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A B S T R A C T

Microalgal-based wastewater treatment plants are conceived as low cost and low energy consuming systems.
The operation of these plants involves the management of primary sludge and microalgal biomass. The aim
of this study is to analyse the anaerobic co-digestion of both by-products in terms of biogas production and
contaminants of emerging concern removal. The co-digestion of microalgae and primary sludge (25/75% on
a volatile solids basis) was investigated in continuous reactors and compared to microalgae mono-digestion at
a hydraulic retention time of 20days. Results showed how the co-digestion enhanced the anaerobic digestion
of microalgal biomass, since primary sludge is a more readily biodegradable substrate, which increased the
methane production by 65% and reduced the risk of ammonia toxicity. Regarding the contaminants, musk fra-
grances (galaxolide and tonalide) and triclosan showed the highest abundance on primary sludge (0.5–25μg/
g TS), whereas caffeine, methyl dihydrojasmonate and triphenyl phosphate were barely detected in both sub-
strates (<0.1μg/g TS). The removal of these contaminants was compound-depending and ranged from no re-
moval to up to 90%. On the whole, microalgae mono-digestion resulted in a higher removal of selected cont-
aminants than the co-digestion with primary sludge.

© 2019.

1. Introduction

Microalgal-based wastewater treatment systems, such as high rate
algal ponds (HRAPs), are low cost technologies that remove organic
matter and nutrients from wastewater thanks to the symbiosis between
microalgae and bacteria. Indeed, microalgae release oxygen through
photosynthesis, which is used by heterotrophic bacteria for organic
matter biodegradation. Thus, there is no need for external aeration, re-
ducing the energy consumption associated with conventional waste-
water treatment systems as activated sludge. Moreover, microalgae
biomass can be harvested and digested or co-digested with other sub-
strates, such as primary sludge from primary treatment settlers or
grease trap waste, in order to produce bioenergy (Iyovo et al., 2010).

The co-digestion of primary sludge and microalgae in the same
reactor may enhance the anaerobic digestion performance while eas-
ing the management of both by-products (Mata-Alvarez et al., 2014).
This strategy could improve microalgae anaerobic digestion rate and
extent by increasing the carbon to nitrogen ratio (C/N) and reduc-
ing the risk of ammonia toxicity, due to the high content of proteins
in microalgae cells (Magdalena et al., 2018). In addition, co-diges-
tion may promote macro and micro-nutrient equilibrium, balance the
moisture content, optimize the organic loading rate and dilute pos-
sible inhibitory compounds released during the anaerobic digestion

⁎ Corresponding author.
Email address: ivet.ferrer@upc.edu (I. Ferrer)

process (Astals et al., 2015; Herrmann et al., 2016; Schwede et al.,
2013a). Indeed, the co-digestion of the cyanobacteria Spirulina max-
ima (50%) and sewage sludge (50%) in continuous reactors at a hy-
draulic retention time (HRT) of 20days increased by 2.1-fold the
methane yield as compared to the cyanobacteria mono-digestion. The
authors also observed a synergy when mixing both substrates attrib-
uted to the C/N ratio increase (Samson and LeDuy, 1983). So far, most
research has been conducted co-digesting microalgae with waste acti-
vated sludge (WAS) or sewage sludge (Caporgno et al., 2015; Olsson
et al., 2014; Thorin et al., 2017), while only a few studies tested
microalgae co-digestion with primary sludge in batch test (Hlavínek
et al., 2016; Mahdy et al., 2015). A 15% increase in the methane
yield was reported after primary sludge co-digestion in biochemical
methane potential (BMP) tests (Mahdy et al., 2015). To the best of our
knowledge, the co-digestion of microalgal biomass grown in waste-
water and primary sludge in continuous reactors has only been ex-
plored in a previous study, that investigated thermally pretreated mi-
croalgae and primary sludge co-digestion (Solé-Bundó et al., 2018).
Even if the energy balance was estimated to be positive, the study of
the process without applying any pretreatment was pointed out to fur-
ther increase the energy gain. Consequently, this study addressed the
co-digestion of untreated microalgae and primary sludge in continu-
ous reactors.

