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Innovative Juncus effusus plant biofilter for enhanced ammonia removal:

design, construction, and preliminary testing
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Adeveloping trend in stormwater treatmentand management s the use of green technologies. Plant biofilters
have been gaining increasing use in support of green technology objectives. This technical note reports
on the development and preliminary testing of a laboratory-scale plant biofilter prototype for ammonia
removal using a South African native plant species (Juncus effusus). The prototype design was based on a
conceptual model for nitrogen fixation, plant uptake, bacterial nitrification and soil sorption. Additionally, a
plug compartment was incorporated into the design to simulate plug flow as part of the conceptual model.
Biofilter models with and without inoculated bacteria were compared. Ammonia reduction, nitrite and
nitrate formation were observed. Results showed that the inoculated plant biofilter performed best, with
an average of 61% reduction in ammonia within the filter compared to 15% in the normal plant biofilter. The
incorporation of a plug compartment aided in slowing down the ammonia infiltration rate, increasing the
retention time, and allowing for nitrification to occur.

INTRODUCTION

With increased worldwide urbanisation, stormwater runoff has become an increasing source of
pollution. In urban areas, stormwater runoff is often drained to constructed waterways or open
water bodies, which can have adverse pollution effects in the receiving waters. Green infrastructure
practices such as plant biofilters can provide an inexpensive, affordable, and flexible method of
treating stormwater runoff (Patterson and Haught, 2021).

Plant biofiltration systems use vegetation (with concomitant symbiotic microbial groups) in
conjunction with granular filtration as an efficient method for removing pollutants from water.
However, despite their widespread application, detailed research on the underlying mechanisms and
efficiency optimisation of these systems is lacking. Although practical trial-and-error applications
of such systems have been incorporated worldwide, detailed research into the functioning and
subsequent modelling of such systems is lacking.

The primary research problem addressed in this study is the need for a better understanding of the
design parameters and performance factors that enhance ammonia removal in plant biofiltration
systems. This technical note aims to provide information on the design, construction, and preliminary
results of a laboratory-scale plant biofilter for ammonia removal. The system design was based on the
conceptual mathematical model by Jacklin et al. (2022) for testing model validation in future research.
A native South African plant species (Juncus effusus), previously found to have been a good addition to
an efficient plant biofilter for ammonia removal by Jacklin et al. (2021b), was used in the design.

The prototype design discussed here, therefore, includes additional refinements to the basic plant
biofilter design used in Jacklin et al. (2021b), in the form of bacterial inoculation and a plug flow
compartment, specifically designed towards improving ammonia removal efficiency as informed by
the conceptual mathematical model of Jacklin et al. (2022).

Bacteria, biofilms and their processes

The plant rhizosphere area consists of the rhizosphere (soil surrounding the root), the rhizoplane
(the root/soil interface), and the histoplane (the root interior). This serves as a habitat for a diverse
range of microorganisms, with the zone closest to the roots typically being the area with a higher
density of microorganisms (Mendes et al., 2013; Mukhtar et al., 2019). In plant biofilters, the roots
release oxygen and exudates, which promote bacterial growth. The bacteria adhere to the roots and
form biofilms (Zhang et al., 2014). The roots and biofilms both perform biogeochemical processes
to remove contaminants from polluted water (Li et al., 2018; Shahid et al., 2020; Zhang et al., 2016).
It is these processes that are valuable in green infrastructure (GI) applications towards pollutant
reduction in stormwater runoff.

Biofilm formation on the substratum is of critical importance and must be aided as far as possible.
The prevention of bacterial washout as the stormwater flows through the filter is paramount. Here,
with the ability of the biofilms to form in areas of adequate nutrition (Chen et al., 2020), a logical
area of focus is to try to ensure that the rate of growth of the bacteria is greater than the washout rate.
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Therefore, to try to limit wash-out rates, a plug compartment was
envisioned as part of the conceptual design as put forth by Jacklin
etal. (2022).

In this plantbiofilter laboratory setup, the isolation, cultivation, and
subsequent inoculation of rhizosphere bacteria into a suitable soil
media in a plant biofilter were included to increase the potential to
improve phytoremediation and nutrient breakdown. Even though
there is a readily available number of microorganisms within the
rhizosphere, adding an additional source of live organisms was
presumed to aid the process and was subsequently tested.

