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ABSTRACT: As water resource recovery facilities (WRRFs)
implement biological nutrient removal (BNR) processes to
remove excess wastewater nutrients, carboxylic acid demands
increase; resource recovery processes (e.g., struvite, polyhy-
droxyalkanoate production) also demand carboxylates. In this
regard, interest in algae to achieve tertiary treatment creates a
new intraWRRF fermentation substrate. Indeed, fermentation
potential tests indicated that algal augmentation could prove
beneficial; carboxylate concentrations increased 31 % over
primary solids. However, unexpectedly, and disproving a key
research hypothesis, algal augmentation in a fed-batch
fermenter decreased the production of carboxylic acids (26—
34% at SRTs of 5—7 d); preliminary analyses suggest
heterotrophic algae consumed carboxylates. Disproving a
second research hypothesis, algal biomass did not significantly
diversify carboxylate speciation. Finally, and unexpectedly,
algal fermentation realized significant ammonia removal (39—
96 % at SRTs of 5-7 d). Although decreased carboxylate yield
is not desired, reduced ammonia load could potentially
decrease WRRF energy demands and decrease carboxylic acid
demands to achieve denitrification. Water Environ. Res., 90,
1997 (2018).
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Introduction

Municipal water resource recovery facilities (WRRFs) are
increasingly being tasked with removing excess quantities of
nitrogen (N) and phosphorus (P) present in wastewater in order
to protect the environmental integrity of surface and ground
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waters. Excess quantities of ammonia-nitrogen and phosphorus
in WRRF effluent can accelerate surface water body eutrophi-
cation; moreover, nitrate/nitrite (NO,) is a drinking water
regulated contaminant, and can also be utilized by certain algal
species, thus contributing to eutrophication. In response to
intensified nitrogen and phosphorus permit standards, WRRFs
often implement biological nutrient removal (BNR) processes,
including the enhanced biological phosphorus removal (EBPR)
process, targeting removal of NH3, NO,, and phosphorus.
However, implementing BNR/EBPR processes demands readily
biodegradable carbon (specifically carboxylates for EBPR) - for
both NO, reduction and excess phosphorus accumulation
(Grady Jr. et al., 2011; Yuan and Oleszkiewicz, 2010).
Commensurate with this carbon demand, and recognizing that
many municipal wastewaters are carbon limited, WRRFs are
adopting fermentation processes to generate carboxylic acids
(acetic acid and volatile fatty acids (VFAs; 3C—6C carboxylates))
to improve BNR/EBPR process performance (Burow et al.,
2008).

Beyond the need to drive BNR/EBPR, increased quantities of
carboxylic acids can enhance resource recovery opportunities in
a WRRF. With the scarcity of virgin materials becoming more
apparent every year (Hinsinger et al., 2011), there is an increased
drive to produce nutrients in new forms (i.c., recycling or
resource recovery of nitrogen and phosphorus). In this regard,
wastewater nutrients can be recovered as struvite, a naturally
occurring crystal; however, the recovery of struvite can be
limited by the availability of carboxylic acids, which help drive
the release of phosphorus from EBPR biomass (Cullen et al.,
2013). Additionally, the mixed microbial culture used to perform
EBPR (i.e., phosphorus- and glycogen-accumulating organisms)
can potentially be used to store carboxylates in the form of
polyhydroxyalkanoates, a biodegradable plastic and valuable
commodity that can be produced onsite at WRRFs (Coats et al.,
2007; Probst, 2016). Here, again, polyhydroxyalkanoates
production vies for the limited amount of carboxylic acids
contained within the influent wastewater.

Considering the expanding demand for carboxylates associ-
ated with diversifying the WRRF footprint, and the cost to

import substrate, some means to maximize onsite production
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are needed. Organic matter fermentation is the primary method
currently employed for producing carboxylic acids in WRRFs,
and historically organic matter fermentation has focused on
primary solids as a substrate (Bouzas et al., 2007). Fermentation
of return activated sludge (RAS) has been suggested as an
alternative substrate (Tooker et al., 2017), although recent
research raised concerns about this practice (Coats et al., 2018 in
press). However, growing interest in the use of algae to achieve
tertiary treatment of secondary effluent creates a potentially new
fermentation substrate (Li et al., 2013). Indeed, the algae might
serve multiple purposes: capturing nutrients contained within
secondary effluent (Ji et al., 2013), fixing carbon dioxide from
the atmosphere (or more ideally, from combined heat and power
(CHP) exhaust) to reduce the overall WRRF carbon footprint
(Cai et al., 2013; Razzak et al., 2013), and providing another
internal fermentation substrate. The growth of algae would
provide carbon from an external source (i.e., CO, from the
atmosphere or anaerobic digester biogas (Cai et al., 2013)), with
the algal biomass blended with primary solids and fermented to
increase carboxylate production.

Whilst algae is being recognized as a potentially value-
producing substrate within a WRRF, investigations into
alternative uses for algal biomass focus almost exclusively on
refinement of the conversion of lipid-rich algal biomass to
biogas, with some research into the potential of the biomass to
be used as a fertilizer or feedstock (Lowrey et al., 2015; Madeira
et al., 2017; Markou and Nerantzis, 2013). Indeed, there is a gap
in knowledge as to the effects a fermented blend of algal biomass
and primary solids could have on enhanced carboxylic acid
production within a WRRF. Moreover, consideration must be
given to carboxylate gains versus potentially adverse effects on
WRRF operations. Specifically, there are legitimate concerns
about algal fermentation resulting in increased nitrogen and
phosphorus loads to the WRRF - that is, internally recycling
nutrients that were captured in the algae but released via
fermentation.

