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Abstract Anaerobic digestion is a possibility for post-
hydrothermal liquefaction wastewater (PHWW) treat-
ment because this wastewater is rich in nutrients and
organic compounds. However, the PHWW presents
many toxic compounds. A strategy for the anaerobic
treatment of toxic compounds is using biomass adhered
to inert supports forming biofilms, which can offer more
resistance to the microorganism and protection from
such compounds. The continuous treatment of PHWW
is the essential key to obtaining a sustainable hydrother-
mal liquefaction process. In this work, the use of
immobilized biomass was evaluated for the anaerobic
degradation of PHWW from Spirulina in batch assays
and continuous treatment. Higher methane production
potential and volatile fatty acid mass balance showed
the advantages of using biomass immobilized in poly-
urethane foam. Continuous treatment in a horizontal-
flow anaerobic immobilized biomass (HAIB) reactor
reached chemical organic demand (COD) removal effi-
ciencies of 67% and 58% for volumetric organic load
rates of 0.8 and 1.6 g COD.L−1.d−1, respectively. After
200 days of continuous treatment, Anaerobaculum and
Coprothermobacter, fermentative proteolytic genera of
bacteria with potential for hydrogen production, were
favored.
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1 Introduction

Bio-crude oil can be produced by converting organic
materials through a hydrothermal liquefaction (HTL)
process. Through HTL, the wet feedstock is subjected
to high temperatures and pressures to be converted into
bio-crude oil, which can be used as biofuel after the
refining process. The conversion simulates the natural
geological processes that produce our current fossil fuel
reserves (Toor et al. 2011; Roberts et al. 2013; Chen
et al. 2014). The possibility of using wet raw materials
as feedstock is one of the main advantages of this
process compared to other thermochemical processes
such as gasification and pyrolysis (Behrendt et al.
2008; Chen et al. 2015; Jena and Das 2011). In the
hydrothermal liquefaction, the drying step known to be
energy-consuming is not needed (Costa and de Moraes
2011). In addition, the lipid content of the feedstock is
not a restriction for bio-crude oil production by HTL,
making fast-growing low-lipid content algae and
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cyanobacteria suitable feedstock for producing bio-
crude oil via HTL processes (Tian et al. 2014).

One critical challenge of the HTL process is its
problematic liquid by product (referred to here as post-
hydrothermal liquefaction wastewater, PHWW) which
is formed in large amounts, with high concentrations of
organic matter and toxic compounds. Due to such char-
acteristics, the treatment and reuse of this effluent are
essential to obtain an economically viable HTL process.
According to Elliott et al. (2015), the treatment of
PHWW is the key to obtaining sustainable production
of renewable fuel through HTL.

Anaerobic biodegradation has been evaluated for
treating PHWW from different feedstocks: mixtures of
algae (Tommaso et al. 2015), swine manure (Zhou et al.
2015), Spirulina (Bueno et al. 2020; Quispe-Arpasi
et al. 2018; Zheng et al. 2017), food waste (Posmanik
et al. 2017), and cornstalk (Si et al. 2018). Those studies
verified the possibility of methane production; however,
they also observed high toxic potential to the anaerobic
consortium. Phenols, N-heterocyclic compounds, and
furans were considered the main potential inhibitors in
the PHWW from Spirulina (Quispe-Arpasi et al. 2018;
Gai et al. 2015). In a previous study, Bueno et al. (2020)
verified the complete inhibition of methane production
in anaerobic batch tests using granular sludge degrading
PHWW from Spirulina at initial concentrations higher
than 11 g COD.L−1.

Results regarding continuous PHWW treatment are
still scarce in the literature. Fernandez et al. (2018)
evaluated semi-continuous anaerobic digestion to de-
grade the organic fraction of wastewater streams from
HTL of microalgae (Tetraselmis and Chlorella) and
clarified manure as a co-substrate. Si et al. (2018) re-
ported continuous anaerobic digestion of PHWW of
cornstalk via an up-flow anaerobic sludge bed reactor
(UASB) and packed bed reactor (PBR). Yang et al.
(2020) operated an anaerobic biofilm reactor, packed
with granular activated carbon and polyethylene rings
for treating PHWW of swine manure. Reactors with
immobilized sludge offer several advantages over reac-
tors with suspended cells, such as the capacity of
biodegrading different organic substrates simultaneous-
ly and promoting the stability of microorganisms that
would not survive in suspended systems (Langer et al.
2014; Girijan and Kumar 2019). Biofilms usually pro-
vide microorganisms greater protection to toxic compo-
nents due to their complex structure, thus providing
more tolerance to high concentrations of pollutants

(Cohen 2001; Mah and O’Toole 2001). Also, the high
cell density facilitates the exchange of metabolites, im-
proving cell viability for the biodegradation of pollut-
ants (Langer et al. 2014; Girijan and Kumar 2019).

There are several possible support materials for bio-
film formation, and the roughness, porosity, and pore
size affect the microbial colonization rate of the support.
Polyurethanes have interesting characteristics, such as
density, high internal porosity, stability to hydrolysis,
and non-biodegradability (Pascik 1990). Zheng et al.
(2017) observed satisfactory results using immobilized
sludge in polyurethane foams treating PHWWof hydro-
thermal liquefaction from Spirulina compared to gran-
ular biomass.