In addition to biogas, the anaerobic digestion process gives place
to a stabilized digestate, which can be applied as biofertilizer in agri-
culture (Solé-Bundó et al., 2017a). In this context, the occurrence of
contaminants of emerging concern, such as pharmaceuticals and per

https://doi.org/10.1016/j.scitotenv.2019.01.011
0048-9697/ © 2019.
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Fig. 1. Experimental set up.

Fig. 2. Microalgae and primary sludge macromolecular composition (n = 3).

sonal care products (PPCPs), in sewage sludge is an important issue to
be addressed (Matamoros et al., 2012). It is known that conventional
wastewater treatment systems (e.g. activated sludge systems) are gen-
erally not designed to treat these contaminants and that sludge con-
tains considerably high amounts of hydrophobic compounds such as
musk fragrances or triclosan (log Kow > 4) (Clarke and Smith, 2011).
Hence, sludge reuse in agriculture is a potential source of crop ex-
posure to these compounds (Macherius et al., 2012). In this regard,
different approaches have been used to remove these contaminants
from sewage sludge, such as anaerobic digestion or sludge treatment
reed bed (STRB) systems. For instance, Carballa et al. (2007) found
that musk fragrances were removed by 60–70% after anaerobic diges-
tion, but other authors showed no removal under similar conditions
(Clara et al., 2010). On the other hand, Chen et al. (2009) observed
that these compounds are barely removed in STRBs after one year,
and suggested to increase the treatment time from two to more than
three years. Nevertheless, studies addressing the presence and removal
of contaminants of emerging concern in anaerobic reactors degrading
microalgal biomass are still missing.

The aim of this study is to evaluate the co-digestion of microalgal
biomass and primary sludge, both of them by-products of a pilot-scale
microalgae-based WWTP. For this, the co-digestion of microal

Table 1
Biogas production from microalgal biomass anaerobic digestion and co-digestion with
primary sludge. Mean values⁎± standard deviation.

Parameter
Microalgae mono-
digestion

Co-
digestion

Operational conditions
HRT (days) 20 20
OLR (kg VS/m3·day) 1.91± 0.27 1.89 ± 0.26
Biogas production
Methane production rate

(m3 CH4/L·day)
0.38± 0.10 0.63 ± 0.13a

Methane yield (m3 CH4/kg VS) 0.20± 0.04 0.33 ± 0.05a

Methane content in biogas (% CH4) 65.5± 1.4 66.5 ± 1.5
Removal efficiency
TS removal (%) 19.3± 4.4 38.9 ± 1.6a

VS removal (%) 25.1± 4.1 46.8 ± 1.6a

COD removal (%) 30.8± 8.8 53.2 ± 13.6a

Influent
pH 6.8± 0.3 6.0± 0.4a

TS [% (w/w)] 5.4± 0.3 5.2± 0.3
VS [% (w/w)] 4.0± 0.1 3.9± 0.3
VS/TS (%) 73.8± 4.0 75.8 ± 3.2
COD (g/L) 67.7± 12.3 72.6 ± 12.6
TKN (g/L) 4.4± 0.4 2.8± 0.3a

N-NH4 (mg/L) 80± 40 88± 32
VFA (mg HAc/L) 1026± 404 2962 ± 569a

Effluent
pH 7.5± 0.3 7.4± 0.3
TS [% (w/w)] 4.5± 0.2 3.2± 0.1a

VS [% (w/w)] 2.9± 0.2 2.1± 0.1a

VS/TS (%) 64.9± 2.7 65.6 ± 3.2
COD (g/L) 47.4± 8.3 32.9 ± 7.8a

TKN (g/L) 4.4± 0.2 2.6± 0.0a

N-NH4 (g/L) 1.3± 0.2 0.74 ± 0.1a

VFA (mg HAc/L) 269± 174 156 ± 137a

CST (s) 1575± 75 274 ± 56a

CST (s/g TS) 35± 2 8± 2a

a Stand for significantly higher values between paired columns (ρ= 0.05).
⁎ The periodicity and extent of each parameter measurement is detailed in the Material
and methods section.

gae and primary sludge (25/75% on a volatile solids (VS) basis) was
investigated in continuous reactors and compared to the anaerobic di-
gestion of microalgae alone. Furthermore, an energy assessment was
carried out to determine the potential scalability of this technology.
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Table 2
Energy assessment of microalgal biomass anaerobic digestion and co-digestion with pri-
mary sludge.