Recognizing the potentially valuable gains from fermenting
intraWRRF produced algal biomass - improved EBPR opera-
tions and enhanced resource recovery - research was undertaken
to investigate how supplementing algal biomass to a primary
solids fermenter might affect production and speciation of
carboxylates, soluble nutrient concentrations, and reactor pH.
Investigations were driven by the hypothesis that augmenting a
primary solids fermenter with algal biomass will both increase
carboxylic acid production and diversify carboxylate speciation.
Batch fermentation potential tests were first conducted to
establish the potential effect of reactor retention time on
carboxylic acid production. Subsequently, fed-batch studies
were conducted to compare and contrast primary solids versus
blended primary solids/algal biomass fermentation, with a focus
on carboxylate production and nitrogen/phosphorus produc-
tion. Bench-scale sequencing batch reactors (SBRs) were
operated at primary solids-algal loads designed to emulate
conditions that could be realized at full-scale WRRFs. All
investigations were performed using real wastewater and algal
biomass produced on WRREF effluent.
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Methodology

Substrate. Gravity thickened primary solids were collected
regularly from the Pullman, WA, WRRF. Pullman operates a
Modified Ludzak-Ettinger-based secondary treatment system,
with primary clarifiers. The substrate was tested in quadrupli-
cate for volatile and total solids and stored at 4 °C until use.
Total solids content in the primary solids ranged from 2.5 to
4.5% (w/w), with volatile solids content ranging from 83 to 89%
(w/w). Algal biomass was provided by Clearas Water Recovery
in Missoula, MT; according to Clearas, the algal biomass
principally consisted of Scenedesmus and Chlorella. The algal
biomass was grown on secondary effluent from the city of
Missoula WRRF. Algal biomass was aliquoted into individual
bottles for daily feeding to the fed-batch SBR fermenter and
frozen at -20 °C. A series of fermentation potential tests were
performed to analyze the effect on carboxylate production of
freezing the algal biomass (discussed herein).

Experimental Setup. Fermentation Potential Tests. Fermen-
tation potential tests were performed in 500 mL screw-top
Wheaton glass bottles covered with aluminum foil to prevent
light penetration (and minimize phototrophic algae growth).
The beakers were capped, and an air lock was applied to
maintain 2.54 to 5.08 cm (1-2 inches) of water pressure to
prevent oxygen entrainment into the headspace of the fermen-
ters. Each fermentation potential test was conducted with an
organic load of 10 g volatile solids and filled to 500 mL with tap
water; the substrate served as the inocula. Tests were conducted
in triplicate, and three substrates were compared: a fresh (never
frozen) algae and primary solids blend (44% algae, 56% primary
solids; on a volatile solids weight basis), a frozen algae and
primary solids blend (same loading), and a control reactor of
only primary solids. Beakers were placed on a New Brunswick
Scientific Co. model G-25 shaker table (Edison, NJ, U.S.A.),
operated to achieve mixing of the beaker contents; the
investigation was conducted at room temperature (21.5-23.5
°C). Samples were collected at the same time each day for
carboxylic acid and pH analysis. In total, the fermentation
potential tests were conducted for a 10 d period. Results from
the fermentation potential tests were analyzed statistically using
an equal sample size, equal variance t-test; for each statistical
data set, the null hypothesis was that the two data sets’ averages
were equal.

Bench-Scale Fermenters. Two bench-top fermenters were
operated for a period of 230 d, at room temperature (23.5 *
1.1 °C). Both fermenters were inoculated from an existing
bench-scale fermenter that was principally used to support
historical and ongoing EBPR research (e.g., Coats et al., 2011b,
2011c, 2015, 2017; Winkler et al., 2011); the original fermenter
had been inoculated with anaerobic digester biomass obtained
from the Pullman, WA WRRF. Control fermenter MF1, which
received only primary solids, was operated at an organic loading
rate (OLR) of 2.25 g volatile solids/Leday and at a 15 L working
volume. The 6 L working volume algal-primary solids
fermenter, identified as fermenter MFA, was operated at an
OLR of 2.50 g volatile solids/Leday, receiving a 10%:90% algae
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and primary solids blend (volatile solids weight basis). The
proportion of OLR associated with the substrate added to each
fermenter was based on theoretical estimates on production of
algae and primary solids at a full-scale WRRF; the goal was to
load each fermenter in a manner that aligned well with a real
WRRF operation. Moreover, the OLR was generally compara-
ble to that applied in the fermentation potential tests (averaged
OLR of 2 g volatile solids/Leday). The mass of primary solids
added to the fermenters was adjusted based on the substrate
total solids and volatile solids content, to maintain the target
OLR. The fermenters were operated as fed-batch SBRs on a 24-h
cycle. Each batch of substrate was prepared daily by measuring
the appropriate mass of primary solids, based on the design
OLR, with tap water added to achieve the target feed volume.
Solids residence time/hydraulic retention time (SRT/HRT) was
maintained by daily wastage of a fixed volume of reactor
contents; cach fermenter was fed immediately after daily waste
was removed. Fermentation investigations were conducted at
three SRTs: 5 (for 74 d), 6 (for 56 d), and 7 (for 56 d) d.
Fermenter MFA was mixed with an axial flow impeller, whereas
fermenter MF1 was mixed using a 9.53 cm (3.75 inch) diameter
helical impeller; both impellers were driven by an Oriental
Motor (San Jose, CA, U.S.A.) USM315-401W 15 W AC speed
control motor connected to a 3GN35SA reduction gearbox
operated at a speed sufficient to provide uniform mixing of the
reactor contents. Fermenter influent and effluent was regularly
monitored for NH3-N, PO,-P, carboxylates, pH, and total
solids/volatile solids content. Carboxylate and nutrient results
were comparatively analyzed statistically using the Welch’s t-test
(equal or unequal sample size with unequal variance); for each
statistical data set, the null hypothesis was that the two data
sets” averages were equal.