Several reactor configurations with immobilized
sludge can be used in biological wastewater treatment
systems (Girijan and Kumar 2019). Studies have point-
ed to the horizontal-flow anaerobic immobilized bio-
mass (HAIB) reactor as an excellent option for treating
wastewater containing toxic compounds (Cattony et al.
2005; Damianovic et al. 2009; Oliveira et al. 2019). The
HAIB reactor was efficiently applied to treat water
containing BTEX (Gusmão et al. 2007; Ribeiro et al.
2013) and gasoline (de Nardi et al. 2005). Aromatic
compounds such as benzene, toluene, ethylbenzene,
and xylenes, collectively known as BTEX, are contami-
nants present in petroleum products (Pruden et al. 2003)
and can also be found in PHWW of hydrothermal lique-
faction (Chen et al. 2014; Pham et al. 2013). For those
reasons, this research aimed to evaluate the use of poly-
urethane foam matrices as immobilization support for
biomass growth in PHWW generated for HTL conver-
sion of Spirulina, as well as continuous anaerobic treat-
ment in a HAIB reactor. 16S rDNA sequencing analysis
was used to increase the understanding of the data ob-
tained during the continuous treatment and to identify
essential microorganisms involved in the studied process.

2 Materials and Methods

2.1 PHWW Generation and Characteristics

The PHWW used was generated following instructions
in Vardon et al. (2011) and Tang et al. (2016). The HTL
process was carried out at 260°C for 60 min in a 7-L
stainless steel reactor equipped with graphite gasket and
magnetic stirring (Parr-4575 A), operated in batch
mode. The reactor was fed with 900 g of Spirulina
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powder in addition to 4.5 L of distilled water, resulting
in an initial solid content of 20% (w/w). Before the
reaction, the reactor was subjected to a nitrogen atmo-
sphere and 1200 psi of pressure. The PHWW was vac-
uum filtered with 0.45-μm pore membrane. The
physical-chemical characteristics are presented in Ta-
ble 1. The organic compounds measured corresponded
to 12 g. L−1 of organic matter expressed in chemical
oxygen demand (COD), which corresponded only to
10% of the total measured COD in the PHWW accord-
ing to Table 1.

2.2 Inoculum

The inoculum used in anaerobic biodegradability tests
and in the continuous reactor was composed of three
anaerobic sludge: S1, S2, and S3. S1 was a granular
sludge obtained from a UASB reactor treating corn pro-
cessing wastewater (Ingredion Brasil–Ingredients Indus-
trials Ltda, Mogi Mirim, SP), S2 was a granular sludge
obtained from a UASB reactor treating poultry slaughter-
house wastewater (Dacar, Ltda, MogiMirim, SP), and S3
was a flocculent sludge obtained from a UASB reactor
treating domestic sewage (ETE-Laranja Azeda,
Pirassununga, SP). The mixture was made at a rate of
2:2:1 in terms of volume for S1, S2, and S3, respectively.
The composed sludge was enriched in a sequential batch
reactor fed with a solution of acetic, propionic, and
valeric acids and methanol, according to Bueno et al.
(2020). Specific methanogenic activity (SMA) assays
was carried out according to Aquino et al. (2007) with a
proportion of 0.25 g COD/gTVS by using a mixture of
volatile fat acids (VFA) that consisted of acetate (C2),
propionate (C3), and butyrate (C4). The COD resulted
from the mix of VFAs had a proportion of 24.3:34.4:41.3
for C2, C3, and C4, respectively. Nutrients supplementa-
tion was performed according to Zehnder et al. (1980).
The sludge, which had 66.42 g. L−1 of total volatile solid,
presented a specific methanogenic activity of 0.15 g CH4-
COD.(gTVS.d) −1. This value is considered adequate
according to Angelidaki et al. (2009), whose preconize
minimum values of SMA of 0.1 g CH4-COD.(gTVS.d)
−1 and 0.3 g CH4-COD.(gTVS.d) −1 for sludge and
granular sludge, respectively.

2.3 Anaerobic Biodegradability Tests

This essay aimed to evaluate the degradation of PHWW
from conversion of Spirulina using immobilized sludge

compared to suspended sludge in terms of organic mat-
ter removal, methane production, and intermediate me-
tabolites production. For that, two sets of fifteen bottles
(120 mL) were incubated, one set containing suspended
sludge and the other containing immobilized sludge.
Polyurethane matrices were used as support for the
biomass immobilized according to Zaiat et al. (1996).
The polyurethane matrices had 0.5 cm of sides and
density of 23 Kg.m−3. The initial organic matter con-
centration expressed in COD was based on Bueno et al.
(2020) and set at 10 g.L−1. Due to the sludge immobi-
lization and volume occupied by polyurethane matrices,
the concentration of solids could not be the same for
both tested conditions. Therefore, the ratio between

Table 1 PHWW physical-chemical characteristics

Physicochemical parameters Concentration

COD 120± 5 g.L−1

Total alkalinity 25 g CaCO3.L
−1

HCO3 alkalinity 20 g CaCO3.L
−1

Total volatile acids 7 g CH3COOH.L
−1

pH 7.9

Total phenolic compounds 4.85 ±0.053 g GAE*.L−1

Total nitrogen 14.8 ± 1.2 g.L−1

Ammonia nitrogen 7.8 ± 0.3 g.L−1

Total phosphorus 0.33 ± 0.01 g.L−1

Total solids (TS) 69 ± 0.45 g.L−1

Total volatile solids (TVS) 52.2 ± 0.5 g.L−1

Total fixed solids (TFS) 16.9 ± 0.25 g.L−1

Conductivity 35.7 mS.cm−1

Organic compounds Concentration (g.L−1)

Cyclohexanol 0.35

Cyclohexanone 0.56

Acetic acid 4.04

Propionic acid 0.61

Isobutyric acid 0.11

Butyric acid 0.23

Isovaleric acid 0.36

Valeric acid 0.15

Aniline 0.13

Isocaproic 0.10

Caproic 0.11

Phenol 0.09

p-cresol 0.03

Benzoate 0.59

*GAE gallic acid equivalents
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organic matter concentration and total volatile solids
was kept constant at 0.4 g COD. g TVS−1 by adding
0.5 g of COD and 1.33 g of TVS in the flasks with
suspended sludge and 0.4 g of COD and 1 g of TVS in
the flasks with immobilized biomass. Basal medium
containing macro- and micronutrients was provided ac-
cording to Angelidaki et al. (2009), and the pH was
corrected to 7.5 using 10% HCl solution. Three flasks
of each set were opened weekly, and their liquid phases
were analyzed, for the quantification of VFA and COD.
Three negative control bottles (without PHWW) were
also incubated for both conditions. The test lasted 35
days (840 h) and was interrupted when net accumulated
methane production tended to stabilize.

