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Lipid-containing wastewaters, such as those arising from dairy processing, are
frequently discharged at temperatures ≤ 20◦C. Their valorization at low ambient
temperatures offers opportunities to expand the application of high-rate anaerobic
wastewater treatment toward achieving energy neutrality by minimizing the energy
demand for heating. Lipid hydrolysis generates long-chain fatty acids (LCFAs), which
incur operational challenges and hinder stable bioreactor operation by inducing sludge
flotation and washout, coupled with the added challenge of treatment at lower
temperature (20◦C). These challenges are tackled together uniquely during the treatment
of LCFA-rich synthetic dairy wastewater (SDW) (33% COD-LCFA) through de novo
formed microbial granular sludge within the dynamic sludge chamber–fixed film (DSC-
FF) reactor. The novel reactor design facilitated sludge retention for the entire operational
period of 150 days by containing settled, flotating, and LCFA-encapsulated granular
sludge and biofilm within a single module. High COD removal efficiencies (87–98%)
were achieved in the three replicated DSC-FF reactors, along with complete LCFA
removal at 18–72 h HRT (LCFA loading rate of 220–890 mgCOD-LCFA/L·day) and
partial LCFA removal at 12 h HRT (LCFA loading rate of 1333 mgCOD-LCFA/L·day).
The high removal efficiencies of unsaturated and saturated LCFAs achieved are reported
for the first time during continuous anaerobic wastewater treatment at low temperatures
(20◦C). Moreover, de novo granulation was achieved within 8 days from a combination of
inoculum mixtures at a high LCFA concentration (33% COD-LCFA) in SDW. The results
demonstrate the feasibility of the DSC-FF reactor for treating LCFA-rich wastewaters
at discharge temperatures and offer potential for expanded and more energetically
productive anaerobic valorization of lipid-rich wastewater.

Keywords: dynamic sludge chamber fixed film reactor, dairy wastewater, long-chain fatty acid mixture, anaerobic
sludge granulation, biofilm formation
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INTRODUCTION

The United Nations 2030 Agenda for Sustainable Development
necessitates the development of sustainable wastewater treatment
and resource recovery systems to successfully attain the goals
targeted for the focus areas of clean water and sanitation (SDG
6), renewable energy (SDG 7), sustainable communities (SDG
11), and climate action (SDG 13) (United Nations, 2015). High-
rate anaerobic digestion (AD) is a sustainable option for the
biological treatment of municipal and industrial wastewaters, and
is widely applied in bioreactors under mesophilic (approximately
30–40◦C) or thermophilic (approximately 45–60◦C) conditions
(Batstone and Jensen, 2011). The extension of AD technologies
for application at cooler temperatures (≤20◦C) is an important
innovation in improving the net energy recovery from wastewater
treatment, especially in temperate climates where low ambient
air temperatures decrease the wastewater temperatures (McHugh
et al., 2003). Lipid-containing wastewaters, including a variety
of dairy waste streams, are emitted in large quantities at
low ambient temperatures and are energy-dense (theoretically,
1.43 L-CH4/g-lipid); thus, opening opportunities for high-
potential valorization through bio-methanization (Alves et al.,
2009). Anaerobic treatment of such high-volume wastewaters
at discharge temperatures would steer the treatment processes
toward the achievement of energy neutrality (Martin et al., 2011;
Petropoulos et al., 2019b). Thus, it is important to develop high-
rate processes for the anaerobic treatment of fat, oil, and grease
(FOG)-rich wastewaters at low ambient temperatures.

However, the anaerobic treatment of lipid-rich streams is
problematic, since their hydrolysis produces long-chain fatty
acids (LCFAs) that can destabilize anaerobic treatment due to
physicochemical and microbial inhibition (Lalman and Bagley,
2002; Zheng et al., 2005; Davidsson et al., 2008; Alves et al., 2009;
Desbois and Smith, 2010; Sun et al., 2013; Zhou et al., 2013).
In high-rate anaerobic reactors, such as upflow anaerobic sludge
bed (UASB) reactors, the accumulation of LCFAs produced
from lipid degradation has been associated with operational
challenges including the sludge flotation and washout, scum layer
formation, and substrate diffusion limitation through LCFA-
encapsulated sludge (Rinzema et al., 1994; Pereira et al., 2005).
Moreover, LCFAs behave as surfactants at neutral pH (Sam-Soon
et al., 1991) and disrupt the structure of the anaerobic granules,
consequently aggravating the granular sludge washout. Hence,
the anaerobic treatment of lipid- and LCFA-rich wastewaters
warrants the development of high microbial activity, stable
microbial structures, and enhanced sludge retention in reactors,
especially at low temperatures with slow microbial growth rates,
along with the characterization of LCFA profiles to assess the
efficacy of reactor design in the removal of different LCFAs.

Strategies for improved sludge retention for treating lipid-
rich wastewaters have included (i) forming biofilms on support
material in anaerobic filters, fixed-bed reactors, anaerobic baffled
reactors, and moving-bed biofilm reactors (Alves et al., 2001;
Pereira et al., 2002; Kim et al., 2004; Biswas and Turner, 2012;
Fujihira et al., 2018); (ii) sludge flotation in specialized reactor
designs, such as anaerobic flotation reactor (AFRs; Paques,
Netherlands) and inverted anaerobic sludge bed (IASB) reactors

(Alves et al., 2007); (iii) application of membrane bioreactor
(MBR) systems (Ramos et al., 2014; Dereli et al., 2015; Jensen
et al., 2015); and (iv) granular sludge reactors (Hwu et al., 1998a;
Saatci et al., 2003; Jeganathan et al., 2006; Leal et al., 2006;
Passeggi et al., 2009). Of these reactor designs, indeed, various
single- and two-stage reactor systems have been employed to
treat dairy wastewaters at lower temperatures (5–20◦C) (Table 1;
Toldrá et al., 1987; Viraraghavan and Kikkeri, 1990; Dague et al.,
1998; Ramasamy and Abbasi, 2000; Luostarinen and Rintala,
2005; Park et al., 2012; Buntner et al., 2013; Nikolaeva et al.,
2013; Bialek et al., 2014; Zielińska et al., 2018), but these studies
used non-fat dry milk substrates (≤3% lipid-COD) which are
not representative of the typical dairy wastewaters that have a
high lipid content of 0.1–0.5 g/L (28–35% COD basis) (Szabo-
Corbacho et al., 2019; Holohan, 2020).