Analytical Techniques. Samples were monitored for soluble
reactive phosphorus, ammonia (NHj), carboxylates, total solids,
and volatile solids as described in Coats et al. (2015).
Measurement of pH was accomplished with a Thermo-Fisher
Scientific Accumet AP85 Waterproof pH/Conductivity Meter.
Dissolved oxygen measurements were collected using a Hach
HQ30d Meter with a LDO101 dissolved oxygen probe. Three-
day composite samples of the influent and effluent of both
fermenters were collected and shipped to the Dairy One Forage
Laboratory (Ithaca, New York, U.S.A.) for quantification of
acid detergent fiber (ADF), neutral detergent fiber (NDF), acid
detergent lignin (ADL), starch, crude fat, total phosphorus, and
crude protein. The methods and equipment used by the Dairy
One laboratory are available at http://dairyone.com. The results
of the Dairy One analysis were used to estimate the total
carbohydrate content (NDF + starch).

Results and Discussion

The principal purpose of this study was to establish the
potential value-add of algal biomass fermentation on carboxyl-
ate production within a municipal WRRF; the concept has
received minimal research attention, but exhibits potentially
significant benefits to WRRF operations. It was hypothesized
that a relatively significant increase in carboxylate production
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would be realized as a result of increased fermentable carbon
associated with algal biomass being recycled to the fermenter;
additionally, with algal biomass potentially being more lipid rich
compared with primary solids, it was also hypothesized that
more VFAs (vs. just acetic acid) would be produced. Fermen-
tation potential tests were first undertaken to assess carboxylic
acid production potential and guide fed-batch reactor design;
subsequently, extended duration fed-batch fermentation studies
were performed.

Establishing Algal Biomass Fermentation Potential.
Although it has been demonstrated that algal biomass can
enhance carboxylate production via fermentation when inte-
grated with organic substrates (Smith et al., 2016), the specific
potential in a municipal WRRF environment commingled with
municipal primary solids remains undefined; moreover, car-
boxylate production potential from algae grown on WRRF
effluent has not been considered. Investigations were conducted
to examine the fermentation potential of algal biomass produced
on real WRRF secondary effluent; the aim of the fermentation
potential tests was to examine production potential relative to
primary solids alone as well to contrast fresh versus frozen
algae, while also generating data to inform bench-scale design
and operational criteria. Regarding the fresh versus frozen algae
comparison, previous research has suggested that freezing can
increase soluble COD and thus the availability of potentially
readily biodegradable substrate for conversion to carboxylates
(Smith et al., 2016); Ward et al. (2014) similarly noted that
freezing might increase algal biomass biodegradability (albeit
related to anaerobic digestion). Although it is not anticipated
that frozen algae might be used in a full-scale WRRF
application, the source of algal biomass used in this study was
not in near proximity, and thus sufficient quantities of algal
biomass were obtained to complete the bench-scale investiga-
tions. Considering the duration of the bench-scale studies and
the potential for biomass degradation when stored at 4 °C, the
decision was made to freeze the algal biomass, thereby
preserving its viability over the length of the study (Tsubu,
1973). The primary purpose of the fresh-frozen comparison was
to elucidate potential differences in carboxylate synthesis. Two
metrics were used to evaluate fermentation potential: carbox-
ylate yield (calculated and expressed as mg VFA (as COD) per
mg volatile solids; for ease of presentation, VFAs included acetic
acid) and carboxylate speciation.

Conventionally fermentation potential tests are performed in
sealed vessels (e.g., crimp topped) and under pressurized
conditions (Gungor et al., 2009; Lie and Welander, 1997).
However, such conditions are not representative of conditions
realized in full-scale fermentation reactors, which are typically
under minimum pressure, and thus can generate misleading
results. Specifically, by overpressurizing the fermentation
reactor, resultant reactor partial pressures can lead to hydrogen
gas accumulation in bulk solution and cessation of acetogenic
reactions, commensurate with an accumulation of VFAs.
Consequently, data obtained from pressurized fermentation
potential tests can be misleading as to the speciation of
carboxylic acids generated in the fermentation of organic
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Figure 1—Specific VFA production results for fer-
mentation potential tests.