The Gompertz model (Eq. 1) was adjusted to the
values of the net methane production obtained
discounting the control production corresponding to the
endogenous methane production. From this adjustment,
it was possible to estimate the maximum methanogenic
production rate (k) and the duration of the latency phase
(λ) of the processes. The model was adjusted using the
Levemberg-Marquardt method (Microsoft Origin 9.0).
All the parameters estimated in this study are apparent
since they were obtained under the influence of mass
transfer resistances. The values obtained for k were di-
vided by the volatile suspended solids (VSS) provided in
each assay to obtain the maximum specific methanogen-
ic production rate expressed in NmLCH4.g

−1VSS.h−1.

PCH4 tð Þ ¼ PCH4exp −exp
k:e
PCH4

λ−tð Þ þ 1

� �� �
; ð1Þ

2.4 Continuous Anaerobic Treatment

To study the continuous anaerobic treatment of PHWW,
a bench-scale HAIB reactor was used. The experiment
was divided into four phases: I, II, II, and IV, differen-
tiated by the applied organic loading rates (OLR). The
applied OLRs were 0.8, 1.6, 3.2, and 0.8 gCOD.L−1d−1

in phases I, II, III, and IV, respectively. The HAIB
reactor was built in glass with a length of 100 cm and
an internal diameter of 5 cm, resulting in a ratio of length
to diameter (L/D) of 20 and a total volume of 2 L.
Polyurethane foam cubes with 0.5 cm of sides were
used as support material. For sludge immobilization,
17 g of polyurethane foams were used, resulting in
2.7 g TVS. (g foam) −1. After introducing the inoculated
matrices in the reactor, its porosity was estimated by

40% through liquid volume direct measure. The reactor
was equipped with four equidistant sampling ports
along its length and a gas collector at its surface. It
was kept in a thermostatic chamber with a temperature
of 37°C ± 2°C. The substrate reservoir was maintained
at a temperature below 4°C to minimize biochemical
reactions. Before entering the reactor, the substrate was
heated to 37°C using a water bath. The HRT chosen was
24 h, based on OLRs used by Tommaso et al. (2013).

2.5 Analytical Methods

2.5.1 PHWW Characterization

Chemical oxygen demand (COD), Kjeldahl nitrogen
(total and ammoniacal), concentration solids (gravimet-
ric method), and phosphorus (spectrophotometric meth-
od) were performed all according to the Standard
Methods for the Examination of Water and Wastewater
(APHA 2017). The pH value was measured with a
calibrated potentiometer. Bicarbonate alkalinity and
total volatile acid content were determined according
to Ripley et al. (1986) and DiLallo and Albertson
(1961), respectively. The content of total phenolic com-
pounds was analyzed using Folin-Ciocalteu reagent and
was expressed in terms of gallic acid equivalents (GAE)
(Singleton et al. 1999). The PHWW obtained was also
analyzed in terms of important target organic com-
pounds (Table 1) by gas chromatography (GC) (Agilent
Tech 7890A, USA) equipped with a flame ionization
detector (FID) and a capillary HP-FFAP column size of
25 m × 0.32 mm × 0.50 μm (Agilent 19091F-112,
USA). The GC temperatures were maintained at
225°C for the detector and 240°C for the injector. The
FID was used with helium as the carrier gas (pressure =
11 psi, flow rate = 2.45 mL min−1). For the sample
preparation, 750 μL of the sample was transferred to a
1.5 mL vial, and 750 μL of pentanol was added for
dilution and acted as an internal standard; also, 10 μL of
formic acid (98%) was added for acidification.

2.5.2 Batch and Continuous Treatment

Both batch tests and continuous treatment were evalu-
ated using the following analyses: COD, solids, alkalin-
ity (total, partial, and intermediate) concentration of
volatile acids, and biogas methane content. COD and
solid analyses were performed based on methods 5220
and 2540, respectively, from Standard Methods for the
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Examination of Water and Wastewater (APHA 2017).
The VFA concentrations were determined according to
the methodology described by Adorno et al. (2014) on a
gas chromatograph equiped (2014, Shimadzu, Japan)
with a flame ionization detector and a 30-m HP
INNOWAX column with 0.25 mm (inner diameter)
and 0.25 μm (film thickness) columns. Alkalinity anal-
yses were performed according to Ripley et al. (1986).
The content of TVS of the polyurethane matrices was
measured according to Tommaso et al. (2013). Accord-
ing to the procedure, five polyurethane matrices were
placed in a sealed glass flask (50 mL) with 5.0 mL of
phosphate-buffered saline and 2.5 g of glass beads. The
flask was agitated manually for 20min. The liquid
containing biomass was separated, and the matrices
were washed nine more times with the same volume
of buffer solution, which was also collected. The
resultant liquid phase was then analyzed according to
APHA (2017) for obtaining the total volatile solids.