Nitrogen fixation by rhizosphere bacteria

In the rhizosphere, nitrate and nitrogen fixation are the
main processes that transform nitrogenous compounds via
ammonification, nitrification, denitrification, and anaerobic
oxidation of ammonia (Bafieras Vives et al., 2012). In plant
biofilters, reactive nitrogen is provided by microbes as they
perform the nitrogen fixation processes. This is supported by an
ample supply of oxygen from roots, which in turn favours the
enrichment of nitrogen metabolising bacteria in the rhizosphere
(Vitousek et al., 2002). The main use for nitrite and ammonia is for
catabolism in microorganisms (Chen et al.,, 2020). Root systems
also play a role in nitrogen fixation by reducing the amount of
nitrogen gas as well as adjusting the pH and redox potential
within the rhizosphere (Shahid et al., 2020).

In plant biofilters, inorganic forms of nitrogen are mainly present
in NH,* and NOj;™ ions, with varying data available on its treatment
and removal (Barron et al., 2019). The exact removal process for
inorganic-N in a biofilter differs based on its design, as some
promote nitrification processes that require large amounts of
oxygen and other designs promote anaerobic processes (Read
et al., 2009). Removal of inorganic-N is primarily done through
nitrification and denitrification processes by bacteria and formed
biofilms, along with subsequent uptake by plants. In this study,
the plant biofilter dosing water was oxygenated to help support
nitrification over denitrification. In typical vegetated biofilters,
both processes tend to take place at the same time, while
unvegetated biofilters, or those with poorly selected plant species,
have denitrification as the dominant process (Payne et al., 2014b).

In biofilters there are multiple factors that influence nitrification,
not limited to the following (Chen et al., 2020):

«  The possibility of several unaerated zones

o The amount of dissolved oxygen available to ensure the
maximum growth rate for the microbes can be reached

o The pH in the filter (the growth rate of nitrifying bacteria
is reduced by pH that is not in the 7-8 range)

o The hydraulic load conditions - ecause ammonia is
dissolved, the retention time affects the concentration of
ammonia within the reactor and subsequent effluent

Plant selection

Plant selection is one of the most vital steps in the design of a plant
biofilter, as different plants are suited to the removal of different
pollutants. Various studies have been conducted that explore
the effectiveness of plants in the treatment of wastewater and
stormwater in filters as well as in other GI-type treatment systems,
such as constructed wetlands. Bratieres et al. (2008) found that
the use of plants in biofilters impacts their performance and the
efficiency of how the removal processes work. They enhance
the physiochemical properties of the soil, adding material for
the energy required for microbial activities. The physical and
morphological trait differences of plants in a biofilter determine
their effectiveness when treating different contaminants (Payne
et al., 2014a; Read et al., 2008). For instance, studies have shown
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that the characteristics of plant roots are directly linked to nutrient
removal capabilities. This is because plants with deep fibrous
roots, and with a great length of roots, offer a greater surface area
for microbial action to take place (Read et al., 2009). Plant roots,
therefore, act as a substratum for biofilm formation, allowing for
the root-bacteria complex to work in tandem, which enhances
the removal of nutrients and organic pollutants from stormwater
(Tanner and Headley, 2011).

The use of plants in stormwater biofiltration systems has shown
improved results in removing N, with different plant species
showing varying results in their efficacy. However, growth-
stimulating substances that are vital for plant growth can be
fatal to microorganisms when in excess; these include ammonia,
phosphates, and nitrates. Therefore, in such cases, the choice of
plants for remediation of waters polluted with such chemicals is
important (Hermawan et al., 2018).

In this study, Juncus effusus, a native hardy South African
rush species, was used. Further examples of its use in various
applications such as biofilters, constructed wetlands, floating
wetlands, and green roof systems can be found in the following
texts: Bebba et al. (2019), Garcia Chance et al. (2019), Jacklin et al.
(2021a), and White et al. (2011).

MATERIALS AND METHODS
Model background

Jacklin et al. (2022) suggested using the biofilter as a quasi-
plug-flow (biofilm) reactor, which is used in wastewater
treatment industries. Based on the general principle of a biofilm
reactor which utilises microorganism growth on a substratum,
adsorption of wastewater particles by microorganisms, and use
of degraded particles for microorganism growth, they suggested
adopting biofilm modelling equations to subsequently model
nutrient removal in biofilters. This approach formed the basis of
the current research.

