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Abstract

Microalgal treatment of anaerobic digestate has attracted research attention due to algae’s
capability for nutrient removal and recovery. However, microalgae rarely tolerate full-strength
anaerobic digestate, and this problem is frequently handled with dilution. According to the
literature, it has been hypothesized that high ammonia, turbidity, and heavy metals are the main
inhibitors. However, our previous research suggested that additional inhibitors may be even more
important. In past work, we developed a pretreatment method using aerobic bacteria that alleviated
algal inhibition, and we hypothesized that inhibitory organic compounds are present in digestate.
This approach enables algae to reach very high culture densities before nutrients are exhausted
from the digestate. When algae reach a high density, light penetration diminishes, slowing down
or halting growth before all the nutrients are fully removed from the digestate. This results in
incomplete nutrient recovery and limits the efficiency of the process. To address this issue,
implementing multi-stage algae cultivation can help maintain optimal growth conditions, allowing
for nutrient removal to occur over multiple batches of algae growth and enhancing the overall

effectiveness of the treatment system.

In the first chapter of this study, we aim to 1) develop two different pretreatment strategies
(activated sludge and biochar pretreatment) and test their alleviation of inhibition, 2) determine
metabolites that are removed during pretreatment using LCMS-MS and 3) Analyze the inhibitory
effect of identified metabolites on the growth of algae using a dose-response approach. Both
pretreatments significantly enhanced biomass productivity (412 mg L! d'! after activated sludge

pretreatment, 292 mg L! d'! in biochar pretreatment, and only 40 mg L' d! without pretreatment,



P < 0.05). Additionally, total nitrogen removal efficiency was 63%, 21%, and 5% with activated
sludge pretreatment, biochar pretreatment, and no treatment, respectively. LCMS-orbitrap analysis
revealed the removal of many phenolic compounds, antibiotics, and animal hormone metabolites
after pretreatment, and we showed that six of the twelve compounds tested are inhibitory to algae
at <1 mg L! levels in dose-response trials (Butylparaben, Salicylic acid, Bisphenol A, Bisphenol

F, Tiamulin, Androsterone).

In the second chapter, we developed and tested a two-stage semi-continuous reactor system
(two sequencing reactors with clarifiers) for long-term algal cultivation in pretreated anaerobic
digestate, aiming to enhance nutrient removal efficiency and biomass yield over single-stage
systems. Results indicate that the multi-stage reactor setup improves nutrient recovery and
mitigates light limitations due to high cell density, a common limitation in single-stage systems.
This study achieved some of the highest algae productivities ever achieved on full-strength
anaerobic digestate (0.59-0.78 g L' d! and 0.15-0.92 g L' d"! for stages 1 and 2, respectively).
Plus, adding a second stage of algae cultivation enabled significant (P<0.05) additional N and P
removal, resulting in an unprecedented 95% reduction in influent NHs-N, reducing the value from
~2,400 mg L! to <200 mg L'!. P was also reduced from ~550 mg L! to ~100 mg L' across the

multi-stage process.

Overall, this study suggests that organic compounds in digestate are important inhibitors
of algal growth and shows the effectiveness of the two pretreatments in removing them. This study
also contributes to developing sustainable waste-to-resource strategies, highlighting the potential

of algae cultivation to treat nutrient-rich waste streams while producing high-value biomass
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1. Introduction

For the last couple of decades, anaerobic digestion has been successfully employed
throughout the world to convert organic wastes -- primarily food waste, green waste, crop
residuals, and agricultural wastes -- into energy and useful end products (Fallgren et al., 2020).
One of the most important environmental benefits of an anaerobic digestion facility is its ability to
significantly reduce or eliminate greenhouse gas emissions (Zhao et al., 2024). By capturing
methane gas that would have otherwise been emitted into the atmosphere, AD facilities displace
fossil fuels that contribute to climate change. A secondary benefit is the production and sale of
beneficial end-use products and applications. Plus, anaerobic digestion produces digestate, a
nutrient-rich slurry. Digestate can be applied to agricultural land as a fertilizer and/or soil
amendment to improve soil health (Baryga et al., 2021). Digestate that is applied to land is subject
to both state and federal regulations. It is important to maintain soils that are healthy and productive
to grow food to feed our local, national, and world populations. The practice of land application
of digestate can improve the health of our soils. However, due to the high concentration of
nutrients, mainly nitrogen and phosphorous, digestate may also end up in water bodies and create
critical challenges for the environment, such as eutrophication which can result in excessive plant
production, off-flavors in drinking water, increased frequency of anoxic events, blooms of harmful
algae, and fish kills (Wurtsbaugh et al., 2019). Thus, reducing nutrient discharges, especially
nitrogen (N) and phosphorus (P), from anaerobic digestate is crucial to preventing eutrophication.
Therefore, it is urgently needed to develop efficient new approaches and technologies to control
nutrient discharges from anaerobic digestion treatment facilities.

Microalgae have gained significant attention during the last decades owing to their efficient
nutrient-removal capability (Alireza Fallahi et al., 2021). Using anaerobic digestate as a growth

medium for microalgae cultivation holds the potential to improve agricultural sustainability: the

11



process simultaneously reduces nutrient pollution and results in a stream of protein-rich algal
biomass suitable for feed applications. A variety of algal species and consortia have been tested in
different types of anaerobic digestate proving that anaerobic digestate contains the right blend of
macro- and micro-nutrients to support robust biomass production of algae (Kabaivanova et al.,
2022; Paul et al., 2016). While intensive studies were conducted for algae cultivation in anaerobic

digestate, there are still some knowledge gaps.

While algae hold significant potential for treating anaerobic digestate, direct cultivation in
raw digestate is not feasible due to growth inhibition (Wang et al., 2018). Researchers commonly
dilute digestate with water to enable algal growth; however, this approach is unsustainable given
global water scarcity (Franchino et al., 2016). Various pretreatment strategies, such as aerobic
bacterial treatment and sorption, have been explored in the literature (Wang et al., 2024; Wang,
Prasad, et al., 2019). Understanding the specific sources of inhibition is essential for advancing
algae-based digestate treatment systems. Current literature suggests that high ammonium levels
and turbidity in digestate contribute to algal growth inhibition(Al-Mallahi & Ishii, 2022; Qian et
al., 2023). However, Wang et al. (Wang, Cherones, et al., 2021) found that some microalgae
species, such as Chlorella vulgaris and Chlorella sorokiniana, can tolerate high ammonium
concentrations but still exhibit inhibited or reduced growth in full-strength anaerobic digestate.
This suggests the presence of other potential inhibitors in the digestate. We hypothesize that
organic compounds—such as phenolics, volatile fatty acids, hormones, and antibiotics—may
inhibit algal growth. Although these compounds have been shown to adversely affect algae
(Franchino et al., 2016; Tigini et al., 2016), they have yet to be identified in the literature as specific
inhibitors in digestate environments. Another challenge in cultivating algae in anaerobic digestate

is achieving high nutrient removal efficiency within a single reactor system. Although algae can
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effectively uptake nutrients from digestate, self-shading within algal cultures over time reduces
light availability, thereby lowering treatment efficiency if only a single-stage reactor is employed.
Sequencing batch reactors (SBRs) have demonstrated significant improvements in nutrient
removal efficiency in wastewater treatment processes, offering potential for enhancing digestate
treatment performance(Colomer et al., 2012). However, research remains limited on the long-term
continuous operation of multi-stage reactors utilizing anaerobic digestate as a feed source. Further
exploration into multi-stage or semi-continuous reactor setups could provide valuable insights into
optimizing nutrient recovery and maintaining stable operation over extended periods, paving the
way for more sustainable digestate treatment methods.

The overall objective of this project is to improve algal growth and nutrient removal in

anaerobic digestate. This will be achieved by (1) developing two pretreatment strategies to mitigate
algae growth inhibition in digestate and identifying the specific sources of inhibition. Additionally,
a single-stage system is insufficient for efficient nutrient removal from digestate; therefore, we
aim to (2) develop a multi-stage reactor for the semi-continuous cultivation of algal consortia in
anaerobic digestate and conduct long-term stability tests on the system. This approach will provide
insights into optimizing nutrient recovery and maintaining reliable operation over extended

periods.
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2. Chapter one: Investigating the Effect of Pretreatments to Overcome
Microalgal Growth Inhibition on High-strength Anaerobic Digestate

2.1 Introduction

Over the past few decades, anaerobic digestion has emerged as a globally successful
method for converting organic wastes into energy and valuable products. Its significant
environmental benefit lies in the reduction of greenhouse gas emissions, particularly methane
capture that would otherwise contribute to climate change. This aligns with emission reduction
targets, such as those set by the Paris Agreement and outlined in the United Nations Sustainable
Development Goals (UN, 2024). Beyond mitigating climate impact, anaerobic digestion produces
nutrient-rich digestate, a potentially valuable resource for enhancing soil health when applied as
fertilizer. However, this digestate is mostly water, making it difficult to transport to distant
agricultural fields. To address this, efforts have been made to integrate algae into the treatment of
anaerobic digestate.

Efforts to cultivate algae on diluted anaerobic digestate have shown promise, given the
high nutrient load and presence of more energy-dense forms of nitrogen (e.g. ammonium) (Chuka-
ogwude et al., 2020). Unfortunately, significant dilution of water (10-30 fold) is needed to cultivate
algae successfully on most anaerobic digestates (Franchino et al., 2016) due to the presence of
inhibitory compounds (Al-Mallahi & Ishii, 2022; Tigini et al., 2016). Such large volumes of
dilution water have been used in both lab-scale (Franchino et al., 2016) and large-scale outdoor
studies (Pizzera et al., 2019). Dilution water is unattractive in many applications, particularly in
the food and agriculture sectors (Qian et al., 2022). Other researchers have chosen not to dilute the
digestate in their outdoor studies, but their growth and nutrient removal rates were very slow(Ayre

et al., 2017).
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Chemical and biological pretreatments have recently been investigated as an alternative to
dilution. These include technologies such as ammonia stripping, precipitation, sorbent application,
aerobic bacteria, and ozonation as reviewed in (Wang et al., 2024). While most of these approaches
have proven successful, poor understanding of the source of inhibition has hindered the rational
design of effective methods to overcome inhibition. Thus, approaches to date have largely
developed to remove ammonia-N because researchers have assumed that this is the primary
inhibitor of algae in digestate (Al-Mallahi & Ishii, 2022; Cai et al., 2013; Cho et al., 2013; Park et
al., 2010). While some algae are ammonia-inhibited, many algae including species of Chlorella,
Auxenochlorella, Parachlorella, Scenedesmus, and Coelastrum can grow robustly on extreme
ammonium concentrations (up to 3,500 ppm) at neutral pH (7.5) based on our previous results
(Wang, Cherones, et al., 2021). Yet these organisms are still inhibited by full-strength anaerobic
digestate. Another commonly cited reason for poor algal growth on anaerobic digestate is the high
turbidity (Al-Mallahi & Ishii, 2022; Qian et al., 2023; Wang et al., 2010). Solids separation can
help considerably in this area, but light-absorbing molecules can remain in the dissolved
fraction(Qian et al., 2022). However, we showed in past research that despite low absorbance
interference between certain digestates and algal pigments, algal growth was still inhibited (Wang,
Prasad, et al., 2019). Other researchers have suggested but not proven that organics found in
digestate may be algal inhibitors(Franchino et al., 2016; Tigini et al., 2016). We hypothesize that
a suite of organic compounds in digestate contribute significantly to algal growth inhibition on
anaerobic digestates. Of specific interest are free fatty acids, phenolic compounds, animal
hormones, and antibiotics. In past research, we found EC50 concentrations of propionate and
butyrate of roughly 450 mg L'! when tested against the green algae Chlorella sorokiniana (Wang

etal., 2018), within the range found in many digestates from commercial-scale operations (Franke-
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Whittle et al., 2014b). Many digestates contain medium-chain free-fatty acids as a result of lipid
hydrolysis, and these are known to be lethal to certain algae including Chlorella (Wu et al., 2006).
A range of phenolic compounds are also present in digestates (Hecht & Griehl, 2009; J. E.
Hernandez & R. G. J. Edyvean, 2008), and many algal species have been shown to be severely
inhibited by a wide range of phenolics (Nakai et al., 2001; Pillinger et al., 1994; Wang et al., 2016).
However, clear links between specific organic molecules found in digestates and algal inhibition
remain unclear. The aims of this study are to 1) develop two different pretreatment strategies
(activated sludge and biochar pretreatment) and test their alleviation of inhibition, 2) determine
metabolites that are removed during pretreatment using LCMS-MS and 3) Analyze the inhibitory

effect of identified metabolites on the growth of algae using a dose-response approach.

2.2 Material and Methods

2.2.1 Collection and pretreatment of anaerobic digestate

Swine digestate was collected from a covered lagoon digester at a swine farm in North
Carolina and shipped overnight to Auburn University. The digestate is aliquoted and frozen at -20
C until use.

