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ARTICLE INFO ABSTRACT

Handling Editor: Prof Raf Dewil The performance of a pilot-scale thin-layer cascade photobioreactor, operated in semicontinuous mode, for the

removal of veterinary drug residues and other contaminants of emerging concern (CECs) from pig manure has

Keywords: been assessed in six operation stages. Chlorella sp. (70-90%), Scenedesmus sp. (10-25%) and Diatomea (<5%)
I/[hm_laylelr cascade photobioreactor comprise the microalgae species present during the stages. The global performance to remove the total CEC
icropollutants

content in the photobioreactor effluent varied from 62 to 86% on each stage, while an CEC mean amount close to
8% was accumulated in the photobioreactor biomass. A relation with weather conditions was not observed.
Elimination ratio was not related to the concentration in the influent which reached up to 8000 ng L™ for some
CECs. As expected, the concentrations of veterinary drugs were higher than those of non-veterinary CECs. The
concentrations accumulated in the grown biomass were relative low, lower than 10 ng per fresh g excepting for a
few cases. However, statistical data suggested that the linkage of CECs to microalgae biomass boosted their
removal from the influent. Furthermore, it was observed that the manure liquid phase contained higher amounts
of CECs than the solid phase.

Microalgae biomass
Routine removal
Pig manure

1. Introduction

The use of microalgae-based technology is being tested for the
treatment of livestock and urban wastewaters, which contain great
amounts of organic and inorganic matter. The bioremediation of
wastewater by microorganisms such as microalgae and their bacteria
consortium is an interesting purification tool in comparison to other
technologies, which are basically advanced oxidation processes and
membrane procedures, with high energy and chemical consumption
requirements. Microalgae can easily grow in a medium rich in nutrients,
consuming atmospheric carbon dioxide. Also, they can easily adapt to
changes in temperature, light intensity, salinity, pH and nutrient avail-
ability in the medium they grow. This biological treatment is environ-
mentally sustainable and enables a combination of CEC removal
mechanisms that can hardly be achieved by other purification process.
These mechanisms, which can act individually or jointly, are basically

biodegradation, direct and indirect photodegradation, hydrolysis and
adsorption to the biomass (Silva et al., 2019; Tolboom et al., 2019).
Different configurations of photobioreactors have been developed over
time, from outdoor culture systems with uncontrolled conditions to in-
door culture systems with predictable conditions. At this respect, the
open systems, such as the thin-layer reactors, entail a lower cost of in-
vestment and operation in addition to an easy and sustainable perfor-
mance (Tolboom et al., 2019; Vo et al., 2019; Wang et al., 2017). On the
other hand, a reduction of the operation economic costs associated with
the use of photobioreactors could be possible thanks to the microalgae
biomass harvested. The production of added value products such as
carbohydrates, proteins and others from biomass is being optimized.
(Dang et al., 2022; Lorenzo et al., 2019; Martin et al., 2019).

Weather conditions (radiation intensity and temperature) could
affect the fate of the CECs in a photobioreactor. Thus, the biomass
productivity is favored by high radiation values and relatively high
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temperatures and, consequently, nutrient and CEC removals by
biodegradation should be enhanced under these weather conditions too.
Furthermore, an increase of the solar radiation entails a higher ab-
sorption of radiation by the CECs increasing the breakdown capacity of
its structure (direct photodegradation). Alternatively, the incident ra-
diation on organic matter can yield oxygen radical species, which could
react with the CECs (indirect photodegradation). This last pathway
would not only be fostered by an increase in solar radiation but also by
an increase in temperature. The rate of chemical reactions, including
hydrolysis reactions, increases with temperature. A possible drawback
of the high environmental temperature is the decrease of the CEC
adsorption on the microalgae cell walls (Couto et al., 2022; Mojiri et al.,
2022; Sanchez Zurano et al., 2020; Tian et al., 2019).

Microalgae have demonstrated to be a valid approach to decrease the
CEC content in wastewaters. Table SM1 (in supplementary material)
shows some removal percentages reported in the scientific literature for
over fifty contaminants of emerging concern (CECs). Most of the gath-
ered data has been obtained in laboratory studies working with waste-
waters or basal media to promote the growth of microalgae biomass.
CEC removal can widely vary, depending on the type of microalgae,
photobioreactor, matrix and CEC concentration, in addition to the
retention time.

The CEC removal data achieved with outdoor pilot-scale microalgae
photobioreactors are scarce in the scientific literature, and they work
under variable environmental conditions. As these photobioreactors are
a promising alternative to purify wastewaters it is advisable to know
their CEC removal capacity over time. Thus, in this work, the CEC
removal performance of a thin-layer cascade photobioreactor fed with
diluted wastewater from a piggery has been assessed in different oper-
ation stages over time. The thin-layer reactor operated in semi-
continuous mode under constant controllable operational parameters
and different weather conditions. Forty-six CECs have been monitored
and the concentrations of twenty-six detected microcontaminants have
been determined in the solid and liquid phases of the manure collected
from the feeding lagoon, the influent (diluted manure) and effluent of
the photobioreactor. Also, the CEC amounts accumulated in the biomass
grown in the photobioreactor have been determined, which entails a
remarkable novelty because data about the occurrence of CECs in the
biomass compartments of the photobioreactors are mostly negligible.

2. Experimental
2.1. Laboratory material and reagents

Forty-six environmental microcontaminants with a purity higher
than >95% were purchased from LGC Standards (Barcelona, Spain) and
Sigma-Aldrich (Tres Cantos, Madrid, Spain). Twenty-four of these were
drugs for veterinary use (Table SM2). Oasis HLB cartridges (60 mg) for
solid-phase extraction (SPE) were acquired from Waters (Milford, MA,
USA) and ultrapure water was in-house generated by a Milli-Q Advan-
tage Ultrapure Water purification system (Billercia, MA, USA). Methanol
and acetonitrile were supplied by Sigma-Aldrich and Scharlau (Barce-
lona, Spain). Primary secondary amine (PSA), alumina and PTFE
disposable filter units were purchased from Scharlab (Barcelona, Spain).
An N-Evap 11,250 evaporation system, a Univeba ultrasonic bath and a
PK120 centrifuge were acquired from Organomation (Berlin, MA, USA),
Selecta (Barcelona, Spain) and ALC (Winchester, VA, USA) respectively.