Biogas production obtained in the batch tests was
quantified by a pressure transducer (model Data Logger
GN200) with detection limit 15 psi. Biogas was collect-
ed when the pressure in the flask reached a maximum of
10 psi. After each biogas collection, the pressure in the
reactor flasks was relieved. The CH4 biogas content was
measured by a gas chromatograph equipped with a
thermal conductivity detector (2014, Shimadzu, Japan)
and a 30-m Carboxen 1010 PLOT column with an inner
diameter of 0.53 mm. Helium gas was used as the gas
carrier, with a flow rate of 10 mL/min. The injector was
kept at 100°C. The columnwas initially held at 40°C for
3 min and increased at a rate of 60°C/min to a final
temperature of 150°C and held for 1 min. A standard
containing CH4 and CO2 (50.032: 49.968) was injected
periodically to obtain the conversion factor between the
area of the peaks and the mass of methane in the
samples.

The CH4 production obtained in the continuous treat-
ment was measured by liquid displacement using a 5%
NaOH solution. Thymol Blue was used as an indicator.
The yields were calculated taking into account the CH4

volume produced per gram of COD provided. The COD
balance was calculated according to the daily methane
produced and the daily removed COD. The effluent
COD was added to the COD from methane produced
and divided by the value of the influent COD. Through
this calculation, it was possible to estimate the percent-
age of the supplied COD that has not been converted to
methane.

2.6 Analysis of the Microbial Community

The inoculum and the sludge collected from the HAIB
reactor were submitted to molecular biology analyses to
analyze the microbial community. When coming from
the HAIB reactor, the samples of polyurethane matrices
with biomass were collected in the first sampling port,
(L/D =2). The biomass was detached from the polyure-
thane matrices according to Tommaso et al. (2013). The
biological samples were submitted to 16S rDNA se-
quencing for the taxonomic characterization of the mi-
crobial communities. The sludge samples were washed
using TAE solution (20 mM tris-acetate (pH 7.4),
10 mM acetate, 0.5 mM Na2EDTA), and the DNA
extraction was performed according to Griffiths et al.
(2000) modified by the addition of glass beads. An
illustra GFX PCR DNA and Gel Band Purification
(GE Healthcare) kit was used to purify the sample.
The DNA purity and quantification were evaluated
using NanoDrop and agarose gel electrophoresis. 16S
rDNA sequencing was performed at Genome dx (Rio de
Janeiro, RJ, Brazil) using the Illumina high-throughput
sequencer with paired-end sequencing methodology,
according to the Illumina manufacturer’s guidelines.
The software FLASH (Magoč and Salzberg 2011),
QIIME (version 1.7.0) (Caporaso et al. 2010), and
UCHIME algorithm (Edgar et al. 2011) were used for
merging paired-end reads to obtain high-quality clean
tags and identify and remove chimera sequences, re-
spectively. For operational taxonomic units (OTUs),
sequences with similarity higher than or equal to 97%
were assigned using UPARSE software (Edgar 2013),
while taxonomic classification was performed using the
Green Gene Database based on RDP (Wang et al. 2007).
Richness (Chao-1) diversity (Shannon) and Good’s cov-
erage indexes were determined with QIIME (Version
1.7.0), and the graphs were generated with R software
(Version 2.15.3). The sequencing reads were deposited
at the Sequence Read Archive (SRA) database
(http://www.ncbi.nlm.nih.gov/sra) under the project
PRJNA 639546 for the inoculum and PRJNA 639527
for the reactor sample.

2.7 Statistics

The Student’s t-test was applied at the 95% confidence
level using Minitab (Version 18, Minitab, Inc., PA,
USA) to evaluate the values of methanogenic produc-
tion and kinetic parameters obtained in batch tests. The
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organic matter removal efficiency values throughout the
operation phases of the HAIB reactor were also subject-
ed to the test.

3 Results and Discussion

3.1 Anaerobic Biodegradability Assay for Biomass
Evaluation

The net accumulated methane production obtained from
the PHWW anaerobic degradation using immobilized
and granular sludge is presented in Fig. 1a. A production
of 177±12 NmL of CH4 was observed using
immobilized sludge, which was 68.6% superior to that
obtained by granular sludge, 105±8 NmL. Similar re-
sults were observed by Zheng et al. (2017) using lower
initial COD concentrations. According to the authors,
besides to being a support material, the polyurethane
foam could temporarily store nutrients and toxic com-
pounds and then slowly release them to the microbes,
contributing to higher methane production. In addition,
immobilized microorganisms can degrade different or-
ganic substrates simultaneously and have more resis-
tance to toxic compounds than free cells (Girijan and
Kumar 2019; Langer et al. 2014).

Net CH4 production was fit to a modified Gompertz
model to estimate λ and k. The Student’s t-test con-
firmed that the difference between the CH4 production
of these two assays (granular and immobilized biomass)
was statistically significant (p < 0.05). Although the λ
predicted by the modified Gompertz model was lower
using immobilized sludge (154 ± 38 h) than using
granular sludge (228 ± 9 h), according to Student’s t-
test, the difference between both assays λ was not sta-
tistically significant (p > 0.05). Regarding the specific
maximum methane production rate, the immobilized
sludge presented 1.02 ± 0.2 NmL CH4. (g VSS.h)−1,
which was more than double the value obtained for
granular sludge, 0.48 ± 0.1 NmL CH4. (g VSS.h)−1.
According to the Student’s t-test, that difference λ was
statistically significant (p > 0.05).

When immobilized sludge was used, the maximum
COD removal was observed at 504 h (54.16±3.41 %),
followed by an increase in organic matter concentration
in the liquid medium. When granular sludge was used,
the maximum COD removal occurred at 672 h (39.64
±1.53 %). Then an increase in the concentration of
organic matter in the liquid medium was observed.

Consequently, the maximum organic matter removal
rate was observed at 504 h using immobilized sludge
(0.03±0.0075 g COD.L−1. d−1) and at 672 h using
granular sludge (0.022±0.01 g COD.L−1. d−1).