Up until recently, the high-rate anaerobic treatment of LCFAs
has been studied extensively at mesophilic or thermophilic
conditions (e.g., Hwu et al., 1998a; Kim et al., 2004; Jeganathan
et al., 2006; Ramos et al., 2014; Dereli et al., 2015; Cavaleiro
et al., 2016; Duarte et al., 2018; Szabo-Corbacho et al., 2019)
but not at low ambient temperatures. An evaluation of the
anaerobic LCFA treatment at low temperatures will bring
new insights into the treatment of lipid-rich wastewaters.
We recently showed the feasibility of anaerobic treatment
of LCFA-containing wastewater (with 33% LCFA-COD) at
20◦C in expanded granular sludge bed (EGSB) reactors (Singh
et al., 2019). The process performance was stable for around
60 days, but prolonged operation involved significant sludge
flotation and washout in EGSB reactors influenced by the
LCFA loading rates and the LCFA concentrations in complex
substrate (Singh et al., 2019). High COD removal (>99%)
and methane yield efficiencies (MYE) (89–91%) have been
achieved during the treatment of lipid-rich dairy wastewater
in MBR (HRT = 53 h) at 35◦C (Szabo-Corbacho et al., 2019),
demonstrating the suitability of MBR for FOG methanization at
mesophilic conditions. Conversely, at psychrophilic conditions
(15◦C), the MBR has been reported to be unsuitable for
lipid treatment due to a high accumulation and the fouling
propensity of the lipids (Petropoulos et al., 2019b). The hybrid
reactor designs combining the sludge retention principles
of UASBs or EGSBs with additional features, such as a
biofilm compartment, support improved process performance
(e.g., at 20◦C for digestion of whey wastewater; McHugh
et al., 2006) and may be applied to develop innovative
reactor configuration for treating LCFA-rich wastewater at
discharge temperature.

The objective of this study was to evaluate for the first time
the high-rate anaerobic treatment of synthetic dairy wastewater
(SDW) rich in mixed-LCFA at 20◦C through the dynamic sludge
chamber–fixed film (DSC-FF) reactor configuration. The fate of
individual LCFAs at high LCFA loading rates was assessed for
the first time at discharge temperatures in FOG-rich wastewaters.
The reactors were seeded with a mixture of sludges with distinct
capability for LCFA degradation and high acetotrophic and
methanogenic activities to engineer a microbial consortium
suitable for high-rate low-temperature treatment of SDW in the
form of a de novo granular sludge.
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TABLE 1 | Process performance of anaerobic dairy wastewater treatment in adhered-film and granular sludge reactors at psychrophilic and low ambient temperatures.

Substrate Reactor Temp (◦C) Influent pH LCFA loading
rate

(gCOD/L.day)

OLR (g-
COD/L.day)

HRT (h) sCOD
removal (%)

Methane yield
at STP (ml/g-

COD.day)

References

Non-fat dry milk ASBR 5–25 7 a 0.6–2.4 6-24-1 60–98 95–290 Dague et al.,
1998

Dairy processing
wastewater

SGBR 10–25 5.8 ± 0.7 NR 0.6–9.7 9 > 90 90–340 Park et al.,
2012

Synthetic dairy parlor
wastewater

Two-phased UASB septic
tank

10–20 6.1 ± 0.4 NR 0.1–0.24 84 + 36 + 1.5 33–62 NR Luostarinen
and Rintala,

2005

Dairy wastewater UASB-activated sludge 20 7.9 ± 1.2 0.75 ± 0.06
(22%)b,c

3.4 24 (+ 1.92) 69 NR Tawfik et al.,
2008

Skim milk UASB-aerobic MBR 17–25 7 NR 2.4–1.6 10–14 (total
14–19)

95 UASB, 99
total

110–310 Buntner et al.,
2013

Dairy wastewater FBR (support material:
sand)

20 (35) 9.05, adjusted
to 7

NR 0.6–6 2, 4, 6, 8 20–42 NR Toldrá et al.,
1987

Synthetic skimmed dairy
wastewater

IFB (support material:
ExtendospheresTM made of
silica and traces of
aluminum)

10 7 a 0.5–2 12–48 24–80 107–294 Bialek et al.,
2014

Dairy washing wastewater AFBR (fixed-bed support
material: tire rubber and
zeolite)

22–26 7.2 ± 0.3 NR 4.4–24 24–132 28–82 70–180 Nikolaeva et al.,
2013

Dairy wastewater AF (support material:
plastic)

21 7-7.3 NR 4 24 55 180 Viraraghavan
and Kikkeri,

1990

Synthetic dairy wastewater CSTR (support material:
nylon mesh)

Room temp NR NR NR > 240 46–59 NR Ramasamy and
Abbasi, 2000

Synthetic dairy wastewater MBBR (support material:
metallic iron-PVC plastic)

20 a 3.9 132 70–86 103 Zielińska et al.,
2018

Synthetic dairy wastewater EGSB 20 7.1 ± 0.1 0.67 2 24 83–87 172–186 Singh et al.,
2019

Synthetic dairy wastewater DSC-FF (support material in
FF: pumice stone)

20 7.1 ± 0.1 0.22–1.33 0.66–4 12-72-3 87–97 24–360 This study

ASBR, Anaerobic sequencing batch reactor; SGBR, Static granular bed reactor; UASB, Upflow anaerobic sludge blanket; MBR, Membrane bioreactor; FBR, Fluidized bed reactor; IFB, Inverted fluidized bed; AFBR,
Anaerobic fixed bed reactor; AF, Anaerobic filter; CSTR, Completely stirred tank reactor; MBBR, Moving biofilm bioreactor; EGSB, Expanded granular sludge bed; DSC, Dynamic sludge chamber; FF, Fixed-film; NR,
Not reported; GS, Granular sludge. a<1% fat in substrate. bOil and grease (mg/L), i.e., 750 ± 66 mgCOD/L (based on 0.8 g-LCFA/L from 1 g/L oil, 2.89 gCOD-FOG/L from 1 g/L LCFA). cLipid content (%) in brackets.
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MATERIALS AND METHODS

Inoculum and Synthetic Wastewater
Two anaerobic sludges were sourced, granular sludge from
a Lt-AD R© reactor (NVP Energy Limited, Galway, Ireland)
treating dairy wastewater from Arrabawn Dairies (Kilconnell,
Ireland) and flocculent sludge from a ADI-BVF R© reactor (ADI
Systems, Evoqua) treating FOG-containing dairy effluents from
the Dairygold Co-Operative Society (Mitchelstown, Ireland) and
stored for 2 weeks at 7◦C in a nitrogen-purged atmosphere
prior to usage. The sludges were mixed in a 1:1 ratio [by
volatile solids (VS)].