2.2. Operation of the photobioreactor, collection of samples

Six operation stages of a photobioreactor placed in the experimental
station “Las Palmerillas” (University of Almeria, El Ejido, Almeria,
Spain) were sampled in the years 2019 (May, June and November) and
2020 (February and March). An open 30 m? thin-layer cascade reactor
with a channel width of 1 m was operated at a culture depth of 0.02 m.
The reactor was built of glass fibre and was elevated approximately 1.5
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m above the ground. It had a 680 L collector allowing a total working
volume of 1.280 L. The culture was pumped from the collector to the
beginning of the channel, lifting it 0.5 m, and flowed gravitationally
downwards at 0.2 m s™!. Fig. 1 shows a simple operation scheme and
resumes the weather conditions. The reactor was feed with pig slurry
diluted at 5%. Table SM3 shows the carbon, nitrogen and phosphorus
contents, as well as the total solids in suspension, of the influent at each
stage. Water loss was compensated for daily using freshwater (Ciardi
et al.,, 2022). The photobioreactor was operated 24 h per day in
semi-continuous mode, under recirculation (75%). The photobioreactor
was considered in steady-state when the biomass concentration
remained constant for at least three consecutive days. The pH value of
the culture medium was continuously measured and adjusted to pH 8.0
by the on-demand injection of CO5 in the collector of the reactor, in
order to prevent large deviations from the pH considered optimal (Po-
sadas et al., 2017). The hydraulic retention time was 12 days and the
dilution rate was 0.3 day ™. The biomass was harvested automatically
using a GEA Wetfalia Separator OTC-3-02- 137 (Oelde, Germany)
operating at 10.000 rpm. The most abundant microalgae in the stages,
according to the cell percentage, were Chlorella sp. (70-90%), Scene-
desmus sp. (10-25%) and Diatomea (<5%). The identification and
quantification measurements of the microalgae species were performed
by optical microscopy (OLYMPUS IX70, Hamburg, Germany) using at
least three different samples and a counting chamber according to
Sournia (1978). Biomass samples were fixed with acidic Lugol solution
at 5%. Microalgae biomass was taken from other smaller photo-
bioreactor fed with freshwater and commercial nutrients. In one stage
(March 2020) the reactor was covered with a 200 pm thickness plastic
film from Sotrafa (Almeria, Spain; total transmission of visible light,
90%, EN 2155-5 standard; light diffusion, 55%, EN 2155-9 standard;
thermal effect, 90%, EN 13206 standard) to limit the loss of water by
evaporation.

Aliquots of the influent (diluted raw manure) of the photobioreactor
were collected in each stage and frozen at -5° until analysis. Aliquots of
the effluent were also taken, and fresh microalgae were separated from
the liquid phase by centrifugation. Then, biomass was lyophilized
(moisture 78-79%) and kept under —5 °C until use, as the effluent liquid
phase.

Raw swine manure samples were collected from the lagoon attached
to the reactor before dilution. For each raw sample, the manure solid
phase (MSP) and the manure liquid phase (MLP) were separated in the
laboratory by centrifugation at 10,000 rpm for 10 min. The amount of
solids in suspension, which constitute the MSP, was in the range
3.9-5.2% (w/w) and the density of MLP (range 94.8-96.1%, w/w) was
1.01-1.02 g mL~!. MSP samples were Iyophilized (moisture about 78%)
and both phases were kept at -5 °C before their individual analysis. The
concentration of each CEC in the raw manure (Cry) was calculated from
the CEC content measured in the MSP and MLP by Eq. (1), taking into
account the percentage by weight of each phase (Y%wmspwrM and
Y%wmMLp/wRM) in the raw manure, the MSP moisture to convert the con-
centration determined on lyophilized MSP (Cysp) in a concentration per
fresh g, and the inverse of the density of the MLP (V/w) to convert the
measured MLP concentration (Cyp in ng/L) in ng per g.

% WL /WrM

100

% Waisp /WM

100

CRM _ CMSP % [1 _ %moislum] %

100 + Couzr X (V/W)yyp X

€Y)

2.3. Sample preparation

2.3.1. Influent and effluent of the photobioreactor

Samples were treated according to a procedure already described
(Lopez-Serna et al., 2019). Briefly, a volume of 100 mL filtered through
0.45 pm disks was mixed with 2 mL of EDTA at 5% (w/v) and subjected
to SPE on Oasis HLB cartridges. Cartridges were eluted with 3 x 2 mL of
acetonitrile and the extract was evaporated at room temperature under a
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May 2019 26.6 19.5 1.5
June 2019 29.0 21.2 1.8
November 2019 11.7 16.8 1.2
February 2020 14.5 14.5 1.3
March 2020 16.3 15.2 1.3
March 2020 174 16.2 1.3
Covered

Fig. 1. Scheme of the photobioreactor and weather conditions of the stages.

Nj stream. Finally, extracts were reconstituted in 1 mL of water/-
methanol (95:5, v/v).

2.3.2. Liquid and solid phase of the manure

The MLP was filtered successively through 0.70 and 0.45 pm pore-
size filters, and a volume of 5 mL of MLP was mixed with 2 mL of
EDTA at 5% (w/v) and diluted to 100 mL with ultrapure water. Then, a
SPE procedure similar to that described in section 2.3.1 was applied.
CEGs in the lyophilized MSP were determined by a previously described
procedure (Argiieso et al., 2021). Briefly, an amount of 0.3 g of lyoph-
ilized MSP, mixed with activated alumina, was extracted twice with
15/10 mL of a 90:10 (v/v) water/methanol mixture by solid-liquid
extraction assisted with ultrasounds. The combined extracts were
diluted to 100 mL with water after adding EDTA to achieve a concen-
tration of 0.1% (w/v) and, then, the SPE procedure and the extract
reconstitution described in section 2.3.1 were carried out.

2.3.3. Algae biomass

The content of CECs in algae biomass was determined by an
analytical method previously developed for veterinary drugs
(Lopez-Serna et al., 2022). In brief, lyophilized microalgae samples (0.3
g) were extracted twice with 15/10 mL of a 90:10 (v/v) water/methanol
mixture by ultrasonic shaking in presence of PSA. The supernatants
separated by centrifugation were combined, EDTA was added and the
solution was diluted to 100 mL with water before carrying out the SPE,
evaporation and reconstitution procedures described in section 2.3.1.

