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A B S T R A C T   

This study assessed the influence of carbon-coated zero-valent nanoparticle concentration (70, 140 and 280 mg 
L− 1) on the performance of photosynthetic biogas upgrading in an indoor pilot scale plant composed of an algal- 
bacterial photobioreactor interconnected to an external biogas absorption column. In addition, the influence of 
nanoparticle concentration on the abiotic CO2 gas-liquid mass transfer in the biogas absorption column was also 
evaluated. Microalgae productivity was enhanced by > 100 % when nanoparticles were added to the cultivation 
broth, which also boosted nitrogen and phosphorus assimilation from centrate. The biomethane produced 
complied with most international standards only when nanoparticles were supplemented, achieving CO2 con-
centrations < 1 % (CO2 removal efficiencies > 98 %) and CH4 concentrations > 94 % in the treated biogas. 
Finally, this research consistently demonstrated that the improvement of biogas upgrading performance by the 
addition of nanoparticles was based on a photosynthesis enhancement or stimulation (which significantly 
increased the pH in the algal cultivation broth) rather than on an improved nanoparticle-mediated CO2 capture 
in the biogas absorption column.   

1. Introduction 

Microalgae are microscopic photosynthetic organisms that can uti-
lize sunlight and water to efficiently convert CO2 into biomass with a 
concomitant uptake of dissolved nutrients and release of O2. These mi-
croorganisms can grow in multiple environments such as wastewater, 
seawater, rivers and lakes. The optimum pH and temperature of most 
microalgae range from 7 to 9 and from 20 to 30 ◦C, respectively [1]. One 
of the main characteristics of microalgae is their wide variety of appli-
cations, which is often envisaged as one of the pillars of bioeconomy. 
Microalgae can be used as a biocatalyst for wastewater treatment, 
bioremediation, industrial gas cleaning and biogas purification, or as a 
feedstock for the production of food, animal feed, cosmetics, pharma-
ceuticals, biomaterials, biofertilizers/biostimulants or biofuels [2,3]. 

Microalgae production systems can be divided into open and closed 
photobioreactors. Open cultivation systems are typically implemented 

in artificial ponds, tanks, raceways and thin-layer platforms. On the 
other hand, closed systems are engineered as tubular loops, flat-panels 
and bubble columns [4]. Open raceway ponds or high-rate algal ponds 
(HRAPs) are a well-established photobioreactor configuration in in-
dustry for microalgae mass production that consume significantly less 
energy for mixing than tubular or flat panel photobioreactors [5,6]. 
However, due to the low biomass concentrations prevailing in these 
systems (typically ranging from 0.5 to 1.0 g L− 1 to favour the penetra-
tion of light), microalgae harvesting is technically difficult and costly. 
Overall, the merits of HRAPs are versatility, low cost and ease of con-
struction and operation, low maintenance costs and high durability [7]. 
However, HRAPs exhibit large areal requirements, high evaporation 
rates, poor accessibility of algae to light and susceptibility to microbial 
contamination [8]. 

During the last decades, HRAPs have been proposed as a technically 
feasible and sustainable alternative for the treatment of wastewaters [9]. 
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In recent years, pilot-scale studies have been carried out integrating 
photosynthetic biogas upgrading and wastewater treatment in HRAPs 
interconnected to an external CO2-H2S absorption column under both 
natural (outdoor) and artificial (indoor) illumination [10–15]. In these 
systems, algal-bacterial consortia (composed of sulphur-oxidizing, ni-
trifying and heterotrophic bacteria in symbiosis with microalgae and 
cyanobacteria) are used to fix the CO2 from biogas, assimilate nitrogen 
and phosphorus from digestate, and oxidize H2S and NH4

+. This green 
process, operating at high alkalinities, can deliver a biomethane 
complying with most international regulations (CH4 ≥ 90 %, CO2 ≤ 2–4 
%, O2 ≤ 1 %, and negligible amounts of H2S) to be injected into natural 
gas networks or used as vehicle fuel [16,17]. 