SDW (2 gCOD/L) was prepared using skimmed milk powder
and a LCFA mixture (palmitate, stearate, oleate, and linoleate in a
COD ratio of 3:1.5:4.5:1) in a COD ratio of 2:1. The SDW was
supplemented with 2 g/L NaHCO3 and 1 ml/L basal nutrient
solution (Singh et al., 2019).

Reactor Design and Experimental Set-Up
Laboratory-scale (7 L) glass reactors (Figure 1) are composed
of two operational sections, i.e., a dynamic sludge chamber
(DSC) consisting of a granular sludge bed (volume 3.65 L)
combined with a flotation zone for sludge retention based on
granulation and flotation, and a FF compartment for microbial
sludge retention by biofilm. A peristaltic pump (Masterflex) was
used to recirculate the reactor liquor through an outlet beneath
the flotation compartment to maintain an upflow velocity of
2 m/h for the expansion of the granular sludge bed and to
improve sludge-feed contact. The flotation zone was designed
to accommodate the LCFA-encapsulated granules. The reactors
were set up and run as per Keating et al. (2018) and modified
as DSC-FF reactors as per Holohan (2020). Three identical
DSC-FF reactors were set up, each inoculated with the sludge
mixture (10 gVS/L). SDW stored at 7◦C was constantly mixed
with a mechanical stirrer placed inside the refrigerator and
was connected to nitrogen-filled gas bags to maintain anaerobic
conditions. SDW was pumped to the reactors through a multi-
channel low-flow peristaltic pump (Masterflex), which were
maintained at 20◦C for the experimental duration (150 days)
by recirculating cooled water through an external water jacket.
An outlet located above the FF section discharged effluent to a
collection tank. The top of the reactor was connected to a 10 L gas
bag to collect biogas. The HRT at start-up (72 h) was decreased
gradually to 12 h (stepwise through 42.5, 24, 18, and 12 h on days
9, 25, 59, and 103) on reaching steady state, which was defined
based on a similar sCOD removal efficiency for operational
durations equivalent to at least three consecutive HRTs, except
at 72 h HRT where an operational duration equivalent to two
consecutive HRTs was used. Null hypothesis was tested on the
sCOD removal efficiency using one-way ANOVA, and statistical
significance was nullified at p > 0.01.

Liquid samples (20 ml) from a port located above the sludge
bed, from a port located above the FF compartment, and from
effluent (Figure 1) were taken three to four times weekly to
measure pH, total COD (tCOD) and soluble COD (sCOD),
volatile fatty acids (VFA), and individual LCFA concentrations.

FIGURE 1 | Schematic representation of the components of the dynamic
sludge chamber fixed film (DSC-FF) reactor design. (1) Influent tank, (2)
peristaltic pump (feed), (3) Peristaltic pump (recirculation), (4) granular sludge
bed, (5) anaerobic flotation zone, (6) anaerobic fixed-film (FF) compartment, (7)
biogas collection, (8) effluent outlet and sampling, (9) sampling port (for
post-granular chamber samples), (10) sampling port (for granular sludge), and
(11) liquid recycle.

Analytical Methods
The volume of biogas produced was also determined three to four
times weekly, by measuring the biogas volume collected in the gas
bag. The methane content of biogas was determined using gas
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chromatography (Varian), equipped with a glass column and a
flame ionization detector. Nitrogen was used as the mobile phase
at a flow rate of 25 ml/min. The biogas volume was measured
with the water displacement method and reported at standard
temperature and pressure (STP). MYE was calculated from the
daily methane production based on the COD added (assuming
a maximum of 350 ml-CH4 per gram of COD at STP). pH was
measured with a HI 2210 pH meter. Total solids (TS) and VS were
measured gravimetrically using standard methods (APHA, 2005).

Liquid samples were centrifuged at 8000 rpm for 10 min
and the supernatant was used for sCOD measurements using
the potassium dichromate colorimetric method in commercially
procured Hach Lange HR COD digestion tubes and a Hach
Lange DR 5000 TM UV-Vis Spectrophotometer. For VFA
measurements, the aliquots of supernatants collected after
centrifugation were mixed with 50 µl of 30% orthophosphoric
acid and then filtered through 0.22 µm Minisart R© syringe filters.
The VFAs [acetate (C2), propionate (C3), butyrate (C4), valerate
(C5), caproate (C6), and caprylate (C8)] were analyzed by gas
chromatography on a Varian Saturn 2000 GC with a BP 21
FFAP capillary column (SGE analytical science) and a flame
ionization detector (FID) with helium as the carrier gas at a
flow rate of 1 ml/min. Injector and FID detector temperatures
were 250 and 300◦C, respectively. The oven temperature was
programmed to heat as follows: held at 60◦C for 10 s, heated
from 60 to 110◦C at 30◦C/min, and then heated up to 200◦C
at 10◦C/min after which the temperature was held at 200◦C for
2 min. The even-chained LCFAs [myristate (C14:0), palmitate
(C16:0), stearate (C18:0), oleate (C18:1), and linoleate (C18:2)] in
the liquid samples were measured according to van Gelder (2017)
which was a modification of the protocols of Neves et al. (2009)
and Ichihara and Fukubayashi (2010).