2.4. Determination by HPLC-MS/MS

An Exion LC AD liquid chromatograph coupled to a triple quadrupole
6500+ mass spectrometer, both from AB Sciex (Framingham, MA, USA),
were used, following the chromatographic conditions previously
described elsewhere (Argiieso et al., 2021). MS/MS data were acquired
by an Analyst (AB Sciex) software with an electrospray ionization
interface in positive mode, following two transitions on selected reac-
tion monitoring (SRM) mode (Table SM4).

Twenty veterinary drugs, including the hormone progesterone, were
monitored in the three stages operated along the year 2019. Addition-
ally, forty-six CECs, including twenty-four veterinary drugs, were
monitored in the other three stages carried out during the year 2020. A
tailor-made standard addition calibration method was developed for
each type of matrix. Peak areas of the most intense SRM transitions were
used for quantification; they were measured in the chromatograms by
using the OS software (AB Sciex).

Table SM5 shows the linearity ranges, limits of detection and
quantitation, and coefficients of determination of the calibration graphs
after a linear fitting. The repeatability of the analytical methods,
expressed as relative standard deviation, was commonly lower than
20%, n = 5 (Argiieso et al., 2021; Lopez-Serna et al., 2019, 2022).
Table SM6 details the precision values for the compounds detected in the
analyzed matrices.

3. Results and discussion
3.1. Influent and manure concentrations

Table 1 shows the concentrations of CECs determined in the three
types of samples collected from the photobioreactor (influent, effluent,
biomass) and the liquid and solid phases of the manure used to feed the
photobioreactor after its dilution with the recirculated liquid. As regards
to the influent results, danofloxacin, oxytetracycline, sulfadiazine, sul-
fadimidine and tylosin were detected in the influents of all six stages,
and tiamulin, sulfamethoxazole, fenbendazole and progesterone were
also frequently detected compounds. Concentrations up to 8000 ng L™!
(for oxytetracycline) were measured in them. Ciprofloxacin (684 ng
LY, danofloxacin (376 ng L™, doxycycline (342 ng L™, enrofloxacin
(449 ng LY, naproxen (337 ng L™1), oxytetracycline (365 ng L™1),
progesterone (391 ng L™1) and sulfadiazine (2480 ng L1 showed the
highest concentrations according to their median values. These data,
along with the ones from the samples collected in the manure lagoon,
are charted in Fig. 2 and summarized in Table SM7). Enrofloxacin,
oxytetracycline, sulfadiazine, sulfadimidine and tylosin were detected in
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Concentrations of veterinary drugs in the manure solid phase (SP, ng per g of Iyophilized phase), manure liquid phase (LP, ng L 1), influent of the photobioreactor (INF,
ng L1, algae biomass grown in the photobioreactor (BIO, ng per g of lyophilized biomass) and effluent of the photobioreactor (EFF, ng L™1).

Use” SP ng LP ng INF BIO EFF SP ng LP ng INF BIO EFF SP LP ng INF BIO EFF
g’1 Lt ng ng ng g’1 Lt ng ng ng ng Lt ng ng ng
= g ! L1 = g ! -1 g ! -1 g ! -1
Date: May 2019 June 2019 November 2019
Ciprofloxacin VET <37 3980 <147 7 108 97 1777 1778 25 104 - - - - -
Danofloxacin VET - - - 6 - - - - - - - 2880 7237 30 380
Doxycycline VET 796 16,800 560 104 999 16,468 124 - 258 - - - - -
Enrofloxacin VET 57 >40,000 1034 20 804 74 27,514 780 24 902 189 250 <17 -
Fenbendazole VET <31 - 111 29 25 <31 - 20 92 - - - <9 - -
Florphenicol VET - 26,530 - — - - 15,538 - - — - — — - -
Oxytetracycline VET 1652 39,550 8154 17 2926 1709 38,736 2958 20 183 215 1634 202 16 179
Penicillin G VET - - - - - - - - - - - <1706 - - -
Progesterone HOR <130 5910 732 <34 <45 <130 10,468 1526 <34 - 329 860 <45 <34 -
Sulfadimidine VET 2 670 14 2 16 8 2738 22 3 12 50 368 12 3 23
Sulfadiazine VET 808 27,068 402 23 7394 654 29,836 3214 30 5010 367 10,504 2317 1.4 1445
Sulfomethoxazole =~ VET - - - - - - - - - - 3 4 31 - -
Sulfathiazole VET - 54 21 - - - - - - - - - - - -
Tiamulin VET - - - - - 6 32 14 11 394 16 74 80
Trimethoprim VET - - - - - - - - - - - - - - -
Tetracycline VET - - - - - <66 - - - - 357 - - - -
Tylosin VET >2911 >34,000 342 26 >2911 >34,000 277 10 - 78 5628 <9 9 133
Use* SP ng LP ng INF BIO EFF SP ng LP ng INF BIO EFF Use* SP ng LP INF
g! L! ng ng ng g’ Lt ng ng ng g ng ng
L1 g ! L1 L1 g ! L1 L1 L1
Date: February 2020 March 2020
Ciprofloxacin VET 177 - - 16 - - - - - - 87 - 684 - -
Danofloxacin VET 9 226 <16 - - 42 257 743 53 444 90 446 <16 33 -
Doxycycline VET - - - - - - - - - - - - - <34 <9
Enrofloxacin VET <165 388 71 57 <24 343 686 493 18 <24 920 333 404 48 <24
Fenbendazole VET - 11 - 37 <9 - <12 <9 44 - - 27 - 33 <9
Florphenicol VET - - - - - - - - - - - - - - -
Oxytetracycline VET 168 933 125 8 <18 63 2145 527 187 1154 128
Penicillin G VET - - - - - - - - - - - - - - -
Progesterone HOR <130 584 50 43 200 - <42 - - - - - - - -
Sulfadimidine VET 2 27 100 - 5 20 82 105 3 12 22 132 97 - 78
Sulfadiazine VET 1104 7584 2121 12 621 891 18,561 2643 682 331 25,083 2964 15 1191
Sulfomethoxazole =~ VET 2 - 16 13 <12 28 - 15 11 - 89 110 23 7 -
Sulfathiazole VET - - - - - - - - - - - - - - -
Tiamulin VET 116 213 28 14 8 212 687 45 10 36 138 295 38 11 23
Trimethoprim VET - 164 - - - 56 1600 45 21 - - 83 - - -
Tetracycline VET 72 - - - - - - - - - 128 - - - -
Tylosin VET - 309 10 - 13 - 259 12 4 - - 131 176 - 14
Acetaminophen VET - <13 - 11 - - - - - - - <13 24 3 -
Salicylic acid VET - - - 23 1050 277 26 434 - - - 22
Diclofenac VET <16 1239 136 - - 38 291 25 - - 70 1013 66 28
Clofibric acid NON <2 256 11 12 31 81 14 7 - 53 128 23 7 -
Atrazine NON - - - - - - - 8 - 25 - - - - -
Atorvastatin NON - - - - - - - - - - - - - - -
Caffeine NON 53 190 32 10 50 11 73 17 5 58 13 253 13 5 16
Carbamazepine NON 209 20 7 5 - <5 4 3 8 - 230 119 0.3 6
DEET NON 17 1077 35 25 19 382 114 20 117 40 593 239 14 107
Gemfibrozil NON - - - - - - - - - - <20 - - - -
Methylparaben NON <33 - <37 200 - <33 - - 212 - 135 - <37 260 56
Naproxen NON 22 1672 308 18 134 1617 401 120 2014 337 - 413
Ofloxacin NON <41 - - 6 - - - 19 - - - - - - -
Propanolol NON <93 207 <6 - <125 - - 21 - - - <61 <6 - <125