Prior to use in experiments, the digestate was thawed and centrifuged (4,696 % g, 15 min)
to remove the majority of solids. A subset of this material was subjected to pretreatment either
using aerobic bacteria cultivation or biochar. The aerobic bacteria pretreatment of digestate was
conducted in 500 ml bottles filled with 400 ml centrifuged anaerobic digestate. To these bottles, 4
mL (1% v/v) of activated sludge with a solids content ranging from 0.7% to 1.0% (collected from
the South Columbus Water Resource Facility) was added. More details on the pretreatment process
and its rationale can be found in previous publications (Wang, Hyman, et al., 2021). Pretreatment

reactors were aerated with 200 mL min! air (0.5 vvm) for 96 h. For the biochar pretreatment, 200
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mL of the centrifuged anaerobic digestate was added to 500 ml bottles in triplicate. Then, 6 g of
biochar was added to each bottle and put in an incubator at room temperature for six hrs. and 250
rpm. pH was maintained at 7.5 by adding 3 M HCI daily to overcome the continuous increase in
pH during both pretreatments. The biochar was purchased from Wakefield Biochar Company
(Columbia, MO, USA) and analyzed as described previously (Wang, Hyman, et al., 2021). Its
properties (mean =+ standard deviation) were as follows: nitrogen 0.30 + 0.04%, carbon
55.37 £ 21.85%, hydrogen 1.77 £ 0.13%, sulfur 0.08 + 0.00%, Brunauer—Emmett—Teller specific
surface area 150 + 15 m2/g, moisture content 8.6 +=0.1%, and ash content 37.0 + 1.0%. The
particle size of the biochar was between 1 and 2 mm. After aerobic and biochar pretreatment,
anaerobic digestate was vacuum filtered through a series of 47 mm Advantec glass fiber filters
down to 0.7 um pore size. Small amounts of residual microorganisms were still present in the
digestate at this point, but this had previously been shown to have little to no impact on algal
growth(Wang, Hyman, et al., 2021). Samples (2 ml) were collected from the pretreatment reactors
at the beginning and end of the batch processes for chemical analysis using LCMS which will be

discussed in the following sections.

2.2.2 Collection and subculturing of native algal consortium

A native algal consortium was previously collected from a sludge settling container which is
connected to the bio floc fish production tank at Auburn University’s aquaponics system. This
consortium was subsequently adapted to anaerobic digestate over successive rounds of cultivation
as described in detail previously (Wang, Cherones, et al., 2021). The microbial composition of
this consortium was also previously described but included a high abundance of the green algae
genera Chlorella and Coelastrum. Prior to the use of this consortium in the present research, it was

repeatedly sub-cultured for at least 2 batch cycles (~7 days each) on pretreated anaerobic digestate
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(described in section 2.1) until robust growth was achieved. This growing culture was then used
to inoculate the experimental studies. Briefly, these stock cultures were grown in 1 L glass bottles
(filled to 500 ml) under illumination (170 umol photons m=2 s7!) with fluorescent grow lamps.
Mixing by stir bar (150 rpm) and aeration (0.5 vvm with 2% CO; supplementation) were also

provided.

2.2.3 Experimental design and cultivation conditions

In this study, four different treatments including 1) Control (chemical medium), 2) No
pretreated digestate but filtered (0.7 um pore size), 3) Activated sludge pretreated digestate, and
4) biochar pretreated digestate were used as experimental design. Modified N8 media was used as
the control to grow algae consortia. Briefly, 100 ml of 10X modified N8 media macronutrient
stock solution was added to 900 ml distilled water. The pH was adjusted to 7.5 by adding 3M
NaOH. Afterward, 1 ml of micronutrients was added to the solution. Twelve 300 mL bubble
column photobioreactors (three replicates for each treatment) with a working volume of 200 ml
each were used in this study. The detailed construction and operation of the bubble column reactor
system have been published previously(Wang, Peng, et al., 2019). Acclimated algae consortia were
inoculated in each bioreactor (initial OD 550 nm of about 0.2) and cultivated for 5 days which
corresponds to the late exponential growth phase of algae cultures as measured by optical density
(OD) at 550 nm. All of the photobioreactors were mixed with a magnet stirrer, aerated with 0.5
vvm 2% COz supplementation (100 mL min -1), and illuminated with fluorescent grow lamps (170
umol photons m2s™!) on a 16 h:8 h light-dark cycle. The pH was also maintained at 7.5 daily
using 3 M NaOH or 3 M HCI as needed. Samples (2 mL) were collected daily to read the OD at
550 nm. The remaining liquid in the tubes was then centrifuged (13,201g, 5 min) to form a cell

pellet. The supernatants were then filtered through a 0.2 um nylon syringe filter and stored at
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—80 °C until water quality analyses were performed. The pellet of each experiment for hours 0 and
120 was also stored in a -80 refrigerator. Culture solids were harvested by a centrifuge (4696g for
5 min) at the end of the batch experiment, washed with distilled water, and freeze-dried as
described previously(Wang, Peng, et al., 2019). The dry weight of the solids was quantified and
used to develop unique curve fits between OD at 550 nm and culture density for each experimental

treatment. Curve fits were used to convert OD readings into dry weight culture densities.

2.2.4 Water quality analyses

Soluble inorganic macronutrients were analyzed by suppressed ion chromatography on a
Prominence Liquid Chromatography (LC) system (Shimadzu) as described previously(Wang,
Cherones, et al., 2021). A Dionex lonPac CS16 column (4x 250 mm, Thermo Scientific) and
Dionex CERS 500e 4 mm regenerative suppressor were used to measure cations (Na+, K+, NH4+,
Ca2+, and Mg2+). A Dionex lonPac AS22 column (4x 250 mm, Thermo Scientific) plus
regenerative suppressor (Dionex AERS 500 carbonate 4 mm) was used for the analysis of anions
(Cl-, NO2—, NO3—, PO43-, and SO42-). HACH assays were used for total soluble nitrogen and
phosphorous analysis and soluble chemical oxygen demand analysis per the manufacturer’s
instructions. Ammonium chloride and glucose were used as external validation standards for each
HACH assay, respectively. TSS was determined by centrifuging water or sludge samples at
4696g for 5 min to form a pellet, fully decanting the free liquid, and freeze-drying the solid
material. This material was then weighed, and the weight of the empty tube was subtracted to

determine the solid content (Wang et al., 2023).
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2.2.5 Organic molecule identification with liquid chromatography and mass spectrometry

Analysis was performed on a Vanquish UHPLC system (Thermo Fisher, USA) coupled
with a quadrupole orbitrap mass spectrometer (Orbitrap Exploris 120, Thermo) with electrospray
ionization (H-ESI) in both positive and negative modes using Xcalibur software (V4.4.16.14).
Injection of 1uL of the sample was made on a C18 column (ACQUITY UPLC® BEH Cl18,
1.7 pm, 2.1 x 50 mm, Waters) held at 40 °C with a 200 pL/min flow rate of mobile phase solution
A (99.9% water and 0.1% formic acid) and solution B (99.9% methanol and 0.1% formic acid).
The gradient began at 0% B, held for 4 minutes followed by a linear ramp to 95% B at 11 min,
held for 2 min then back to 0%B in one minute with 4 minutes re-equilibration for a total analysis
time of 18 minutes. Samples were held at 10 °C and the column was held at 40 °C. The flow was
diverted to waste for the first minute of analysis. The MS was set to small molecule with scan
range at 70-700 m/z with resolution of 120,000, standard AGC target, 70% RF lens, maximum
injection time auto, with EASY-IC on. The spray voltage was 3200 V in positive and 2100 V in
negative mode, the ion transfer tube temperature was 320 °C, and the vaporizer temperature was
275 °C. Spectra were analyzed and annotated in Chromeleon software using the mzCloud database.

Criteria were applied to narrow the subset of compounds of interest for further
investigation. These criteria included 1) >90% annotation accuracy with the mzCloud database, 2)
>80% removal of compound by at least one of the pretreatment methods, and 3) relative abundance
>10". Although absolute abundances were not calculated for molecules, order of magnitude
estimates of abundance can be estimated from COD levels in the digestate. Very roughly, a 10
relative abundance would be ~0.1 mg L! and concentrations of compounds lower than this were

considered unlikely to be inhibitory to algae.
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2.2.6 Dose-response testing

After applying the criteria mentioned in the previous section, we ended up with 12 organic
compounds that we hypothesized as algal inhibitors in the anaerobic digestate. To verify their
inhibitory effect, we did dose-response testing using the axenic culture of C. sorokiniana UTEX
2805 as shown in Table 1. This strain is recognized for its fast growth and efficient ammonium
removal ability. Moreover, the strong ammonium/ammonia tolerance of this strain minimizes the
inhibition of algae growth from high ammonium content in both swine and dairy digestate used in
this study. C. sorokiniana was originally plated on an ATCC agar plate. Colonies were inoculated
into 1L stock bottles with N8-NH4 medium for 5-7 days (Wang, Peng, et al., 2019). The stock
bottles were aerated with 500 mL min! 2% v/v COx supplemented air, illuminated with fluorescent
growth lamps (170 pmol photons m—2 s—1, light/dark cycle 16:8), and mixed with stir plates
(Higgins et al., 2018). The pH was also adjusted daily to 7.2. After the optical density (OD) at
550nm reached 0.5, the stock bottles were settled on the bench for 24-48 hours. Culture
experiments were carried out in bubble column photobioreactors for 5 days with the same aeration
and illumination setting as the stock cultures. In order to prepare the organic compounds, a
concentrated stock of each compound was made initially by dissolving these chemicals in either
N8-NH4 media or ethanol (based on their solubility), filtered through 0.2 um filter, and according
to the following design was dosed to each bioreactor in the biosafety cabinet. The replicate for
each dose was triplicate. Some of these chemicals were insoluble in water so we used ethanol as a
solvent which didn’t have negative effect on the algae growth. Samples (2 mL) were collected
daily to read the OD at 550 nm. Culture solids were harvested by a centrifuge (4696 g for 5 min)
at the end of the batch experiment, washed with distilled water, and freeze-dried as described

previously (Wang, Peng, et al., 2019). The dry weight of the solids was quantified and used to
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develop unique curve fits between OD at 550 nm and culture density for each experimental

treatment. Curve fits were used to convert OD readings into dry weight culture densities.

Table 1: Dose response study at different concentrations ranging from 0 to 50 mg L™ to analyze the
inhibitory effect of certain compounds on algae growth in NSNH4 media.

Control Compound: Compound: Compound:
0.5 mg L! S5mgL! 50 mg L!
Medium N8NH4 N8NH4 N8NH4 N8NH4
Organism UTEX 2805 UTEX 2805 UTEX 2805 UTEX 2805
Initial OD 550 0.2 0.2 0.2 0.2
Bioreactor# 1-3 4-6 7-9 10-12
pH 7.2 7.2 7.2 7.2

2.2.7 Data analysis and statistics

All experimental data were collected from 3 biological replicates. Statistical analysis

(ANOVA and Turkey’s HSD test) was carried out in R with the “car” and “agricolae” packages.

2.3 Results and Discussion

2.3.1 Composition of anaerobic digestates before and after pretreatment

The nutrient composition of the anaerobic digestates is shown in Table 2. Biochar
pretreatment led to a ~25% decrease in COD, however, AS pretreatment led to only a 7% decrease
in COD for swine digestate. AS pretreatment lowered NHs-N by 26-28%, and biochar lowered
NH4-N by 6-7% in the digestate. During the 4 days of AS pretreatment and 6 hours of biochar
pretreatment, it is highly likely that ammonium is removed through volatilization as pH elevated
to 7.8-8. Similar reduction levels in both COD and NH4-N have been documented for AS
pretreatment of municipal sludge anaerobic digestate in previous work (Wang, Hyman, et al.,

2021). Reductions in PO4-P by AS pretreatment (36-37%) and biochar (25-28%) were observed in
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the digestate. Interestingly, AS pretreatment led to small (3-13%) and moderate (19-53%) increases
in sulfate concentration in the digestate. This could be the result of biological oxidation and
leaching of sulfur-containing compounds in the case of biochar. With the exception of sulfate, the
pretreatments moderately reduced the availability of macronutrients required for algal growth.
However, the nitrogen concentrations were still well above what is typical of algal growth media

commonly used for Chlorella (B. T. Higgins et al., 2018)

Table 2: Initial swine digestate composition. Quantities are mg L.

Untreated (filter only) AS pretreated Biochar pretreated
COD 1467 +£475.21 1367 £ 675.15 1100 + 793.72
TN 1413 +280.95 1387 + 122.2 1413 £122.2
NH4-N 1319 971 1222
NOs-N 0 0 0
NO:2-N 0 0 0
TP 63.3+231 17.7 +5.68 53.7+10.26
PO4+P 13.7+1.76 8.6+0.21 9.8+0.31
SO4-S 30+ 0.87 30.9+0.18 35.7+1.77

2.3.2 Digestate pretreatment improves algal growth

As in previous studies (Wang, Cherones, et al., 2021; Wang, Hyman, et al., 2021), the algae
grew poorly on untreated (filtration only) full-strength anaerobic digestate. Only 40 mg L d!
algal growth was observed in untreated full-strength swine digestate. In this study, biomass growth
in swine digestate under different pretreatment conditions is shown in Figure 1. Pretreatment with
activated sludge increased the growth rates to 345 mg L! d'! for swine digestate. This increase is
comparable to those observed when AS pretreatment was used on municipal anaerobic digestate
(Wang, Hyman, et al., 2021) and the swine case comes close to rivaling algal growth media (412

mg L' d!). Biochar was slightly less effective with growth rates of 287 mg L' d! for swine
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digestate. This is the first time, to our knowledge, that biochar has been shown to effectively
alleviate algal growth inhibition on full-strength anaerobic digestates. Given the negligible
removal of ammonia-N by biochar (only 6-7% reduction), this further confirms our hypothesis that
algal growth inhibition is governed by more complex inhibition factors than ammonia in these

cascs.
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Figure 1: Biomass growth in swine digestate under different pretreatment conditions.

The light-blocking effects of turbidity or “color” are also frequently cited as reasons for
algal growth inhibition on digestate (Marcilhac et al., 2014). Pretreatments aimed at removing
“color” from digestate have therefore been promoted (Song et al., 2023). The AS and biochar
pretreatments do slightly improve the optical clarity of the digestate (Table 3), however, all of these
optical density readings are quite low relative to what is typically observed in an algae culture.