The mathematical model is based on the following principles in
the case of N-compounds:

o The ammonia enters the biofilm in the bulk liquid phase

o Development of a biofilm on the provided substratum (soils
and roots)

o Removal of ammonia via diffusion into the biofilm

o  Plant and soil media aid in the removal processes via plant
uptake and encapsulation by media

o Accounting for water uptake by plants and water loss due to
evaporation and transpiration

The biofilm diffusion processes, plant uptake, soil sorption, and
water loss mechanisms were considered for the development of
the model. Morgenroth (2008) provided the following equation
to account for the diffusion mechanics occurring in the biofilm.

VB%_?:]LFAF 1)

where: J. = flux at the biofilm surface from the bulk liquid
layer into the biofilm, A, = surface area of the biofilm within a
plug compartment, V; = bulk liquid phase volume of a plug
compartment.

This then represents a setting in which the immobile biofilm
has one side in contact with the particles and the other with
the substratum; the particles then move into the biofilm until
equilibrium has been reached. As this is a complex process, the
addition of a plug compartment is implemented. This mimics plug-
flow reactor design, which is described in the experimental section.
This configuration allows for previously studied biofilm constants
and assumptions to be applied in the case of a biofilter, with the
main areas of study being the biofilm parameters such as density
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and thickness (further discussion in the experimental section).
Because density and thickness are parameters that can be measured,
according to Jacklin et al. (2022) the flux in a given plug of a biofilter
will then occur over the biofilm according to the following reaction:

Tei = Zjvi,jpj @

where: r; = rate of substrate conversation for state parameter
i, v,; = stoichiometric coefficient of state parameter i for process
rate j, P, = rate of process j. Here, the various constants and
equations for modelling ry; can be found in Ekama and Wentzel
(2020), based on the autotrophic or heterotrophic type of study.
Due to the scope of this study, only autotrophic organisms were
considered, as these are the main organisms considered for
ammonia removal.

Due to the addition of plants to the biofilter, a more complex
equation is introduced (Jacklin et al., 2022):

L - —fCp LAg—;[FCkgP(C,T,I) + krp(T) + kep(T,I) + kmp(T)] (3)
where: f,, = pollutant to plant biomass relationship, F, = nutrient
preference factor, Az = thickness of a plug compartment, L,,=
entire length of the growth media, k,, (C, T, I) = plant growth
rate as a function of the pollutant concentration, temperature,
and sunlight, k,, (T) = plant dark respiration rate as a function of
temperature, k,, (T, I) = plant photorespiration rate as a function
of temperature and sunlight, k., (T) = plant mortality rate as a
function of temperature.

‘mp

This equation considers nutrient uptake and biofilm parameters.
However, it includes a temperature-dependent differential section
and requires research to inform the initial assumptions, as
described in the experimental work section. Following the work
presented here, an alternative experimental and stoichiometric
method to account for plant uptake was subsequently explored
and developed.

Design background

The N-removal conceptual mathematical model used in this
design, which will be tested in future research with the laboratory
plant biofilter for validation, was based on the work by Jacklin
et al. (2022). Salient items pertaining to the laboratory setup
design, as well as additions to or deviations from this conceptual
model, are included here.

The main parameters focused on during the experimental design,
setup, and testing were ammonia, nitrates, and nitrites, along with
biofilm length, thickness, density, and bacterial growth rates. To
aid the nitrification process in becoming the dominant process in
the plant biofilter plug compartment, the dosing water was highly
oxygenated. Further to this, a bacteria-enhanced rhizosphere was
created to allow the use of the soil cover around the plant roots as
a substratum for biofilm formation.