—: not detected.
@ Use: VET, veterinary drug; NON, non-veterinary drug; HOR, hormone.

all the manure samples, while ciprofloxacin, danofloxacin, fenbenda-
zole, tiamulin, tetracycline, sulfamethoxazole and progesterone were
usually present in the manure samples. All these compounds were
detected in very variable amounts, reaching total concentrations up to
3500-5000 ng per fresh g. Total CEC concentrations in raw manure,
calculated from the concentrations measured in each phase, are shown
in Tables SM8 and SM9. Total concentration of each CEC in the manure
and their respective concentrations in the photobioreactor influent were
positively correlated (r = 0.59, p < 0.0001, n = 81) as expected. After
removing two outliers the coefficient of correlation increased up to r =
0.70 (Fig. SM1). However, there was not a perfect correspondence in the

composition of both media because some compounds detected in the
influent were not detected in the manure sampled at the same time,
which was attributed to a lack of homogeneity in the manure lagoon.
The occurrence levels of the compounds, and their wide concentration
ranges, were expected as they were previously observed in related
studies published elsewhere (Argiieso et al., 2021; Spielmeyer, 2018;
Wohde et al., 2016).

The total concentration in manure was positively correlated with the
MLP concentration (in ng per g, r = 0.52, p < 0.0001, n = 71) and MSP
concentration (in ng per fresh g, r = 0.43, p = 0.0002, n = 70). Obvi-
ously, the concentrations found in both phases were also correlated (r =
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Fig. 2. Median, minimum and maximum concentration values for the compounds detected in manure and influent (left axis), and number of detections.

0.71, p < 0.0001, n = 60) but not all the compounds detected in the MLP
were detected in its corresponding MSP.

Thus, a few CECs have been observed exclusively in the MLP, while
for most of them the total amount was distributed between both phases.
However, the affinity for the MLP seems to be higher because around
70% of the total amount was determined in the MLP (Fig. 3, Tables SM8,
SM9 and SM10). This affinity can be explained based on the polar or
moderately polar nature of the CECs (Ohoro et al., 2019; Xin et al.,
2021). Only tiamulin and sulfomethoxazole had a higher affinity for the
MSP. On the other hand, gemfibrozil, methylparaben, ofloxacin, sali-
cylic acid and tetracycline were only detected in the solid phase. Thus,
based on these findings, CEC concentration in MLP could be proposed as
a suitable parameter to estimate their occurrence in pig manure, rather
than concentrations in MSP.

In addition, the log P value was negatively correlated with the total
concentration of each CEC in manure (r = —0.23, p = 0.021, n = 98),
and the same was observed for the MLP (r = —0.25, p = 0.023, n = 80)
and MSP (r = —0.23, p = 0.041, n = 78) concentrations. These results
suggest that the raw manure from the piggeries is relatively richer in
hydrophilic CECs which could be interpreted in two ways: a) the

lipophilic compounds are more easily bioaccumulated in the animals
and, then, they are less mobilized, b) the more polar compounds are
easily solubilized and dragged when the facilities soiled with feces and
other residues are washed with water, whereas the more lipophilic
compounds are retained on particulates and surfaces.

It is remarkable the presence in the manure of CECs of non-
veterinary use such as caffeine, clofibric acid, DEET, methylparaben
and carbamazepine, which were detected in all 3 stages in which they
were monitored. Their occurrence in manure must be ascribed to an
environmental pollution phenomenon. However, it is unknown if they
arose from the water applied during the water cleaning of the piggery,
the feces of the animals, the rests of feed or straw bed, or several of these
possibilities. As it could be expected, their concentrations were notably
lower than those found for veterinary drugs, and they remained below
150 ng per fresh manure g (Fig. SM2). Progesterone, an animal hormone
whose use in piggeries is not authorized in the European Union, was also
detected in manure, as in previous works (HSo et al., 2014; Portela et al.,
2022).
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Fig. 3. Median, minimum and maximum concentration values (in percentage) in the liquid phase of the manure (MLP) for the compounds detected (left axis), and

number of detections.

3.2. Effluent concentrations and removal of CECs

The number of compounds detected (56) in the effluents of the six
stages was lower than the number of compounds found (85) in the in-
fluents that fed the reactor in the different stages. Sulfadimidine and
sulfadiazine were monitored in all analyzed effluents while carbama-
zapine, doxycycline, fenbendazole, oxytetracycline and tiamulin were
detected, at least, in three of them. In general, the concentrations in the
effluents were below 200 ng L™! although concentrations about 400 ng
L~! were observed for danofloxacin, naproxen and salicylic acid, and
concentrations higher than 2000 ng L ™! were detected in some stages for
oxytetracycline and sulfadiazine. The concentrations of CECs in the
effluent were positively correlated with the manure concentrations (r =
0.564, p < 0.0001, n = 54) and those found in the influent (r = 0.366, p
= 0.0071, n = 53).