matter. Indeed, preliminary research employing pressurized
vessels (data not shown) revealed an excess accumulation of
VFAs, over acetic acid, that would not typically be realized in
reactors operated at near-atmospheric pressure conditions. To
best replicate real-world fermentation conditions, a nominal
pressure was applied to the fermentation potential vessels.
Effect of Retention Time on Carboxylate Production Potential.
Firstly, considering specific carboxylate yield, as shown in
Figure 1, up to a retention time of approximately 6 d, all
substrates (fresh algae/primary solids blend, frozen algae/
primary solids blend, and primary solids) exhibited similar
fermentation potential (0.18-0.20 mg VFAcop/mg volatile
solids). However, between a retention time of 6 and 10 d, the
carboxylate production potential exhibited by the algal-aug-
mented fermentation reactors exceeded that of primary solids
alone. Overall, for the 10 d retention time, algal biomass
produced more carboxylic acids than observed for the municipal
primary solids; the fermentation potential for fresh algae, frozen
algae, and primary solids was 0.28 = 0.02 (n=3), 0.25 = 0.02 (n
=3), and 0.21 = 0.01 (n = 3) mg VFAcop/mg volatile solids,
respectively. When comparing specific carboxylate production
results for the duration of the assessment (10 d), there was no
observed statistical difference in fermentation potential between
fresh and frozen algae (t = 2.06; t.q = 2.77). Conversely, a
statistical difference was realized between both the fresh algae
and the primary solids (t = 6.43), and the frozen algae and
primary solids (t = 3.31). Ultimately, increased carboxylic acid
concentrations in the algae-augmented reactors suggested using
this substrate could be beneficial in a WRRF.

Effect of Retention Time on Carboxylic Acid Speciation.
Beyond specific yield, should algal fermentation be integrated
into a WRRF, carboxylate speciation is equally, if not more,
important. For example, research strongly supports that VFAs
(specifically propionic acid) can enhance EBPR (Carvalheira et
al., 2014; Shen and Zhou, 2016). Moreover, should polyhy-
droxyalkanoates production become a focus, a diverse array of
carboxylic acids will result in a better-quality polymer
(Anderson and Dawes, 1990; Dias et al., 2006).
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Overall, carboxylate speciation was generally typical for the
fermentation of organic matter such as primary solids, in that
acetic acid dominated in concentration, followed by VFAs
(Figure 2). However, the algal-based batch fermenters (Figure
2A,B) exhibited a more diverse distribution of carboxylic acids,
particularly at retention times exceeding 5 d. Of even greater
interest, the algal fermenters (fresh and frozen) both produced
markedly higher concentrations of valeric (C5) and caproic (C6)
acids when compared with the primary solids reactor (Figure 3).
In regard to valeric acid, the fresh algae reactor yielded an
increase of 39%, when normalized to total carboxylic acids (mg
valeric acidcop/mg carboxylic acidcop), over primary solids,
whereas the frozen algae yielded an increase of 28% at a
retention time of 10 d. Caproic acid was present at an even
greater relative concentration (mg caproic acidcop/mg carbox-
ylic acidcop) in the fresh algae reactor, achieving 977% and
164% greater than observed in the primary solids reactor and
frozen algae reactor, respectively. Smith et al. (2016) similarly
reported that cofermentation of algae and organic waste (dairy
manure) produced more valeric and caproic acids than manure
alone. The divergence in speciation - primary solids only vs.
algal biomass augmented - occurred most dramatically after a 6
d retention time (Figures 2 and 3).

The excess of VFAs present in the algal-based fermenters can
potentially be explained from a substrate and related thermo-
dynamics perspective. Considering substrate, algal biomass (vs.
municipal primary solids) is typically more enriched in lipids;
research has shown upwards of 22% greater lipid content (on
dry weight basis) (Razzak et al., 2013). Indeed, the dominant
algal species present in the biomass used - Scenedesmus and
Chlorella - typically exhibit high lipid content (Zhang et al.,
2016). Anaerobic digestion theory dictates that lipids contained
within the biomass will be hydrolyzed to long chain fatty acids
(LCFAs), and subsequently be anaerobically oxidized (acido-
genesis) to VFAs (principally), acetate, and hydrogen; this
metabolism is typically observed to commence beginning around
a 6 d SRT (Grady Jr. et al., 2011; Gujer and Zehnder, 1983),
associated with enrichment of lipid degrading microorganisms.
VFAs are subsequently oxidized to acetic acid via beta
oxidation. Whereas beta oxidation of VFAs is thermodynami-
cally favored over anaerobic oxidation (Grady Jr. et al., 2011),
elevated bulk solution hydrogen partial pressure can inhibit
acetogenic reactions (Grady Jr. et al., 2011), resulting in VFA
accumulation; such was suggested by Bouzas et al. (2007) in
fermentation potential studies. In this study, the contents of the
batch reactors were not significantly perturbed (other than
continuous gentle shaking) or otherwise augmented/replaced;
thus, some hydrogen produced via lipid degradation could have
accumulated. Consequently, the higher lipid content in the algal
biomass may explain the increased concentration of caproic and
valeric acids (i.e., undigested VFAs) observed in the algal-based
fermentation potential tests.

As a final point of interest, the primary solids fermenter
maintained a relatively constant proportion of acetic acid
(relative to total carboxylates) over the course of the test (Figure
2D). In contrast, the frozen algae reactor experienced a slowly
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Figure 2—Speciation of VFAs in fermentation potential tests for (A) fresh algae-primary solids blend, (B)
frozen algae-primary solids blend, and (C) primary solids (PS). (D) presents acetate fraction of total VFAs in
each fermenter potential vessel. (HAc: acetic acid; HPr: propionic acid; HBu: butyric acid; HVa: valeric acid;

HCa: caproic acid.)