The increase in COD concentration after 500 h of
testing using immobilized sludge and after 672 h using
granular sludge could be attributed to compounds that
were initially resistant to oxidation by dichromate, the
COD detection method used, but later degraded, such as
some nitrogenous aromatic compounds including pyri-
dine (Vogel et al. 2000). Numerous N-containing com-
pounds were previously observed in PHWW from
microalgae (Zhou et al. 2015). According to Tommaso
et al. (2015), N-heterocyclic compounds corresponded
to approximately 30–40% of the compounds present in
PHWW from microalgae. Quispe-Arpasi et al. (2018)
also identified N-heterocyclic compounds in PHWW
from Spirulina. In the present study, the COD of these
compounds may not have been detectable until after
being cleaved into smaller compounds by specific
microorganisms.

Similar behavior was also observed for VFA concen-
trations obtained over time (Fig. 1b). Using granular
biomass, concentrations of acetic and valeric acids in-
creased over time, while butyric and propionic acids
showed a non-defined trend but at lower concentrations.
After 672 h, levels of butyric and propionic acids were
significantly reduced, while very high production of
acet ic and valer ic acid was observed. The
accumulation of valeric acid was verified by Zheng
et al. (2017) in the anaerobic digestion of PHWW from
microalgae, indicating that this acid’s conversion may
be a rate-limiting step. According to Pind et al. (2003),
the accumulation of valeric acid indicates inhibition
because, in the acetogenesis stage, it can be degraded
into propionic acid and then into acetic acid by methan-
ogenic microorganisms. Indeed, lower propionic acid
concentrations were observed when valeric acid accu-
mulation started. Acetic acid accumulation indicated
that methanogenesis did not occur properly. On the
other hand, when immobilized sludge was used, all
compounds appeared in lower concentrations, almost
half of the concentration observed in the test with gran-
ular sludge. The reduction of each compound was ob-
served up to 504 h, at which point accumulation of
acetic acid was observed.

Late VFA production probably occurred due to the
breakdown of the previously discussed N-heterocyclic
compounds, which, in addition to the increase in the
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COD concentration, caused destabilization in the
acetogenesis step, VFA accumulation, and inhibition
of methanogenesis. However, the use of immobilized
sludge was clearly more appropriate than granular
sludge for PHWW anaerobic biodegradation. Accord-
ing to Wang et al. (2020), the biofilm structure formed
in the material support, in this case, the polyurethane
foam, allows the microbial cells to optimally use all
nutrients in the liquid phase, providing faster substrate
transport. Additionally, the biofilms’ cellular structure
gives microorganisms more effective resistance mecha-
nisms to adverse situations, becoming more tolerant of
changing environmental conditions and less vulnerable
to toxic substances (Girijan and Kumar 2019; Żur et al.
2020). Inhibition of acetogenesis was not verified when
immobilized sludgewas used, since there was little to no
valeric acid accumulation observed. Additionally, a
lower concentration of accumulated acetic acid was
observed using immobilized sludge, inferring that acid’s
consumption occurred.

3.2 PHWW Continuous Treatment

The HAIB reactor using immobilized sludge was oper-
ated for approximately 200 days. COD, alkalinity, and
acidity analyses were performed weekly. Figure 2 a
presents the COD removal efficiencies obtained during
the HAIB operation at each phase over time. The dis-
persion degree, data obliquity, and outliers are indicated
by the spaces between the different parts of the box. The

variability outside the upper and lower quartiles is indi-
cated by the whisker extending horizontally from the
box. The outliers are plotted as individual points, as seen
in phase II. It is possible to notice the variation of COD
removal at phases I and III. In contrast, phase II had
more stability, presenting less variability and higher
COD removal efficiencies.

As stability was not observed in phase III, the OLR
was reduced to the same value used in phase I as an
attempt to recover the previously obtained efficiencies.
The reactor was operated for an additional 40 days
(phase IV); therefore, the COD removal efficiencies
increased compared to phase III. The process stability
and the COD removal efficiency previously obtained at
phase I were not achieved during the last monitoring
period, probably due to the intoxication of part of the
microbial consortium by the organic load rate applied at
phase III. Indeed, 2.7 g TVS.g foam −1 was provided in
the inoculation process, and, at the end of the operation,
1.5 g TVS. g foam −1 were observed, indicating loss of
biomass, which corroborates the hypothesis ofmicrobial
intoxication due to the applied organic load in phase III.

The Student’s t-test was used to analyze the COD
removal values obtained in phases I, II, and III. In
general, COD removal efficiencies decreased when the
organic load rate was increased. The average COD
removal efficiency in phase I was 66.8% (varying from
64 to 69.6%). Additionally, Student’s t-test showed
(with 95% reliability) that COD removal was above
60%. In phase II, the COD removal average was
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58.16% (varying from 53 to 63.3%). The Student’s t-test
also showed (with 95% reliability) that COD removal
was above 50%. In phase III, in which a higher organic
load rate was applied, the average COD removal effi-
ciency was 36.8% (varying from 32.6 to 40.9%). In this
phase, the Student’s t-test showed (with 95% reliability)
that COD removal was above 30%. In phase IV, the
dynamic equilibrium state was not achieved; thus, sta-
tistical analysis could not be applied.

The HAIB reactor has been successfully used in the
removal of recalcitrant compounds. Oliveira et al.
(2019) used the HAIB reactor to evaluate sulfametha-
zine (sulfonamide) anaerobic biodegradability and
reached COD removal efficiencies between 90 and
95%, using OLR of 1.0 g COD.L−1.d−1. Ribeiro et al.
2013 obtained an average COD removal of 86% by
treating BTEX with ethanol as a co-substrate in a HAIB
reactor. Damianovic et al. (2009) obtained COD remov-
al efficiencies of up to 98% using HAIB reactors treating
pentachlorophenol (PCP). According to the authors, the
high COD removal efficiencies could be explained by
the maintenance of high methanogenic activity inside
the reactor and the predominance of microorganisms
capable of converting organic compounds to acetate.