Fig. 4 (Table SM11) resumes the concentrations in the effluent and
the percentages of removal of CECs during the photobioreactor opera-
tion. Fig. 5 (Table SM12) shows the removal percentages for each
detection in the assayed stages. It can be stated that the amount of flu-
oroquinolones, in general terms, is decreased in presence of microalgae.
The removal of oxytetracycline and danofloxacin varied within the
40-100% range for the six stages, while ciprofloxacin and enrofloxacin
were removed almost completely except for two stages. Doxycycline was
detected in two stages. It resulted to be persistent in one of them but it
was removed by 81% in the other one. The sulphonamides sulfome-
thoxazole and sulfathiazole (1 stage only) tended to be removed in
percentages about 66-100%, whereas sulfadiazine and sulfadimidine
were less removed in various stages and, even, their concentrations in
the effluent increased (up to a 92%) in three cases. Tiamulin was
removed in different proportions, between 20 and 100%, while the
antibiotic tylosin, with high molecular weight, was removed about
92-100% in four stages but remained intact in other stage. Fenbenda-
zole and diclofenac were removed in all stages in which they were
detected, in ranges varying between 72-100% and 58-100%, respec-
tively. Trimethoprim, acetaminophen and the non-veterinary antibiotic
ofloxacin were completely removed in the only stage in which they were
monitored. On the other hand, salicylic acid and the herbicide atrazine
were not removed (1 stage), and caffeine demonstrated to be persistent
after the operation in the three stages. In fact, the persistence of the CECs
during the photobioreactor operation, or a low removal-rate, could
entail in some cases an accumulation of the compounds in the photo-
bioreactor and, subsequently, the concentration in the effluent could be

higher than the concentration in the influent. As regards the discussion
of the removal percentages it must be clarified that some of the most
negative estimated percentages (—1000% or lowest, for example for
propanolol) are not representative of the drug behavior because their
calculation involved the comparison of concentrations below the cor-
responding LOQs. In these cases (indicated with the sign < in Table 1),
the LOQ divided by two was considered for calculations.

The behavior of tetracyclines and fluoroquinolones observed in this
work was similar to that described in the bibliography (Table SM1 and
Lopez-Serna et al., 2019), as they are partially removed. Sulfadiazine
and sulfadimidine resulted to be rather persistent in the wastewater,
which also agrees with the literature but sulfomethoxazole and sulfa-
thiazole were removed somewhat when literature data for these CECs
are variable (Table SM1; Garcia-Galan et al., 2020; Gentili and Fick,
2017; Vassalle et al., 2020b). Carbamazepine and naproxen are CECs
generally considered as persistent in photobioreactors with microalgae
(Garcia-Galan et al., 2020; Jiménez et al., 2020) although they have
been removed, at least in part, in this work. In contrast, caffeine has not
been removed in any of the stages in which it was detected despite
bibliographic data indicate that the caffeine concentration is diminished
(Lindberg et al., 2021). Trimethoprim was completely removed in its
only detection, which was not expected according to bibliographic data
(Table SM1, Gentili and Fick, 2017). Finally, acetaminophen, tiamulin,
tylosin, diclofenac, clofibric acid, naproxen, progesterone, fenbendazole
and methylparaben were similarly removed as compared to data pre-
viously reported, and salicylic acid was persistent as expected
(Table SM1; Garcia-Galan et al., 2020; Jiménez et al., 2020; Lopez-Serna
et al., 2019; Matamoros et al., 2015).

Regarding the performance of the photobioreactor the seasonality
was expected to be a relevant factor, thus the variations found in the CEC
removal could be ascribed to the change in temperature and solar ra-
diation intensity. Also, temperature influences the adsorption of CECs on
microalgae and other particles (Hena et al., 2021; Leng et al., 2020).
However, the variations in the removal rates estimated in this work
could not be related to the seasonality as happened in some works
(Matamoros et al., 2015; Villar-Navarro et al., 2018). Similarly, the
variation in the photobioreactor microalgae composition did not influ-
ence the CEC removal. Hence, a one-way Anova did not show significant
differences (p < 0.05) in the removal rates based on the operation stage.
On this matter, it must be noted that a relatively high or low CEC specific
load in the influent of the photobioreactor could influence the estimated
removal percentages too. Thus, for instance, sulfadimidine and tylosin
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Fig. 4. Median, minimum (Min) and maximum (Max) values for the effluent concentrations and percentages of removal. Number of detections.

were accumulated in the photobioreactor in November-2019 (lower
solar radiation and low temperature) while oxytetracycline was less
removed as expected. However, the removal of enrofloxacin was higher
in November-2019. In addition, the Anova result was relevant because
the photobioreactor was covered with a plastic film in a stage carried out
in March-2020 to decrease the loss of water by evaporation and the
percentages of removal resulted to be basically similar to those achieved
in other stages, particularly in the stage carried out in March-2020
(Fig. 5).

The removal of organic microcontaminants, such as CECs, by
microalgae biodegradation involves one or more reactions catalyzed by
enzymes, and the microcontaminant is often transformed in broken-
down and polar derivatives. Biodegradation pathways entail patterns
of metabolic degradation with specific enzymes which use the micro-
contaminants are carbon and energy source, and patterns of co-
metabolic degradation by non-specific enzymes which require an addi-
tional carbon and energy input (Ding et al., 2017b; Qiang et al., 2014;
Xiong et al., 2017). Furthermore, the biodegradation outside the cell
(intercellular) is possible by intracellular substances released into the
medium (Naghdi et al., 2018), too. In addition, there is a cooperation
between microalgae and their bacteria consortium that reinforces the
biodegradation. In terms of bacteria population, the same microorgan-
isms found in conventional activated sludge processes have been

identified in photobioreactors, although the relative contribution to the
metabolism is different in relation to the activated sludge systems due to
the different design and operational conditions (Metcalf and Eddy,
2003).