The conceptual mathematical N-removal model in Jacklin et al.
(2022) was based on the mass balance approach below:

{Change of mass in a plug} = {mass increase via flow into the
plug} — {mass decrease via flow out of the plug} + {mass change
via adsorption and desorption} + {mass change via diffusion to or
from the biofilm} — {mass change due to plant uptake or release}

Inflow concentrations of ammonia were calculated and dosed into
a known inflow rate to calculate the masses into the plug. It must
be noted that inflow ammonia concentrations in plant biofilters
must inform the choice of plant and substratum to be used, as
high doses of ammonia will cause the soil pH to rise and create
ammonium toxicity. This is not only detrimental to plant growth
but also to biofilm formation (Rogato et al., 2010).
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The setup was designed to capture and test the concentrations of
ammonia, nitrates, and nitrites out of the plug. From Jacklin et al.
(2022), flow is calculated as:

Qinf = Qeff + Qet (4)

where: Q, .= influent flow into the plug compartment, Q,; = effluent
flow out of the plug compartment, Q,, = evapotranspiration rate.
This holds true for a completely saturated plug compartment. In
some cases, where evapotranspiration is not negligible and when
the plug is not fully saturated, the loss of water due to drying
during the drying phase will not directly result in a change of
pollutant mass in a plug compartment; however, the concentration
of the dissolved pollutants will increase as the volume of water
decreases.

It is possible that adsorption and desorption for nitrates may be
found to be negligible since they are a mobile compound in water
and easily leach (Pandiyan et al.,, 2021). In the case of ammonia
and ammonium in soil, ammonia may undergo volatilisation,
adsorption, or transformation via microbial nitrification.
Volatilisation is unlikely to occur as it is a process that mainly
occurs on the soil surface at high pH values (Chen, 1997). In this
experimental design, lime was added as a stabiliser to maintain
a pH of around 7. This then allows the further assumption that
ammonia will adsorb to the soil, allowing the biofilm colonies
to make use of the adsorbed ammonia and convert it via
nitrification. It must be noted that this assumption will be tested
in future research and, at this stage, only forms part of the design
approach.

Mass change due to diffusion into/from the biofilm is a biological
process that is mainly determined by how the biofilm interacts
with the nutrients and its ability to complete the nitrification
process. A minimum retention time for the nutrients within the
system was calculated through the use of the equations provided
by Ekama and Wentzel (2020). Although this model was based
on sludge retention time (SRT), it was used as a basis to calculate
the minimum amount of time required for nitrification to take
place in the presence of nitrifying organisms, as was the focus of
the equation. In addition, because nitrifiers at different locations
within the biofilm have different metabolisms and rates at which
they metabolise nutrients (Williamson Kerry et al., 2012), making
use of the minimum SRT found from the equations it was expected
that even the slow metabolising cells within the rhizosphere have
time to metabolise.

K 1
nT(b AT+ STT)

- 1
Hamr = (bAT+ )

N =N

a ae (5)
where: u,., = maximum specific growth rate at a specific
temperature, N, = the ammonia concentration in the reactor,

N,. = effluent ammonia concentration, K, = half saturation
constant at a specific temperature, b, = specific endogenous
mass loss rate for nitrifiers at a specific temperature, SRT = sludge

retention time (Ekama and Wentzel, 2020).

Common literature values for y,,, are available. In a laboratory
investigation such as this it is also possible to sample near the roots
to determine the growth rate of the nitrifiers in the particular plant
biofilter. In addition, to support the value obtained for SRT, biofilm
density and thickness tests can be performed to support the notion
that biofilms had enough time to develop and proliferate to
perform the nitrification in the allotted amount of time.

Mass change due to plant uptake was simplified in this experimental
design by including a control composed of a biofilter without
vegetation for determining plant uptake. To create a more complete
and detailed determination of the nutrient uptake within the plant,
the reader is referred to this subject in Jacklin et al. (2022).
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Biofilter design

Four biofilters were constructed from PVC piping of diameter
110 mm and length 600 mm, following the work in Jacklin et al.
(2022). Each column had growth media consisting of a loamy
soil and compost mixture for plant acclimatation and growth, a
transition layer of sand, and a drainage layer of gravel (Fig. 1). A
stainless-steel sieve with a perforated plastic covering was added
as a plug compartment separator to create a compartment that
reduces flow velocity and allows for the calculated retention time.
This was added at the average root depth for J. effusus. A separate
plastic catchment tube was added at the root depth to collect
samples directly from the plug compartment, while a separate
drainage tap was added at the sealed bottom to collect an end
sample for comparison.