One of the critical limitations in the industrial application of 
microalgae is the high cost of microalgae cultivation due to the limited 
photosynthetic efficiency and costly CO2 mass transfer [18], since pH >
9 and alkalinity > 1000 mg IC L− 1 are required to obtain a good effi-
ciency of CO2 gas–liquid mass transfer (> 90 %), which entails a sig-
nificant consumption of chemicals [17,19]. In recent years, multiple 
techniques and strategies have been investigated with the aim of 
achieving higher microalgal productivities [20]. In this context, the 
addition of nanoparticles during microalgae cultivation has emerged as 
a promising method to enhance both CO2 absorption efficiency and the 
efficient light conversion in the photobioreactor, thus improving 
microalgae growth [21]. Vargas-Estrada et al. [22,23] investigated the 
influence of different types of nanoparticles on batch microalgae cul-
tures devoted to photosynthetic biogas upgrading. These studies 
demonstrated that the addition of the nanoparticles tested (Fe2O3, SiO2 
and carbon-coated zero-valent iron) improved both CO2 absorption and 
microalgae growth. Similarly, Vargas-Estrada et al. [24] recently con-
ducted a preliminary study to evaluate the influence of the addition of 
carbon-coated zero-valent iron nanoparticles at 70 mg L− 1 to algal- 
bacterial cultures on the performance of photosynthetic biogas 
upgrading under continuous operation. The results showed that the 
addition of nanoparticles significantly boosted microalgae growth and 
increased the pH of the cultivation broth, thus enhancing the perfor-
mance of photosynthetic biogas upgrading. Despite these promising 
results, the understanding of the mechanisms and key operational pa-
rameters in nanoparticle-aided photosynthetic biogas upgrading is 
limited. In this regard, three hypothetical mechanisms related to the 
improvement of CO2 gas–liquid mass transfer (and consequently 
enhancement of biogas upgrading) have been proposed: shuttle effect, 
hydrodynamic effect and bubble breaking effect [23]. Furthermore, 
nanoparticles can boost the CO2 availability in the cultivation broth and 
its assimilation by microalgae cultures, thus improving photosynthesis 
[22,23]. 

This study aimed at evaluating the effect of carbon-coated zero- 
valent iron-based nanoparticle concentration on the performance of an 
indoor pilot scale HRAP devoted to the continuous photosynthetic 
upgrading of biogas. In addition, the influence of nanoparticle concen-
tration on the abiotic CO2 gas–liquid mass transfer in the biogas ab-
sorption column was investigated. 

2. Materials and methods 

2.1. Experimental set-up 

The photosynthetic biogas upgrading experimental set-up (indoor 
pilot plant) was composed of a 1.2 m2 180 L HRAP (length = 170 cm; 
width = 82 cm; depth = 15 cm) interconnected to an external 2.5 L 
absorption column via an external liquid recirculation of the superna-
tant from an 8 L settler (Fig. 1a). The HRAP, with two water channels 
divided by a central wall and baffles in each side of the curvature, was 
constantly illuminated with LED lights (Phillips, Spain) and continu-
ously mixed by a six-blade paddle wheel at an internal liquid recircu-
lation velocity of approximately 0.2 m s− 1. The absorption column (AC) 
was a transparent PVC bubble column (internal diameter = 4.4 cm; 

height = 165 cm) provided with a metal gas diffuser (2 µm pore size) at 
the bottom. 

A second experimental set-up consisting mainly of an absorption 
column with the same characteristics as the one described above, and a 
peristaltic pump (Watson Marlow, UK), was used to evaluate the influ-
ence of nanoparticle concentration on the CO2 gas–liquid mass transfer 
in the biogas absorption column under abiotic conditions (Fig. 1b). 