Parameter Control microalgae Co-digestion

Ei (GJ/day) 0.90 0.90
Ei,heat (GJ/day) 0.82 0.82
Ei,electricity (GJ/day) 0.08 0.08

Eo (GJ/day) 2.45 4.06
∆E = E0 − Ei (GJ/day) 1.55 3.16
Eo / Ei 2.7 4.5

Finally, the most common contaminants of emerging concern were
analysed before and after the anaerobic digestion process in order to
study their presence and fate.

2. Material and methods

2.1. Substrates and inoculum

The experimental set-up was located at the laboratory of the
GEMMA research group (Universitat Politècnica de
Catalunya·BarcelonaTech, Spain). Microalgal biomass, hereafter
called microalgae, was harvested from a pilot HRAP (0.5 m3; 1.5m2)
treating wastewater from the municipal sewer of Barcelona. The
HRAP received the primary effluent of a settling tank (7 L; 0.9h of

HRT) and was used as secondary treatment unit. Microalgae were har-
vested from a secondary settler (9L; 9h of HRT) and thickened by
gravity in laboratory Imhoff cones at 4 °C for 24h. A detailed descrip-
tion of the wastewater treatment system operation and performance
may be found elsewhere (Passos et al., 2015). Microalgae species
were periodically identified over the continuous reactors operation us-
ing specific literature (Palmer, 1962). The optical microscope (Motic
BA310E, China) used was equipped with a camera MRc5, using the
software Axioplan LE.

Primary sludge and digested sludge used as inoculum for digesters
start-up came from a municipal WWTP located nearby. Thickened
primary sludge was periodically collected (every 3weeks) and stored
at 4 °C before use. The inoculum was taken from a mesophilic di-
gester.

2.2. Digesters operation

The anaerobic co-digestion of microalgae with primary sludge was
evaluated in two lab-scale reactors (2 L), with a useful volume of
1.5L. The co-digestion of microalgal biomass and primary sludge
(25/75% on a VS basis) and the anaerobic mono-digestion of mi-
croalgal biomass (control) were simultaneously investigated. The pro-
portion of microalgae and sludge was selected according to the re-
sults of a previous BMP test, where different proportions of microal-
gae and primary sludge were compared (Solé-Bundó et al., 2018).
Reactors were operated under mesophilic conditions (37± 1°C) by

Fig. 3. Occurrence of eight microcontaminants on microalgae and primary sludge substrates (n= 4). a: values < limit of detection for microalgae; b: values < limit of detection for
sludge.

Table 3
Concentration of microcontaminants of the influents and effluents and microcontaminants removal in anaerobic digesters (n = 6).

Microcontaminant Microalgae mono-digestion Co-digestion

Influent (ng/g TS) Effluent (ng/g TS) Removal (%) Influent (ng/g TS) Effluent (ng/g TS) Removal (%)

Galaxolide 2791± 1002 2273± 675 32 18,836± 3122 33,190± 7955 −10
Tonalide 5748± 1941 4057± 1236 41 11,271± 617 17,376± 3885 3.7
Triclosan 576± 232 417± 180 39 3580± 406 5940± 1757 −3.7
Methyl dihydrojasmonate 37± 13 26± 9 41 47± 6 22± 5 71
Caffeine <LOD <LOD – 81± 29 <LOD >92
Triphenyl phosphate 14± 4 <LOD – 75± 18 43± 23 64

Note: LOD = limit of detection.
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implementing an electric heating cover (Selecta, Spain). Constant
mixing was provided by a magnetic stirrer (Thermo Scientific). Re-
actors were operated at a HRT of 20days and were considered to
be under steady-state after three HRTs. Afterwards, anaerobic diges-
tion performance was further monitored during 2 complete HRTs
(~6 weeks). The total experimental period of the digesters was
100days.

