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Abstract: Controlled environment agriculture (CEA) technologies are required to meet current and
future food production demand as the global population rises, arable land decreases, and minerals
for fertilizer production are depleted. Hydroponics and recirculating aquaculture systems (RAS)
are intensive production methods that can provide season-independent vegetables and seafood
in urban settings but are limited by a reliance on fertilizing solutions made from finite mineral
reserves and the treatment and disposal costs of nutrient rich effluent, respectively. The development
of a capture and reuse system where RAS effluent is solubilized to become plant-available and
utilized as a hydroponic nutrient solution would aid both industries and increase food security in
urban food deserts. Aerobic mineralization is used in domestic wastewater treatment to reduce
solid content and solubilize particulate-bound nutrients. Preliminary studies have also shown that
aerobic mineralization can be an effective method for RAS effluent treatment. Aerobic batch reactors
were used to mineralize RAS effluent in this study. Suspended solids reduction achieved in the
reactors was measured throughout the experiment and the plant-availability of twelve nutrients
was determined before and after treatment. It was shown that aerobic mineralization can effectively
reduce particulate-bound solids and solubilize nutrients to increase plant utilization in RAS effluent.

Keywords: controlled environment agriculture; circular nutrient economy; aquaculture waste
mineralization; hydroponics

1. Introduction

Controlled environment agriculture (CEA) optimizes environmental growth param-
eters for year-round fruit, vegetable, and seafood production. This optimization allows
greater growth rates and yields in a smaller area, with less water than traditional agri-
cultural methods [1,2]. The increased utilization of CEA technologies will be required to
meet the food demands of the growing global population and counter the reduction in
farmable lands as a result of urbanization [3]. Recirculating aquaculture systems (RAS)
and hydroponic crop production are two of the most prominent and economically stable
CEA methods [1,2]. However, both industries are facing unique challenges preventing
further expansion.

Extensive waste treatment and removal processes allow well-maintained RAS to
reuse up to 99% of total system water daily and use between 90–99% less water than
other aquaculture methods [2]. As a result of the waste removal processes, RAS gener-
ates a concentrated and nutrient rich effluent that requires additional treatment before
discharge to prevent polluting natural waterways [4–7]. Effluent treatment and internal
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water treatment costs are the primary contributor to the prevention of RAS expansion,
limiting the availability of location-independent fresh seafood production methods in
urban food deserts [4–7].

Similar to RAS, hydroponics can result in location-independent production with su-
perior yield to cropping area ratios, while using less water than its traditional agriculture
counterparts [8]. However, unlike the RAS industry, which is limited by excessive nutrient
production, the hydroponic industry is limited by the need for an additional input of nutri-
ents as it is reliant on the finite mineral reserves used for synthetic nutrient solutions [9,10].
Developing a capture and reuse waste management system similar to terrestrial agriculture
would have a multi-faceted effect on the CEA industry by turning RAS effluent into a
value-added product, thereby providing the hydroponic industry with a naturally derived
nutrient source.

Previous research identified that RAS effluent contains the essential macro- and micro-
nutrients for plant growth but requires additional treatment to mineralize particulate-
bound nutrients to increase plant availability [11–15]. Several studies have shown that
aerobic mineralization can be an effective method for reducing solids content and solu-
bilizing nutrients in RAS effluent [14,16–18]. However, no published work has analyzed
solubilization across an array of plant essential nutrients or tracked solids mineralization
across multiple time points in aerobically treated direct RAS discharge that had not under-
gone a pre-processing phase in a single study period [14,16–18]. This research analyzed the
aerobic treatment of unprocessed effluent directly from a pilot RAS, operated at industry
standard stocking densities and feed rates to provide a waste stream commensurate with
commercial production [19,20]. The total and plant available mass of twelve nutrients in
unprocessed RAS effluent were identified, the degree of nutrient solubilization achieved by
a lab-scaled aerobic bioreactor was determined, and the solids reduction achieved by aero-
bic treatment was determined. Aerobic treatment significantly reduced total suspended
solids (TSS) concentration and increased the percent of the total nutrient mass dissolved
into the treated solution. The correlation of TSS reduction and nutrient solubilization
over time may be used to further determine hydraulic retention times (HRT) for larger-
scale treatment systems. Optimization opportunities were identified to refine the nutrient
mineralization process.