2.2. Biogas, centrate and nanoparticles 

A synthetic gas mixture containing CH4 (70 %), CO2 (29.5 %) and 
H2S (0.5 %) (Abello Linde, Spain) was used as a model biogas. Real 
centrate was used as a source of nutrients and water. This centrate was 
obtained from the centrifugation of the effluent from the mixed sludge 
digesters of the Wastewater Treatment Plant (WWTP) of Valladolid 
(Spain) and was stored at 4 ◦C before use. Carbon-coated zero valent 
iron nanoparticles (NPs) obtained from CALPECH (Spain) were soni-
cated to prevent nanoparticle agglomeration and facilitate their addition 
to the microalgae cultivation [22]. A Sonorex Digitec (Bandelin, Ger-
many) operated at 30 kHz for 1 h was used for ultrasonication in order to 
disperse the NPs in the centrate. CALPECH NPs (containing 8.68 % wt of 
Fe) exhibited a BET surface area of 27.3 m2 g− 1, a pore volume of 0.28 
cm3 g− 1 and an average pore diameter of 41.5 nm (mesoporous material 
according to the IUPAC classification) [24]. The centrate containing the 
target concentrations of NPs was continuously stirred using a magnetic 
agitator during feeding to the HRAP. The influence of nanoparticle 
concentration on the CO2 gas–liquid mass transfer was investigated 
using a synthetic centrate whose chemical composition was: 3.5 g L− 1 of 
NaHCO3, 1.5 g L− 1 of NH4Cl, 0.39 g L− 1 of CH4N2O, 0.731 g L− 1 of 
K2HPO4, 0.0175 g L− 1 of NaCl, 0.01 g L− 1 of CaCl2 and 0.056 g L− 1 of 
MgSO4. 

2.3. Influence of nanoparticle concentration on photosynthetic biogas 
upgrading 

This study was carried out from March the 7th to September the 16th 
2022 (~200 days) and was divided into three different stages. During 
stage I (days 0 to 36), the NPs concentration in the cultivation broth and 
centrate was set at 70 mg L− 1, and biomass harvesting rate was main-
tained at 33.0 g m− 2 d− 1 according to [24]. During stage II (days 37–95) 
and stage III (days 96–194), the NPs concentration in the cultivation 
broth and centrate was set at 140 and 280 mg L− 1, respectively, with 
biomass harvesting rates of 48.2 g m− 2 d− 1 in both stages. At this point, 
it should be noted that the effect of NPs concentrations ranging between 
70 and 280 mg L− 1 have not been tested in batch experiments [22,23] 
and needs further study. The HRAP was initially inoculated with an 
algal-bacterial consortium (obtained from a previous experiment [24]) 
with Chlorella sp. as the dominant microalgal species. The bacteria 
present in the consortium were nitrifying, sulphur-oxidizing and 
consuming organic matter, but their molecular identification was out of 
the scope of this study. During the entire experimental period, the sys-
tem was continuously fed with 4.3 L d− 1 of centrate supplemented with 
7.3 g d− 1 of sodium carbonate to counteract the active inorganic carbon 
consumption in the HRAP mediated by the enhanced microalgae growth 
following nanoparticle addition. Biomass recirculation from the bottom 
of the settler to the HRAP was set at 7.2 L d− 1 according to Posadas et al. 
[15] to improve the settleability and avoid the degradation of the algal- 
bacterial biomass in the settler. The flow rate of synthetic biogas sup-
plied to the AC was 60 L d− 1. The biogas load was estimated based on the 
biogas composition (29.5 % CO2), the HRAP surface area (1.2 m2), the 
illumination intensity and regime, to support a microalgae productivity 
of 22.5 g m− 2 d− 1. Similarly, the centrate load was determined by the 
algal productivity set and the composition of the centrate in terms of 
inorganic carbon and nitrogen concentration (more details can be found 
in Supplementary Material). The recycling liquid/gas (L/G) ratio in the 
AC was fixed at 2 according to literature studies in a similar 
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Fig. 1. Schematic diagrams of a) the photosynthetic biogas upgrading experimental set-up and b) the abiotic biogas absorption column set-up.  
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experimental set-up [13,14,25]. L/G ratio of 0.5–1 are typically set 
when the HRAP is operated at pH > 9 and inorganic carbon concen-
trations > 1200 mg IC L− 1, conditions that guarantee an effective CO2 
capture in the absorption column while minimizing O2 and N2 desorp-
tion. Tap water was supplied to the HRAP to compensate evaporation 
losses. The algal-bacterial biomass harvesting rate (W) (g m− 2 d− 1) was 
controlled according to Eq. (1) [26]: 