The reactors were operated on a daily feeding basis. The same vol-
ume was purged from and added to digesters using plastic syringes
(75 mL). Biogas production was measured by water displacement and
the methane content was periodically analysed by gas chromatogra-
phy (GC) as described by Solé-Bundó et al. (2017b). To keep the same
OLR in both digesters, the reactors feedstock was prepared once a
week with a VS content of 4%. To adjust the solids concentration, dis-
tilled water was used when necessary. A schematise of the experimen-
tal set up is shown in Fig. 1.

2.3. Energy balance calculations

The theoretical energy balance of full-scale reactors was estimated
from experimental data, considering a flow rate of 10m3/day and a
useful volume of 200m3 for a HRT of 20days. Electricity and heat re-
quirements for microalgal biomass pretreatment and anaerobic diges-
tion were calculated according to Passos and Ferrer (2014).

Input heat was calculated as the energy required to heat influent
biomass from ambient temperature (Ta) to digestion temperature (Td),
according to Eq. (1). The density (ρ) and specific heat (γ) of microal-
gal biomass were assumed to be the same as water (i.e. 1000kg/m3

and 4.18kJ/kg·°C, respectively). Heat losses through the reactor wall
were calculated assuming the heat transfer coefficient (k) equal to
1W/m2·day. The reactor wall surface area was calculated from the re-
actor useful volume, considering a 2:1 diameter to height ratio. The
reactor bottom and top were not accounted for.

where Ei,heat: input heat (kJ/day); ρ: density (kg/m3); Q: flow rate
(m3/day); γ: specific heat (kJ/kg·°C); Td: anaerobic digestion temper-
ature (37 °C); Ta: ambient temperature (20°C); k: heat transfer coeffi-
cient (W/m2·°C); A: surface area of the reactor wall (m2).

Furthermore, input electricity for anaerobic digestion was esti-
mated as the energy required for biomass pumping and reactor mixing,
which were assumed to be 1800kJ/m3 and 300kJ/m3

reactor·day, respec-
tively (Eq. (2)).

where Ei,electricity: input electricity (kJ/day); Q: flow rate (m3/day);
θ: electricity consumption for pumping (kJ/m3); V: useful volume
(m3); ω: electricity consumption for mixing (kJ/m3

reactor·day).
The energy output of the process was calculated from the methane

production rate (P,CH4) of each reactor (co-digestion and microalgae
mono-digestion), according to Eq. (3). The lower heating value of
methane (ξ) was assumed to be 35,800kJ/m3 CH4. An efficiency of
90% on energy conversion was considered (η).

where Eo: output energy (kJ/d); P,CH4: methane production rate

(m3 CH4/m
3

reactor·day).; ξ: lower heating value of methane (kJ/m3

CH4); V: useful volume (m3); η: energy conversion efficiency (%).
Finally, results were expressed as energy balance (ΔE) and energy

ratio (Eo/Ei) for both reactors (co-digestion and microalgae mono-di-
gestion). The energy balance was calculated as the difference between
the energy output and energy input (heat and electricity) (Eq. (4)),
while the energy ratio was calculated by dividing the energy output by
the energy input (heat and electricity) (Eq. (5)).

2.4. Analytical procedures

Physical-chemical parameters of the influent and effluent of both
reactors were determined as follows: temperature was monitored
daily. The pH was neither controlled nor regulated, but measured
twice a week with a Crison Portable 506 pH-meter. The concentra-
tion of TS, VS and total Kjeldhal nitrogen (TKN) were determined ac-
cording to Standard Methods (APHA et al., 2005) and ammonium ni-
trogen (N-NH4) according to the Solorzano method (Solorzano, 1969)
on a weekly basis. Volatile fatty acids (VFA) concentrations were
measured once a week by injecting 1μL of centrifuged (4200 rpm for
8min) and filtered (0.2μm) samples into an Agilent 7820A GC after
sulphuric acid and diisopropyl ether addition. The GC was equipped
with an auto-sampler, flame ionization detector and a capillary column
(DP-FFAB Agilent 30m × 0.25mm × 0.25μm), and operated at injec-
tor and detector temperatures of 200 and 300°C, respectively, with he-
lium as carrier gas.