2. Materials and Methods
2.1. Fish Facility Description

This study was conducted with effluent from the University of New Hampshire
(UNH) Kingman Farm Recirculating Aquaponic Research Greenhouses (KFRAG) located
in Madbury, New Hampshire, USA. At the time of effluent collection, the system had been
operating at feed and waste production rates, established in the literature as commensurate
with industrial RAS standards, for over one year without any prominent changes to the
system that would influence data analysis [19,20]. The 15 m3 recirculating system was
comprised of a 3 m3 fish tank for Nile Tilapia (Oreochromis niloticus) culture, a rotary drum
screen filter (PR Aqua model RFM2014) fitted with 54 micron screens, a 1.3 m3 mixed
media bed bioreactor (MMBR) for nitrification, a 200 L pumping reservoir, a 300 L stand
pipe well, and three 12.6 m2 deep water raft (DWR) beds (3.4 m3 each) for hydroponic
butterhead lettuce (Lactuca sativa var. capitata) production to make up the remaining system
volume. All nutrients used to grow crops were supplied through the fish feed (3 mm
floating, Finfish Silver, 40% protein, 10% lipid, Zeigler Bros. Inc., Gardner, PA, USA)
except for periodic diethylemetriamine pentaacetic acid (DTPA) iron (III) salt additions to
maintain required iron (Fe) concentrations for optimum lettuce growth and daily additions
of potassium carbonate (K2CO3) to maintain system alkalinity at 40 mg/L CaCO3 for
biofilter management [21,22]. Fish were fed 1300 g/day. A constant biomass approach
was used to maintain a fish stocking density of 36 kg/m3. Bi-weekly fish biomass was
measured and adjusted to ensure that 1300 g/day of feed would provide optimal fish
growth rates per Delong et al. [20].
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2.2. Drum Screen Effluent Collection and Analysis

A total of 200 L of effluent was collected from the rotary drum filter over 72 h to provide
a composite sample for analysis that captured multiple feeding and excrement cycles for the
fish. The effluent was constantly aerated during collection to prevent anaerobic conditions
and preserve the nitrogen (N) mass. The effluent was well mixed to provide a representative
composite sample and immediately analyzed.

The effluent was separated into aqueous and particulate fractions prior to analysis
with 1.5-micron glass fiber filters. For this study, nutrients in the aqueous fraction of the
effluent were considered plant available as past studies have demonstrated that mineralized
aquaponic/RAS effluent can be an effective fertilizing solution [17,23]. Measurement of
TSS concentration and pH was conducted at the UNH Agricultural Engineering Laboratory
using the APHA Method 2540D [24] and a Fisher Scientific Accument AB250 (Waltham,
MA, USA), respectively.

The nutrient analysis of the separated aqueous and particulate effluent fractions
was conducted by JR Peters Laboratory, a commercial hydroponic solution development
and testing laboratory in Allentown, PA, USA. Specific nutrients analyzed included N,
phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), Fe, manganese (Mn),
copper (Cu), zinc (Zn), sodium (Na), aluminum (Al), and boron (B). Particulate analysis
was conducted using combustion and an organic element analyzer on the glass fiber filters
was used to separate the particles and liquid. Filter blanks were analyzed to prevent
extraneous nutrients from effecting results. All filters were dried for at least 72 h at 110 ◦C
before being ground and sent out for analysis. Inductively coupled mass atomic emission
spectrometry was used to analyze the concentration of nutrients in the filtrate.