The development of granules from the sludge mixture was
observed visually and under scanning electron microscopy
(SEM). Five milliliters of granules was collected from a port
located under the sludge bed using tubing connected to a syringe
and were anaerobically transferred to a screw cap tube. The
granules were incubated overnight at 4◦C and then rinsed with
a 0.2 M sodium cacodylate buffer solution. Next, samples were
dehydrated by treating through an ethanol gradient [30, 50, 70,
and 90% (v/v)] and placed onto aluminum stubs before drying
with hexamethyldisiloxane (75 µl). Dehydrated samples were
coated with a thin layer of gold and viewed using a SEM (Model
S-2600 Hitachi, Japan) at 15 kV.

Thermodynamic Calculations
The feasibility of anaerobic conversion of LCFAs to acetate was
evaluated at standard condition (25◦C), and at temperatures
of 20◦C, and 37◦C based on the standard Gibbs free energy
changes for reactions (1G◦’). Hydrogenation of the unsaturated
LCFAs (linoleate and oleate) and β-oxidation of the saturated
(stearate, palmitate) and unsaturated LCFAs (linoleate, oleate)
were evaluated using the relationship 1G◦’ = 61Gf

◦(products)
- 61Gf

◦(substrates), where 1Gf
◦ refers to the standard free

energy of formation. Standard Gibbs free energy of formation
of LCFA (1Gf

◦) at standard conditions (25◦C) was estimated
by using the group contribution method (Mavrovouniotis, 1991),

and of the other compounds were obtained from Thauer et al.
(1977). Standard change in enthalpy for reactions (1H◦’) was
calculated based on the relationship 1H◦’ = 61Hf

◦(products) -
61Hf

◦(substrates), where 1Hf
◦ refers to the standard enthalpy

of formation of compounds, obtained from NIST (Linstrom and
Mallard, 2014). Standard Gibbs free energy change of reactions
(1G◦’T◦C) were calculated at 20 and 37◦C based on temperature
corrections according to the Gibbs-Helmholtz equation (Eq. 1):

1G◦’T◦C = 1G◦’25◦C · (T/298.5)

+ 1H◦’T◦C · (298.15− T)/298.15, (1)

where 1Gf
◦’T◦C is the standard Gibbs free energy change of

reaction at temperature of interest, 1Gf
◦’25
◦

C is the standard
Gibbs free energy change for reaction at standard conditions
(25◦C), T is the temperature of interest in Kelvin, and 1H◦’T◦C
is the standard change in enthalpy for reaction. All calculation
procedures were followed as described by Dolfing (2015).

RESULTS

COD Removal and Methane Production
The sCOD removal efficiency achieved by all three DSC-FF
bioreactors was similar during the steady-state periods (p > 0.01)
(Supplementary Table S1) throughout the experiment. The
results for only one DSC-FF bioreactor are presented, but the data
from all three DSC-FF reactors are provided as supplementary
data (Supplementary Figures S1–S3). During the first 8 days of
operation, when the HRT was 72 h, the tCOD and sCOD removal
efficiencies were 88–94% and 96–98%, respectively (Figure 2),
and the MYE was 5–9%. As the HRT was reduced to 42.5 h, tCOD
and sCOD removal efficiencies remained high (94–98% and 97–
98%, respectively) and the MYE increased to 26–28% (Table 2).
After the HRT was reduced further to 24 h, the tCOD removal
efficiency fluctuated (82–94%) but the sCOD removal efficiency
remained high (90–98%), while the MYE increased further to 49–
57% (Table 2). After further reducing the HRT to 18 h, the tCOD
removal efficiency was 88–91%, the sCOD removal efficiency was
96–98%, and the MYE was 48–62%. Finally, as the HRT was
reduced from 18 to 12 h, the removal efficiencies of tCOD and
sCOD decreased to 63–72% and 84–89%, respectively (Figure 2),
but the MYE further improved (up to 103%) (Table 2).

Thus, methane production from the DSC-FF reactor increased
with the decrease in HRTs. At a HRT of 72 h (OLR of 0.67
gCOD/·day), the methane production was low (24 ± 9 ml-
CH4/gCODadded). However, the methane production increased
to 95 (± 5), 186 (± 15), and 190 (± 25) ml-CH4/gCODadded
at HRTs of 42.5, 24, and 18 h, respectively, corresponding
to the increasing OLRs of 1.13, 2, and 2.67 gCOD/L·day
(Table 2). A further decrease in the HRT to 12 h (OLR of
4 gCOD/L·day) resulted in a higher methane production of
360 (± 30) ml-CH4/gCODadded and a MYE of 103%. Although
the OLR and LCFA loading rate at the different HRTs were
applied consistently, substrate accumulated in the DSC-FF
reactor as revealed by the higher tCOD removal than could
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FIGURE 2 | Total COD (tCOD) and soluble COD (sCOD) removals and daily methane production from DSC-FF reactor at the different HRTs of 72, 42.5, 24, 18,
and 12 h.

TABLE 2 | Operational conditions and process performance of the DSC-FF reactor and separately of DSC at the different HRTs of 72, 42.5, 24, 18, and 12 h.