The biochemical composition of microalgae and primary sludge
was analysed three times over the experiment. The carbohydrate con-
tent was determined by a phenol–sulphuric acid method after acid hy-
drolysis and measured by spectrophotometry (Spectronic Genesys 8).
The protein content was determined from the TKN, using a TKN/pro-
tein conversion factor of 5.95 (González López et al., 2010). The lipid
content was determined by the Soxhlet extraction method (APHA et
al., 2005). Values were expressed as percentage of lipids, carbohy-
drates and proteins over the VS content.

The biogas composition was calculated by measuring the percent-
age of methane and carbon dioxide in the reactor headspace using a
GC equipped with a thermal conductivity detector (TCD) (Trace GC
Thermo Finnigan with Hayesep packed column). The injector/detec-
tor/oven temperatures were 150, 250, 35°C, respectively. Helium gas
was used as carrier.

The analytical procedures and quality parameters for the deter-
mination of microcontaminants (caffeine, methyl dihydrojasmonate,
triphenyl phosphate, galaxolide, tonalide and triclosan, ibuprofen,
naproxen) in microalgae and sludge samples are described elsewhere
(Matamoros et al., 2015).

2.5. Contaminants of emerging concern data analysis

The concentrations of selected contaminants of emerging concern,
hereafter called microcontaminants, were analysed for the feedstock
(microalgae and primary sludge) and both digestates over a period of
six weeks (weekly integrated samples).

The percentage of each microcontaminant removed in the anaero-
bic reactors was calculated according to the following mass balance
(Eq. (6)):

(1)

(2)

(3)

(4)

(5)
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where Cremov is the removal of each microcontaminant in %, Cin and
Cout are the concentrations of the microcontaminant in the influent
(feedstock) and effluent (digestate), respectively, expressed as ngmi-
crocontaminant/g TS; TSin and TSout are the total solids concentra-
tion of the influent and effluent, respectively, expressed as gTS/L, and
Qin = Qout is the flow rate, expressed in L/day.

2.6. Statistics and data analysis

The significant differences between both reactors were determined
by the ANOVA test using R 3.0.1 software (The R Foundation for Sta-
tistical Computing). ρ= 0.05 was set as the level of statistical signifi-
cance.

3. Results and discussion

3.1. Biogas production from microalgal biomass and primary sludge
anaerobic co-digestion under continuous flow conditions

3.1.1. Substrates characterization
Microscope examination showed that microalgae were mainly

composed of Chlorella sp. Microalgae individuals formed flocs,
which facilitated their settling and harvesting. An average concentra-
tion of 5.4% TS was achieved after settling and thickening. Biochem-
ical analysis indicated that microalgae were mainly composed of pro-
teins (58%), followed by lipids (24%) and carbohydrates (15%) (Fig.
2). These values are in accordance with those reported in the literature
for Chlorella species (Safi et al., 2014).

In contrast, primary sludge had a higher amount of lipids (45%),
followed by proteins (29%) and carbohydrates (12%) (Fig. 2). Other
studies reported a similar protein content, but with a higher content of
carbohydrates than lipids (Jimenez et al., 2013; Mahdy et al., 2014).
This was attributed to the high content of fibers in sludge. Indeed, pri-
mary sludge composition is highly variable and depends on several
factors, such as wastewater source and characteristics, pretreatment
and primary treatment steps design. Since the sludge investigated in
this study presented a high lipids content, a high methane potential
was expected (Sialve et al., 2009). However, possible inhibition due to
long-chain fatty acids (LCFA) must be considered (Cirne et al., 2007).
Apart from its composition, primary sludge also differs from microal-
gae in its structure. While Chlorella sp. has a complex structure char-
acterized by resistant cell walls, primary sludge is formed by colloidal
organic matter which can be easily converted into biogas.