A total concentration, in mg/L, for each nutrient was calculated to characterize the
total mass of each nutrient regardless of form. This concentration was based on total
nutrient mass and reactor volume. The analysis for the aqueous fraction of the effluent was
reported in mg/L. Particulate nutrient masses for macro-nutrients (N, P, K, Ca, and Mg)
were reported as a percentage of the TSS mass. The following equation was developed in
Tetreault et al., [13] to normalize nutrients reported as a percent of the TSS mass as mg/L:

Msolids, % = [TSS]× C% (1)

where the normalized nutrient mass (as mg/L) for the entire reactor is represented by
Msolids,%, drum screen effluent, TSS concentration (mg/L) is represented by [TSS], and
the percent of the total reactor TSS that an individual nutrient’s massed comprises is
represented by C%. Particulate nutrient masses for micro-nutrients (Fe, Mn, Cu, Zn, Na, Al,
and B) were reported as mg nutrient/kg TSS. The following equation was developed in
Tetreault et al., [13] to normalize nutrients reported as mg nutrient/kg TSS:

Msolids, f =
[TSS]× Cf

Veffluent
(2)

where the total nutrient mass divided by the total volume of the reactor (mg/L) is repre-
sented by Msolids,f, the TSS concentration of reactor waste water (kg/L) is represented by
[TSS], the specific mass fraction of an individual nutrient in TSS (mg nutrient/kg TSS) is
represented by Cf, and the total volume of effluent treated in the reactor is represented by
Veffluent. The particulate and aqueous concentrations were totalized to determine the total
nutrient concentration. The percent of the total nutrient concentration that was considered
plant available was the percent of the total concentration in the aqueous fraction.

2.3. Reactor Design, Operation, and Sample Analysis

Effluent treatment was conducted using 20 L of high-density polyethylene (HDPE)
aerobic reactors (Figure 1). The effluent was continuously mixed using constant aeration
from an air pump (Sweetwater Linear II Model SNL42, Pentair, Minneapolis, MN, USA)
with a medium pore stone diffuser.
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Figure 1. Aerobic reactor schematic. Effluent to be treated was continuously mixed using constant
aeration. Samples were taken by removing the reactor lid to access the effluent.

The aerobic reactors were operated in triplicate at ambient temperature. The experi-
ment was conducted for 15 days to correspond with previously established retention times
for RAS effluent treatment reported in Delaide et al., [16]. Reactors were filled with 15 L
of drum screen effluent. Reactors were not inoculated and used only the endogenous
microbes present during collection. A 50 mL sample was taken from each reactor every
48 h and immediately analyzed for temperature, pH, TSS, and dissolved oxygen (DO). A
Hach (Loveland, CO, USA) HQ 40D was used for DO measurements and a Fisher Scien-
tific Accumet AB250 (Waltham, MA, USA) was used for pH measurements. To account
for evaporation, effluent height in each reactor was marked daily. Volume lost due to
evaporation was replaced with reverse osmosis (RO) water to avoid artificially increasing
nutrient concentrations. Effluent removed for sample analysis was not replaced with RO
water to avoid artificially diluting nutrient concentrations. A final nutrient analysis for the
particulate and aqueous fractions of each reactor was conducted after 15 days following the
same procedures as the initial effluent analysis to determine if a change in plant availability
occurred. The following equation was developed in Tetreault et al., [13] to determine the
change in plant availability of a specific nutrient after a mineralization treatment:

∆Maqueous =

[
Baqueous

]
/[Btotal][

Aaqueous
]
/[Atotal]

(3)

where the percent change of the total nutrient concentration (mg/L) in aqueous fraction of
effluent is represented by ∆Maqueous, and the aqueous and total nutrient concentrations
(mg/L) of initial effluent (A) and treated effluent (B) are represented by [Aaqueous], [Atotal],
[Baqueous], and [Btotal], respectively.