The lower COD removal efficiencies (approximately
60%) obtained in the present study may be related to the
fact that the PHWW used was derived from Spirulina.
In addition, presenting a relatively high organic nitrogen
content, this effluent contains several potentially toxic N

and O-heterocyclic compounds, as discussed in the
“Anaerobic Biodegradability Assay for Biomass Evalu-
ation” section. Pham et al. (2013) identified several of
such compounds and demonstrated that they conferred
high toxicity. Besides, a synergistic cytotoxicity effect
among most of these compounds was observed. Thus,
their mixture found in PHWW from Spirulina presented
more toxicity than single compounds, as treated by
Damianovic et al. (2009) and Oliveira et al. (2019).

Furthermore, the PHWW used in this work was
produced at 260°C, and according to Tommaso et al.
(2015), the characteristics of PHWW are directly related
to the variations of the conditions applied in the HTL
process. The authors evaluated the effects of HTL tem-
peratures (260–320° C) on the anaerobic degradability
of PHWW from microalgae and verified that PHWW
obtained at lower temperatures presented lower
anaerobic biodegradability. Gai et al. (2015) observed
that HTL using Chlorella pyrenoidosa as feedstock at
280 and 300°C had higher concentrations of organic
acids. However, at 260°C, higher concentrations of N
and O-heterocyclic cyclic compounds were found. The
compounds measured from the PHWW produced
(Table 1) correspond to 12 g COD. L−1, which repre-
sented only 10% of the total COD in the PHWW. This
implies that many other compounds are responsible for
the COD of PHWW, such as nitrogenous compounds
and other acids and phenolic compounds not detected by
the method used.
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PHWW derived from other lower nitrogen feedstock
produced lower total nitrogen PHWW and probably
presented different toxicity effects on anaerobic diges-
tion due to the absence of N and O-heterocyclic com-
pounds. In this way, Si et al. (2018) obtained a COD
removal efficiency of approximately 67%; however, the
feedstock used in the HTL process was cornstalk. The
results were obtained in an up-flow anaerobic sludge
bed reactor (UASB) and packed bed reactor (PBR)
under an organic loading rate of 8 g COD.L−1. d−1, after
an acclimatization period of 25 days using a synthetic
substrate with glucose as the carbon source. In the same
sense, Yang et al. (2020) obtained 80% of COD removal
treating PHWW of swine manure at a concentration of
10 g COD.L−1, using an anaerobic biofilm reactor under
a 1.7 d HRT.

Methane production was measured over the reactor
operating time by liquid displacement. Figure 2 b pre-
sents the methane yield obtained from phase I to the end
of phase III. In every phase change, which meant in-
creasing the OLR, an initial reduction in methane yield
was observed. Table 2 presents average daily methane
production and the results of COD balance. Although a
decrease in COD removal was verified with an increase
in organic load, methanogenic daily output increased.
This production, however, was not stable, and the meth-
ane yields were low. All the calculated COD balances
resulted in values smaller than 1, which means that part
of the removed COD was not converted into methane
gas. The missing COD could have been either initially
adsorbed or converted into other products besides meth-
ane. The COD balance results were increasing through-
out the phases, inferring that the COD adsorption hap-
pened at the beginning of the reactor operation. After
such a period, an equilibrium was established, and the
COD flow was dependent on the concentrations found
in the bulk liquid. According to Zhou et al. (2015), the
adsorption process generally requires minutes to days to
achieve equilibrium, depending on the adsorbent, which
is significantly faster than the net rates for anaerobic
digestion. Thus, in phase I, the polyurethane matrices
and the attached biofilm as well may have acted as a
sink for toxic compounds, helping microorganism sur-
vival or adaptation. Later on, in phases II and III, higher
conversion levels could be observed, corroborated by
the COD balance results. Another explanation for the
unaccounted-for COD could be that it was converted
into a product such as acids and H2. H2 was not moni-
tored in this experiment; however, the 16S rDNA

sequencing results (item 3.3) can support this assump-
tion. It is also important to consider that the method used
for methanemeasurement (basic solution displacement),
which provided a trap only for carbon dioxide, could
have also quantified the hydrogen production.

The alkalinity to bicarbonate was higher in the efflu-
ent compared to the influent throughout the experiment,
except at phase IV, in which the alkalinity value can be
assumed the same in the influent and effluent if the
standard deviation is considered. This analysis indicates
the system’s ability to neutralize acids, preventing pH
decrease due to an increased concentration of acids.
Thus, the alkalization capacity of the reactor is an indi-
cation that anaerobic digestion was occurring adequate-
ly. According to Ripley et al. (1986), the relationship
between intermediate alkalinity (IA), which is related to
volatile acids, and partial alkalinity (PA), which is the
alkalinity to bicarbonate, higher than 0.3 is indicative of
instability of the process. However, due to each efflu-
ent’s characteristics, some reactors may not show insta-
bility, even presenting IA/PA greater than 0.3 (Pereira
et al. 2009), as occurred in phases I and II. The IA/PA
was equal to or higher than 0.3, considering the standard
deviation, as shown in Table 3.

Samples along the HAIB reactor length were collect-
ed at the end of each phase for COD and VFA analysis.
The spatial variation of the filtered COD is presented in
Fig. 3a, and the spatial variation of VFA concentration
in terms of COD throughout the reactor during phase I
and phase II is shown in Fig. 3b. In phases III and IV,
the acid peaks obtained were below the calibration
curve; therefore, it was impossible to present these data.