Experimental design

Out of the 4 columns, 2 were planted and 2 controls were not
planted. A planted and unplanted column was enriched with a
prepared culture of isolated rhizosphere bacteria. One planted
column was not enriched, to act as a standard control for the
enriched column and one unplanted column was not enriched,
to act as the control for the experiment. Juncus effusus plants
sourced from a local nursery were transplanted into the columns
and watered with municipal tap water for a period of 5 weeks
to allow for plant establishment. Fertiliser was added during
the transplantation process to aid in the establishment of the
plants. A relatively high ammonia compound dosage of 10 mg/L
was selected, with a calculated required retention time in the
plug compartment of 4 days, using diammonium phosphate as
the dosing chemical. The dosage selection was aimed at aiding
analytical results analysis (consistent effluent values of 0 would
not provide much insight; variability was required) and to
enable investigation into performance under high concentration
conditions, identify potential limitations, and develop strategies
to improve efficiency and reliability. The retention time was
calculated using the SRT equation provided by Ekama and
Wentzel. (2020) above, with 20°C as the standard temperature
of the experiment, which was conducted in a climate-controlled
room. Dosing water was oxygenated prior to plant biofilter dosing

with an air bubbler, in an attempt to ensure aerobic conditions
towards enabling nitrification as the dominant process.
Additionally, 550-900 nm wavelength plant grow lights were used
in the plant biofilter setups.

Rhizosphere isolation and culture

The method used for the isolation, culturing, and inoculation of
rhizosphere bacteria was a combination of existing methods. The
process can be separated into 3 parts:

o Harvesting of plant roots and rhizosphere sample
o Isolation and culture of rhizosphere bacteria
o Inoculation of bacteria into designated biofilters

Although isolation and identification of a single strain of
rhizosphere bacteria is possible, it did not fall within the scope of
this research. Hence, the isolation and cultivation of all bacterial
strains present in the soil sample was conducted.

The isolation and cultivation of the rhizosphere bacteria
were performed under sterile conditions at the University of
Stellenbosch Microbiology Department under BioSafety Level 1
protocols following the methods outlined in Harrigan (1966) and
Yarrow (1998). A root sample of Juncus effusus was taken. Making
use of a sterile scalpel, the roots and stems were divided, and a
subsample of the root was placed into (PSS) physiological saline
solution (containing 0.89% NaCl) for 30 mins at 23°C, allowing
the microorganisms on the root surface to be removed and enter
the solution for the isolation stage.

After the required timespan had elapsed, the root samples were
removed, and the remaining PSS solution was serially diluted
by adding 1 mL of root sample solution to a test tube containing
9 mL PSS solution. From this solution, 100 pL were transferred
to a second test tube containing 9.9 mL PSS solution, and the
same step was repeated for a third test tube. The samples were
all vortexed to ensure adequate mixing; 1 mL and 100 uL of
each sample were spread plated onto LB agar plates that were
supplemented with 0.02% (w/v) chloramphenicol, an anti-fungal,
to allow for only bacterial microorganisms to grow on the plates.
Multiple plates were spread to allow for easy selection of bacterial
colonies for streaking. The plates were incubated at 26°C for 48 h.
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Figure 1. Graphical representation of the laboratory setup
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After incubation, single colonies from the best plates were selected
and streak-plated onto LB agar plates (Fig. 2). These streak plates
ensured easy selection for cultivation (Fig. 3). The isolation was
done under sterile conditions and, therefore, it was assumed that
the single colonies were a type of rhizosphere bacteria.

Single colonies were selected from the streaked plates and
inoculated into a flask containing 100 mL of LB broth. The flasks
were placed onto shakers and incubated for 24 h to allow for
bacterial growth, after which serial dilutions of the inoculum
were performed as above and the optical density measured to
determine colony cell count. An optical density of 0.526 and a
final cell concentration of 2.63 x 10% cells/mL was achieved and
selected to be inoculated into the biofilters; this cell density was
selected as an initial standard after dilution, after the methods
suggested by Harrigan (1966).

A 100 mL suspension of the cell concentration was added to one
planted biofilter and one control unplanted biofilter. The suspension
was mixed into the soil before dosing began. 1.5 L of the thoroughly
mixed diammonium phosphate dosing liquid was used in each of
the biofilters, and samples were collected on the 2™, 34, and 4" day
from the effluent and compartments before a new dosing run was
implemented. Before a new dosing run, the biofilters were drained
of the previous liquid before a new 1.5 L dose was introduced.