Optical density at 680 nm was chosen for this analysis because it is a strong absorption band for
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chlorophyl and has been used as a proxy for blockage of light for algal photosynthesis in the past
(Marcilhac et al., 2014). Unsurprisingly, following algal growth, the absorbance at 680 nm
increases markedly due to light absorption by chlorophyll-containing algal cells. This indicates
that most light-blocking effects are due to the growth of algal cells themselves and much less so
due to the digestate background color and particulate matter. The latter was already greatly reduced
due to the use of filtration. Together, these results suggest that light limitation due to digestate’s

light-blocking effects is unlikely to be a major driver of inhibition in this study.

Table 3: Optical density (680 nm) changes in response to pretreatment and algae growth. Quantities in
the parenthesis are SD.

Swine digestate

Untreated AS pretreated Biochar pretreated
Pre-algae (digestate
background) 0.13 (0.01) 0.10 (<0.01) 0.10 (<0.01)
After 5 days algae culture 0.41 (0.21) 2.23 (0.65) 2.24 (0.18)

2.3.3 Nutrient removal through algae cultivation

Algae cultivation exhibited significant potential for nutrient removal from the swine
digestate, with notable variations observed across different pretreatment methods (Table 4). The
average removal rates of COD in swine digestate showed a remarkable decrease from -476.6 mg
L' d! (untreated) to -369.92 mg L' d"! (AS pretreated) and -416.66 mg L' d! (biochar pretreated).
This emphasizes the effectiveness of algae cultivation in organic carbon removal, especially when
preceded by activated sludge and biochar pretreatments.

Total Nitrogen (TN) removal during algae cultivation demonstrated a positive trend, with

enhanced rates under AS and biochar pretreatments. The positive net removal observed in
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untreated swine digestate suggests the potential for nutrient recovery. Unfortunately, specific data
for Ammonium Nitrogen (NHs-N) removal is not provided, limiting a comprehensive assessment
of nitrogen species transformations. However, the results suggest that algae cultivation has the
potential to be an effective method for nitrogen removal and recovery from anaerobic digestates.
Additionally, Total Phosphorus (TP) removal rates were notable, especially under biochar
pretreatment. The negative Phosphate Phosphorus (PO4-P) removal in untreated swine digestate
suggests the release of phosphate during algae cultivation. Sulfate Sulfur (SO4-S) removal,
particularly with biochar pretreatment, showed promise, indicating the potential for simultaneous
sulfur recovery during algae cultivation.

In conclusion, the results highlight the efficacy of algae cultivation, particularly when
coupled with activated sludge and biochar pretreatments, in removing and recovering nutrients
from anaerobic digestate. These findings contribute to the growing body of knowledge on
sustainable waste-to-resource strategies, emphasizing the potential of algae cultivation as an
environmentally friendly approach for nutrient-rich waste streams. Further research is warranted
to optimize cultivation conditions, explore additional pretreatment methods, and unravel the

underlying mechanisms influencing nutrient removal during algae cultivation.

Table 4: Average removal rates of nutrients during algae cultivation in swine digestate.

COD (mg L' d)

Untreated -476.6

AS pretreated -369.92
Biochar pretreated -416.66

TN (mg L1 d?Y)

Untreated 15.94

AS pretreated 176.068
Biochar pretreated 58.6

NH4-N (mg L1 dY)

Untreated -61.53
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AS pretreated -44 .45
Biochar pretreated -53.23
NO3-N (mg L' d!)
Untreated 0
AS pretreated 0
Biochar pretreated 0
NO>-N (mg L' d!)
Untreated 0
AS pretreated 0
Biochar pretreated 0
TP (mg L' d1)
Untreated 2.16
AS pretreated 2.208
Biochar pretreated 9.208
PO4+P (mg L d)
Untreated -1.87
AS pretreated 0.388
Biochar pretreated 0.33
SO4-S (mg L1 dY)
Untreated -0.998
AS pretreated 0.96
Biochar pretreated 1.296

2.3.4 Identification of high-priority organic molecules in anaerobic digestate using

LCMS/MS analysis

Analysis of swine digestate was carried out before and after the pretreatments using
LCMS/MS in both positive and negative modes. This resulted in 778 annotated features for the
swine digestate. Application of the criteria including annotation confidence, relative abundance,
and removal of the compound by at least one of the pretreatments resulted in 77 “high priority”

compounds in the swine digestates. A list of compounds is shown in Table 5.
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Table 5: High priority compounds in swine anaerobic digestate.

mzCloud mzCloud Best AS% Biochar %

. Relative
Name Formula Cale. MW RT [min] Nllz;tscth Col}gt%(ticelrlce Removal Removal ~ Abundance
N-(O-oxodecyT)acetamide CI2H23NO2  213.17312 1.959 924 96 98% 99% 8.94E-04
Escitalopram C20H21 FN20O  324.16879 3.452 98.8 99 83% 89% 7.12E-03
2,4-Quinolinediol C9H7N 02 161.0478 6.785 99.7 10 100% 99% 1.55E-02
4-Hydroxyindole C8H7NO 133.05277 6.803 99.5 10 98% 98% 5.99E-04
3-Methoxyphenylacetic acid C9 H10 03 166.06311 7274 923 9.6 94% 98% 5.41E-04
2-Hydroxyquinoline C9H7NO 145.05293 7.306 99.5 10 98% 94% 2.86E-04
3-Methylsalicylic acid C8 H8 03 152.04743 7.786 100 10 91% 98% 5.00E-04
2,4-Quinolinediol C9H7N 02 161.04781 7.88 99.1 10 97% 82% 2.02E-03
Isoquinoline C9H7N 129.05794 8.054 99.5 10 96% 96% 4.26E-04
Indole-3-acetic acid C10 H9Y N 02 175.06338 8.059 99.1 10 97% 98% 7.54E-04
Bis(4-hydroxyphenyl)methane CI13 HI12 02 200.08388 8.716 95.6 9.8 98% 100% 3.11E-03
Tiamulin C28H4TNO4S  493.32304 8.771 99.7 95.1 100% 100% 2.55E-03
2-phenyl-4H-furo[2,3-h]chromen-4-one C17 H10 03 262.0634 8.804 922 9.6 98% 91% 2.76E-04
4-Methylphenol C7H8 O 108.05759 9.461 100 10 97% 99% 6.64E-04
3-Methylsalicylic acid C8 H8 03 152.04744 9.462 99.8 10 97% 100% 3.67E-03
(+/-)19(20)-DiHDPA C22 H34 04 362.24593 9.935 99 10 95% 99% 4.28E-03
(+/-)19(20)-DiHDPA C22 H34 04 362.246 10.147 992 10 87% 93% 1.76E-02
3-Methoxyphenylacetic acid C9 H10 03 166.06309 10.166 96.7 9.8 98% 81% 2.68E-03
Prostaglandin A1 ethyl ester C22 H36 04 364.2618 10.332 96.9 9.8 86% 97% 1.49E-03
3-Methoxyphenylacetic acid C9 H10 03 166.06309 10.338 96.9 9.8 98% 79% 2.43E-03
4-Ethylbenzaldehyde C9H100 134.07321 11.19 94.6 492 97% 97% 5.00E-04
Hexadecanedioic acid C16 H30 04 286.21455 11.667 94.6 9.7 98% 99% 1.49E-03
13(S)-HOTrE C18 H30 03 294.21967 11.842 93.4 9.7 98% 89% 1.08E-03
Prostaglandin K1 C20 H32 05 33421225 11.968 98.8 99 100% 100% 7.03E-04
Tetramethylpyrazine C8 HI2 N2 136.10003 1.103 99.5 10 100% 23% 5.52E-04
Estrone C18 H22 02 252.14739 1.133 95.9 958 91% -19% 5.55E-04
Octylphosphonic acid C8 H19 03 P 194.10556 1.141 91.3 9.6 89% 19% 1.48E-03
2,4-Quinolinediol C9H7N 02 161.0478 1.205 982 99 94% 28% 2.08E-03
Levodropropizine CI3H20N202  236.15266 1213 99.1 10 96% 2% 1.82E-03
JWH-167 C21 H23N O 305.17416 1213 98 9.9 92% 23% 5.05E-04
Pilocarpine CI1HI6N202  208.1213 1.223 99 9.9 94% -12% 4.00E-03
1-(4-methyl-2-pyridyl)pyrrolidine-2,5-dione CIOHION202  190.07434 1.225 94.5 9.7 95% 4% 4.16E-04
Escitalopram C20H21 FN20O  324.16878 126 91.8 96 82% 33% 1.02E-03
2-[3-({3-[(1-Methyl-4-piperidinyl)amino]-3- N
Oxetanyll}methyl)_yl ,2_&5’201_5_%6&1%0], CI5H25N303  295.18978 127 92.7 9.6 84% 11% 1.99E-03
L-Phenylalanirie C9HIINO2 165.07911 1272 95.6 86.9 84% 37% 5.86E-04
Estrone C18 H22 02 252.14729 1274 96.2 9.8 85% -45% 3.63E-04
NP-013736 CIOHI6N202  218.10568 1276 97.1 99 95% -18% 4.62E-04
Glutaric acid C5 H8 04 132.04235 1.289 99.9 88.9 14% 96% 1.70E-04
NP-011220 CI1HI8N202  210.13694 1.305 90.8 9.5 94% 31% 4.85E-04
8-Valerolactam C5HINO 99.06838 1338 97.9 9.9 72% 84% 2.53E-03
2-[4-(3-Amino-2-
? gfg’s‘?g’gg;y p}ien l]acletmi d? " CI1HI6N203  224.11629 1471 95.6 958 96% -358% 2.16E-03
,25,5R, -3-(Isobutylamino)-4-(3-

pyri dinyl)-1,2-cycﬂopema¥1e p C14H22N202  250.16835 1.499 99.6 10 98% 24% 3.85E-03
Arecoline C8HI3NO2 155.09472 1.626 934 97 88% 31% 3.97E-04
Saccharin C7H5NO3 S 182.99914 1.995 99.6 10 95% 40% 5.31E-04
7—H¥;dmx —3—54—hydrox -3-(3-methyl-2-buten-1-
i/l)p enyliiS—( -methyl-2-buten-1-yl)-4H-chromen- C25 H26 O4 390.17932 6.634 97.2 9.9 89% 11% 4.45E-04

-0Nne
N2-2-(Methylthio)phenyl]-1,3,5-triazine-2,4- CIOHIIN5S  233.06903 6.774 952 9.8 99% 50% 1.17E-03
Dimethocaine CI6H26N202  278.19971 6.833 97 9.8 99% 14% 5.59E-04
2-Ethylidene-1,5-dimethyl-3,3-
gi'(’?gzﬁlpy“ﬁ“l dﬁ{e (ED{)I;)I P C20 H23 N 277.17926 6.835 99.4 10 99% 48% 6.58E-04

-(3,5-Dimethyl-1H-pyrazol-1-yl)-4-(2- -0-
ﬁmethyhhio)p i digg_s_carboyrll)trile CISHI3N508  311.07974 6.972 98.3 9.9 98% 27% 3.29E-04

»5-Anhydro-D-glucitol C6HI12 05 164.06679 7.152 99.6 10 99% 100% 7.78E-04
Propranolol C16 H21 N 02 259.1575 7.303 99.8 10 98% 3% 3.42E-04
Gabapentin C9HI7NO2 171.12602 7.404 9.8 97 94% -152% 1.48E-04
4'-Methoxy-a-ethylaminovalerophenone C14 H21 N 02 235.15748 7.406 90.3 37.5 97% 57% 2.28E-03
cyclohexyl[4-(2-
rgethox}éghmyl)piperi dinoJmethanone CI9H27NO2  301.20444 7.642 98.2 9.9 88% 31% 4.07E-04
NP-013210 C12 H14 03 206.09446 7.795 9.1 91.9 91% 20% 5.38E-04
NP-000919 C11 H18 04 236.10263 7.908 9 958 8% 96% 4.33E-04
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N-Arachidonoyl-L-serine C23 H37 N O4 391.27264 8.415 90.3 9.5 98% 46% 6.62E-04

6-Methylquinoline CIOH9N 143.07356 8.541 98.2 9.9 97% 25% 5.89E-04
4,4'-Dihydroxybiphenyl CI12 H10 02 186.0682 8.804 94.4 9.7 98% 45% 4.49E-04
3-tert-Butyladipic acid C10 H18 04 202.12066 9.086 93 9.6 1% 92% 1.25E-03
3,5-Dimethyl-1-phenylpyrazole Cl1 HI2 N2 172.10008 9.361 97.4 9.9 98% 36% 2.64E-04
Cyclo(phenylalanyl-prolyl) CI4HI6N202  244.12135 9.362 97.4 9.9 91% 11% 1.18E-03

Removal of many compounds occurred during pretreatment, and this was particularly
apparent in the moderately hydrophobic region of the total ion chromatogram (positive mode). A
small subset of example high-priority compounds is shown for swine digestate (Figure 2).
Although there were differences in the removal of many compounds by the AS pretreatment and
biochar pretreatment, a large number of phenolic compounds were removed to a very high extent
by both pretreatments such as 2,4-Quinolinediol, butylparaben, 4-methylphenol, hydrocinnamic
acid, and 3-methylphenylacetic acid. Both pretreatments also nearly eliminated the swine
antibiotic Tiamulin as well as animal hormone metabolites of prostaglandin, androsterone, and
resolving E1.