decreasing acetic acid fraction, whereas the fresh algae reactor
exhibited more variability, in that the acetic acid fraction
decreased markedly beginning at a retention time of approxi-
mately 3 d. Ultimately, the acetic acid fraction in the fresh algae
fermenter decreased from over 40% of total VFAs to 30% at a
retention time of 8 d. The drastic decrease in the acetic acid ratio
in the fresh algae fermenter is best illustrated in the speciation
(Figure 2A). Whereas acetate synthesis continued after 3 d,
propionic and butyric acid were generated at generally
comparable rates (Figure 2A); moreover, after 4 d significant
valeric and caproic acid synthesis commenced. One potential
explanation for the variability in acetic acid proportion - and the
observation that frozen algae did not exhibit a similar pattern -
is the effect of freezing on the algae. Freezing causes both intra-
and extracellular ice crystals to potentially lyse the cells (Taylor
and Fletcher, 1999); also, freezing increases soluble COD (Smith
et al., 2016), which could increase substrate bioavailability at
earlier retention times. Indeed, as shown in Figure 2B versus 2A,
propionic, butyric, and valeric acid production occurred at
carlier retention times in the frozen versus fresh algal fermenters,
and the resulting acetic acid fraction was markedly lower,
respectively. The earlier VFA production appeared to facilitate
more rapid onset of acetogenesis, as evidenced by acetic acid

concentrations peaking at approximately 7 d in the frozen algal
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fermenter versus 10 d in the fresh algae fermenter. Conversely,
delayed bioavailability of algal substrate (e.g., lipids) ultimately
led to late-stage VFA synthesis and decreasing acetic acid ratio.
Fed-Batch Fermentation and the Effects of Algal
Biomass Augmentation. Fermentation potential tests are an
effective method to quickly evaluate substrate versus operational
effects, but ultimately fermentation at a full-scale WRRF will
occur in a fed-batch or continuous flow configuration, and not
as a batch operation. Thus, using results from the fermentation
potential investigations, bench-scale fed-batch algae-primary
solids fermenters were designed, operated, and tested as a next
step in the research. As indicated by the fermentation potential
test results, specific carboxylate yield increased with retention
time for all substrates studied, and carboxylate speciation was
also enhanced by the augmentation with algal biomass. Indeed,
SRT, which represents the bulk average retention time of the
solids in a fed-batch reactor, can affect carboxylic acid
production and speciation associated with (1) preventing the
onset of methanogenesis (i.e., reduced carboxylates concentra-
tion, generally observed at SRTs > 6 d, depending on
temperature (Grady Jr. et al., 2011)); (2) increasing biomass
(specifically fermenting bacteria) concentration, which can
enhance disintegration, hydrolysis, and fermentation (yielding

more carboxylates); (3) inhibiting anaerobic oxidation reactions
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associated with elevated hydrogen partial pressures (less acetic
acid (HAc); more VFAs)); or (4) a combination of all the above.
Considering the fermentation potential results and observed
effect of retention time, three SRTs were evaluated in this study
(5, 6, and 7 d), applied to two bench-top fed-batch fermenters
(labeled fermenter MF1, which received only primary solids, and
fermenter MFA, which received primary solids augmented with
algal biomass).

Effect of SRT on Carboxylic Acid Production. Maximizing total
carboxylic acid production in a WRREF is potentially significant
because of the downstream implications discussed. In this
regard, theoretically, and empirically based on the fermentation
potential data, the additional carbon supplied by the algal

biomass should increase total carboxylate production versus the

lesser organically-loaded primary solids fermenter. However,
and quite unexpectedly, the addition of algal biomass did not
increase carboxylate production (concentration or yield basis;
Table 1 and Figure 4) relative to primary solids alone. Figure 4
shows both the specific carboxylate yield and the carboxylate
concentration of both fermenter MF1 and MFA over the
duration of the experiment. Specifically, fermenter MFA
exhibited reduced carboxylic acid concentrations of 30%, 34%,
and 26% when compared with MF1 at 5, 6, and 7 d,
respectively. However, SRT did affect fermentation productivity
in both reactors.

Firstly, considering fermenter MFA, the carboxylic acid
concentration did increase, both when SRT was increased from
5to 6d (49% increase) and again from 6 to 7 d (8% increase).
The increase in carboxylate concentration was statistically
significant between 5 and 6 d (t=-11.0) and between 6 and 7 d (t
=-3.29). As suggested by the fermentation potential results and
also by others (Banister and Pretorius, 1998; Cokgor et al., 2009;
Gungor et al., 2009; Lie and Welander, 1997), longer SRTs will
result in increased carboxylate production until the methano-
genic population (HAc consumers) reaches a critical mass.
Contrasted with fermenter MFA, in fermenter MF1 the
carboxylate concentration increased when SRT increased from §
to 6 d (57% increase), but decreased slightly when the SRT
increased to 7 d (3% decrease); these latter results suggest
potential onset of methanogenesis in MF1 at an SRT of 7 d.
There was a statistical difference in carboxylic acid concentra-
tions within MF1 between an SRT of 5 and 6 d (t =-17.7), but
no statistical difference was realized between 6 and 7 d (t=1.28).
Whereas fermenter MFA realized an increase in carboxylate
concentration at a 7 d versus 6 d SRT, the increase was indeed
smaller than between 5 and 6 d SRT, which indicates MFA may
also have been establishing a methanogenic population.
Comparing the bench-scale fermenter results to the fermentation
potential test results suggests that the fed-batch fermenters
began showing signs of methanogenesis at a shorter SRT; this
result is most likely a consequence of operational time, in that a
methanogenic population likely will not reach critical mass over
the relatively short duration (10 d) of the fermentation potential
tests. Finally, the observation that a 6 d SRT is near-optimal for
maximizing carboxylic acid production is consistent with other
investigations (Bouzas et al., 2007; Coats et al., 2011a).