During the dosing phase, soil pH and temperature measurements
were undertaken. The soil pH increased to pH > 8 due to the dosing
with 10 mg/L ammonia with a high DO content. Therefore, 5mL
of 35% sulphuric acid mixed with 100 mL deionised water was
added to the soil, which decreased the soil pH to an acceptable
7.03. The internal temperature of the biofilters was also measured
and was found to be cooler (18°C) than the set room temperature
(20°C). Therefore, any future modelling investigations should
consider that the plant biofilter temperature should be measured
as input to the model parameters.

For testing and analysis, samples were collected from the biofilter
effluents as well as from the plug compartments. Before testing,
samples were passed through 0.45 pum nylon syringe filters to
focus only on dissolved nutrients. The samples were tested for
ammonia, nitrites, and nitrates at the BIOGRIP Node for Water
and Soil Biogeochemistry at Stellenbosch University. The total
oxidisable nitrogen (TON), nitrite, and ammonia levels were
quantified using the Skalar BluVision Discrete Analyser. For the
biofilm analysis, biofilm samples were collected from the plug
compartment separator and analysed at the CAF Microscopy
Unit, at Stellenbosch University, using a confocal fluorescence
microscope. Samples were dyed using a fluorescent dye to visualise

the microorganisms, with the live microorganisms showing a
green fluorescence and the dead microorganisms showing a red
fluorescence (Fig. 4).

RESULTS AND DISCUSSION
Effluent analysis

Table 1 indicates that in the normal plant biofilter (not inoculated),
the ammonia concentration decreased by 15% between the
first and last sampling days, as measured in the effluent, with
evidence of nitrite and nitrate in the effluent of the same filter.
The nitrite concentration was reduced (65%) from the first day
to the last day of testing, and the nitrate concentration increased
from <MDL (method detection limit) to 1.11 mg/L. This indicates
that ammonia was nitrified in this time with a decrease in
concentration from 10 mg/L (initial dose) to 3.3 mg/L. Within
the compartment, the ammonia levels increased (582%) as
sampling days passed. This indicates that ammonia was contained
within the plug compartment as designed, with nitrite levels also
increasing (+32%) over the same period. The increase in ammonia
in the compartment may have been partly due to fertiliser residue.
However, increases also occurred during dosing days, indicating
that the plug compartment worked as designed to slow ammonia
movement and increase retention time. Nitrate levels in this

filter were below the detectable limits. Further investigation
into this occurrence is warranted and may have been due to the
inhibition of nitrite-oxidising bacteria due to pH or temperature
(Jiménez et al., 2011).

Figure 2. Isolation of rhizosphere bacteria on LB agar plates for single
colony selection

Figure 3. Cultivation and growth measurement of isolated rhizosphere bacteria
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Figure 4. Biofilm analysis in un-inoculated plant biofilter (no added bacteria)

Table 1. Effluent and plug compartment nutrient analysis (dosage: 10 mg/L ammonia)

Biofilter Effluent Compartment

+Ammonia +Nitrite +Nitrate +Ammonia +Nitrite +Nitrate

Plant filter First day 3.9mg/L 0.015 mg/L MDL 0.34 mg/L 0.02 mg/L MDL

Last day 3.3mg/L 0.005 mg/L 1.11 mg/L 231 mg/L 0.03 mg/L MDL

% Change -15.3% -65.3% NQ +582.7% +32.7% NQ

Plant + First day 3.23mg/L 0.1 mg/L MDL 1.9 mg/L 0.49 mg/L MDL
bacteria filter Last day 115 mg/L 0.17 mg/L MDL 22.1 mg/L 42mg/L 16.4 mg/L

% Change -64.7% +70.7% NQ +1 067.4% +791.2% NQ

Control filter First day 11.4 mg/L 0.31 mg/L 0.31 mg/L 1.58 mg/L 0.005 mg/L MDL

Last day 15.4 mg/L 0.03 mg/L MDL 2.115 mg/L 0.39 mg/L MDL

% Change +35.7% —88.8% NQ +69.2% +7238.2% NQ

Control + First day 4.81 mg/L 0.05 mg/L 1 mg/L 3.5mg/L 0.01 mg/L MDL
bacteria filter Last day 223 mg/L 0.04 mg/L MDL 19.2 mg/L 0.1 mg/L 1.66 mg/L

% Change —53.4% +117.9% NQ +447.5% +663.2% NQ

MDL = below method detection limit; NQ = non-quantifiable

The results for the plant biofilter that was inoculated with bacteria
showed a decrease in ammonia levels, similar to, but larger
than, the normal vegetated biofilter (64% vs 15%), indicating
that bacterial inoculation improved performance. Nitrite levels
showed an increase in concentration (70%) with nitrate levels
again being undetectable. This further indicates that nitrification
was occurring within the biofilter, keeping in mind that the
original ammonia dose was 10mg/L. The ammonia levels within
the compartment increased (1 067%) over the first and last day of
the testing period, possibly due to the plug compartment design,
as explained above.