Duration (days) 0–8 9–24 25–58 59–100 110–148

HRT 72 42.5 24 18 12

OLR (gCOD/L.day) 0.66 1.13 2 2.67 4

LCFA loading rate (mgCOD-LCFA/g-VS.day) 41 68 120 180 240

LCFA loading rate (mgCOD/L.day) 220 377 667 890 1333

pH (DSC) 6.9 ± 0.1 6.8 ± 0.1 6.9 ± 0.2 6.8 ± 0.1 6.8 ± 0.1

pH (DSC-FF) 7.9 ± 0.3 7.7 ± 0.5 7.8 ± 0.1 7.2 ± 0.1 6.9 ± 0.1

tCOD removal% (DSC) 81 ± 3 90 ± 2 75 ± 8 76 ± 1 53 ± 3

sCOD removal% (DSC) 95 ± 2 97 ± 1 86 ± 8 95 ± 1 86 ± 4

tCOD removal% (DSC-FF) 93 ± 0.3 95 ± 1 87 ± 3 89 ± 1 68 ± 3

sCOD removal% (DSC-FF) 97 ± 1 97 ± 0.5 97 ± 0.4 98 ± 1 87 ± 2

tCOD (mgCOD/L) (DSC) 406 ± 82 194 ± 30 620 ± 92 469 ± 19 925 ± 82

sCOD (mgCOD/L) (DSC) 97 ± 37 66 ± 20 331 ± 167 93 ± 13 280 ± 64

tCOD (mgCOD/L) (DSC-FF) 142 ± 2 94 ± 12 327 ± 49 207 ± 31 621 ± 27

sCOD (mgCOD/L) (DSC-FF) 57 ± 17 50 ± 9 84 ± 6 48 ± 11 251 ± 25

VFA (mgCOD/L) (DSC) 2 ± 1 43 ± 11 0 3.3 ± 1 100 ± 40

LCFA (mgCOD/L) (DSC) 4 ± 4 0 0 14 ± 14 196 ± 17

VFA (mgCOD/L) (DSC-FF) 32 ± 7 44 ± 6.5 2 ± 2 0 ± 0 208 ± 43

LCFA (mgCOD/L) (DSC-FF) 0 0 21 ± 4 0 183 ± 12

Methane concentration (%) 32 ± 1 62 ± 2 73 ± 2 74 ± 10 75 ± 1

Methane yield (ml-CH4/gCODadded) 24 ± 9 95 ± 5 186 ± 15 190 ± 25 360 ± 30

Methane yield (ml-CH4/gCODconsumed) 25 ± 9 97 ± 5 210 ± 10 200 ± 30 420 ± 30

MYE (%) (based on COD added) 7 ± 2 27 ± 1 53 ± 4 55 ± 7 103 ± 9

MYE (%) (based on COD consumed) 7 ± 2 28 ± 1 60 ± 3 58 ± 8 121 ± 9

be accounted by the methane production and effluent tCOD
concentrations (Figure 3). The substrate accumulation, as shown
by the unaccounted COD, was highest at the HRT of 72 h, and,
decreased at the HRTs of 24 and 18 h (Figure 3). However, at 12 h
HRT, the cumulative COD from the methane production and
effluent tCOD concentrations was higher than the influent COD
concentration (of 2 gCOD/L equivalent to 100%) (Figure 3).
This suggests methanization of the accumulated substrates at
the 12 h HRT. Moreover, at particular durations observed at
12 h HRT, tCOD removal was low but with a high methane

production (e.g., days 113–119), which was followed by higher
tCOD removal but with low methane production (e.g., days
126–134), and subsequently again had a lower tCOD removal
but increased VFA and methane production (e.g., days 135–
140) (Figure 2). This trend could be due to the sorption of the
substrate during the high COD removal (exerting a substrate
overload beyond the intended OLR), followed by methanization
of the accumulated substrate in the subsequent duration. Thus,
the DSC experienced alternating cycles of organic overloads,
particularly when the HRT was 12 h.

Frontiers in Energy Research | www.frontiersin.org 6 August 2020 | Volume 8 | Article 166

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/
https://www.frontiersin.org/journals/energy-research#articles


fenrg-08-00166 August 2, 2020 Time: 18:10 # 7

Singh et al. LCFA Bio-Methanization at 20◦C

FIGURE 3 | COD balance for the DSC-FF reactor at the different HRTs of 72,
42.5, 24, 18, and 12 h along with the influent COD (equivalent to 2 gCOD/L)
shown as reference.

Metabolic Intermediates From LCFA
Oxidation
VFAs (C2–C6) and the even-chained LCFAs (C14–C18) in
the DSC-FF effluent were analyzed periodically. With HRTs of
72 and 42.5 h, the total VFA concentration of the DSC-FF

effluent was 20–120 mgCOD/L, comprising mainly of acetate
(C2), propionate (C3), butyrate (C4), and low concentrations
of valerate (C5). However, at HRTs of 24 and 18 h, the VFA
concentrations were negligible, with only low concentrations
of acetate detected (Figure 4A). At HRTs of 18–72.5 h, the
LCFAs fed to the reactor (palmitate, oleate, and linoleate) were
removed completely, and stearate was found at 24 h HRT in
low concentrations (>10 mg/L) (Figure 4B), though, with the
decrease in HRT from 18 to 12 h, the effluent concentration of
VFAs increased (up to 190 mg/L) due to marked increases in the
concentrations of acetate (60 mg/L) and propionate (130 mg/L).
Toward the end of the trial, the VFA concentrations decreased to
97 mg/L (Figure 4A). Caproate (C6) that is produced from the
β-oxidation of even-chained LCFAs was found only at the 12 h
HRT (26–45 mg/L) (Figure 4A), along with the saturated LCFAs
palmitate (14–40 mg/L) and stearate (20–2 mg/L) (Figure 4B),
resulting in a LCFA removal efficiency of 71–74%.

Role of FF Compartment in Organics
Removal
At 72 and 42.5 HRTs, compared to DSC, the FF contributed to
an additional 4–12% tCOD removal (93–96% by DSC-FF vs. 78–
92% by DSC alone), and 1% LCFA removal (100% by DSC-FF vs.
99% by DSC alone) (Figures 5A,B), whereas the sCOD removal
efficiency after treatment by FF remained relatively unchanged

FIGURE 4 | Profiles of (A) volatile fatty acids (VFA), i.e. acetate (C2), propionate (C3), butyrate and iso-butyrate (C4), valerate (C5) and caproate (C6), and (B) long
chain fatty acids (LCFA), i.e. palmitate (C16:0), and stearate (C18:0), in DSC-FF reactor effluent at the different HRTs of 72, 42.5, 24, 18, and 12 h. LCFAs myristate
(C14:0), oleate (C18:1), and linoleate (C18:2) were not found in the liquid samples.
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FIGURE 5 | COD fractionation as tCOD, sCOD, VFA-COD and LCFA-COD
after treatment by (A) the DSC and further by (B) the FF at the different HRTs
of 72, 42.5, 24, 18, and 12 h.