Some research has indicated there may be a positive
correlation between carboxylate production and pH, with
production increasing as pH increases (Cokgor et al., 2009; Wu

Table 1—Total carboxylate production and specific carboxylate yield versus SRT [Avg. = SD

(number of samples)].

SRT MF1 MFA

Days mg COD/L mg COD/mg VS mg COD/L mg COD/mg VS
5 1953 = 195 (53) 0.17 = 0.02 (53) 1367 + 150 (11) 0.11 = 0.01 (11)
6 3073 = 229 (19) 0.23 = 0.02 (19) 2036 = 170 (19) 0.14 = 0.01 (19)
7 2966 + 323 (38) 0.19 + 0.02 (38) 2193 + 183 (38) 0.12 + 0.01 (38)

Note: VS, volatile solids.
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Figure 4—(A) Specific carboxylate production, and
(B) total carboxylate production in bench-top reac-
tors.

et al., 2009); however, such investigations involved active pH
control through addition of a base. Conversely, for a minimally
buffered substrate (Batstone et al., 2002), pH will decrease as
more carboxylic acids are produced. Research herein did not
control pH; as a consequence, the pH generally converged
toward the pK, for the carboxylates. Moreover, the pH
decreased concurrent with increasing SRT (Table 2) and
increasing carboxylate concentration - well aligned with Bat-
stone et al. (2002). Comparing fermenters, the reactor MFA pH
was statistically higher than observed in fermenter MF1; similar
pH results were observed in the fermentation potential tests.
The higher pH in fermenter MFA indicates the algal biomass
might have provided additional buffering capacity, although the
reduced carboxylate production could also explain the higher
pH. Ultimately, it appeared the pH was determined by the
quantity and species of carboxylic acids, and not vice versa.
Inasmuch as carboxylate concentration in the fermenters is an
important metric, specific carboxylate yield sheds light on the
efficacy of the cultured biomass to ferment the substrate. Results
from this study (0.11-0.23 mg VFAop/mg volatile solids) align
well with reported specific carboxylate yields on a complex
organic substrate, which ranged from 0.09 to 0.20 mg VFA cop/
mg volatile solids (Coats et al., 2011a; Grady ]Jr. et al., 2011;
Skalsky and Daigger, 1995; Yuan and Oleszkiewicz, 2010).
Specific yields of MF1 also aligned well with the values obtained
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Table 2—pH for each bench-scale fermenter.

SRT (Days) MF1 MFA
5 4.83 = 0.12 (83) 5.27 + 0.42 (20)
6 4.65 = 0.07 (44) 4.89 + 0.07 (44)
7 4.58 = 0.05 (49) 4.80 + 0.07 (50)

for the fermentation potential of primary solids. However, the
specific yields in fermenter MFA were less than observed in the
corresponding fermentation potential analyses; one explanation
is the potential establishment of heterotrophic algae in the
bench-scale fermenter that did not occur in the fermentation
potential tests because of limited time to acclimate - this topic is
discussed in greater detail in a following section. Comparing
fermenters, similar to the differential carboxylate concentrations
observed, but in contrast to the fermentation potential analyses,
the primary solids only fermenter (MF1) realized the largest
specific yields (Table 1). Regarding SRT, in both fermenters the
specific carboxylate yields increased when SRT was increased
from 5 to 6 d (MF1, 35% increase, t = -11.82; MFA, 27%
increase, t =-5.92). However, when the SRT was increased to 7
d, although VFA concentrations increased in both fermenters
(Table 1), there was an apparent loss in fermentation observed
through reduced specific yields (MF1, 17% decrease, t =7.76;
MFA, 14% decrease, t = 3.54); this decrease in fermentation
yield could have been the result of (1) onset of methanogenesis
and/or (2) increased volatile solids loading, both of which are
affected by longer SRT. Statistical analysis showed there was a
significant difference between specific carboxylate yields for
both MF1 and MFA at all SRTs, as well as between MF1 and
MFA at all SRTs tested (5 d SRT, t=14.84; 6 d SRT, t=19.59; 7
d SRT, t = 17.69).

Effect of SRT on Carboxylate Speciation. As evidenced by the
fermentation potential results, and specifically during algal
augmentation, there is potential to leverage the SRT to increase
the diversity of carboxylate species in a fermenter; as discussed,
enhanced carboxylic acid speciation can benefit both EBPR
performance and polyhydroxyalkanoates production. Firstly,
considering primary solids fermentation, process stability was
realized relatively quickly in MF1 (Figure 5A). Moreover,
carboxylate speciation of MF1 did not vary with the SRT, which
mimics the results of the fermentation potential assessment
(Figure 2C vs. Figure SA). However, fermenter MF1 did show
interesting speciation behavior. Specifically, the dominant
carboxylic acid alternated between acetic and propionic acid
(Figure SA); this is in contrast with the literature, which
commonly shows acetic acid as the predominant species for this
substrate (Banister and Pretorius, 1998; Bouzas et al., 2007;
Gungor et al., 2009; Lie and Welander, 1997; Smith et al., 2016),
although such a result was suggested by the fermentation
potential data (Figure 2C) and other sources (Skalsky and
Daigger, 1995; Wu et al., 2009). As discussed, the type of organic
matter (i.e., polysaccharides, proteins, lipids) will influence the
carboxylate speciation in fermenters. In this regard, the organic
matter was not characterized for each batch of primary solids;