W = (TSSsettler × Qwout)/S (1) 

where TSSsettler is the biomass concentration at the bottom of the 
settler (g L− 1), Qwout is the flowrate of the biomass harvested (L d− 1) and 
S is the HRAP surface (m2). The algal-bacterial biomass was centrifuged 
for 10 min at 7800 rpm. It should be noted that during the entire 
experiment, the supernatant resulting from the centrifugation of the 
settled algal-bacterial biomass withdrawn to maintain a fixed biomass 
productivity, was returned to the HRAP (zero-effluent process). The 
photosynthetic active radiation (PAR) in the surface of the HRAP was 
maintained constant at 1406 ± 45 µmol m− 2 s− 1. Ambient and HRAP 
temperatures averaged 26.3 ± 1.6 and 31.1 ± 1.2 ◦C, respectively 
(Fig. S1a). 

Ambient and HRAP temperatures, dissolved oxygen concentration 
(DO) and pH in the HRAP, AC and centrate were daily monitored. PAR 
and the composition of the inlet and outlet gas streams in the AC were 
measured twice a week. Likewise, the concentrations of total suspended 
solids (TSS) and volatile suspended solids (VSS) in the HRAP and settler, 
and the concentrations of total organic carbon (TOC), inorganic carbon 
(IC), total nitrogen (TN), N-NH4

+, N-NO2
− , N-NO3

− , P-PO4
3− and S-SO4

2− in 
the soluble fraction of the centrate and HRAP cultivation broth were 
monitored twice a week. Once per month, the algal-bacterial biomass 
was stored (after drying for 24 h at 105 ◦C) for elemental analysis, and 
for the morphological characterization of the algal population structure 
(one sample fixed with Lugol’s solution at 5 % and another with neutral 
formaldehyde solution at 10 %, both stored at 4 ◦C). 

The influence of NPs on the CO2 gas–liquid mass transfer in the AC 
under abiotic conditions was carried out at 26 ◦C using the synthetic 
biogas described above. The flow rate of synthetic biogas and L/G ratio 
were set at 55 L d− 1 and 2, respectively. A synthetic centrate with the 
composition above described and pH = 8 was used. Three different 
concentrations of NPs in the centrate (70, 150 and 300 mg L− 1) and a 
control (no NPs) were tested. Both the gas composition and the pH of the 
liquid at the outlet of the AC were measured under steady state, which 
was assumed after 3 times the hydraulic retention time of the liquid in 
the AC (~100 min). Gas and liquid samples were collected at 100, 115, 
130, 145 and 160 min from the start of each experiment to ensure stable 
system conditions. 

2.4. Analytical procedures 

Temperature and DO in the culture broth of the HRAP were 
measured using an Oxi 3310 oximeter (WTW, Germany). pH was 
determined by using a SensIONTM + PH3 pHmeter (HACH, Spain). PAR 
in the HRAP was measured with a LI-250A light meter (LI-COR Bio-
sciences, Germany). Liquid samples were centrifuged for 10 min at 7800 
rpm (SIGMA 2-16P, Germany) and filtered through 0.7 µm glass fibre 
filters prior to TOC, IC and TN analysis using a TOC-VCSH analyser 
equipped with a TNM-1 module (Shimadzu, Japan). In addition, liquid 
samples were filtered through 0.22 µm nylon filters for the analysis of 
nitrate, nitrite, phosphate and sulphate, which was carried out via 
HPLC-IC as described elsewhere [27]. N-NH4