(93–98%) (Table 2). At the HRTs of 24 and 18 h, compared
to DSC, the FF removed an additional 7–17% tCOD (84–90%
by DSC-FF vs. 67–83% by DSC alone), and reduced LCFA
concentrations to 25 mgCOD/L (Supplementary Figure S4). FF
contributed to an additional 3–19% sCOD removal compared
to DSC (Figures 5A,B), and resulted in overall sCOD removal
efficiency of 97–99% by the DSC-FF reactor at 24 and 18 h
HRTs (Table 2). At 12 h HRT, the tCOD removal by DSC had
decreased (50–56%), and FF contributed appreciably (15%) to
the tCOD removal, resulting in a tCOD removal efficiency of
65–71% by DSC-FF. Moreover, at 12 h HRT, the LCFA removal
efficiency by DSC was 68–73%, wherein FF contributed to an
additional 3–4% removal resulting in 71–74% LCFA removal by
DSC-FF (Supplementary Figure S4). This suggests that FF had
an important role in the removal of particulate COD, contingent
to the incoming tCOD concentrations from DSC. The tCOD
removal by FF was likely due to the entrapment of particulates
by the support matrix.

At steady periods of 24 h and 18 h HRT, the VFA
concentrations after treatment by DSC were low (<10
mgCOD/L) (Supplementary Figure S5). However, at the
HRTs of 72 and 12 h, VFA concentrations were higher after
treatment by FF (higher by 16- and 2-fold at 72 and 12 h
HRT, respectively) than the VFA concentrations after treatment
by DSC (Supplementary Figure S5), which suggests that
acidification occurred in the FF compartment. During the
steady state at 12 h HRT, the VFAs propionate, valerate, and
caproate were found, whereas after treatment by FF, acetate
and butyrate were additionally detected (Supplementary

FIGURE 6 | Schematic representation of rapid granulation from inoculum
mixture. Sludges prior to inoculation, i.e. flocculent sludge on (A) visual
observation and (B) under Scanning Electron Microscopy (SEM) at 10 µm,
and granular sludge on (C) visual observation and (D) under SEM at 1 mm.
De novo granulation in the dynamic sludge compartment (DSC) after 8 days
on (E) visual observation and (F) under SEM at 500 µm.

Figure S5). This production of acetate and butyrate at 12 h
HRT in FF (Supplementary Figure S5), along with the
simultaneous decrease in palmitate and stearate concentrations
in FF (Supplementary Figure S4), signifies partial β-oxidation
of the saturated LCFAs (stearate and palmitate) in the FF
compartment at 12 h HRT.

Overall, the removal of COD and LCFAs by the DSC
indicated its importance for the overall anaerobic treatment
of SDW, and especially for the removal of saturated and
unsaturated LCFAs. Up to the HRT of 18 h (LCFA loading
rate of 890 mgCOD/L·day, specific LCFA loading rate 180
mgCOD/gVS·day), DSC achieved a COD removal efficiency
exceeding 75% (both tCOD and sCOD). However, the COD
removal by DSC decreased upon shortening the HRT to 12 h
(LCFA loading rate of 1333 mgCOD/·day, specific LCFA loading
rate 240 mgCOD-LCFA/gVS·day), leading to a higher inflow of
particulates and saturated LCFAs (stearate and palmitate) into the
FF compartment, and consequently a more prominent role of the
FF compartment in entrapment and acidification of the SDW.

Sludge Washout and Flotation
No sludge washout was observed at HRTs of 72, 42.5, or
24 h. However, as the HRT was further shortened to 18 and
12 h, the effluent became more turbid (visual observation),
though subsequently clarifying after prolonged operation at that
particular HRT. The average effluent VS was 0.6 (± 0.1) and
4.5 (± 0.1) gVS/L at HRTs of 18 and 12 h, respectively. The
higher sludge washout observed at 12 h HRT presumably resulted
from the sloughing from the biofilm at the increased effluent
flow rate. Flotation of small broken granules was observed (less
than 10% of sludge in the DSC) at HRTs from 42.5 to 12 h.
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However, the sludge flotation at these different HRTs did not
vary, despite the increase in specific LCFA loading rate, and was
accommodated by the DSC.

De novo Granulation in DSC
Initially, the two sludges comprising the inoculum mixture,
i.e. the flocculent and granular sludge, were distinguishable
visually due to their different colorings in physical formations
(Figures 6a,c) and under SEM (Figures 6b,d). However, over
time in the DSC, the two sludges were not visually distinguishable
due to continuous mixing of the two inocula and they developed
an overall grayish appearance, in contrast to the earlier distinct
yellow (Figure 6a) and black (Figure 6c) respective colors of the
inocula. During the continuous mixing, the mixed sludges began
to form de novo sludge granules. By the end of reactor operation
at 72 h HRT (day 8), appearance of distinct rounded granules was
observed in the granular sludge bed in the DSC (Figures 6e,f).

Thermodynamic Feasibility of
Degradation of Saturated and
Unsaturated LCFAs
The standard Gibbs free energy changes of reaction (1G◦’)
for the degradation of LCFAs (linoleate, oleate, stearate, and
palmitate) present in the feed (SDW) were calculated at 20◦C
(1G◦’20

◦
C) (discharge temperature used in this study) and 37◦C

(1G◦’37
◦

C) (Table 3), as numerous studies evaluating lipid or
LCFA degradation at mesophilic conditions have used 37◦C as the
operational temperature (Ramos et al., 2014; Dereli et al., 2015;
Jensen et al., 2015; Cavaleiro et al., 2016).

The analysis of the effect of temperature on the energetic
feasibility of hydrogenation revealed that the hydrogenation of
linoleate and oleate to stearate was feasible both at 20 and 37◦C
under standard conditions, however, the hydrogenation reactions
had higher free energy at 20◦C (−159 and −79.5 kJ/mol)
than at 37◦C (−153.4 and −76.8 kJ/mol) (Table 3). Moreover,
the coupling of hydrogenation to one cycle of β-oxidation
(producing palmitate) yielded a higher free energy for linoleate
(−104.4 kJ/mol) than for oleate (-24.9 kJ/mol). In contrast, the
fatty acid oxidation of LCFAs (producing equivalent moles of

acetate by β-oxidation) was not energetically feasible at either 20
or 37◦C, and was more unfavorable at 20◦C than at 37◦C.

