However, it is reported frequently that the removal rate of dissolved organic content has been
associated with water property [80], and this is interlinked with the mechanisms of sorption and
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hydrophobicity of contaminants [81]. Some alkaline contaminant compounds, such as amino-functional
groups derived from sewage or pharmaceutical compounds, are positively charged from 22.0 to 26.2 ◦C,
at neutral pH values up to pH = 7.5 and [80]. Further research is needed to determine an optimal range
of pH and temperature, considering not only the sorption of contaminants, but also the enhancement
of the effectiveness of using microorganisms (e.g., Lactobacillus plantarum) involved in bio-filters and
the nano-bubbles.

4. Conclusions

The impact of the application of eco-friendly technologies was demonstrated by the removal of
contaminants from the Cascajo Wetlands, reflected by reductions in the contents of the indicators of
COD, BOD, TN, and TP. However, the trends of NDVI and EVI from remote sensing did not fully reflect
those reductions, although some relationships between NDVI and those field-derived indicators were
shown in the correlation. Monitorization over multiple years with combined several sensor technologies
is needed for a better understanding of wetland change. Combining high-resolution optical imagery
(e.g., Sentinel), Lidar, or UAV hyperspectral imaging, together with available moderate-resolution
imaginary data (e.g., Landsat) can provide a holistic approach for the monitoring of water bodies.
Future study is required to scrutinize optimum conditions (e.g., pH and temperature) to benefit
microorganisms involved in bio-filters, and to find a method for resolving the instability of the impact
of the nano-bubbles.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/4/1097/
s1. Table S1: Information about four components of micro-nano-bubbles (MNBs). Supplemental Figure S1.
(a) Assembling components of micro-nano-bubbles (MNBs); (b) testing MNBs before the installation in the Cascajo
Wetlands; (c) implementation of MNBs in the Cascajo Wetlands; (d) polyvinyl chloride support as MNBs system;
and (d) brief scheme of MNBs in the Cascajo Wetlands.
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