2.4. Statistical Analysis

A Tukey’s honestly significant difference (HSD) test was used to determine if DO,
pH, and temperature in the replicate reactors were significantly similar or different from
each other throughout the study period. The significance of the difference between the TSS
concentration of the untreated effluent and of the final treated solution was calculated with
a pooled t-test. A p value < 0.05 was considered significant in all tests.

3. Results
3.1. Effluent Nutrient Analysis

The untreated composite effluent sample had a TSS concentration and pH of 1217 mg/L
and 7.4, respectively. The total concentration, and percent of the total in the aqueous
and particulate fraction, of the twelve analyzed nutrients in the untreated effluent are
reported in Table 1.
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Table 1. Total nutrient concentrations in the drum screen effluent collected from UNH KFRAG as a
combination of the aqueous and particulate nutrient mass normalized to 1 L of effluent. The aqueous
and particulate mass fractions for each nutrient are expressed as a percent of total mass. Nutrients
found in the aqueous fraction were considered plant available.

Nutrient Total Drum Screen
Effluent (mg/L)

Aqueous
(%)

Particulate
(%)

Macro-nutrient
N 174 96.36 3.64
P 3.82 68.11 31.89

K † 402 99.61 0.39
Ca 30.4 92.78 7.22
Mg 21.8 98.33 1.67

Micro-nutrient
Fe † 1.90 94.57 5.43
Mn 0.27 97.50 2.50
B 0.26 90.11 9.89

Cu 0.17 94.60 5.40
Zn 0.80 99.24 0.76
Na 34.5 99.72 0.28
Al 0.51 71.15 28.85

† Supplemented Nutrient in KFRAG.

3.2. Reactor Sample Analysis

The mean ± standard deviation (SD) of the aerobic reactor temperature, DO, and
pH are reported in Table 2. The mean ± SD in the TSS measurements taken every 48 h
is reported in Figure 2. On day 15, the final mean TSS ± SD concentration was reduced
from the untreated effluent by 60.96% ± 0.43% (p < 0.0001). Samples collected from each of
the replicate reactors throughout the 48 h interval measurements showed no significant
differences (p = 0.9647).

Table 2. The mean ± SD of the temperature, DO, and pH in the reactors throughout the study period.

Parameter Aerobic Reactors p-Value between Reactors

Temperature (◦C) 21.1 ± 0.41 0.0018
DO (mg/L) 8.83 ± 0.20 0.3818

pH 7.3 ± 0.18 0.3639Horticulturae 2021, 7, 334 6 of 10 
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3.3. Final Nutrient Analysis

The change in the amount of the total nutrient concentration in the aqueous fraction of
the treated effluent are reported in Table 3. After aerobic treatment, the percent of the total
N, P, Ca, B, Cu, and Al in the aqueous fraction of the effluent was significantly increased.
The aqueous N after treatment was comprised of 98.07% nitrate-nitrogen (NO3-N), 1.06%
urea, and 0.87% ammonia-nitrogen (TAN).

Table 3. Increase of total nutrient concentrations in aqueous form (and available for plant uptake)
in tilapia effluent after treatment. Mean percent ± SD of total nutrients in aqueous form shown
before and after treatment. Statistical significance of untreated effluent and aerobic solution described
by p-value.

Nutrient Effluent
(% Aqueous)

Aerobic
(% Aqueous) p-Value

Macro-nutrients
N 96.36 98.60 ± 0.1 <0.0001
P 68.11 94.97 ± 1.1 <0.0001

K † 99.61 99.84 ± 0.0 <0.001
Ca 92.78 96.59 ± 0.6 <0.001
Mg 98.33 99.4 ± 0.2 <0.01

Micro-nutrient
Fe † 94.57 93.64 ± 0.9 =0.1529
Mn 97.50 96.67 ± 2.8 =0.6611
B 90.11 99.84 ± 0.1 <0.0001

Cu 94.60 98.57 ± 0.6 <0.001
Zn 99.24 99.84 ± 0.1 <0.01
Na 99.72 99.98 ± 0.0 <0.001
Al 71.15 86.74 ± 0.9 <0.0001

† Nutrient supplemented at KFRAG.