High levels of removal (>80%) of compounds with poor mzCloud annotation accuracy
(<90%) were also observed. Specifically, 319 features with identified empirical formulas (but poor
mzCloud match factor to specific molecules) were >80% removed by at least one of the
pretreatments in swine digestate. This does not indicate that these compounds are unimportant or
not potential algal growth inhibitors; rather it indicates that such compounds are not yet included
in MS/MS databases. There is an entire field of research dedicated to characterizing “natural
organic matter” in soil and water systems (D'Andrilli et al., 2015). To date, much of this research
has relied on rare and expensive instrumentation such as Fourier Transform Ion Cyclotron
Resonance Mass Spectrometry (FTICR-MS) that generates ultra-high resolution mass spectra.
However, such mass spectrometers do not yet generate MS/MS datasets that enable high match
accuracy for specific organic molecules that are derived from the breakdown of complex biological

molecules.
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Example molecules extracted from moderately hydrophobic domain of chromatogram
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Figure 2: Total ion chromatogram (+ mode) for swine anaerobic digestate that was untreated (top),
pretreated with biochar (bottom), and pretreated with activated sludge (AS, middle). The analysis
generated 400 annotated compounds. A selection of example compounds is shown and were drawn from a
pool of >20 that a) had >90% annotation match to mzCloud’s MS/MS database, b) had high abundance at
>10" of all feature areas, and c) were >80% removed by either AS or biochar.
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2.3.5 Removal of volatile fatty acids during digestate pretreatment

Volatile fatty acids (VFA), which are often observed in anaerobic digestates, are also
known as algal growth inhibitors (Magdalena et al., 2019). The strain of Chlorella sorokiniana
used in this study exhibited EC50 concentrations of ~450 mg L! for both butyric and propionic
acids (pH adjusted to 7.5) in past research (Wang et al., 2018). In this study, we employed gas
chromatography headspace analysis to investigate the presence of VFA in various samples,
including untreated digestate, activated sludge pretreated digestate, and those subjected to biochar
pretreatment. Despite employing sensitive analytical techniques, our results revealed an absence
of detectable levels of volatile fatty acids in all three types of samples. They were also not detected
in the LCMS/MS analysis. This indicates that VFAs were not likely a source of inhibition in this
study. This finding is particularly noteworthy, as volatile fatty acids are typically considered key

intermediates in the microbial degradation of organic matter in wastewater treatment processes.

2.3.6 Dose-response studies reveal inhibitory organic molecules

Molecules from the “high priority” lists in Table 5 are further prioritized for dose-response
testing. Specifically, molecules that were removed by both pretreatment methods, available for
purchase, and cost-effective (i.e. not sold only in trace concentration for analytical purposes) were
prioritized. This resulted in testing 12 compounds (Table 6), in which six algal growth inhibitors
were identified. BPA is known for its ability to mimic the hormone estrogen, and it has been a
subject of concern due to its potential health effects. Research on the specific impacts of
androsterone on microbial growth is limited, and the existing literature primarily focuses on the
antimicrobial properties of other androgens, such as testosterone. Androsterone itself is generally
not studied extensively in the context of microbial growth. This study, to the best of our

knowledge, proved the inhibitory effects of androsterone on microalgal growth.
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Table 6: Comprehensive results of dose-response testing, unveiling potent algal growth inhibitors and

emphasizing their environmental significance.

Class Compound MIC Potential source
Natural product found in plants, fungi,
Phenolic 3-Methoxyphenylacetic acid - mammals
3-Methylsalicylic acid - Natural product found in plants
Butylparaben 0.5mg L Natural product found in plants
Nipecotic acid - Pharmaceutical degradation product
Salicylic acid 0.1 mg L'  Natural product found in plants
Bis(4-hydroxyphenyl)
methane
4-methylphenol
Polyphenolic 2,4-Quinolinediol - Natural product found in plants, fungi
Bisphenol A 0.5mg L'  Bioaccumulation from plastic leaching
Bisphenol F 0.5mgL! Bioaccumulation from plastic leaching
Antibiotic Tiamulin 0.5mgL! Swine antibiotic
Hormone Androsterone 0.1mg L'  Animal steroid hormone

[1No MIC could be determined for certain due to solubility limits.

[J Potential sources were identified using PubChem (Kim et al., 2023).

The dose-response studies, summarized in Table 7, categorically list the tested compounds,
their inhibitory effects, and the minimum inhibitory concentrations (MICs) where applicable.
Furthermore, the potential sources of these compounds were identified using PubChem (Kim et

al., 2023), facilitating a comprehensive understanding of their origin and pathways into the

environment.

In conclusion, the study's results contribute valuable information on the inhibitory effects
of specific compounds on microalgal growth, raising awareness about potential environmental
risks associated with these commonly used chemicals. The findings underscore the need for further

research and regulatory considerations to mitigate the impact of these compounds on aquatic

ecosystems.
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Table 7: List of compounds tested in dose-response studies.

Compound Inhibitory
3-Methoxyphenylacetic acid No
Butylparaben Yes (>0.5 mg L)
3-Methylsalicylic acid No
Salicylic acid Yes (>0.1 mg L)
2,4-Quinolinediol No
Nipecotic acid No
Bisphenol A Yes (>0.1 mg L)
Androsterone Yes,
Bisphenol F Yes,
Tiamulin Yes
Bis(4-hydroxyphenyl) methane No
4-methylphenol No

2.4 Practical Implications

In conclusion, this study investigated the inhibitory factors affecting microalgal growth in
full-strength anaerobic digestate, aiming to develop effective pretreatment strategies. The research
successfully developed and tested two pretreatment methods— activated sludge and biochar
pretreatment — which significantly enhanced biomass productivity and nutrient removal efficiency
compared to untreated digestate. Metabolite analysis using LCMS-MS identified the removal of
various phenolic and animal hormone compounds during pretreatment. Dose-response studies
confirmed the inhibitory effects of certain identified compounds, including butylparaben, salicylic

acid, bisphenol A, bisphenol F, Tiamulin, and androsterone. The findings shed light on the
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complexity of algal growth inhibition in digestate, emphasizing the role of diverse organic
compounds beyond commonly considered factors like ammonia and turbidity. This research
contributes to advancing our understanding of algal treatment technology, providing valuable
insights for sustainable and efficient nutrient recovery from anaerobic digestate. The developed
pretreatment methods demonstrate practical applications in overcoming inhibition challenges,
paving the way for improved practices in anaerobic digestion facilities and environmentally

responsible nutrient management.
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3. Chapter Two: Semi-Continuous Cultivation of Algal Consortia in Anaerobic
Digestate: A Comprehensive Study on Nutrient Removal, and Algal Biomass
Production

3.1 Introduction

Anaerobic digestion has long been used to treat organic waste materials (Zhu et al., 2023).
Various techniques have been implemented in order to increase the efficiency of organic
breakdown and nutrient mineralization (Yusuf et al., 2024; Zhou et al., 2024). However, the
aqueous effluent still needs further treatment methods to remove and transform the nutrients (e.g.
nitrogen and phosphorus) that are present. Otherwise, this can lead to over-application of nutrients
thereby contributing to nutrient run-off and eutrophication.

Algae-based anaerobic digestate treatment offers several benefits, including the sustainable
recovery of nutrients such as nitrogen and phosphorus, which can be further utilized in
biofertilizers or other applications (Fuentes-Griinewald et al., 2021). Algae can effectively
assimilate these nutrients, helping to reduce the environmental impact of waste streams.
Additionally, this method contributes to the reduction of greenhouse gas emissions by capturing
carbon dioxide during algal growth (A. Fallahi et al., 2021). However, a significant challenge in
this process is the very high nutrient content of anaerobic digestate. Many research groups have
overcome this issue by diluting anaerobic digestate with freshwater (typically 10-20 fold) (Q.
Wang & B. Higgins, 2024). However, the use of large volumes of freshwater is unattractive for
economic and environmental reasons. In past research by our group, we developed a pretreatment
approach for anaerobic digestion that enables rapid algal growth on full-strength anaerobic
digestate (Wang, Prasad, et al., 2019). This approach enables algae to reach very high culture

densities before nutrients are exhausted from the digestate (Wang, Cherones, et al., 2021; Wang,
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Prasad, et al., 2019). When algae reach a high density, light penetration diminishes, slowing down
or halting growth before all the nutrients are fully removed from the digestate. This results in
incomplete nutrient recovery and limits the efficiency of the process. To address this issue,
implementing multi-stage algae cultivation can help maintain optimal growth conditions, allowing
for nutrient removal to occur over multiple batches of algae growth and enhancing the overall
effectiveness of the treatment system.

The multi-stage reactor analysis is particularly important because it addresses the inherent
limitations of single-stage systems (Novoveska et al., 2023). In a single-stage system, the algae
may reach a point where light becomes the limiting factor for growth before all nutrients are
removed, leading to incomplete nutrient recovery (A. Fallahi et al., 2021). A multi-stage system,
on the other hand, allows for sequential stages of algal growth, each optimized for declining
nutrient conditions, thereby enhancing overall nutrient removal. By maintaining algal densities in
their optimal range for maximum growth, the staged reactors can ensure better light penetration,
more efficient nutrient uptake, and ultimately, higher overall nutrient removal efficiency (Alireza
Fallahi et al., 2021).

Understanding the long-term dynamics of algal cultivation in these systems is crucial for
assessing their sustainability and operational viability under real-world conditions. Short-term
studies may not capture the full complexity of algal growth and nutrient removal dynamics, as they
do not account for factors such as environmental fluctuations, nutrient saturation, microbial
community interactions, and the accumulation of inhibitory substances that can affect system
performance over time. By conducting long-term stability tests, valuable insights about these
factors can be obtained and potential challenges that may not be apparent in shorter studies (Q.

Wang & B. Higgins, 2024). The long-term stability test also provided insights into the potential
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accumulation of by-products or depletion of key nutrients and their impact on algal growth. Over
extended periods, metabolic by-products or other inhibitory compounds can build up in the system,
potentially affecting the growth rate and health of the algae. Understanding these effects is crucial
for scaling up algae-based treatment technologies from laboratory or pilot-scale experiments to
full-scale operations, where the impacts of such accumulation have real-world consequences.
Despite the potential value of multi-stage algae cultivation on aerobic digestate, no studies on
multi-stage algae cultivation have been carried out on real anaerobic digestate over long
timeframes. Multiple studies have investigated recycling of the effluent of algae treatment back
into the cultures (Colomer et al., 2012; E et al., 2016; Alireza Fallahi et al., 2021; Nwoba et al.,
2019), but this is different than operating distinct stages of algae cultivation with algae biomass
separation occurring after each stage.

In this study, a comprehensive long-term stability test was conducted over a period of more
than 100 days, focusing on the growth of algae in two sequencing reactors. This extended duration
allowed for a thorough examination of the algae's ability to sustain growth and maintain nutrient
removal efficiency over time. Two stages of algae cultivation were tested following our previously
established aerobic pretreatment of digestate. Importantly, we included settling steps after each
stage to provide insights into the real-world implications of executing a multi-stage algae
production system. The study also included an analysis of nutrient removal at each stage of the
process, as well as an assessment of microbial community shifts over time and between the
different algae growth stages. Monitoring these shifts is important because microbial communities
play a critical role in the bioconversion of nutrients and in maintaining the health of the algal

culture. By analyzing changes in microbial populations, the study aimed to identify key
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microorganisms that contribute to nutrient removal and to develop strategies for optimizing

microbial community composition.

3.2 Material and Methods

3.2.1 Collection and pretreatment of anaerobic digestate

Belt press-filtered municipal sludge anaerobic digestate (BMAD) was collected from a
mesophilic digester at the South Columbus Water Resource Facility in Columbus, GA. The
digestate was first placed in the 4 [C fridge for a few days to let the sludge settle down. The

supernatant was then aspirated and used for the pretreatment step.

The aerobic bacteria pretreatment of digestate was conducted in 1 L bottles filled with 600
ml centrifuged anaerobic digestate in triplicate. 6 mL (1% v/v) of activated sludge with a solids
content ranging from 0.7% to 1.0% (collected from the South Columbus Water Resource Facility)
was added to these bottles. More details on the pretreatment process and its rationale can be found
in previous publications (Wang, Prasad, et al., 2019). Pretreatment reactors were mixed by
magnetic stirrers (~150 rpm) and aerated with 300 mL min™' air (0.5 vvm) for 24 hours. pH was
maintained at 7.5 by adding 3 M HCI daily to overcome the continuous increase in pH during
pretreatment. After 24 hours of pretreatment, the aeration and the magnetic stirrer were shut down
to let the solid sludge settle overnight. The supernatant was then transferred to the first stage of
algae cultivation for the experiment. 2ml samples were collected before and after pretreatment
(from the supernatant after overnight settling) for water quality analysis. Pretreatment was repeated
many times over the course of the experiment (Section 2.2.3) to provide a stream of digestate to

the algae reactors over time.
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3.2.2 Collection and subculturing of native algal consortium

A native algal consortium was initially sourced from a sludge settling tank connected to a
biofloc fish production system within Auburn University's aquaponics facility. This consortium
underwent adaptation to anaerobic digestate through successive cultivation cycles, as previously
detailed in another study (Wang, Cherones, et al., 2021). The microbial community of this
consortium has also been characterized previously, showing a significant presence of green algae,
particularly members of the Chlorella and Coelastrum genera. Before employing this consortium
in the current research, it was repeatedly sub-cultured for at least two batch cycles (approximately
10 days each) in pretreated anaerobic digestate (as outlined in section 2.2.1) until consistent growth
was established. The resulting cultures were then used to inoculate the experimental trials. In brief,
the stock cultures were maintained in 1 L glass bottles (filled to 600 ml), provided with
illumination (170 pmol photons m2 s!) with LED grow lamps, and subjected to mixing via a stir

bar at 150 rpm and aeration at 0.5 vvm, with 2% CO- supplementation.