The control effluentammonia concentrations increased, indicating
that there was some ammonia residue from the fertiliser in the
system. The compartment also showed an increase in ammonia
(1.5 mg/L to 2.1 mg/L), probably for the same reason.

The control inoculated with bacteria showed similar results in
terms of an increase in nutrient concentrations in its effluent,
when compared to the vegetated inoculated biofilter (Table 1).
Nitrates were recorded within the compartment as well.
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These results indicate that the plant biofilter performed as designed
based on comparing the inoculated filters to those without, with
the plug compartment increasing retention time of ammonia
and the inoculum improving nitrification. Future research and
modelling can therefore be used to optimise the design.

Biofilm analysis

Samples were collected from each of the four plant biofilters to
assess bacterial growth and biofilm formation. Two different
sections of the substratum (A and B) in a filter were viewed to
ascertain whether there was consistency in growth occurring over
the used substratum.

In the inoculated control, results showed bacterial growth (Fig. 5).
However, biofilm formation and adhesion was minimal, with a
greater number of live cells (green) over dead cells (red) (Fig. 5). This
indicated that the bacteria were growing at a rate faster than the death
rate to maintain their population, but without a suitable substratum
to form intact biofilms. Maintaining a live bacterial population within
the filter led to assuming that the washout rate was minimal.
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Figure 5. Biofilm analysis in inoculated control (+ bacteria) filter

Figure 6. Biofilm analysis in un-inoculated control filter (no added bacteria)

The un-inoculated plant biofilter showed biofilm formation,
with an abundance of live cells compared to dead cells and good
interaction and adherence (Fig. 4). The biofilm clusters were more
pronounced but had separations between them. This may have
been due to root growth separating or disturbing the biofilm
surroundings. Compared to the inoculated control biofilter, it can
be inferred that plant exudates supported bacterial growth and
health.

The un-inoculated control filter showed an obvious lack of
bacterial growth and almost no biofilm growth (Fig. 6). This is in
clear contrast to the inoculated control (Fig. 5), which indicated
that the inoculated bacteria can survive within the loamy soil (at
least for a short period of time), but to form a niche microbial
community, there must be an external source of bacteria. This can
be done either by pre-inoculation with bacteria or by gaining the
microbial community from plants.

Water SA 50(4) 421-429 / Oct 2024
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The inoculated plant biofilter showed a greater density of
biofilm formation when compared to all other filters, with
interaction between the biofilms (Fig. 7). A formation of live
cells encapsulating the dead cells as the biofilm forms was shown.
This, when compared to the un-inoculated (normal) plant
biofilter and the inoculated control filter, suggests that plant root
systems, as well as bacterial inoculation, are vital to optimal plant
biofilter functioning. A 3D view of the interactions can be seen in
Fig. 8.

CONCLUSIONS

This technical note reported on the development of a plant
biofilter using the native South African plant Juncus effusus
for enhanced ammonia removal in stormwater treatment.
The study aimed to optimise the biofilter’s design, focusing on
improving retention times and fostering effective microbial
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Figure 7. Biofilm analysis in inoculated plant (+ bacteria) filter

Figure 8. 3D view of biofilm growth on plug compartment surface (green dots representing live cells and red dots representing dead cells)

and plant interaction. A key innovation in the design was the
incorporation of a plug compartment, which played a significant
role in controlling retention times, thereby facilitating proper
functioning of the symbiotic rhizosphere bacterial-plant system.
The system demonstrated effective ammonia reduction, and the
presence of nitrites and nitrates indicated successful nitrification.
In addition, rhizosphere bacteria inoculation of the rhizosphere
showed improved bacterial biofilm formation as well as improved
ammonia removal by the system. Overall, the results indicate that
the plant biofilter design was successful. Further experimentation
toward design optimisation and design modelling is warranted.
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