Most of the organic matter was consumed in the first
part of the reactor length. It was also observed in previ-
ous studies using a HAIB reactor at similar organic
loading rates as in the present study (Damianovic
et al. 2009; Tommaso et al. 2013). Despite this, peaks
of acids were identified in the middle of the length. The
VFA profiles from phases I and II presented similar
behaviors. This behavior may be related to the late
detection of part of the COD, as was discussed earlier.
The maximum accumulated concentration of propionic
and valeric acids decreased by approximately half when
the OLR was increased. This difference in VFA con-
centrations in phases I and II can be explained by the
difference in the applied organic load. In phase II, the
organic load rate was higher; therefore, in addition to the
recalcitrant compounds, simple organic matter such as
carbohydrates and amino acids was also present in
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greater concentration than in phase I. This simple or-
ganic matter was present in concentrations enough to
support the process and obtain less accumulation of
acids. The acetic acid concentration, however, was prac-
tically the same under both conditions, indicating that
acetoclastic methanogenesis was impaired. Despite the
decrease in methanogens, it can be inferred that it still
occurred, even if slowly.

3.3 Microbial Profile

Biomass samples were collected from the foams at the
first sampling point of the HAIB (L/D = 2) at the end of
phase III, where the major part of the organic matter
removal was happening. The results obtained were com-
pared with the results obtained from the inoculum.
Sludge samples were also collected at the final operation
in phase IV; nevertheless, they did not have sufficient
DNA quality to be sequenced.

Through 16S rDNA sequencing of the inoculum and
the sludge from the reactor, 47360 and 42491 sequences
were obtained, which were grouped into 423 and 311
OTUs, respectively. High coverage was observed (99%)
for both samples. The average lengths of effective tags
were 403 and 406 for the inoculum and the reactor’s
sludge. The results indicated that after the HAIB oper-
ation treating PHWW from Spirulina, the sludge’s di-
versity and richness decreased. The diversity index
(Shannon) was higher for the inoculum (4.8) than for
the sample from the reactor (3.11). The same trend was

observed for the richness estimation (Chao-1); the inoc-
ulum presented a higher index (460.6) compared to that
observed for samples of the reactor’s sludge (376.7). In
addition, a remarkable change in the microbial commu-
nity occurred during the PHWW continuous treatment
in the HAIB reactor. While 54.3% of the inoculum
microorganisms were Archaea, and 45.7% were Bacte-
ria, after the continuous process, the sludge presented
90.8% of Bacteria and only 9.2% Archaea.

Methanosaetaceae was the most representative ar-
chaeal family in the inoculum, followed by
Methanosarcinaceae. The most representative bacterial
families found in the inoculum were Kosmotogaceae,
Porphyromonadaceae , Len t im icrob iaceae ,
Thermoplasmata les , Spirochae taceae , and
Syntrophaceae. After the continuous operation,
Synergistaceae and Thermodesulfobiaceae were the
most representative families in the reactor, followed by
Methano sae t a c ea e , Fe r v i dobac t e r i a c eae ,
Hydrogenophilaceae, Methanobacteriaceae, and
Thermoanaerobacteraceae.

The genera identified in the inoculum at relative
abundances higher than 1% were Methanosaeta
(43.21%), Methanomethylovorans (5.36%), Mesotoga
(2.49%), Macellibacteroides (2.21), Smithella (2.11%),
Lentimicrobium (1.99%), Methanomassiliicoccus
(1.74%), Syntrophobacter (1.59%), and Methanolinea
(1.43%) (Fig. 4). The most abundant bacterial genus
identified in the inoculum was acetogenic bacteria,
Mesotoga, with a potential role in the degradation of

Table 2 COD balance regarding the CH4 production and COD removal achieved in HAIB operation

Phase Influent COD Effluent COD Influent COD Effluent COD Experimental CH4 Experimental COD balance
(g.L−1.d−1) (g.L−1.d−1) (g) (g) (mL.d−1) CH4-gCOD

I 0.84 0.25 0.67 0.20 11.5 0.03 0.35

II 1.38 0.58 1.1 0.46 15.9 0.05 0.46

III 2.5 1.5 2.0 1.20 33.2 0.09 0.65

Table 3 Alkalinity and pH obtained in each operational condition

Phase Alkalinity to bicarbonate (mg CaCO3.L
−1) influent* Alkalinity to bicarbonate (mg CaCO3.L

−1) effluent* IA/PA*

I 97± 6 242± 17 0.5±0.1

II 259 ± 45 406± 55 0.39±0.11

III 460 ± 31.8 708±186 0.36±0.07

IV 138.98 ± 26.61 143.7 ± 18.82 0.3±0.05

*Average obtained at the system stability period or in the last 15 days of operation in that condition (case of phase IV).
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halogenated aromatic compounds (Ben Hania et al.
2011); fermentative bacteria, Macellibacteroides and
Lentimicrobium, which produce mainly acetate, hydro-
gen, and butyrate (Jabari et al. 2012; Zhang et al. 2019);
and syntrophic substrate-oxidizing bacteria, Smithella
and Syntrophobacter, which are related to the
syntrophic association with methanogenic archaea in
acid bioconversion into methane (Narihiro et al. 2018).