3.2.3 Experimental design and cultivation conditions

In this study, four different treatment phases were employed over the 117-day cultivation
period. The specific conditions studied in these phases are shown in Table 8 but were determined
partly based on how the cultures were performing. Specifically, we began adding micronutrients
in stage 2 onward to overcome suppressed growth in this stage. We increased settling time in an
effort to improve harvest yield and even eliminated the aerobic pretreatment step in the last phase
of the experiment. Elimination of pretreatment without growth consequences would save capital
and operational costs. Acclimated algae consortia were inoculated into each bioreactor in both
stages (initial OD 550 nm of about 0.2) and cultivated for 5 days, which corresponds to the late

exponential growth phase of algae cultures as measured by optical density (OD) at 550 nm. The
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inoculation occurred only once at the beginning. The pH was adjusted to 7.5 by adding 3M NaOH.
Afterward, 1 ml of micronutrients was added to the solution according to the phase of the study.
Figure 3 shows the schematic of the experimental design in this study. In detail, six 1 L bottles
(three replicates for each stage) with a working volume of 600 ml for stage 1 and 450 ml for stage
2 were used in this study. After the end of batch mode, 75% of the volume in the stage 1 reactors
(450 ml) was withdrawn using a serological pipet and transferred to the first clarifier bottles, in
which microalgae were settled for either 24 or 48 hours, depending on the experimental phase. The
first-stage bottles were then refilled with 450 ml of pretreated and clarified BMAD (75%
replacement). After algae settling in the first clarifier (24 h or 48 h), 75% of the culture volume in
the second stage reactors (375 ml) was withdrawn using a serological pipet and transferred to the
second clarifier bottle where algae were settled for another 24 or 48 hours. The second-stage
reactors were then compensated with an equivalent volume (375 ml) from the supernatant of the
first clarifier using a serological pipet. Batch frequency time was set to 84 hours (3.5 days), which

means every 84 hours, the cycle of withdrawal and refill occurred for each stage.

BMAD

Aerobic Algae Algae

pretreatment consortia consortia

(600 ml)- run (600 ml)- _ (450 ml)- )

for 24 h and run for 84 Settling run for 84 Settling

settle for h, then container h, then container

another 24 h withdraw (450 ml)- withdraw (375 ml)-
75% and settle for 75% and settle for
refill 24 or48 h refill 24 or48 h
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Figure 3: Schematic of experimental design in this study.

All of the algae reactors were agitated using magnetic stirrers, aerated with 0.5 vvm 2%
CO; supplementation, and illuminated with LED grow lamps (170 umol photons m2 s') ona 16
h:8 h light-dark cycle. The pH was also maintained at 7.5 daily using 3 M NaOH or 3 M HCI as
needed. Samples (2 mL) were collected every other day from each stage to read the OD at 550 nm.
The remaining liquid in the tubes was then centrifuged (13,201g, 5 min) to form a cell pellet. The
supernatants were then filtered through a 0.2 um nylon syringe filter and stored at —80 °C until
water quality analyses were performed. The pellet of each experiment was freeze-dried every two
weeks as described previously (Wang, Peng, et al., 2019) and kept at -80LC for future DNA

extraction and sequencing analysis.

Table 8: Experimental phases in this study.

Experimental phases Days Treatment

1 1-19 no micronutrient addition
2 20-39 with micronutrient addition
3 40-97 2 days settling after stage 1
4 98-117 no pretreatment

*Note: each stage retained the change made in the previous stage.
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3.2.4 Biomass harvesting in clarifiers

Three 1 L bottles were used as clarifiers. Every two weeks, samples of settled algae slurry
were collected from the bottom of both clarifiers (three replicates for each one). The slurry
underwent a series of dilutions in a microplate (1x to 128x) and optical density (OD) was read at
550 nm to create a correlation curve between OD and measured dry weight concentration of algae
for the previous 2-week period. The actual dry weight of the solids was also quantified as described
previously (Wang, Peng, et al., 2019). In detail, 15 ml tubes were pre-weighted primarily, and then
10 ml of slurry from the bottom of the clarifiers was transferred to 15 ml tubes. The tubes were
spined at 5000 rpm for 10 min and the supernatant was decanted. The pellet was washed with DI
water, and centrifugation was repeated. The collected pellet freeze-dried at -80 [ C overnight. The
dry weight of the tubes was recorded, and tubes were saved in the -20 for future ICP elemental
analysis. The dried weight was used to develop unique curve fits between OD at 550 nm and
culture density for each experimental treatment. Curve fits were used to convert OD readings into
dry weight culture densities.

After making the OD-DW curve, Eq. 1 was used to calculate the harvest efficiency for the

samples at each stage:

(vol.of settled)*(concentration of settled)

Harvest efficiency (%) = Eq. 1

(vol.of initial in the bottle)*(culture concentration)

The volume of settled biomass is considered to be the bottom 25% of the reactors (75 ml
theoretically but measured each time to verify). The OD of the settled biomass was read to measure
its concentration. The volume of initial was 450 ml and 375 ml for stages 1 and 2, respectively.

Culture concentration was the initial concentration of algae added to the clarifier.
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3.2.5 Water quality analyses

Soluble inorganic macronutrients were quantified using suppressed ion chromatography
on a Shimadzu Prominence Liquid Chromatography (LC) system, following previously
established methods. Cation analysis (including Na+, K+, NH4+, Ca2+, and Mg2+) was performed
using a Dionex IonPac CS16 column (4x 250 mm, Thermo Scientific) paired with a Dionex CERS
500e 4 mm regenerative suppressor. For anion analysis (Cl-, NO2—, NO3—, PO43-, and SO42-), a
Dionex IonPac AS22 column (4x 250 mm, Thermo Scientific) and a Dionex AERS 500 carbonate
4 mm regenerative suppressor were utilized. HACH assays, following the manufacturer's
protocols, were used to assess total soluble nitrogen, phosphorus, and soluble chemical oxygen

demand (Wang, Peng, et al., 2019).

3.2.6 ICP elemental analysis

200 mg of freeze-dried biomass from each stage (1 and 2) at the end of phase 3 and phase
4 was collected from the triplicate reactors and sent to the University of Georgia Ag &
Environmental Services Laboratories Soil, Plant, and Water Laboratory for total minerals, carbon,
and nitrogen analysis. Briefly, total minerals were determined through microwave nitric acid
digestion followed by ICP-OES analysis. C/N analysis was determined using an elemental

analyzer (Elementar).

3.2.7 Nutrient Uptake Rate

The nutrient uptake rate (TN and TP) was calculated based on Eq. 2.

Nutrient uptake rate (mg L' d!) = Nutrient content in the biomass (%) X biomass

productivity (mg L' d1) Eq.2
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Nutrient content in the biomass (%) was obtained from elemental analysis as explained in
the previous section. To do so, the average content (%) obtained from the samples at the end of
phase 3 and phase 4 was measured in triplicate and considered as the average TN (%) and average
TP (%). The measured TN and TP content (%) of the biomass was consistent across the two phases
and it was therefore assumed as a constant value throughout the experiment for each reactor in
each stage and phase of the experiment.

The experiment carried out in this study was in semi-continuous mode, which means many
cycles of withdrawal and refill occurred. In each of these cycles, biomass was growing, and by
withdrawing a portion of the reactor volume, biomass was also washed away. This could make it
harder to use the conventional method to calculate biomass productivity. Instead, we measured the
biomass content in each stage by subtracting the final biomass concentration at the end of each
cycle from the initial biomass concentration when the reactors were just refilled with new
wastewater. Then, all increases in biomass concentration across cycles in each phase were summed
up and then divided by the total time of the respective experimental phase. This resulted in an
average biomass productivity for each reactor stage within each of the four phases of the

experiment.

3.2.8 DNA extraction and sequencing

At the end of each phase of the experiment, biomass solids from each algae production
stage were used for DNA extraction following the instructions of the FastSpin Kit (MP
Biomedicals) (Wang, Cherones, et al., 2021; Q. Wang & B. Higgins, 2024). DNA was also
extracted from the initial algae consortium used to inoculate the experiment at the beginning. The
extracted DNA concentrations were measured using the QuantiFluor dsDNA System (Promega).

Targeted amplicon sequencing of the 16S rRNA and 18S rRNA genes was conducted by Molecular
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Research LP (Shallowater, TX). The V4 hypervariable region of the 16S rRNA gene was amplified
using the 515F/806R primers, while a region of the 18S rRNA gene was amplified with the
euk1391F/EukB-Rev primers. PCR was performed with the HotStarTaq Plus Master Mix Kit
(Qiagen, USA) under these conditions: initial denaturation at 95°C for 5 minutes, followed by 30
cycles of 95°C for 30 seconds, 53°C for 40 seconds, and 72°C for 1 minute, with a final extension
at 72°C for 10 minutes. PCR products were checked on a 2% agarose gel. Samples were
multiplexed with unique dual indices, pooled, purified with Ampure XP beads, and used to prepare
an [llumina DNA library. Sequencing was carried out on an Illumina MiSeq platform according to
the manufacturer's protocols. The sequence data were processed using the company’s proprietary
pipeline, which involved demultiplexing, trimming, and joining sequences. Reads shorter than 150
bp and those with ambiguous base calls were discarded. Quality filtering was applied with a
maximum expected error threshold of 1.0. Sequences were then dereplicated and denoised using
the UCHIME algorithm to remove unique sequences, PCR errors, and chimeras, resulting in zero
distance operational taxonomic units (zOTUs). Final zOTUs were identified using BLASTn

against a curated NCBI database.

3.2.9 Data analysis and statistics

All experimental data were collected from 3 biological replicates. Statistical analysis

(ANOVA and Turkey’s HSD test) was carried out in R with the “car” and “agricolae” packages.

3.3 Results and Discussion

3.3.1 Algae consortia growth
This study investigates the growth dynamics of algae consortia in a two-stage semi-
continuous reactor system, using raw municipal anaerobic digestate as the growth medium. The

motivation for this work stems from the potential of algae-based systems in treating wastewater
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while simultaneously producing valuable biomass. Figure 4 shows the biomass growth curve in
stage 1 and stage 2 over the course of this experiment. The experiment started in batch mode which
was 5 days in stage 1 and 6 days in stage 2 (according to the settling time of the first clarifier,
which was 24 hours during phases 1 and 2). After the first batch of growth in each stage, the
systems continued as a semi-continuous operation in which a portion of the reactor’s volume was
withdrawn and refilled with new digestate for stage 1 and digestate from the first clarifier for stage
2. During phase 1 (no micronutrient addition), DCW reached a maximum concentration of 3.14 g
L'! in stage 1, while the microbial community could not grow in stage 2. We hypothesized that
poor growth in stage 2 was due to a depletion of necessary micronutrients even though
macronutrients were still plentiful. Apparently, sufficient micronutrients were present in Stage 1,
allowing the observed robust growth. We therefore proceeded to add the standard micronutrient
stock solution typically added to N8 medium, commonly used for the growth of green microalgae
(Higgins & VanderGheynst, 2014). By adding the micronutrients in phase 2 and onward, DCW
increased in both stages, emphasizing the importance of manually adding the trace elements into
algae-based digestate treatment systems, as digestates are usually limited in terms of

micronutrients (C et al., 2023).

The growth rates and peak algae density observed in both stages were remarkably high
after the addition of micronutrients in Phase 2 and onward. Biomass productivities of 560-780 mg
L' d"! and peak densities of 3-5 g L'! were observed in stage 1 algae reactors (Table 9). In stage
2, productivities of 650 to 910 mg L' d'! with peak densities of 2-7 g L'! were observed. These
rates were sustained consistently across dozens of production cycles (Figure 4) and met or
exceeded the highest rates our research group has ever achieved on this same municipal sludge

anaerobic digestate (~530 mg L' d'!) (Wang, Prasad, et al., 2019). They also far exceed the growth
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rates observed by most other researchers that use dilution as an approach to facilitating algae

growth on anaerobic digestate, where productivities are frequently <200 mg L' d"!' as reviewed by

(Prandini et al., 2016). In phase 2, biomass productivity reached 910 mg L' d! in stage 2 which

was significantly higher than that of stage 1 (560 mg L' d!). However, there were no significant

differences between stage 1 and stage 2 productivity in phases 3 and 4, suggesting that

environmental conditions and substrate/nutrient levels were favorable in both stages.

Table 9: Biomass productivity in stage 1 and 2 throughout the experiment.

Phase Stage biomass productivity (g L d!)
phase 1 (days 1-19) stage 1 0.59 (0.1)" de?
stage 2 0.15(0.02) f
phase 2 (days 20- stage 1 0.56 (0.08) e
39)
stage 2 0.91 (0.05) ab
phase 3 (days 40- stage 1 0.75 (0.02) bed
97)
stage 2 0.65 (0.02) cde
stage 1 0.78 (0.02) abc
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phase 4 (days 98-
stage 2 0.92(0.1)a
117)

1. Values in parentheses are standard deviations based on n = 3 biological replicates.
2. Within a column, means with the same letter are not statistically different at the 0.05 level based on Tukey’s multiple
comparison test.