DISCUSSION

Treatment of FOG-Rich Wastewaters at
Low-Temperature Through DSC-FF
Configuration
This study shows for the first time that high-rate anaerobic
treatment is a feasible option for LCFA-rich wastewaters at
20◦C, at HRTs as low as 12 h. To the best of the authors’
knowledge, many previous studies on anaerobic treatment of
dairy wastewaters at lower temperatures (5–20◦C) used feed with
1.8–10 times lower lipid or LCFA content (e.g., 3% COD-LCFA)
(Table 1). While the anaerobic treatment of a similar synthetic
dairy wastewater (OLR of 2 gCOD/L·day, 33% COD-LCFA) in
lab-scale EGSB reactors at 20◦C was feasible for operational
durations of 60 days and achieved COD removal efficiencies of
83–87%, the treatment performance deteriorated on prolonged
SDW feeding at 24 h HRT and did not recover even after the
feeding was stopped (Singh et al., 2019). Contrarily, in this study
the DSC-FF reactors achieved stable COD removal (87–97%),
despite the application of higher LCFA loading rates. Previous
studies reported a lower COD removal efficiency; for example,
COD removal efficiency of 46–69% was reported in the anaerobic
treatment of lipid-containing dairy wastewater (22% COD-lipid)
at 24 h HRT at 20◦C (Tawfik et al., 2008), whereas a COD removal
efficiency of 38–47% was achieved in the batch treatment of
lipid-containing municipal wastewater at 4–15◦C at an OLR of
0.29 gCOD/L·day (lipid loading rates of 0.1–0.13 gCOD/L·day,
38–45% lipids) (Petropoulos et al., 2018).

Recently, real municipal wastewater containing 70% lipids
(FOG loading rate of 224 mgCOD/L·day) at 15◦C was treated
in UASB and MBR reactors at short HRTs of 7.7 h with
COD removal efficiencies of 79 and 86% and MYE of 17 and
23%, respectively (Petropoulos et al., 2019b). The presence of
unhydrolyzed COD (Petropoulos et al., 2018, 2019b) suggested
a low anaerobic conversion of the accumulated lipids. Real
wastewaters are rich in particulate COD, which often is

TABLE 3 | Change in Gibbs free energy values of reactions (1G◦’) involved in hydrogenation and oxidation of selected LCFAs at standard conditions#.

Reactions 1G◦’25◦ C (kJ/reaction) 1G◦’20◦ C (kJ/reaction) 1G◦’37◦ C (kJ/reaction)

Hydrogenation of unsaturated LCFAs

Linoleate− + 2 H2 → stearate− −157.3 −159 −153.4

Oleate− + 1.5 H2 → stearate− −78.6 −79.5 −76.8

Linoleate− + 2 H2O→ palmitate− + acetate− + H+ −103.9 −104.4 −103.0

Oleate− + 2 H2O→ palmitate− + acetate− + H2 + H+ −25.4 −24.9 −26.4

Fatty acid oxidation by β-oxidation

Linoleate− + 16 H2O→ 9 acetate− + 14 H2 + 8H+ 247.1 257.1 223.8

Oleate− + 16 H2O→ 9 acetate− + 15 H2 + 8H+ 325.6 336.6 300.4

Stearate− + 16 H2O→ 9 acetate− + 16 H2 + 8H+ 404.3 416.1 377.2

Palmitate− + 14 H2O→ 8 acetate− + 14 H2 + 7H+ 353.5 363.9 329.4

#Data for standard conditions (T = 25◦C, pH 7, solute concentrations of 1 M, and gas partial pressure of 1 atm).
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challenging to hydrolyze at lower temperatures, more so for
lipids than carbohydrates and proteins (Pavlostathis and Giraldo-
Gomez, 1991; Perle et al., 1995; Vidal et al., 2000). There
is a lack of consensus regarding the main bottleneck in
lipid methanization, with both lipolysis and LCFA degradation
being reported as the rate-limiting step (Hanaki et al., 1981;
Pavlostathis and Giraldo-Gomez, 1991; Petropoulos et al., 2019a).
In this study, the accumulated substrates were methanized
at 12 h HRT in DSC-FF reactors (Figure 3), demonstrating
the anaerobic degradation of mixed LCFAs at 20◦C at LCFA
loading rates up to 890 mgCOD-LCFA/L·day (Figure 4B and
Supplementary Figures S3, S4). It is recommended for future
studies discerning the rate-limiting step in low-temperature
anaerobic lipid degradation to evaluate lipolysis and LCFA
degradation at LCFA loading rates≥ 1333 mgCOD-LCFA/L·day.

Furthermore, in this study, the MYE increased from 7 to 103%
over the 150-day operational duration (Table 2), whereas a MYE
of ∼80% is typical of high-performing mesophilic reactors (van
Lier et al., 2015). The MYE at 20◦C in the DSC-FF reactor at
72–18 h HRT was low (7–55%), likely due to accumulation of
substrate (in DSC and FF). At 12 h HRT, the high MYE (>100%)
resulted from the conversion of substrate that had accumulated
in the DSC or in the FF section. The cyclical alternating organic
loads experienced by the DSC at 12 h HRT was presumably due
to the LCFA accumulation on granular sludge, as LCFAs have
a high sorption propensity. Cavaleiro et al. (2009) overloaded
sludge with a LCFA-rich feed at 37◦C in feed cycles (20–
30 days) followed by react cycles (no feeding) for methanization
of the accumulated substrates. This strategy of alternating organic
loads had enhanced the MYE from 67 to 91% wherein LCFA
accumulation increased in the reactor up to 60 days (2 feed
cycles), but was subsequently methanized due to specialization
of the microbial community (Cavaleiro et al., 2009). In our study,
the alternating organic loads likely enriched the LCFA degraders
and could be employed as a strategy to improve methanization of
LCFA-rich wastewater at 20◦C, as previously demonstrated at 35–
37◦C for oleate treatment (Cavaleiro et al., 2009; Ziels et al., 2017).
Tawfik et al. (2008) prevented sludge washout by maintaining
a regular sludge discharge (20% of total influent COD) at a
LCFA loading rate of 0.75 gCOD-LCFA/L·day (specific LCFA
loading rate 95.4 mgCOD-LCFA/gVS·day) while treating dairy
wastewater in a UASB reactor at 20◦C, though such daily sludge
disposal means a loss of the energy-rich organic fraction from the
reactor. In comparison, the non-requirement of sludge disposal
from the DSC-FF reactors resulted in an efficient containment
of the energy-rich LCFAs, which were subsequently converted
to methane in the reactors. Overall, the process performance
of the DSC-FF reactors during the 150-day trials demonstrates
the suitability of this reactor design for the methanization of
LCFA-rich dairy wastewater at discharge temperature.