The direct photodegradation is another removal mechanism. It is
based in the direct absorption of solar radiation by the micro-
contaminant and in this regard the UV sunlight radiation is more
effective that the visible radiation of the sun to degrade pharmaceuticals
(Jiménez et al., 2018b). The indirect photodegradation is clearly more
successful to remove microcontaminants. In this case, the radiation is
absorbed for one or more chemical species of the culture medium (the
dissolved organic matter or algal components for instance) which would
generate radical oxygen species, such as hydroxyl radicals, and favor the
decomposition of the microcontaminants by radical reactions (Leng
et al., 2020; Tian et al., 2019; Zhang et al., 2012).

Other two mechanisms whose relevance in the CEC removal is
relative scarce are the volatilization and hydrolysis. Volatilization of
CECs is almost negligible generally, according to their low Henry law
constant values, while the hydrolysis reaction rates are rather slow at
environmental temperature although they may be induced by enzymes
(Jiménez et al., 2018a, 2018b; Hena et al., 2021; Prosenc et al., 2021).
Irrespective of the removal mechanisms discussed above, side chain
breakdown, ring cleavage, N-oxidations, hydroxylation, demethylation,
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Fig. 5. Removal of veterinary drugs in the different stages. Letter “C”: Covered with a plastic film.

decarboxylation, and dehydroxylation are usual CEC transformation
pathways. Finally, the mechanism of adsorption of the CECs on the
microalgae biomass is addressed in the next section.

Table 2 shows the global decrease in the CEC content from the pig-
gery wastewater for the samples collected on each stage. The global
concentration decrease varied between 0 and 79%. The values reflect a
one-time situation and they are very different. The manure influent
composition changes over time and modifies the effluent composition in
that moment, too. In fact, if two effluent concentrations outliers are
discarded the global efficiency is higher of 60% for the monitored stages.
Thus, it can be stated that the thin-layer photobioreactors are a reliable
option to decrease, but no to remove completely, the CEC total content
in piggery wastewater.

Wastewaters are usually treated in open systems such as high-rate
algae ponds (HRAPs) or thin-layer cascade photobioreactors. As
regards the CEC removal, they differ basically in the culture depth so

Table 2
Global efficacy in the removal of CECs, comparing their total concentration in
effluent and influent.

Stage Influent concentration Effluent concentration Global
(ngL™YH (ng LY removal (%)

Mayo 2019" 11,444 11,426 (4032%) 0 (649
June 2019" 10,713 6469 (1459) 40 (86
November 10,154 2160 79

2019
February 3093 996 68

2020
March 2020 5553 1828 67
March 2020C 5365 2016 62
All stages 46,322 17,501 62

2 Excluding two outlier concentrations of sulfadiazine in the effluent.

that the photodegradation and oxidation processes are favored in the
thin-layer photobioreactor while HRAPs may contain some anaerobic
bacteria in addition to aerobic bacteria. CEC removal data in thin-layer
photobioreactors have not been found in the bibliography, therefore the
global removal performance observed in this work (roughly 60%) has
been compared with those published after assays in HRAPs. From ex-
amination of the data it can be inferred that the global removal rates are
in essence similar in both types of photobioreactors (Garcia-Galan et al.,
2020; Gentili and Fick, 2017; Jiménez et al., 2020; Lindberg et al., 2021;
Matamoros et al., 2015; Vassalle et al., 2020a; Vassalle et al., 2020b;
Villar-Navarro et al., 2018). Here, it must be pointed out that the
experimental conditions (such as the hydraulic retention time, pre-
dominant microalgae cells and their concentration, meteorological pa-
rameters), the wastewater treated in the photobioreactor, its design, and
the monitored microcontaminants, were quite different in these assays.
As a result of the CEC partial removal, the coupling of some other pu-
rification technology with a microalgae photobioreactor is a feasible
option to improve the removal performance.

3.3. Biomass concentrations

The concentrations of CECs measured in the biomass grown in the
photobioreactor were rather low (Table 3 and SM10), generally lower
than10 ng g~! (per fresh g). This agrees with data obtained for biomass
grown in urban wastewater (Garcia-Galan et al., 2020). Methylparaben
was detected in the three stages in which it was analyzed, at high con-
centrations ranging from 44 to 57 ng g 1. Only fenbendazole, dano-
floxacin, enrofloxacin and tiamulin had concentrations slightly higher
than 10 ng g~! in some stages. These four compounds, in addition to
oxytetracycline, sulfadiazine, progesterone, caffeine, clofibric acid and
DEET were frequently detected in biomass. Tetracycline and gemfibrozil



R. Lopez-Serna et al.

Table 3

Journal of Environmental Management 354 (2024) 120340

Mean, median, minimum (Min) and maximum (Max) values for the biomass concentrations, biomass accumulation factor (AcF, quotient between the biomass and

effluent concentrations), and number of cases (n).

Biomass (ng per fresh g)

Accumulation factor

Compound n Mean

Median Min Max n Mean Median Min Max
Acetaminophen 2 1.4 1.4 0.7 2 2 5 5 5 5
Atorvastatin - - - - - - - - - -
Atrazine - - - - - 1 0 0 0 0
Caffeine 3 1.4 1.1 1.1 2 3 0.043 0.040 0.019 0.069
Carbamazepine 3 0.9 1 0.1 2 3 0.166 0.088 0.017 0.392
Ciprofloxacin 3 4 4 2 6 3 1.753 0.240 0.019 5
Clofibric acid 3 2 2 2 3 3 5 5 5 5
DEET 3 4 4 3 6 3 1.687 0.034 0.028 5
Danofloxacin 4 7 7 1.3 12 4 2.511 2.514 0.018 5
Diclofenac - - - - - 1 0 0 0 0
Doxycycline 1 4 4 4 4 3 0.292 0.097 0 0.778
Enrofloxacin 6 7 5 2 13 6 1.228 0.625 0.005 5
Fenbendazole 5 10 8 6 20 5 2.715 1.778 0.240 5
Florphenicol - - - - - - - - - -
Gemfibrozil - - - - - - - - - -
Methylparaben 3 49 47 44 57 3 3.673 5 1.018 5
Naproxen 1 4 4 4 4 2 2.500 2.500 0 5
Ofloxacin 1 1.3 1 1.3 1.3 1 5 5 5 5
Oxytetracycline 5 3 4 0.9 4 5 1.076 0.137 0.001 5
Penicillin G - - - - - - - - - -
Progesterone 4 5 4 4 9 4 2.550 2.578 0.045 5
Propanolol - - - - - 2 0 0 0 0
Salicylic acid 3 5 5 5 6 3 3.338 5 0.014 5
Sulfadiazine 5 4 3 0.3 7 6 0.002 0.002 0 0.005
Sulfadimidine 4 0.6 0.7 0.4 0.7 6 0.366 0.028 0 2.083
Sulfathiazole - - - - - 0 - - - -
Sulfomethoxazole 3 2 2 2 3 3.492 5 0.477 5
Tetracycline - - - - - - - - -
Tiamulin 5 5 2 2 18 5 2.104 0.375 0.056 5
Trimethoprim 1 5 5 5 5 1 5 5 5 5
Tylosin 3 1.6 2 0.9 2 6 1.669 0.008 0 5