Increasing the settling time in clarifiers from 24 hours (phase 2) to 48 hours (phase 3) did
not have a significant impact on the growth of biomass in both stages. Surprisingly removing the
aerobic pretreatment at phase 4 did not have a significant impact on the growth of biomass in stage
1 but actually led to a significant increase in algae productivity in stage 2. Specifically, stage 2
biomass producitivty in phase 4 (no pretreatment) was 920 mg L' d"! compared to phase 3 (with
pretreatment) at 650 mg L' d! (p < 0.05). This contrasts with previous research conducted in our
lab where an axenic culture of Chlorella sorokiniana was cultivated in aerobic pretreated
municipal anaerobic digestate (MAD), resulting in a biomass productivity 3.5 times higher than
that achieved in untreated MAD (532 mg L' d! vs. 150 mg L' d"!) (Wang, Prasad, et al., 2019).
A similar trend was observed in Chapter One of this thesis, where cultivation of algae consortia in
untreated swine digestate produced 0.6 g L! of biomass, while aerobic pretreatment increased the
biomass concentration to 2.2 g L'!. The result also contrasts with a previous study by our group
whereby cessation of pretreatment resulted in a rapid and complete culture crash (Q. Wang & B.
T. Higgins, 2024). As was shown in chapter one, there are different groups of inhibitors such as
phenolic compounds, hormones, etc. in digestate, that could hinder or inhibit the growth of algae.
However, we have also previously shown that pretreatment is not necessary in all situations and
can even be detrimental in some. When a relatively weak (as measured by TN and COD) anaerobic

digestate is combined with a very robust algae strain (e.g. Chlorella sorokiniana), pretreatment
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DCW (g L)

was not helpful (Wang, Hyman, et al., 2021). As cessation of pretreatment had no significant
impact on growth in either stage, this suggests that any benefits of reducing digestate toxicity were
canceled out by the partial depletion of nutrients that occurs during pretreatment (Wang, Hyman,
et al., 2021). In the present study, a xenic culture was used for long-term cultivation (compared to
the 5-day cultivation in Chapter One). This likely allowed the microbial community to adapt to
digestate conditions, leading to a synergistic relationship within the community that enabled the
sorption or degradation of inhibitory compounds in the digestate. The results raise interest in the
types of algae that emerged in these two reactor stages as they may have robust resistance to the
inherent toxicity of anaerobic digestate. The growth results of this study showed that it is possible
to achieve very robust growth of the algae consortia on full strength, untreated municipal anaerobic

digestate in multi-stage reactors.
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Figure 4: Biomass growth in A: stage 1 and B: stage 2 over the course of this experiment at different
phases. Phase 1: (1 day settling after stage 1 & no micronutrient addition), phase 2. (1 day settling after
stage 1, with micronutrient addition), phase 3: (2 days settling after stage 1), phase 4: (no pretreatment).
Error bars represent the standard deviation (n = 3).

3.3.2 Nutrient analysis of algae biomass suggests micronutrient limitation

To understand the aluminum content of harvested algal biomass and also assess potential
micronutrient limitations between the two stages, ICP-OES analysis was carried out on algae
biomass in both stages 1 and 2 at the end of phases 3 and 4. Anaerobic digestate is usually limited
in essential micronutrients such as Iron (Fe), Copper (Cu), Nickel (Ni), Zinc (Zn), Magnesium
(Mg), and Manganese (Mn), and it is suggested to manually add these trace elements to the
microbial cultivations to avoid growth limitation (C et al., 2023; Myszograj et al., 2018). In this

study, the micronutrients from modified N8 media were added to each stage along with each
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withdrawal and refill cycle in phases 2 to 4. In phase 1, the lack of micronutrients likely led to the
growth suppression in stage 2, while stage 1 probably took up all the trace elements from the
digestate, depriving the stage 2 algae of micronutrients.

The optimum range of each element is depicted in Figure 5. As it is shown, the
concentration of Iron (Fe), Potassium (K), Molybdenum (Mo), Silicon (Si), and Magnesium (Mg)
in the biomass, especially for stage 2, is limited and below the optimum range reported for the
growth of the dominant microbial community in this study. This set of elements is not present in
the N8 medium’s micronutrient solution and should probably be supplemented in future studies
that use this digestate. Yet, the productivity of this algae consortium (600-900 mg L' d!) exceeded
any prior studies of Chlorella growth on digestate that we (and others) have observed. In previous
work, we achieved ~500 mg L' d"* and most articles in the literature are <200 mg L' d*! for
Chlorella and Scenedesmus dominant cultures (Wang et al., 2024). This suggests that the
supplementation strategy for this particular consortium and digestate could be adjusted to increase

growth even further.
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Figure 5: ICP elemental analysis of algae consortia biomass at the end of phases 3 and 4. Red, blue, and
grey dots show the toxic, optimum, and minimum levels of each micronutrient needed for the growth of the
dominant microbial community in this study (Prochazkova et al., 2014) (Sandgruber et al., 2021).

Furthermore, the Al concentration in the biomass was far above the “toxic” threshold
reported for the dominant microbial community in the reactors (Chlorella vulgaris and
sorokiniana, pseudomonadota, and bacteroidota) (Lindemann et al., 1990; Zhou et al., 2021). The
research conducted by (Lindemann et al., 1990) revealed a total biomass growth inhibition of
Chlorella sp. at aluminum concentrations of 4 umol liter-!. However, we did not see the negative
impact of high Al levels on the growth and nutrient removal efficiency of these species. This high
level of Al is likely coming from the Al that is added as a coagulant to separate the sludge from
the digestate and contributes to the good settling performance of the Stage 1 algae. The presence
of this Al has implications for downstream uses of the algal biomass, however. There are no
limitations set by FDA on the maximum allowable aluminum level for animal feeding, however,
various feed quality standards and guidelines suggest that aluminum content in animal feed should
be minimized as much as possible to avoid potential toxicity, with levels generally recommended

to stay under 200 mg/kg for most livestock (Kim, 2023).

3.3.3 Contaminant removal

The anaerobic digestate used in this study exhibited a complex nutrient composition, which
plays a significant role in the treatment process. The chemical oxygen demand (COD) was
measured at 1370 mg L*!, while ammonium nitrogen (NH4-N) concentrations reached 2380 mg L-
!, indicating substantial nitrogen content. Based on these metrics, this digestate is certainly
comparable in strength to the digestates used in our previous studies wherein pretreatment was

helpful. This further supports the idea that the algae present in the microbial community had robust

resistance to digestate toxicity. As is typical of anaerobic digestate, nitrate (NO3-N) and nitrite
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(NO»-N) levels were relatively low, with NOs-N at 22 mg L', and NO»-N undetected. Phosphorus
was present in the form of total phosphorus (TP) and phosphate (POs-P) at approximately 540 mg
L, and 542 mg L', respectively, suggesting that practically all phosphorus was present in the
inorganic form. Sulfate (SO4-S) concentrations were 30 mg L1, further contributing to the overall

nutrient load of the digestate. The nutrient composition of the anaerobic digestates is depicted in

Table 10.

Table 10: Initial digestate composition. Quantities are mg L', and values in parenthesis are SD.

Parameter Value
COD 1370 (12)
NH:-N 2380 (12)
NO:-N 22(2)
NO2-N 0
TP 540 (20)
PO4-P 542 (20)
SO+S 30 2)
3.3.3.1 Nitrogen removal during 2-stage algae cultivation

High-strength anaerobic digestate has been shown to have an inhibitory effect on many
algal species (Jiang et al., 2019). However, our previous study demonstrated that Chlorella species
can grow on high-strength anaerobic digestate concentrations up to 3500 mg L' without significant
inhibition (Wang, Prasad, et al., 2019). Although algal species can thrive in environments with
elevated ammonia levels, they struggle to efficiently uptake all available nutrients in the culture
media due to self-shading in dense algal cultures. As a result, nutrient removal efficiency from
digestate remains low, raising concerns about the feasibility of algae-based digestate treatment
processes. It was expected that a second stage of algae treatment would lead to additional nutrient
removal and the results clearly showed this to be the case (after micronutrient dosing commenced

in Phase 2).
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The overall dynamics of soluble inorganic nutrient concentrations are shown in Figure 7.
Ammonium level in the influent digestate was nearly constant and was around 2,400 mg L-!
throughout this study. The ammonium concentration in the effluent of aerobic pretreated samples
was reduced to about 2100 mg L and remained fairly consistent over time. This indicates that
pretreatment slightly reduced ammonium levels by only about 12.5%. Notably, pretreatment in
Chapter 2 was only a 1-day period in which ammonium was removed through volatilization
(Figure 7, B). During phase 1 (no micronutrient addition), ammonium concentration dropped by
~43% to ~1200 mg L' after treatment in algae stage 1, while the ammonium level in stage 2
experienced little change. This was mainly due to the low algal biomass productivity that resulted
from the lack of micronutrients in the environment. By adding micronutrients in phase 2,
ammonium concentration decreased in both stages 1 and 2 throughout the remainder of the study
period. In phase 3 (days 40-97), the NH4-N concentration continues to decrease, although, with
more fluctuations, particularly in stage 1, the removal rate is still effective, consistently lowering
NHs4-N levels. By phase 4 (days 98-end), NHa-N levels reach their lowest points, nearing complete
removal, suggesting an overall improvement in removal efficiency across the phases. Table 11
shows the NH4-N removal rate and also TN uptake rate in stages 1 and 2. As shown, the total NHas-
N removal rate was higher in stage 1 compared to stage 2 (P<0.05), but the majority of the NHs-N
removal in stage 1 likely occurred through volatilization rather than biomass assimilation or
nitrification. In stage 2, however, the NH4-N was mainly removed through biomass uptake at
different phases (>90%), except in phase 1, where the biomass growth was hindered due to the
micronutrient limitation. Regarding TN removal by biomass assimilation, there were no significant
differences between stages 1 and 2 at phases 2 and 4, demonstrating the feasibility of applying

stage 2 as a promising way to improve nutrient removal efficiency. In phase 4, however, despite
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canceling pretreatment and applying raw digestate, stage 1 showed a robust performance to remove

the NH4, which was significantly higher than stage 2 (P<0.05).

Table 11: Total NHs-N removal rate and TN uptake rate in stages 1 and 2.

Phase TN uptake rate (mg L' d™) NH4-N removal rate (mg L' d™)
stage 1 60.9 (10.4)" bed ? 213 (4.02) c
phase 1
stage 2 11.1(1.7)e -7.7(1.24) ¢
hase 2 stage 1 57.5(8.4) cd 184.8 (12) ¢
phase
stage 2 67.4 (3.3) abc 67.36 (16.4) d
hase 3 stage 1 77.2 (3.5) ab 272.16 (44)b
phase
stage 2 48.4 (2.6)d 44.76 (0.1)d
hase 4 stage 1 80.1(1.4)a 477.77 (2.03) a
phase
stage 2 68.5 (8) abc 19.61 (3.23)d

* Data were normalized by dividing to the number of days in each stage and phase.

*Values in parentheses are standard deviations based on n = 3 biological replicates.

* Within a column, means with the same letter are not statistically different at the 0.05 level based on Tukey’s multiple
comparison test.

Studies have suggested that full-strength municipal anaerobic digestate completely inhibits
the nitrifiers (Jiang et al., 2019; Wang, Prasad, et al., 2019). Ammonium-oxidizing bacteria (AOB)
are typically inhibited when ammonia concentrations exceed 290 uM, while the inhibition
threshold for nitrite-oxidizing bacteria (NOB) is around 46 uM (Park & Bae, 2009). This
corresponds to 265 mg L' and 40 mg L of total ammonia nitrogen at pH 7.5 (similar to this
research) which is lower than typical TAN levels in anaerobic digestate. However, the study by
Princic et al. (Princic et al., 1998) showed that the nitrifying community could adapt to culture
media with up to 3000 mg L! of total ammonia nitrogen in long-term cultivation. In this study,

nitrification did not occur during the first 38 days of cultivation. By the beginning of phase 3 (day
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39), nitrification occurred in both stages 1 and 2 and contributed to the ammonium removal in the
system. At this time, almost 60% and 80% of ammonia were removed by algae consortia in stages
1 and 2, respectively. This ammonium removal by algae could potentially support nitrifiers by
lowering it beneath their threshold of toxicity. This emergence of nitrification following a
sustained period of algal treatment of anaerobic digestate was previously observed in an outdoor
trail suggesting this is a reproducible phenomenon (Q. Wang & B. T. Higgins, 2024). By the
beginning of phase 4 (no pretreatment) at day 97, nitrification was suppressed, which could be due
to the changes in the microbial community in both stages. However, after a few days, the nitrifying
community adapted to the new environment and started to emerge in both stages. These results
align with our previous research in which algae have been shown to promote nitrification in diluted
anaerobic digestate (E. Bankston et al., 2020). Moreover, the influent ammonium level was higher
in phase 4, however, this did not negatively impact the algal growth and resulted in 87% and 95%
removal of initial NH4-N across stages 1 and 2, respectively. These findings confirmed our
hypothesis that implementing a second algae stage is beneficial in term of improving the nutrient
removal from anaerobic digestate. It is also remarkable that the effluent from the second reactor
approached a 95% reduction in influent NHs-N, reducing the value from ~2,400 mg L' to <200
mg L1 Although the latter is still high compared to the discharge standards of a municipal
wastewater treatment plant (Son & Carlson, 2012; Wang & Gong, 2019), this magnitude of
reduction (~2,200 mg L! by growing algae over 7 cultivation days) on full strength anaerobic

digestate is unprecedented.