The DSC-FF reactor design facilitated a high contact between
the sludge and substrate, and yet prevented suction of the
floating granules by the recycle pump (Figure 1), which
sometimes is the reason for process failure in laboratory scale
studies due to increased sludge washout (Yoda and Nishimura,
1997). The upflow velocity of 2 m/h was high enough to
effectuate the separation of gas bubbles from the surface of

anaerobic granules, thus preventing an incidental lifting of
the sludge bed. The anaerobic flotation compartment in the
DSC could accommodate the flotation of LCFA-encapsulated
granules, although minimal flotation (<10%) was observed
even at the LCFA loading rate of 1333 mgCOD-LCFA/L·day
(specific LCFA loading rate of 240 mgCOD-LCFA/gVS·day).
Indeed, sludge flotation has previously been reported at lower
LCFA loading rate of 86–203 mgCOD-LCFA/gVS·day (Hwu
et al., 1998b) or 80 mgCOD-FOG/gTS·day (Macarie et al.,
2018), wherein flotation of the entire sludge bed resulted in
reactor failure. The anaerobic flotation compartment enabled the
slow degradation of LCFA from the floating LCFA-encapsulated
granules, followed by settling of the granules to the sludge
bed. This dynamic behavior allowed for an increased microbial
activity in the DSC, while ensuring continuous treatment of
the LCFA-rich wastewater at low ambient temperature, and
distinguishes the reactor design from the well-known reactor
configurations, viz., UASB, EGSB, AFR, and anaerobic filter. Due
to the anaerobic treatment achieved in the DSC (by tCOD and
LCFA removal), the FF received wastewater with relatively low
concentrations of particulate matter and LCFA. Consequently,
the potential challenges associated with high lipid concentrations,
such as biofilm-thinning or filter clogging, previously observed
in anaerobic filters treating oleate (Alves et al., 2001) were
prevented in this study. However, the application of LCFA
loading rates higher than 1333 mgCOD-LCFA/L·day in the
DSC-FF reactors needs to be further evaluated at low or
psychrophilic temperatures.

Anaerobic Degradation of Saturated and
Unsaturated LCFAs at 20◦C
The DSC-FF reactors consistently removed the saturated and
unsaturated LCFAs in SDW to concentrations below 50 mg/L
in the effluent, at HRTs as short as 18 h. The saturated
LCFAs, palmitate and stearate, were partially removed at 12 h.
During treatment of wastewaters with high lipid loads, LCFA
accumulation constituting of palmitate or stearate has often
been encountered in various reactor types (Pereira et al.,
2005; Cavaleiro et al., 2009; Dereli et al., 2015; Ziels et al.,
2015, 2017; Duarte et al., 2018) due to the fast conversion
of unsaturated LCFAs (linoleate and oleate) to palmitate
(Cavaleiro et al., 2016).

The degradation of LCFA proceeds sequentially, with an
initial sorption to the cell surface, followed by the activation of
saturated and unsaturated LCFAs, facilitating their transport into
the cytosol of bacteria. The unsaturated LCFAs are hydrogenated
to their saturated counterpart, and are subsequently degraded by
β-oxidation (Sousa et al., 2009). Subsequently, during each cycle
of β-oxidation, the LCFAs are shortened by two carbons in chain
length, producing one fatty acid molecule with smaller chain
length and one acetate molecule, wherein the LCFA degradation
to lower molecular weight Cn−2 fatty acid proceeds cyclically
up until the production of an equivalent number of acetate or
propionate molecules from the LCFA is achieved (Alves et al.,
2009). The change in Gibb’s free energy for the hydrogenation
reactions are favorable at 20◦C, whereas the β-oxidation reactions
are not (Table 3). At HRTs of 18–72 h, both hydrogenation and
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β-oxidation reactions proceeded in the DSC and FF, resulting in
complete removal of the unsaturated LCFAs and high removal
of the saturated LCFAs (Table 3). In comparison, at 12 h HRT,
the complete removal of the unsaturated LCFAs, oleate and
linoleate, proceeded due to the increased energetic favorability
of the hydrogenation reactions at 20◦C than at mesophilic
conditions. However, the saturated LCFAs, palmitate and stearate
were only removed partially at 12 h HRT, presumably due to
the limitations in LCFA uptake at the higher LCFA loading
rate (1333 mgCOD-LCFA/L·day). Further studies evaluating
the uptake and degradation of individual LCFAs, saturated as
well as unsaturated, are needed at temperatures below 20◦C
to comprehend the temperature dependence of mechanisms
involved in the methanization of LCFAs.

CONCLUSION

This study evaluated the anaerobic treatment of mixed LCFA-
containing dairy wastewater at low temperature (20◦C) by
using a novel DSC-FF reactor design. High sCOD removal
efficiencies (85–89%) and methane production (360 ± 30 ml-
CH4/gCODadded) were achieved with mixed LCFA-containing
dairy wastewater at 20◦C up to an OLR of 4 gCOD/L·day
(LCFA loading rate 1333 mgCOD-LCFA/L·day, HRT 12 h).
The complete removal of the unsaturated LCFAs (oleate and
linoleate) was achieved due to the thermodynamic feasibility of
hydrogenation of these LCFAs at 20◦C, whereas the saturated
LCFAs (palmitate and stearate) were removed partially due to
the thermodynamic limitations in the β-oxidation of palmitate
and stearate at 20◦C. Rapid sludge granulation from an inoculum
mixture of granular and flocculent sludges in DSC, and the
formation of biofilm in FF were achieved during the treatment
of mixed-LCFA wastewater even with high LCFA concentration
(33% COD basis) and LCFA loading rates of 220–1333 mgCOD-
LCFA/·day to allow successful treatment of LCFA-containing
wastewater at 20◦C. The results from this study demonstrate
that the high-rate treatment of LCFA-containing industrial
wastewater is feasible at discharge temperature due to sludge
retention by granulation, flotation, and biofilm formation in the
novel DSC-FF reactor configuration.
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