—: without data.

were only detected in biomass, not in the surrounding aqueous effluent,
in two and one stages, respectively.

The relatively scarce content of CECs in microalgae biomass could be
attributed to two non-exclusive reasons: a low adsorption-
bioaccumulation capacity in the biomass and a relatively quick
biodegradation of the CECs incorporated to the biomass (Ding et al.,
2017; Hena et al., 2021; Qiang et al., 2014; Xiong et al., 2018; Zambrano
et al., 2021). An adsorption process presumably takes place because
there is a positive correlation between the log P values and the CEC
concentrations in biomass (r = 0.349, p = 0.0035, n = 68, Fig. SM3),
excluding the results for methylparaben, whose concentration values
were extreme. Then, lipophilic compounds were incorporated in the
biomass in a larger extent as already previously observed on a much
smaller study (Lopez-Serna et al., 2022). Consequently, it can be pro-
posed that lipophilic compounds will be more easily removed from the
manure and less abundant in the purified effluent. No relationship was
found as regards the percentages of removal but it was obtained a
negative correlation between the CEC concentrations in effluent and log
P (r = —0.286, p = 0.0327, n = 56), which confirms that the incorpo-
ration of CECs to biomass notably helps to wastewater purification.
Likewise, it can be inferred that the hydrophilic CECs tend to be less
removed in the photobioreactor. On the other hand, Fig. SM4 shows the
CEC concentration in biomass for the six stages. The concentration of
CECs in biomass was seemingly a little higher in March-2020 when the
solar radiation reached the photobioreactor through a plastic coverture,
in comparison to those concentrations found in the uncovered stage
carried out in the same period, but this difference was not statistically
significant. According to a one-way Anova the content of CECs in
biomass was similar along the different stages (p > 0.05) as well. The
mean amount of CECs accumulated in the photobioreactor biomass
varied from 1.6 to 4.0% for the first three stages but it increased to
10.8-22.3% in the last three assayed stages in which the number of

compounds monitored was higher. The highest mean lipophilicity of the
CECs determined in the last stages justify their accumulation rate
(Table SM13).

The obtained results indicate that the adsorption mechanism on
microalgae biomass is a noteworthy way to decrease the CEC content in
piggery wastewater. The adsorption of CECs on the algae cell walls can
be accomplished by several physico-chemical processes. Thus, the
linkage can be established by hydrogen bonds, electrostatic attraction,
pore-filling, hydrophobic effects, partitioning and n-r interactions (Leng
et al., 2020). The adsorption phenomenon is more pronounced as the
CEC hydrophobicity (related to the log P value) is high, as it shown in
this work, and it is enhanced when the CEC carries on opposite electric
charge to microalgae. The outer surface of microalgae cells often pos-
sesses a net negative charge at the culture pH values which favors the
electrostatic interaction with positively charged microcontaminants.
The Langmuir isotherm seems describe the adsorption process accept-
ably (Tan et al., 2015; Xiong et al., 2018; Zambrano et al., 2021).

Biosorption is an extracellular process, if the microcontaminants
cross over the cell membrane they could undergo the above commented
biodegradation mechanisms, or simply, they could be bioaccumulated
(Mojiri et al., 2022). The bioaccumulation also plays a role in the
removal of CECs (Bai and Acharya, 2016, 2017) but some accumulated
compounds induce the production of reactive oxygen species resulting in
severe damage (toxicity) to microalgae cells (Amin et al., 2013; Xin
et al., 2021).

The biodegradation by microalgae and their bacteria consortium is
likely the main removal pathway observed in this work as deduced from
the experimental findings and authors’ experience. The degradation of
CECs by hydrolysis and oxidation chemical reactions in aqueous me-
dium at pH-values close to neutrality is generally negligible after short
periods of time, as in this case in which the hydraulic retention time was
12 days, even if the molecule has bonds that are susceptible of hydrolysis
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(Jiménez et al., 2017, 2018a). Unlike chemical reactions, photochemical
reactions perform a worthy role in the degradation of CECs but, in this
work, their contribution to the CECs removal seemed lower in com-
parison to the biodegradation mechanism. This statement is supported
by the lack of statistically significant differences among the removal
rates of the six studied stages, and taking into account the high intensity
of solar radiation in two of stages (May and June 2019) as opposed to the
other four. Furthermore, non-significant differences were found in the
removal rates between the two stages carried out in March 2020, after
covering the reactor with a plastic film in one of them. The plastic cover
decreased the transmission of visible radiation but also decreased the UV
radiation intensity, which mostly promotes the photochemical reactions
due to its higher energy. In relation to the removal of CECs by bio-
sorption on microalgae it has been pointed out in laboratory assays on
dead biomass that some CECs can be removed in high rates, about
32-100% (Zambrano et al., 2021; Xie et al., 2020). In fact, accumulation
global rates on fresh biomass about 2-20% have been estimated in this
work (Table SM13). These data include the biosorption percentages in
addition to those of a possible bioaccumulation. In the absence of
conclusive data we think that the removal performance of the photo-
degradation and biosorption mechanisms, in this work, would turn out
similar in some cases, but the photodegradation seems a more important
mechanism than biosorption in general terms. Finally, the relevance of
the volatilization mechanism should be discarded on account of the
nature of the studied compounds.