3.1.2. Reactors performance
Continuous co-digestion of microalgae and primary sludge (25/

75% on a VS basis) and microalgae mono-digestion (control) in
lab-scale reactors at a HRT of 20days was monitored over 100days.
In the case of co-digestion, the methane production increased by 65%
as compared to microalgae mono-digestion: the average methane yield
increased from 0.20 to 0.33 m3 CH4/kg VS and the methane produc-
tion rate from 0.38 to 0.63m3 CH4/m

3·day (Table 1). Consistently, the
VS and COD removal in the microalgae digester was 25 and 31%, re-
spectively, while the co-digestion digester achieved removal efficien-
cies of 47 and 53%, respectively. Thus, the co-digestion with primary

sludge enhanced the anaerobic digestion of microalgae, leading to
higher substrate biodegradability and biogas production. This is
mainly because primary sludge is a more readily biodegradable car-
bon rich substrate. In addition, synergistic effects due to substrates
co-digestion could have contributed to enhance their biodegradabil-
ity, as already reported by other authors. For instance, Olsson et al.
(2014) observed a 23% increase in methane yield when co-digesting
sewage sludge with microalgae slurry (63/37%) in BMP tests com-
pared to sewage sludge mono-digestion. Also, a kinetics improve-
ment by 116% was observed when lipid-spend microalgae residue was
co-digested with waste activated sludge (Neumann et al., 2015). Fur-
thermore, higher methane yields were achieved when co-digesting mi-
croalgae with primary sludge in batch experiments (5–10%) in com-
parison with the theoretically calculated methane yield of each sub-
strate (Mahdy et al., 2015).

In the present study the average methane yield of microalgae was
high (0.20 m3 CH4/kg VS) compared to previous studies. This might
be attributed to the predominant microalgae species. Indeed, it has
been proven that microalgae biodegradability is highly species-de-
pendent (Mussgnug et al., 2010; Passos et al., 2015). For instance,
Chlorella is more easily biodegraded than other species grown spon-
taneously in wastewater treatment systems which are typically char-
acterized by their resistant cell walls. Indeed, a previous study on the
anaerobic digestion of a mixed culture of Chlorella sp., Monoraphid-
ium sp. and diatoms grown in the same HRAP as in the present study,
showed a much lower average methane yield (0.12 m3 CH4/kg VS vs.
0.20m3 CH4/kg VS, respectively) (Solé-Bundó et al., 2017b). Even
when applying a thermal pretreatment before microalgae anaerobic di-
gestion, the methane yield achieved was lower than that obtained in
this study (Passos and Ferrer, 2015, 2014). Indeed, the methane yield
was 0.17m3 CH4/kg VS for Oocystis sp. (Passos and Ferrer, 2015) and
0.18m3 CH4/kg VS for a mixed culture composed by Monoraphid-
ium sp. and Stigeoclonium sp. (Passos and Ferrer, 2014). In this sense,
the predominance of Chlorella species in wastewater treatment HRAP
helps increasing the bioenergy production from harvested microalgae
biomass.

The present study was characterized by a high OLR (1.9 kgVS/
m3·day) in the anaerobic digesters, resulting from the high concen-
tration of TS in harvested biomass. Even if high OLR can lead to
high methane production rate, they also increase the N-NH4 concen-
tration inside digesters, eventually causing inhibition. In this study,
the N-NH4 concentration in the digestate was 1.3 and 0.7gN-NH4/L
for microalgae mono-digestion and co-digestion, respectively (Table
1). Some authors have reported ammonium toxic concentrations of
1.7g/L (Schwede et al., 2013b) or even 1.5g/L when working at high
pH (Rajagopal et al., 2013). In this study, the N-NH4 concentration
in the microalgae digester was close to these values, being 2 times
higher than in the microalgae and primary sludge co-digester. How-
ever, the performance of both digesters was stable during the whole
experimental period, with an average pH of 7.4–7.5 for microalgae
digestion and co-digestion, respectively (Table 1). Also, VFA aver-
age concentration in the digestates was 269mg 156mg HAc/L in the
microalgae mono- and co-digestion, respectively. These values were
much lower than the proposed threshold for a proper anaerobic diges-
tion performance (e.g. 1.5gHAc/L) (Boe et al., 2010). Even if ammo-
nia inhibition was not detected in this study, co-digestion of microal-
gae with primary sludge seems a good strategy to enhance reactors
stability by reducing the ammonium concentration that may eventu-
ally lead to ammonia inhibition. For instance, the enzymatic pretreat-
ment of Chlorella vulgaris with a protease enhanced the release of am-
monium, achieving such a high toxic value (4.4 gN-NH4/L) upon the

(6)
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anaerobic digestion with an OLR of 2.1gVS/L·day (Mahdy et al.,
2017).