After the reactor operation, the genera identified in
the sludge with relative abundances higher than 1%
were Anaerobaculum (39.5%), Coprothermobacter
(31.2%), Methanosaeta (7.34%), Fervidobacterium
(3.9%), and Methanobacterium (1.64%) (Fig. 4). Al-
though fermentative bacteria were still favored, the
commun i t y p r e s en t ed a d i f f e r en t p ro f i l e .
Coprothermobacter and Anaerobaculum were the gen-
era with the highest relative abundance and are part of
the phylogenetic groups Firmicutes and Synergistetes,
respectively. They are described as proteolytic bacteria
or peptide fermenters (Menes and Muxí 2002; Rainey
and Stackebrandt 1993). Both genera were found in
microbial cultures enriched with LCFAs (Hatamoto
et al. 2007; Palatsi et al. 2011). Nevertheless, some
authors justify their presence by using protein sub-
strates, resulting from deteriorated cells (Sousa et al.
2009), which could have happened during phase III.

Anaerobaculum is reported in the literature as a mod-
erately thermophilic microorganism, organic acid fer-
menter, and great hydrogen producer (Ben Hania et al.
2016; Maune and Tanner 2012; Menes andMuxí 2002).

The reactor operation was kept at mesophilic tempera-
tures (37°C); however, this genus was also found in an
anaerobic lagoon treating wool-scouring wastewater
(Menes and Muxí 2002), which is typically kept at
environmental temperatures, and in anaerobic sludge
treating protein-rich wastewater 35°C. (Palatsi et al.
2011). Anaerobaculum was also identified in a methan-
ogenic packed-bed reactor treating protein solid waste
(Sasaki et al. 2007) and petroleum reservoirs (Gieg et al.
2010). Anaerobaculum is from the Synergistaceae fam-
ily. Si et al. (2018) found microorganisms from the
Synergistaceae family present in the sludge of reactors
(PBR and UASB) used for the continuous treatment of
PHWW from cornstalk. Interestingly, the highest per-
centage of microorganisms in this family were found in
the PBR, which used microorganisms immobilized in
polyurethane rings.

Coprothermobacter is described in the literature as
an anaerobic, proteolytic, and thermophilic bacterium
associated with hydrogen production (Etchebehere and
Muxí 2000; Gagliano et al. 2015; Kawagoshi et al.
2005; Tandishabo et al. 2012). Although it is a thermo-
philic microorganism, its growth range is 35 to 75°C,
and it has been isolated from amethanogenicmesophilic
reactor treating protein-rich wastewater (Etchebehere
et al. 1998; Ollivier et al. 1985; Palatsi et al. 2011).
Coprothermobacter was observed in nonconventional
anaerobic systems as in petroleum reservoirs (Nazina
et al. 2006), which have similar compounds also found
in PHWW. Tatara et al. (2008) found that biofilms are
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an important niche for Coprothermobacter; thus, the
HAIB reactor treating PHWW from Spirulina seems to
have provided conditions for Coprothermobacter
growth. The hydrogen production potential by
Anaerobaculum and Coprothermobacter could also ex-
plain the instability in the methane production and COD
balance values, which were found to be inferior to 1,
indicating that the methanogenic route was not the only
route used.

The inoculum used was methanogenic once
Methanosaeta was the predominant genus, followed
by Methanomethylovorans and Methanomassiliicoccus
archaea, methylotrophic methanogens that can directly
convert methanol into methane (Florencio et al. 1995).
In contrast, after the continuous operation, in the bio-
mass from the HAIB reactor, the fermenting microor-
ganisms were favored, reinforcing the assumption of
possible hydrogen production. The only methanogenic
archaea identified in relative abundance higher than 1%
wasMethanosaeta, but still in lower abundance (7.34%)
compared to the inoculum (43.25%). The archaea from
the Methanosaetaceae family were found in higher

abundance by Si et al. (2017) in continuous treatment
of PHWW from cornstalk in PBR and UASB reactors.
Differently, results obtained here indicate that the con-
ditions applied to the PHWW continuous treatment
using the HAIB reactor did not favor methanogenic
archaea’s growth, causing significant transformations
in the microbial population. Further studies considering
the production of hydrogen and volatile fat acids should
be carried out.

4 Conclusions

Batch tests have shown that the use of immobilized
biomass in polyurethane foams can be more appropriate
than granular biomass to degrade PHWW from Spiru-
lina. Higher methane production potential and less vol-
atile fatty acid accumulation were obtained using
immobilized biomass in polyurethane foam. The con-
tinuous treatment of PHWW of Spirulina in the HAIB
reactor achieved COD removal efficiencies of 67% and
58% for volumetric organic load rates of 0.8 and 1.6 g

Inoculum Reactor
0

5

30

35

40

45
)

%( ecnadnubA evitale
R 

 Methanomethylovorans
 Mesotoga
 Macellibacteroides
 Smithella
 Lentimicrobium
 Methanomassilicoccus
 Syntrophobacter
 Methanolinea
 Methanosaeta
 Anaerobaculum
 Coprothermobacter
 Fervidobacterium
 Geria
 Methanobacterium
 Thipidiphilus

Fig. 4 Comparison between the top genera with relative abundance higher than 1% in the inoculum and in the sludge after the HAIB reactor
operation treating PHWW from Spirulina

97 Page 12 of 16 Water Air Soil Pollut (2021) 232: 97



COD. L-1. d-1, respectively. However, the HAIB reactor
did not favor methanogenic archaeal development and
did not show stability in volumetric organic load rates
higher than 1.6 g COD. L−1. d−1. In the other hand, the
HAIB reactor treating PHWW from Spirulina showed
potential for hydrogen production once it favored the
growth of hydrogen producing microorganisms,
Anaerobaculum and Coprothermobacter. Since experi-
ments on the continuous treatment of effluent from the
hydrothermal liquefaction process are scarce in the lit-
erature, the study contributes to the anaerobic treatment
of algae HTL effluent, supporting future studies aiming
to implement this process for obtaining renewable and
alternative fuels. Future studies aiming at different op-
erational conditions or different reactor configurations
and different compounds as co-substrates must also be
carried out.
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