Ammonium removal can occur through multiple pathways. The aforementioned
nitrification to nitrate is one, but cellular uptake, ammonia volatilization, and denitrification are

additional pathways (E. M. Bankston et al., 2020). Uptake by algae cells is of particular interest

58



because this represents the capture of nitrogen that is still in a reduced form, usually as protein.
The data in Table 11 shows varying total nitrogen (TN) uptake rates across different phases and
stages in this study. In Phase 1, TN uptake starts at 60.9 mg L' d"! in Stage 1 but drops significantly
to 11.1 mg L' d'! in Stage 2. In Phase 2, however, the TN uptake rates improve in Stage 2, rising
to 67.4 mg L' d'!, indicating better nutrient consumption under these conditions. In Phases 3 and
4, TN uptake rates generally increase. In Phase 3, Stage 1 shows a high TN uptake of 77.2 mg L*!
d!, but this decreases to 48.4 mg L' d'! in Stage 2. Phase 4 shows the highest TN uptake (80.1 mg
L' d")in Stage 1, and Stage 2 continues to perform well with TN at 68.5 mg L' d!. These results

suggest that Phase 4 offers optimal conditions for nutrient absorption.

3.3.3.2 Phosphorus removal during 2-stage algae cultivation

Conventional wastewater treatment systems such as activated sludge typically struggle to
remove the phosphate and to bring the concentration below the current discharge standard level of
0.1 mg L L'! in the US (Zabochnicka, 2023). Algae are a promising approach to remove phosphate
efficiently (A. Fallahi et al., 2021). Figure 7, C shows the phosphate level throughout this
experiment. The aerobic pretreatment shows minimal impact on PO4-P levels (which incidentally
is very similar to an activated sludge process), with concentrations remaining stable around 550
mg L! both before and after pretreatment. However, the subsequent stages (Stage 1 and Stage 2)
demonstrated significant reductions in PO4-P concentrations. Stage 1 typically reduces levels to
between 200-400 mg L !, while Stage 2 often achieves further reductions, frequently bringing
concentrations below 200 mg L!. The average POs-P removal in the second stage is 25%, which
is significantly greater than 0 (P<0.05). This indicates that the additional value offered by the
second stage of algae cultivation is similar to the ammonium removal results. Typically, phosphate

is removed in algae-bacteria systems through three main mechanisms: 1-biomass assimilation, 2-
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precipitation induced by elevated pH in algae culture, and 3-polyphosphate-accumulating
organism (PAO). The latter one (PAO) was not detected in this study, and p is probably removed
through biomass assimilation and precipitation. Examination of the TP assimilation rate in biomass
was carried out (Table 12) to support the hypothesis. P is likely removed through Ca precipitation
as well. As suggested in the literature, Ca concentrations above 100 mg L™! lead to P percepitation
(Carlsson et al., 1997). As shown in previous sections, Ca concentration was higher than 1000 mg

L

The data in Table 12 shows varying total phosphorus (TP) uptake rates across different
phases and stages in this study. In Phase 1, TP uptake declines from 6.5 mg L' d"! to 1.7 mg L*!
d!. In Phase 2, however, TP uptake rates improve in Stage 2, with TP reaching 10.3 mg L! d*!,
indicating better nutrient consumption under these conditions. In Phases 3 and 4, nutrient uptake
rates generally increase. In Phase 3, TP uptake is fairly consistent (Stage 1: 8.3 mg L! d"!, Stage
2: 7.5 mg L' d"). Phase 4 shows the highest TP uptake rate (10.5 mg L' d'!") in stage 2, which

suggests phase 4, particularly stage 2, offers optimal conditions for nutrient absorption.
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Figure 6: Soluble inorganic nutrient concentrations throughout the experiment: (4) NHs-N, (B) NO3-N,
(C) PO+P. Error bars represent the standard deviation (n = 3).

Table 12: PO4+P removal rate and TP uptake rate in stages 1 and 2.

Phase TP uptake rate (mg L' d™) PO,-P removal rate (mg L' d™)
stage 1 6.5(1.1)b 22.19(0.93) b
phase 1 stage 2 1.7(0.4) ¢ 0.43 (0.17) e
phase 2 stage 1 6.2(1.1)b 16.2(1.45) ¢
stage 2 10.3(0.9)a 597 4.37)d
shase 3 stage 1 8.3(0.6) ab 13.35 (1.38) be
stage 2 7.500.9)b 4.53 (1.12) de
phase 4 stage 1 8.6 (0.3) ab 32.78 (10.6) a
stage 2 10.5(1.2)a 4.23 (5.57) de

Values in parentheses are standard deviations based on n = 3 biological replicates.
Within a column, means with the same letter are not statistically different at the 0.05 level based on Tukey’s multiple
comparison test.
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3.3.3.3 COD removal

Chemical Oxygen Demand (COD) analysis is used to evaluate the organic load in
wastewater, reflecting the amount of oxygen required to oxidize organic compounds. In this study,
COD measurements were performed to assess the impact of algae cultivation and pretreatment
stages on the organic matter in anaerobic digestate. Monitoring COD trends provides insight into
treatment efficiency and potential changes in microbial activity throughout the process. Figure 7
shows the COD concentration in four different phases throughout this study. We randomly chose
some cycles in each phase to measure the COD (except for phases 1 and 2 which only had one
cycle). According to the data, aerobic pretreatment with activated sludge did not change the COD
significantly in this study (P>0.05). However, employing algae in stage 1 more than doubled the
COD of the digest over the first 3 phases of the experiment (P <0.001). Stage 2 of algae cultivation
reduced COD slightly (but this decline was not statistically significant). The cause of this large
COD increase was not readily apparent, but modest COD increases have been observed previously
for algae cultivated on anaerobic digestates in our lab (E. Bankston et al., 2020; B. Higgins et al.,
2018) and elsewhere (Mujtaba & Lee, 2017). In these cases, the cause was attributed to the
secretion of algal photosynthate. However, during phase 4 of the experiment (no pretreatment),
the large increase in the COD concentration ceased. This raised questions about how pretreatment
(which itself did not change) COD might have contributed to downstream COD production in the
algae reactor. One consideration is that the microbial community structure may have changed
following cessation of pretreatment, impacting the release of organic photosynthate by algae. This
highlights the importance of microbial community structure in the dynamics of COD changes
during algae-based anaerobic digestate treatment. Further investigation of the microbial

community (both prokaryotic and eukaryotic) is reported in section 3.3.5.
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Cycle 1 (Day|Cycle 2 (Day|Cycle 3 (Day Cycle 4 (Day Cycle 5 (Day|Cycle 6 (Day Cycle 7 (Day
7-17) 35-46) 42-49) 67-75) 86-92) 104-110) 111-117)

phase 1 phase 2 phase 3 phase 4

3.3.4 Gravity-based sedimentation across stages

| Initial

m After pretreat
m After Stage 1

m After Stage 2

Figure 7: COD concentration at different time points in the experiment. The cycles were selected
randomly in each phase.

Algal biomass harvest is usually challenging in the wastewater treatment processes, which

64

are mainly due to 1: very small size of algal cells (2-40 um diameter) and 2: low concentration of
the grown biomass (<5 g L™! for closed culture) (A. Fallahi et al., 2021). Therefore, this could be
very costly in the algae-based wastewater treatment processes. It has been reported that algal
biomass recovery from culture media accounts for 15-30% of the capital cost (Verma et al., 2021).
At the same time, having a high harvest efficiency is essential after each cultivation step in multi-
stage reactor systems for wastewater treatment. Gravity sedimentation is generally used in
wastewater treatment processes due to the cost-effective separation of solid particles from the

liquid phase. In algae-based systems, the efficacy of this process depends on different factors, such



as the density of biomass and the abundance of larger algal species (Razaviarani et al., 2022). In
general, this method is not reliable in algae-based processes because of low microbial settling rates
(Alireza Fallahi et al., 2021). Moreover, lipid-rich algae cells tend to be buoyant and, therefore not
settling fast (Choi et al., 2006). It was, therefore, expected that some flocculation would be required
to improve settling (Martinez). However, the early stages of testing the algal consortium in this
study revealed that it could settle with high efficiency within 24-48 hours, without the aid of a

flocculant.

Figure 8 shows the harvest efficiency of microbial cells at phases 2, 3, and 4 for both stages
1 and 2. The harvest efficiencies were within the ranges of 72-94% and 19-89% for stages 1 and
2, respectively. Harvest efficiency exceeded 80% in stage 1 with only 24 hours of settling time but
was <20% in stage 2. To see if harvest efficiency could be further improved with a longer settling
period, a switch to a 48-hour settling time was undertaken for algal consortia in phases 3 and 4.
This did not change the harvest efficiency after stage 1 compared to phase 2, when the settling
time was 24 hours. Some fluctuations have been observed, though, at days 49 and 75, where the
harvest efficiency reached the minimum and maximum levels of 72% and 94%, respectively. In
the second clarifier, however, increasing the settling time from 24 hours (phase 2) to 48 hours
(phases 3 and 4) enhanced the harvest efficiency from <20% to >50% in all but one-time point.
This provided the microbial community more time to settle down efficiently. However, the harvest
efficiency is still lower than that of what was observed in the first clarifier. The wastewater
treatment plant from which the digestate was obtained uses cationic polymers and alum as
flocculants before belt press filtration. Residual alum in the liquid effluent may have contributed
to the good settleability of algae after Stage 1. However, exhaustion of the supply of aluminum

cations may have contributed to the lower settleability in stage 2. Follow-up analysis on elemental
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composition of algal biomass was carried out in part to confirm if first-stage algal biomass had
higher aluminum content than that harvested from the second stage (section 3.3.2).

The results in this study have shown an acceptable range of harvest efficiency (on average)
of 87% and 57% for the first and second clarifiers, respectively. Udom et al. used aluminum sulfate
as a flocculant to harvest Chlorella sp. cells, and the settling efficiency was 91% (Udom et al.,
2013). In this study, however, no additional flocculant was added to the clarifiers, and the settling
process was solely based on settling. The addition of flocculants to the stage 2 clarifier merits
future research to improve the harvest efficiency with the aim of bringing it closer to the high
settling efficiency of the stage 1 algae. For example, it is possible to manually add inorganic
flocculants such as ferric chloride and aluminum sulfate to the second clarifier (or any potential

clarifier afterward) and measure the harvest efficiency.
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Figure 8: Gravity-based harvest efficiency of microalgal consortia in A: stage 1 and B: stage 2. Days
were picked randomly throughout the experiment. Similar letters are not significantly different. At phase
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2 (day 35 in this figure), settling time in the clarifiers was 24 hours, while at phases 3 and 4 (days 41-177
in this figure) the settling time was 48 hours.

3.3.5 Microbial community restructure

Given the very rapid growth of this algae consortium in the municipal anaerobic digestate,
there was interest in understanding its microbial composition. Of particular interest are the types
of organisms that can handle such strong digestate without the need for either pretreatment or
dilution. In this regard, 16S and 18S rRNA sequencing were carried out. We also hypothesized
that there would be meaningful differences in community structure between stages 1 and 2 due to
the depletion of nutrients. This hypothesis was confirmed.

Figure 9 A: first stage and B: second stage shows the relative abundance of various 16S
prokaryotes at the phylum level over the course of this experiment. These days represent the end
of each phase in this experiment. At stage 1 (Figure 9, A), pseudomonadota (formerly
proteobacteria) is consistently the most abundant phylum across all time points, ranging from
44.6% to 61.7% of the community. Bacteroidota (previously bacteroidetes) is the second most
abundant phylum, with relative abundances between 13.5% and 33.9%. Some phyla show
significant fluctuations over time. For example, verrucomicrobiota increases from 0.32% on day
0 to 4.60% on day 97, then decreases to 1.59% on day 115. Euryarchaeota peaks at 8.70% on day
37 but is much lower at other time points. Synergistota, a gram-negative anaerobic bacterial
phylum, shows a high abundance (7.32%) on day 0 but decreases significantly in later time points
which might be due to the oxygen production and organic secretion by algae (Q. Wang & B.
Higgins, 2024). At stage 2 (Figure 9, B), pseudomonadota and bacteroidota were the dominant
groups. Pseudomonadota starts as the dominant group, showing the highest proportion at Day 0

(47.7%), and remains substantial throughout the timeline, though its relative abundance decreases
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slightly by Day 46 (34%). Bacteroidota becomes increasingly dominant over time, showing a
significant increase from Day 0 (13.5%) to Day 46 (52%). Pseudomonadota and bacteroidota are
both aerobic heterotrophs and gram-negative prokaryote bacteria that are common taxa in
municipal wastewater and were also observed in aquatic habitats associated with microalgae
(Goecke et al., 2013; Pushpakumara et al., 2023). The dominance of these two taxa in both stages
1 and 2 throughout the experiment suggests an adaptation/establishment in the microbial
community, which, however, is still under the impact of nutrient level due to the slight differences
between stages. In the meantime, the adaption of only certain taxa (pseudomonadota and
bacteroidota) to the microalgae culture in this study suggests that prokaryote phylum that is
capable of having a synergetic relationship with microalgae are limited (Ramanan et al., 2016).
Overall, the second stage shows a more pronounced shift towards dominance by pseudomonadota
and bacteroidota, with these two phyla comprising over 90% of the community by Day 117. The
first stage maintained a more diverse community structure throughout the experiment. These
differences suggest that the second stage of the process leads to a more selective environment,
favoring the dominance of fewer phyla. This could be due to differences in environmental
conditions, nutrient and substrate availability, or operational parameters between the two stages.
This data verified our hypothesis that microbial community shifts as environmental conditions

and/or nutrient levels change in the bioreactors.
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Figure 9: Relative 16S rRNA gene abundance at the end of each phase in A: first stage, B: second stage
in phylum level.
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Figure 10 presents the relative abundance of 18s RNA at the end of each phase in stage 1
(A) and stage 2 (B). The algae consortium inoculum for this system was dominated by two species
of Chlorella (>85% of total eukaryotes). As time passed, Chlorella vulgaris became dominant in
phases 1 (day 9) and 2 (day 37). At the end of phase 3 (day 97), Chlorella sorokiniana became
dominant in the culture. At phase 4 (day 115) when pretreatment ceased, Chlorella sorokiniana
persisted as the dominant species, but the relative abundance of Chlorella vulgaris slightly
increased. In stage 2, Chlorella sorokiniana more quickly became the dominant eukaryote in the
culture by the end of phase 1 (day 10). Around this same time, Naegleria fowleri (brain-eating
amoeba) also emerged in the community. Chlorella sorokiniana demonstrated strong resistance to
contaminants like heavy metals (Leén-Vaz et al., 2021), pharmaceutical pollutants (Abdelfattah et
al., 2023) , and high nitrogen levels (Wang, Prasad, et al., 2019), making it ideal for
bioremediation. Its ability to adsorb and accumulate heavy metals and tolerate nutrient-rich
environments allows it to thrive in high-strength anaerobic digestate. Additionally, C. sorokiniana
possesses antioxidant defenses to withstand oxidative stress from contaminants (Mursandi et al.,

2022), enabling it to play a significant role in wastewater treatment and environmental cleanup.