2003



Romenesko and Coats

A % HAC %HPro  -=--- % HBu
— - — %Hva % HCa
100.0% Stabilization
100% _"jf';’:‘j:-_--;--f;--_r—_-" Y P
(it 2 o i B
ﬁj\ 5-Day |6-Day 7-Day
1.0% & * g\/“ SRT SRT SRT
TN\
0.1%
0 50 100 150 200 250
Operational Day
B wHAC e %HPro  ----- % HBu
- = %Hva % HCa
\BG Stabilization
"""" 2 7-Da
10.0% 5-Day | & D2y SRTy o=
o sgr | ST ST
chedt 2l BN
i
1.0% B ,;'
. /‘ﬁ A~ i
0.1%
100 150 200 250

Operational Day

Figure 5—Speciation of carboxylates within fermen-
ter (A) MF1 and (B) MFA; percentages are all based
on mg of carboxylate species as COD relative to total
mg of carboxylates as COD. (HAc: acetic acid; HPr:
propionic acid; HBu: butyric acid; HVa: valeric acid;
HCa: caproic acid.)

thus, the acetic to propionic acids behavior could be a result of
variations in organic matter characteristics.

Although there was an unexpected decrease in carboxylate
production for the algal-augmented system (relative to reactor
MF1, and relative to the fermentation potential analyses), which
reduces the intrinsic value of algal biomass fermentation,
enhanced carboxylic acid speciation could generate some added
value of algal fermentation. The bacterial culture in fermenter
MFA required a longer period of time to achieve stable
operations (fermenter MFA was initially started as a primary
solids-only fermenter), as indicated by the convergence of acetic
and propionic acid proportions as the research progressed
(Figure 5B); this phenomenon was also observed during start-up
of a primary solids fermenter by Wu et al. (2009). It was initially
considered that higher acetic acid proportions in fermenter MFA
(relative to observed fermentation potential results) were
potentially because of mixing. As the two fermenters had
different mixing systems, it was possible that MFA realized a
lower mixing intensity, which would decrease local turbulence
(i.e., smaller velocity gradient, G) and potentially reduce the
release of gases from solution (including hydrogen); as noted, a

larger partial pressure of hydrogen in bulk solution will inhibit
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acetogenesis of VFAs to acetic acid (Grady Jr. et al., 2011).
However, investigations into the mixing - by physically
switching fermenter contents between the two reactors - showed
no statistical difference in acetic acid proportions between
systems, which indicates the mixing intensity in each fermenter
was similar. Ultimately, carboxylate speciation in fermenter
MFA followed the same trends as observed in the algae-primary
solids blend fermentation potential tests - more closely
mimicking frozen algae-primary solids blend, as would be
expected. There was an increase in valeric and caproic acids at
an SRT above 6 d, which supports the hypothesis that lipids in
the algae are being hydrolyzed to LCFAs and anaerobically
oxidized to acetic acid, causing a buildup of VFAs potentially a
result of elevated hydrogen partial pressures in solution (Bouzas
et al., 2007). Nevertheless, although the MFA carboxylate
speciation was somewhat more diverse than observed in
fermenter MF1, when compared with the corresponding primary
solids data, the results are likely not a significant value-add to a
WRREF.

Assessing Fermenter Nutrient Concentrations - and Poten-
tially Explaining Carboxylate Consumption. Fermentation of
organic matter involves a complex array of microbially-
mediated processes, including biomass disintegration and
subsequent hydrolysis. The breakdown of complex organic
matter to simple monomers not only yields carboxylate
precursors, but also nitrogen (as ammonia) and phosphorus (as
soluble reactive phosphorus). Thus, fermentation of organic
matter results in an increase in bulk solution nutrient
concentrations in the fermenter effluent (Banister et al., 1998;
Bouzas et al., 2007); fermenting algal biomass that was cultured
specifically to achieve tertiary nitrogen and phosphorus removal
would be expected to increase effluent soluble nitrogen and
phosphorus. Any produced nitrogen and phosphorus would
need to be reprocessed through the WRRF, therefore potentially
increasing energy and carbon demands.

Although phosphorus concentrations did indeed increase in
concentration for both fermenters and at all SRTs, an
unexpected observation was the reduction in ammonia concen-
trations in both fermenters (Table 3). Relative to the influent
ammonia concentrations, for fermenter MF1, ammonia de-
creased on average 15% and 61% for 5 and 7 d SRTs; no
ammonia reduction was observed at the 6 d SRT. Fermenter
MFA realized an even greater ammonia reduction, with 39%,
74%, and 96% for 5, 6, and 7 d SRTs. In full-scale WRRFs,
ammonia is commonly regulated in the effluent (EPA, 2010).
Thus, any additional generation of nitrogen from fermenting
organic biomass only increases treatment requirements. Con-
versely, reducing the amount of ammonia could have a
significant effect on the oxygen requirements of the WRRF,
thereby reducing the operating costs associated with treatment;
aeration represents approximately 50% of WRRF energy usage
(Goldstein and Smith, 2002).

Certainly the observed reduction in ammonia in both
fermenters was an unexpected, and unpredicted, outcome. In
seeking alternative explanations for the observed decrease in
ammonia, the potential for NHj; off-gassing can be ruled out, as
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Table 3—Influent and effluent nutrient concentrations in bench-scale fermenters for 5, 6, and 7 d

SRTs [Avg. = SD (humber of samples)].