Regarding the digestate dewaterability, the CST values were con-
sistently lower in the case of microalgae and primary sludge co-di-
gestion as compared to microalgae mono-digestion (1575s vs. 274s,
respectively), showing how the co-digestion with primary sludge sig-
nificantly improved the microalgae digestate dewaterability. This is
mainly because primary sludge presents a higher dewaterability than
microalgae.

3.1.3. Energy assessment
The energy assessment of microalgae anaerobic digestion with and

without co-digestion with primary sludge (Table 2) was based on the
experimental results obtained in the continuous reactors (Table 1).
Since energy balances (∆E) were calculated by subtracting the en-
ergy input (heat and electricity) to the energy output from biogas pro-
duction, positive values indicate energy surplus. As can be seen in
Table 2, energy gain was observed in both cases, achieving a net en-
ergy production of 1.6 and 3.2GJ/day for the mono- and co-diges-
tion reactor, respectively. Also, the Eo/Ei ratio indicated that microal-
gae anaerobic digestion generated 2.7-fold the energy consumed. In
the case of co-digestion, this ratio increased up to 4.5-fold. Consider-
ing the transformation of this potential energy to electricity by means
of cogeneration with an electricity conversion efficiency of 35%, 151
and 307kWh/day could be provided by the mono- and co-digestion
process, respectively. Passos et al. (2017) estimated in 140kWh/day
the electricity demand of a HRAP with a similar biomass flow rate
(15–55m3/day). Therefore, both configurations could supply the en-
ergy demand of the whole microalgae-based wastewater treatment
system. However, with co-digestion there could even be an energy
surplus to be sold back to the grid.

In view of these results, it can be concluded that anaerobic diges-
tion is a key technology for bioenergy recovery in microalgal-based
WWTPs, especially if microalgae are co-digested with primary
sludge. In this regard, it is worthy to note that the amount of microal-
gae produced in these systems depends on the climate and shows a
strong seasonality. A previous study which considered the same pi-
lot-scale HRAP, showed that microalgae production over a year may
vary from 3gof suspended solids (SS)/m3 in winter (minimum value)
to 23gSS/m3 in summer (maximum value) (Passos et al., 2015). On
the other hand, the amount of primary sludge produced depends only
on the characteristics of the influent wastewater and could be defined
as constant over the year. Therefore, the proportion of microalgae and
primary sludge produced in these systems may vary from 70% to 30%
VS of microalgae depending on the season (Passos et al., 2017). Thus,
the results of the energy balance obtained in this study should be taken
as approximate values.

3.2. Microcontaminants fate and removal

3.2.1. Occurrence
The microcontaminants analysed in this study were selected based

on their high concentration levels found in raw wastewater and sludge
samples (Yang et al., 2016). Among the 8 analysed microcontami-
nants, only 6 were detected in the microalgae or primary sludge sam-
ples (Fig. 3). The concentration of compounds in sludge samples
ranged from non-detectable to 25,000ng/g TS. Galaxolide, tonalide
and triclosan were the most abundant (>500 ng/g TS) in agreement
with the fact that they are the most hydrophobic ones (log Kow > 4).
The concentration of these musk fragrances in sludge samples was
similar to those found in the sludge from conventional WWTPs
(Bester, 2004; Gonzalez-Gil et al., 2016; Kupper et al., 2004). Other
compounds such as caffeine, triphenyl phosphate and methyl dihy

drojasmonate were also found, but at much lower concentration
(<100 ng/g TS). These compounds are usually detected at high con-
centrations in raw wastewater (Tran et al., 2018), but since they are
hydrophilic their interaction with organic matter is low. For instance,
caffeine has been detected in raw wastewater up to 300μg/L (Buerge
et al., 2003).