The incorporation of each CEC to the biomass can depend of its
concentration in the surrounding aqueous medium. Thus, an accumu-
lation factor (AcF) of CECs in biomass has been calculated as the quo-
tient between the CEC biomass concentration and the CEC effluent
concentration (Eq. (2)). The value of this factor depends on the distri-
bution of the CEC between the biomass and the surrounding aqueous
phase, and the density of biomass in the medium. This factor could be
more suitable to assess the affinity of the CECs towards the biomass of
the photobioreactor.

(ng CEC)

(ng CEC)
(ng CEC)

L effluent
g biomass

bwmaﬂ/ g biomass biomass

(ng CEC

(2
)e_[/luem/L eﬁ‘?uent

effluent

Table SM12 shows the calculated AcF values, taking into account
that a AcF value of 5 was assigned when the CEC was only detected in
the biomass phase. Table 3 resumes the data. High AcF values indicate a
major linkage of the CEC to the biomass. Acetominophen, clofibric acid,
danofloxacin, fenbendazole, methylparaben, naproxen, ofloxacin, pro-
gesterone, salicylic acid, sulfomethoxazole, tiamulin and trimethoprim
showed high AcF values. These compounds, in general, presented rela-
tively high concentrations in biomass. More interestingly is the positive
correlation observed between the percentages of removal and the
parameter AcF (r = 0.439, p = 0.0001, n = 70, after excluding those
cases in which the calculation of removal percentages involved con-
centrations close to the LOQ), which suggests that the biomass plays a
relevant role in the mechanism of removal of CECs contained in the
manure, either for their adsorption or algae-favored degradation pro-
cesses. Efforts should be conducted to increase the productivity of
biomass in the photobioreactors to enhance the CEC removal. Moreover,
it must be pointed out that the CEC concentration levels detected in the
influent did not affect the microalgae biomass productivity, which was
closely related to weather conditions (Sanchez Zurano et al., 2020).

It is accepted that the biosorption rate varies considerably depending
on CEC and microalgae species due to their different hydrophobicity,
functionality and involved chemical structures. However, a correlation
between the biomass concentrations, or AcF values, and the microalgae
species of each stage was not observed in this work, perhaps as a
consequence of the relatively little variation in the microalgae compo-
sition (Table SM14). The microalgae composition was not correlated
with the removal rates either. On the other hand, the chemical structures
of the CECs have been summarized in certain characteristics such as
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elemental atom ratios (C/N, C/O, ...) and presence of some functional
groups (carboxylic acids, heterocyclic nitrogen, hydroxyalkyl groups,
...) among other options, all of which are shown in Tables SM15 and
SM16. Thus, remarkable correlations of experimental data with struc-
tural characteristics were now found. The accumulation factors of CECs
in biomass (AcF) were negatively correlated with the presence of amine
groups in the structure (r = —0.28, p = 0.009, n = 83) and with the
elemental ratio N/O (r = —0.28, p = 0.011, n = 79). Similarly, the CEC
biomass concentrations (expressed per fresh gram) were also negatively
correlated with the presence of amine groups (r = —0.25, p = 0.034,n =
71) and the ratio N/O (r = —0.28, p = 0.021, n = 68). In addition, the
biomass concentrations were negatively correlated with the percentage
of nitrogen (%N, w/w) in the chemical structure (r = —0.32, p = 0.007,
n = 71) and the elemental ratio N/C (r = —0.30, p = 0.011, n = 71).
These biomass concentrations were positively correlated with the pres-
ence of hydroxylalkyl groups (r = 0.26, p = 0.031, n = 71) and
hydroxyphenyl groups (r = 0.36, p = 0.002, n = 71) in the structure. The
multivariant analysis of correlation was repeated after excluding the
high biomass concentrations of methylparaben. The number of signifi-
cant correlations was now drastically reduced but the relevance of the
oxygen and nitrogen atoms, and amine groups, in the CEC accumulation
on biomass was strengthened. Thus, in this last case, the ACF values
were correlated negatively with the presence of amine groups (r =
—0.25, p = 0.023, n = 80) and the ratio N/O (r = —0.26, p = 0.024,n =
76), and as a new finding, the AcF values also had a positive correlation
on the limit of statistical significance with the elemental ratio CI/H (r =
0.22, p = 0.049, n = 80). Experimental data clearly indicate that CECs
with oxygen atoms are prone to accumulate on biomass, mainly those
with a free hydroxyl group. On the contrary, the CECs with nitrogen
atoms are less accumulated and this phenomenon seems to correspond
with the presence of free amine groups rather than nitrogen-containing
aromatic heterocycles. The electric charge of the CECs and their degree
of unsaturation (number of cycles and double bonds) did not turn out a
significant factor but the larger dipole moment of the bond C-Cl
compared to that bond C-H, or perhaps the ability of the chlorine atom
to share electrons pairs, did seem to favor the accumulation. The
physico-chemical and biological interpretation of these experimental
findings is not simple and it should not be forgotten that the concen-
trations measured in the microalgae biomass can have two origins
because the superficial biosorption mechanism overlaps with the
mechanism of bioaccumulation inside the microalgae when the CECs
cross over the membrane cells.

4. Conclusions

CECs of non-veterinary use have been detected in pig manure in
lower amounts than veterinary drugs. Their occurrence in manure is
attributed to environmental pollution. The liquid phase of the manure
contained, generally, higher CEC amounts than the solid phase. In this
context, the determination of CECs in the manure liquid phase provides
more useful information to estimate the occurrence of residues in the
original manure.

The total content of CECs in piggery wastewater can be decreased in
different rates during the routine operation of a microalgae photo-
bioreactor over time. The mean removal of the total content in the
effluent was about 60%. A combination with another purification
treatment seems advisable to improve the removal. Caffeine and meth-
ylparaben seemed to be persistent. Sulfadiazine, sulfadimidine, and to a
lesser degree enrofloxacin and ciprofloxacin, were less prone to be
removed than other CECs.

The concentrations of CECs in biomass were small. The lipophilic
CECs were found in higher amounts than the hydrophilic ones in the
algae biomass. There is a linear relationship between the CEC concen-
tration in biomass and log P. The linkage of the CEC to the biomass fa-
vors the removal, thus the microalgae growth should be enhanced as
much as possible.
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