SRT MF1 MFA

Days PO,4-P (mg/L) NH4-N (mg/L) PO,-P (mg/L) NH4-N (mg/L)
Influent 24.29 = 0.55 (6) 27.48 = 2.91 (6) 38.83 = 5.45 (6) 32.81 + 4.58 (6)
5 33.78 £ 6.22 (9) 23.37 £ 5.43(9) 4391 + 12.03(9) 20.10 = 15.02 (9)
6 45.43 + 4.81 (12) 27.35 + 4.02 (12) 47.31 = 3.97 (12) 8.69 = 5.30 (12)
7 42.26 + 4.93 (11) 10.78 = 3.62 (11) 49.49 + 6.41 (11) 1.22 + 1.72 (11)

the pH in both fermenters was consistently below pH 5 (Table
2). Similarly, struvite production can be eliminated, as a
minimum pH of 7 is required (Doyle and Parsons, 2002); also,
no struvite granules were observed, and the phosphorus
concentration increased. Ultimately, the significant reduction in
ammonia in fermenter MF1 at an SRT of 7 d could not be
explained. However, a plausible explanation for the observed
reduction in ammonia (without reduction in phosphorus)
observed in the algal-fed fermenter is the presence of
heterotrophic algae. These algae - including Scenedesmus, which
were part of the biomass used in this study - are capable of
growing and consuming ammonia in the absence of sunlight
and/or an inorganic carbon source (CO,). Not only would the
presence of heterotrophic algae potentially explain ammonia
consumption, the same could explain reduced carboxylates in
fermenter MFA, relative to fermenter MF1. Specifically,
Scenedesmus and other heterotrophic algae can use carboxylates
(most notably acetate and butyrate) as a carbon/energy source
(Lowrey et al., 2015; Mohan and Devi, 2012; Ren et al., 2014).
As discussed and noted (Table 2), fermenter MFA unexpectedly
realized markedly lower carboxylate production compared with
MF1, despite being operated at a larger organic loading rate.
Carbon utilized for algal growth could account for the lower
than expected production of carboxylic acids in MFA, relative to
MF1, and the associated ammonia reductions. A theoretical
stoichiometric assessment was performed to evaluate the
potential of algae to reduce the ammonia and carbon (carboxylic
acids) in the fermenters. Assuming a molar ratio of 106:16:1 of
carbon, nitrogen, and phosphorus, respectively (Pate et al.,
2011), and further assuming that the difference in carboxylate
production between MF1 and MFA was associated with
heterotrophic algae growth, the resulting ammonia demand
would be approximately 39 mgN/L, 74 mgN/L, and 60 mgN/L
at SRTs of 5, 6, and 7 d, respectively. As this theoretically-based
estimate exceeds the actual observed reduction in ammonia, it is
thus feasible that heterotrophic algal growth was responsible for
both ammonia and carboxylate consumption in MFA. Ren et al.
(2018) similarly observed the potential for a Scenedesmus culture
to concurrently consume carboxylates and nitrogen. As addi-
tional support for this theory, solids analysis performed on the
bench-scale fermenters showed an increase in crude protein
(31% in MFA vs. 12% in MF1), crude fats (20%, vs. no change),
and lignin (93% vs. no change), all of which indicates growth of

a high fat/high nitrogen biomass consistent with algae.
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Conclusions

WRRFs are increasingly in need of carboxylic acids to support
EBNR processes; additional carboxylate production could also
enhance resource recovery opportunities. Moreover, tertiary
algal treatment has been suggested as a means to capture
secondary effluent nitrogen and phosphorus, thereby producing
better overall effluent quality. Recognizing the potential
synergy, research was conducted to evaluate the potential for
algal biomass cofermentation with municipal primary solids to
increase carboxylates production. Investigations were conducted
using real wastewater primary solids and algal biomass grown
on WRREF effluent, and experiments were designed to reflect
potential actual conditions that could be realized at a full-scale
WRREF. The research results, summarized below, were both
insightful and, surprisingly, disproved the central hypothesis

driving the investigations.

® Whereas fermentation potential evaluations showed no
statistical difference in carboxylate yield on fresh versus
frozen algae, results did suggest fresh algae could yield a
greater quantity of longer chain VFAs (5C and 6C).
Additional investigations would need to be undertaken to
thoroughly understand the differences fresh and frozen
algae can have on carboxylate speciation.

e Although fermentation potential testing is a useful and
expedient method to inform design and operation of fed-
batch or continuous flow fermenters, an important
observation was that the fermentation potential results
appear to overpredict the actual fermentation productivity
that can be realized in fed-batch fermentation.

® Quite unexpectedly, and disproving a key research
hypothesis, algal augmentation did not increase the
production of carboxylic acids. Preliminary analyses
suggest growth of heterotrophic algae in the fermenter
decreased the concentration of carboxylates compared with
primary solids only fermentation.

e Additionally, and disproving the second research hypoth-
esis, augmenting a primary solids fermenter with algal
biomass will not significantly increase the speciation
diversity of produced carboxylates.

* Beyond the unexpected negative effects on carboxylate
production, results also revealed that algal fermentation
realized significant ammonia removal. The reduced am-
monia load to the WRRF could potentially decrease WRRF
energy demands through reduced aeration. Additionally,
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reduced ammonia load would decrease the amount of

carboxylic acids required to achieve denitrification.
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publication May 22, 2018.
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