4. Discussion
4.1. Untreated Effluent Nutrient Profile

The nutrient profile of the KFRAG effluent was similar to reports of effluent from other
aquaponic/RAS effluent used in mineralization research [12–14,16]. Specifically, P, Ca, Mg,
and Fe have been consistently found to be particulate-bound in effluent across a variety of
systems with differing fish species and system designs [12–14,16]. In this study, B and Al
were also identified as particulate-bound nutrients in the untreated effluent. Additionally,
the routine addition of soluble K2CO3, for biofilter maintenance, and Fe salts increased the
plant availability of these nutrients in the KFRAG effluent when compared to findings in
other studies [12–16,22]. Additionally, some studies have utilized a pre-treatment process
to consolidate the particulate portion of the effluent before mineralization [18,25]. These
studies allowed the effluent to settle before decanting and resuspending in RAS water at
approximately 10 g/kg, while others used effluent directly from the RAS solids removal
unit [13,14,18,25]. The variations suggest that while certain patterns can be identified across
aquaponic/RAS effluent, specific management practices can influence effluent composition
and any individual system should not serve as a template for the industry.

Conducting treatment research on direct and consolidated effluent is beneficial in
identifying the most effective and on-farm appropriate treatment processes and should be
considered when directly comparing reported nutrient masses and concentrations from
different studies. One benefit of using effluent directly from an RAS/aquaponic system
without pre-treatment consolidation is the capture of the nutrients already dissolved in
the aqueous fraction of the effluent. This study demonstrated that the aqueous fraction
of the effluent already contains most of the nutrient mass removed by a drum screen.
Consolidating the particulate fraction of the effluent may be an efficient method to reduce
the total volume requiring treatment, but decanting the aqueous effluent fraction removes
a valuable nutrient source. While the nutrients in the aqueous fraction may be plant
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available, multiple studies have established that it also contains organic carbon (OC) that
can limit plant growth and foster pathogens [26,27]. Due to the OC mass, treatment of
the separated aqueous would still be beneficial when developing a hydroponic nutrient
solution. Continued research on the benefits of consolidating or using direct effluent is
required, and each method may be ideal for different operations and treatment goals.

4.2. Solids Reduction

The mean ± SD TSS concentration reduction of 60.96 ± 0.43% achieved by the aerobic
treatment was similar to the reduction of 60.8% reported by Delaide et al. [16] in an
aquaponic mineralization study with a comparative aerobic reactor design and 15-day HRT.
While the percent reduction is similar in both experiments, the routine TSS sampling in this
study provided additional insight into the rate of solids mineralization. By day 5 and day 9,
67.19 ± 1.64% and 83.91 ± 1.41% of the TSS reduction achieved throughout the 15-day
experiment was completed, respectively. During the final 6 days of reactor operations
only 16.09 ± 1.41% of the overall reduction in TSS concentration occurred. As the majority
of the TSS concentration was removed from the effluent early in the treatment process,
consideration should be taken regarding the benefit of extended treatment compared
to the cost of treatment. These results are important in transitioning from laboratory
scale experiments to designing a flow-through system capable of treating RAS effluent at
production scale.

Data across studies regarding the anaerobic treatment of aquaponic/RAS effluent
have been less consistent, making comparisons between the TSS reduction achieved in
the different microbial treatment methods difficult [13–16,18,25]. Tetreault et al., [13]
reported a 15-day TSS reduction of 76.17 ± 6.97% with anaerobic treatment, while Delaide
et al., [16] reported a TSS reduction of 49.02% in a semi-batch anaerobic treatment with a
15-day HRT. Further research on solids reductions in RAS effluent achieved by anaerobic
treatment is required to accurately compare these two common microbial wastewater
treatment methods.