The concentration of microcontaminants was lower in the microal-
gae than in the primary sludge samples. This was due to the fact that
primary sludge is separated in the primary treatment unit, where the
concentration of these compounds is higher, whereas microalgae are
separated in the secondary treatment unit, where the concentration of
these compounds is lower. In this regard, it is important to notice that
since the most abundant compounds are hydrophobic they tend to ad-
sorb onto the organic matter and suspended solids, which are pre-
dominantly retained during the primary treatment. This was in accor-
dance with previous studies that observed low concentration of these
compounds in microalgae biomass from a HRAP in comparison with
sludge from a conventional WWTP (Matamoros et al., 2015).

3.2.2. Removal of microcontaminants during anaerobic digestion and
co-digestion

Table 3 shows the removal efficiency of selected microcontami-
nants during the mono-digestion of microalgae and co-digestion with
sewage sludge. The removal for the compounds identified in all sam-
ples (i.e. galaxolide, tonalide, triclosan, and methyl dihydrojasmonate)
ranged from no removal to 90%. The compounds which occurred at
the highest concentration showed the lowest removal efficiency due
to their recalcitrance to biodegradation (Gonzalez-Gil et al., 2016).
Indeed, a concentration phenomenon of these contaminants is ob-
served in the effluents of the co-digestion samples. This is mainly
because the degradation of these contaminants occurred slower than
the degradation of organic matter in the reactors. A similar trend was
observed by Matamoros et al. (2012). On the contrary, methyl dihy-
drojasmonate and caffeine showed higher removal efficiencies than
musk fragrances and triclosan, which is in agreement with the high
biodegradability for these compounds already observed in WWTPs
(Schaider et al., 2017). Kupper et al. (2006), who carried out mass bal-
ances in a Swiss sludge monitoring network, reported that galaxolide
and tonalide were reduced by 50% during sludge anaerobic digestion.
Carballa et al. (2006) observed average removal of these compounds
during the mesophilic and thermophilic anaerobic digestion, ranging
between 60% and 70% (Table 3). On the contrary, Clara et al. (2011)
reported no or only slight removal during sludge anaerobic digestion.
The low efficiencies of the anaerobic digestion on the musk fragrances
removal observed in this study are also in agreement with previous
studies which observed that anaerobic digestion resulted in a lower re-
moval of musk fragrances than aerobic digestion (Guerra et al., 2015).

The average removal of microcontaminants was of 38% and 15%
for microalgae mono-digestion and co-digestion with primary sludge,
respectively. The higher microcontaminants removal in microalgae
mono-digestion might be due to the better biodegradation of micro-
contaminants due to microalgae chemical composition. This may sug-
gest that bacteria grown under such condition will be more effective
for removing microcontaminants, but other conclusions cannot be dis-
regarded.

4. Conclusions

This study analysed the anaerobic co-digestion of microalgae and
primary sludge, which represent the main by-products of microal-
gal-based wastewater treatment systems. The mesophilic co-digestion
of microalgae and primary sludge (25/75% on a VS basis) was investi



UN
CO

RR
EC

TE
D

PR
OO

F

Science of the Total Environment xxx (2019) xxx-xxx 7

gated in continuous reactors and compared to microalgae mono-di-
gestion at a hydraulic retention time of 20days. Results showed how
the co-digestion enhanced the anaerobic digestion of microalgal bio-
mass, since primary sludge is a more readily biodegradable carbon
rich substrate, leading to higher methane production (65% increase),
while reducing the risk of ammonia toxicity. Moreover, the occur-
rence and fate of the most common contaminants of emerging con-
cern was also evaluated. Musk fragrances (galaxolide and tonalide)
and triclosan showed the highest abundance (0.5–25μg/g TS). On the
other hand, caffeine, methyl dihydrojasmonate and triphenyl phos-
phate were barely detected (<0.1μg/g dry weight). The removal of
these microcontaminants was compound-depending and ranged from
no removal to 90%. On the whole, microalgae mono-digestion re-
sulted in a higher removal of selected microcontaminants than the
co-digestion with primary sludge.
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