71



Abundance (%)

A
100%
90% m other
80% . .
m prasiola crispa
70%
60% m naegleria fowleri
50%
40% W nicotiana plumbaginifolia
30% H nicotiana attenuata
20%
10% m chlorella sorokiniana
0%

Initial (day 0) Phase 1 (day Phase 2 (day Phase 3 (day Phase4 (day ™ chlorella vulgaris
9) 37) 97) 115)

B
100% m other
90% . .
W prasiola crispa
80%
70% m fusarium solani
60% m acanthamoeba castellanii
50%
40% m naegleria fowleri
30% H nicotiana plumbaginifolia
20% ..
10% M nicotiana attenuata
0
0% m chlorella sorokiniana

Initial (day Phase 1 (day Phase 2 (day Phase 3 (day Phase 4 (day
0) 10) 46) 97) 117) m chlorella vulgaris

Abundance (%)

Figure 10: Relative 18S rRNA gene abundance at the end of each phase in A: first stage, B: second stage
in species level.
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Of particular interest in this study was how the microbial community shifted in response
to employing another stage of treatment after the first one. PCA plot of 16 S genus level showed a
clear separation in community structure between stage 1 and stage 2 during the experiment (Figure
11). These differences in the community may impact the ability of the community to remove COD
(including the secreted algal photosynthate) and carry out nitrification reactions. The heterotrophic
genera population showed mixed trends over time at both stages, but several genera increased in
relative abundance at later time points (Figure 12). Several heterotrophic genera (e.g.,
Comamonas, Ferruginibacter, Brevundimonas, Ideonella, Hanamia in stage 1 and Castellaniella
and Comamonas in stage 2) show an increasing trend over time. While some genera (e.g.,
Fervidobacterium, Devosia, Acetomicrobium in stage 1 and Fervidobacterium, Polaromonas, and
Williamwhitmania in stage 2) show a decreasing trend. Meanwhile, a few genera (e.g.,
Chthoniobacter in stage 1 and Kaistella and Pollutimona in stage 2) remain relatively stable. It
was apparent that the heterotrophic digester community in Phases 1-3 was not well-suited to the
consumption of algal photosynthate, given the observed net increase in COD level over time.
Interestingly, a dramatically different prokaryotic community emerged in Phase 4, after the
cessation of pretreatment. Of particular, in stage 1, ideonella, castellaniella, comamonas,
ferruginibacter, hanamia, and nitrosomonas genus got dominant in phase 4 while some of them
existed in previous phases but in lower abundance. Comamonas species can break down a wide
range of organic compounds, including complex pollutants, making them useful in bioremediation
efforts (Ryan et al., 2022). Species within ferruginibacter genus emerged at phases 2-4 but were
mainly dominant in phase 4. This genus are commonly found in iron-rich or ferruginous
environments, such as freshwater habitats, soils, and sediments where iron is abundant (Kang et

al., 2015). As the name suggests ("ferrugini" refers to iron), Ferruginibacter species are often
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associated with environments where iron metabolism plays a significant role, though they do not
typically oxidize iron directly. The emergence of this genus in stage 1 probably answers the almost
full consumption of Fe in stage 1 as described before. Also, in stage 2, castellaniella, hanamia,

comamonas, ideonella, shinella, and sphingopyxis were dominant in phase 4. Castellaniella genus

are heterotrophs and were the most dominant genus (~30%) in phase 4.
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Figure 11: PCA plot of 16S genus level at different time points. SI and S2 refers to stage I and stage 2,
respectively.
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3.3.6 Nitrifying bacteria population

Anaerobic digestate contains high levels of nutrients, which can be used as a cheap
feedstock for agricultural irrigation. Rather than relying solely on algae to fully absorb the
ammonium in anaerobic digestate, we can enhance the process by encouraging nitrification within
the algae system. By supporting this conversion of ammonium to nitrate, we can create a nutrient
balance that makes the digestate more suitable for agricultural irrigation. This approach leverages
algae not only as a nutrient remover but also as a facilitator for sustainable nutrient transformation
The high level of ammonium is non-favorable and could be toxic to the plants, and conversion to
nitrate seems necessary to achieve this goal (Hachiya et al., 2012).

Nitrospira is an important genus capable of commamox (both ammonia and nitrite
oxidation) (Daims et al., 2015) and is present in both stages at day 0 (0.035% in abundance).
However, their population disappeared ever since stage 1, while they were still detected in low
abundance of 0.0012% in stage 2 at day 46 (Figure 13). A completely opposite findings were
observed for the members of Nitrosomonas, a genus of ammonia-oxidizing bacteria. A large
increasing trend in stage 1 (from 0% at day 0 to 1.09 % at day 115) and fluctuating trend in stage
2 (shows an initial increase followed by a gradual decrease: increase from 0% at day 0 to 0.01%
at day 46 and a decrease to 0.006% at day 117) was observed. It is hypothesized in the ecology
literature that algae and cyanobacteria negatively affect or compete with nitrifying bacteria (Choi
et al., 2010).

Research by (Daims et al., 2015) demonstrated that poultry litter slurry digestate can inhibit
or even prove toxic to nitrite-oxidizing bacteria, significantly reducing their populations and

activity. However, introducing algae mitigates this inhibitory effect, enabling full nitrification and
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helping maintain stable populations of key nitrifying organisms, including members of Nitrospira
and Nitrosomonas (E. Bankston et al., 2020).

The microbial community broadly shifted in this study, as shown in the PCA plot of the 16S
genus level and relative abundance genus level plot (Figures 11 and 12), thereby conferring an
advantage to nitrifying organisms. It has been shown in chapter one and in the literature that
digestate contains toxic molecules such as phenolic compounds, hormones, etc., which could
potentially hinder or inhibit the growth of microbial organisms, including nitrifying bacteria
(Franke-Whittle et al., 2014a; Hecht & Griehl, 2009; J. E. Hernandez & R. G. Edyvean, 2008).
The broader microbial community could potentially act as a sorbent for (or even degrade) toxic
molecules that adversely affect the nitrifying community. An alternative hypothesis is that highly
resilient nitrifying organisms emerged that can handle the toxic molecules in anaerobic digestate.
One frequently discussed inhibitor of nitrifiers is ammonium. Generally, ammonium levels over
350 mg L' are considered inhibitory to nitrifying organisms (Kim et al., 2008). However, the long-
term outdoor study (Q. Wang & B. Higgins, 2024) to cultivate algae in municipal anaerobic
digestate showed that nitrifying bacteria emerged after several months, suggesting their adaption
to the environment with a high level of ammonium (462-1502 mg L!). In stage 1, the ammonium
concentration was high at phases 1 and 2, but at phases 3 and 4, it was lower than the toxic level.
So, the nitrifying community began to adapt (Figure 13, A). However, at stage 2, the nitrifying
community (nitrosomonas) was present at the end of phase 2 (day 46) where ammonium
concentration was 420 mg L'! and above the toxic threshold (Figure 13, B). This suggests that
nitrosomonas taxa (nitrosomonas europaea and nitrosomonas eutropha present in this study) have
adapted to the high ammonium level in the digestate and likely resulted in the emergence of

nitrification around this same time point. Nitrifiers play a critical role in transforming ammonium
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into nitrate, a less toxic form for plants and an essential nutrient in agriculture. This conversion is
particularly valuable for repurposing digestate as a sustainable irrigation source. By enabling a
controlled nitrification process, we can prevent ammonia toxicity, reduce nitrogen loss, and
improve nutrient availability for crops, making digestate a more viable resource. However, further
research might be needed to improve the nitrification efficiency in such systems to be able to

practically implement this system for agricultural or other applications/purposes.
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Figure 13: Relative abundance of the genus Nitrosomonas and Nitrospira based on 16S rRNA amplicon
sequencing in A: stage 1 and B: stage 2. The days represent the end of each phase. Error bars are
standard deviations based on n = 3 biological replicates.

3.4 Conclusion

In conclusion, this study demonstrated that semi-continuous cultivation of algal consortia
in anaerobic digestate can be an effective method for nutrient removal and biomass production.
Below are some of the takeaway results in this study:

1. This study achieved some of the highest algae productivity ever achieved on full-strength
anaerobic digestate. (0.59-0.78 g L' d! and 0.15-0.92 g L' d! for stages 1 and 2,
respectively).

2. Micronutrient limitations (Fe, K, Mo, Si, and Mg) in stage 2 were not readily from the
growth results but were revealed by ICP analysis and additional supplementation may lead

to even higher growth rates.
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3. Adding a second stage of algae cultivation enabled significant (P<0.05) additional N and
P removal, resulting in an unprecedented 95% reduction in influent NHs-N, reducing the
value from ~2,400 mg L! to <200 mg L'!. P was reduced from ~ 550 mg L' to ~ 100
mg L' across the multi-stage process.

4. An algal community, dominated by Chlorella sorokiniana, emerged that could continue to
grow very rapidly even after the cessation of digestate pretreatment.

5. Algae settling efficiency was 72-94% % in stage 1 and was driven in part by residual
aluminum in the digestate from upstream flocculation. This aluminum flocculant was
apparently exhausted after the first algae harvest, leading to lower settling efficiency in

stage 2 (19-89%).

Future studies should focus on refining operational parameters, exploring the use of
flocculants to improve harvest efficiency, and further investigating microbial community

interactions to maximize process efficiency.
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4. Overall Takeaway Conclusion

In this thesis, the overall goal was to increase microalgal biomass production and nutrient
removal from anaerobic digestate and address the challenges regarding algal growth inhibition and
stability in long-term cultivations. Two different pretreatment approaches—activated sludge and
biochar— successfully improved the algal growth by mitigating the inhibitory effects of organic
compounds, phenolic inhibitors, and antibiotics. However, findings from Chapter Two revealed
an intriguing perspective of microbial community adaption to the untreated digestate environment
over time. Algal-bacterial consortia gradually acclimated to the inhibitory environment of
untreated digestate in the long term, resulting in a similar growth pattern to those who underwent
pretreatment. This finding emphasizes the potential of microbial community adaption as an
alternative option to overcome the challenge posed by the untreated anaerobic digestate, especially
in long-term studies.

Developing a two-stage semi-continuous bioreactor system to run for a long time (over 100
days) validated the effectiveness of staged cultivation in improving algae growth and overcoming
the light limitation that can occur in dense algal cultures. This system achieved a high nutrient
reduction of up to 95% while shedding light on microbial community dynamics, highlighting the
complexity of algae cultivation in anaerobic digestate.

The findings in this study showed that pretreatment may not be the best option or an
absolute requirement in all cases, although it performed very well in short-term studies. There are
different parameters to choose between pretreatment and just completely relying on microbial
adaptation, such as the time available for system stabilization, the desired rate of nutrient removal,

and economic considerations. Overall, this study advances the understanding of microalgal
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systems for nutrient recovery, presenting multiple viable approaches for optimizing performance

in anaerobic digestate treatment systems.
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5. Future Work

After achieving some findings, some research ideas are proposed below:

1.

Optimization of Pretreatment Processes

Understanding the biochemical removal mechanisms of inhibitors during activated sludge
and biochar pretreatment can enhance process efficiency. Also, finding other pretreatment
strategies may improve biomass growth and help to make this process more sustainable.
Advanced Reactor Design

Extending the two-stage semi-continuous reactor system to include additional stages (if
needed) or adaptive control systems could optimize nutrient recovery and biomass
productivity. Integration with advanced light delivery systems may also address light
limitations more effectively.

Microbial Community interaction

Further studies on the interactions between dominant algal and bacterial taxa are essential,
particularly in untreated digestate cultures. Investigating whether specific taxa dominate
due to the type of pretreatment—or even in its absence—can provide valuable insights into
the ecological dynamics of these systems. This could reveal whether certain microbial
consortia inherently adapt to inhibitory conditions, offering a natural solution to nutrient
recovery challenges.

Organic Compound Concentration

The COD level increased after applying both AS and biochar pretreatments. Further studies
are needed to understand the specific reasons behind this phenomenon. It can provide
insight to optimize the pretreatment strategy, ultimately enhancing the sustainability and

efficiency of algae-based anaerobic digestate treatment systems.
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5. Scalability and Economic Viability
Pilot-scale studies are necessary to evaluate the economic feasibility and operational
challenges of the proposed systems under real-world conditions. Life cycle assessment
and techno-economic analysis can provide critical insights into the environmental and

financial impacts of scaling up.
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