4.3. Treated Effluent Nutrient Profile

Out of the seven nutrients that were most particulate bound in the untreated effluent
from KFRAG, six (N, P, Ca, B, Cu, and Al) were made significantly more plant available as
a result of aerobic treatment. Only Fe did not have a significant increase in the aqueous
fraction of its total concentration. The presence, and mineralization potential, of P in RAS
effluent may become an important supplement to the CEA industry in coming decades.
Recent research suggests mineral P depletions in the near future resulting from agricultural
needs [28]. The reuse of a consistent, and currently underutilized, P source will reduce
dependence on the finite mineral reserves. As noted above, variations in aquaponic/RAS
system management and effluent consolidation before treatment can make direct compar-
isons between nutrient masses across studies difficult. However, other works have shown
similar results to this study regarding the effectiveness of aerobic treatment to increase
nutrient solubilization [14,16,25].

4.4. Implications for Aquaponic Production

Aquaponics is the combination of hydroponics and RAS where crops are grown
using feed that has been consumed, broken down, and excreted by fish as dissolved
plant-available nutrients [29]. The solid fish effluent, such as that treated in this study, is
often removed as it is not plant available and contains OC [2]. Aquaponic systems can
be either coupled, with fish and plants sharing waste treatment and culture water in one
system, or decoupled, with a controlled water flow from a RAS to a hydroponic system
that does not return water to the fish system [30]. With fish feed being the primary nutrient
source, coupled aquaponic systems can have reduced nutrient masses when compared
to hydroponic systems [31]. The combined nature of coupled aquaponics prevents the
addition of chemical hydroponic nutrient solutions to avoid negative effects on fish health.
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While decoupled aquaponic systems are able to supplement with traditional hydroponic
solutions, this does not fully shift away from the reliance on finite mineral reserves. The
treatment and reutilization of fish solid waste would allow the natural supplementation of
nutrients in both aquaponic system designs.

4.5. Future Research

The consistent measurements of TSS concentration in this study can be used to better
understand solids mass reduction over time than previously reported and allow a more
efficient treatment process to minimize treatment times and maximize nutrient availability.
Research to identify mineralization rates of the most particulate-bound nutrients and a
comparison of TSS to volatile suspended solids (VSS) concentration will allow a more
accurate determination of complete treatment time.

Excessive OC in hydroponic nutrient solutions can result in biofilm build-up that can
block irrigation tubing and serve as a fuel source for the proliferation of pathogenic bacteria,
making the removal of OC important before any waste can be utilized as a hydroponic
nutrient solution [26,27]. While aerobic mineralization has been shown to remove OC
from municipal and agriculture wastewater, only limited data is currently available in
regards to OC removal in aquaponic/RAS effluent [16]. Future research would benefit
from consistent OC measurements in correspondence with TSS and aqueous nutrient
concentration measurements to provide a more accurate HRT for a treatment system.
Two-stage anaerobic to aerobic treatment is commonly used for municipal and terrestrial
agriculture waste [32,33]. This combined approach has been shown to be more effective
at reducing TOC and total solids than the individual use of either method [32,33]. The
development of ideal HRTs for both processes in batch conditions could be used as a
template for developing a two-stage flow-through model.

5. Conclusions

This study confirmed that aerobic treatment can significantly reduce TSS concentration
and increase nutrient solubilization in aquaponic/RAS effluent. Expansion upon previous
research was achieved through consistent measurements of TSS concentration over time
and in direct drum screen discharge that had not been concentrated pre-treatment. The use
of direct effluent retained a large portion of the total nutrient mass already dissolved in
the aqueous effluent fraction and could be scaled to allow a simplistic treatment unit to be
incorporated into coupled aquaponic system designs. The consistent TSS measurements
provided a more accurate description of TSS evolution temporally, which may be used
to optimize further treatment processes and refine the flow-through treatment systems
typically utilized in small-scale aquaponics systems currently. Future research would
benefit from regular measurements of TOC and aqueous nutrient concentrations to provide
data that can be used to develop a flow-through or combined anerobic treatment system.
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