+ concentration was deter-
mined via the Nessler analytical method using a UV-2550 spectropho-
tometer (Shimadzu, Japan) at 425 nm. The gas concentrations of CH4, 
N2, O2, CO2 and H2S were determined by GC-TCD according to Alcántara 
et al. [10]. The analysis of TSS and VSS concentrations was conducted 
according to Standard Methods [28]. The determination of elemental 
composition of the algal-bacterial biomass (C, N and P) and microalgae 
population structure was performed as described elsewhere [29]. The 

removal efficiency of CO2 was calculated according to [26]. Nitrogen 
and phosphorus recovery from centrate by assimilation into biomass 
(REx) was calculated according to Eq. (2): 

REx(%) = (W × X)/(Qin × Cin) (2) 

where Qin represents the centrate flowrate (L d− 1), Cin the concen-
trations in the centrate of N and P (mg L− 1), W the biomass harvesting 
rate expressed in mg d− 1 and X corresponds to the content of nitrogen 
and phosphorus in the harvested biomass (%). 

2.5. Statistical data treatment 

The results are shown as mean values ± standard deviation. A one- 
way ANOVA analysis (at 95 % confidence level) was performed to 
assess the statistical significance of the mean difference. 

3. Results and discussion 

3.1. Influence of nanoparticle concentration on HRAP performance 

The water evaporation rate in the HRAP during the entire experi-
ment averaged 11.1 ± 0.6 L m− 2 d− 1 (Fig. S1b). This high evaporation 
rate compared to those estimated by Guieysse et al. [30] in temperate 
climates in open ponds under outdoors conditions (1.3–6.2 L m− 2 d− 1) 
was likely promoted by the high temperatures and high turbulence 
prevailing in the pilot HRAP cultivation broth [25,31]. 

3.1.1. pH, DO, VSS and microalgae population 
The control scenario (absence of nanoparticles) was previously 

published [24]. During stages I and II, the predominant microalgae 
population in the cultivation broth was Chlorella sp. When the HRAP was 
operated at a NPs concentration of 70 mg L− 1, the average value of pH, 
DO and VSS in the HRAP under steady state was 9.00 ± 0.05 (days 
8–36), 11.53 ± 1.07 mg O2 L− 1 and 1.38 ± 0.21 g L− 1 (days 1–36 for 
both), respectively (Fig. 2). An increase in NPs concentration in the 
HRAP cultivation broth and centrate from 70 to 140 mg L− 1 caused a 
rapid and significant increase in pH and VSS up to steady state values of 
9.22 ± 0.03 (days 82–95) (p = 1.3 × 10− 8 and n = 10) and 3.10 ± 0.15 g 
L− 1 (days 78–95) (p = 4.4 × 10− 14 and n = 10), respectively, which was 
probably mediated by an increase in photosynthetic activity and 
therefore in algal growth (Fig. 2 a & c). DO initially increased sub-
stantially but it stabilized at a slightly lower value (11.02 ± 1.21 mg O2 
L− 1) (days 50–95) compared to the steady state value in stage I (Fig. 2b). 
This phenomenon induced an outstanding increase in biomass produc-
tivity of almost 50 % (from 33.0 to 48.2 g m− 2 d− 1) when NPs concen-
tration increased from 70 to 140 mg L− 1, and enhancements higher than 
100 % compared with process operation in the absence of NPs (from 
22.5 to 48.2 g m− 2 d− 1) [24]. The new biomass harvesting rate (48.2 g 
m− 2 d− 1) was set from day 54 onwards, and calculated based on the 
increase in VSS during the first 5 sampling points in stage II. Indeed, the 
number of Chlorella sp. cells/mL increased from 1.77 × 106 in stage I to 
2.51 × 106 in stage II, further supporting the fact that the increase in NPs 
concentration from 70 to 140 mg L− 1 induced a significant increase in 
the microalgae production performance of the process. It is important to 
note that most of the biomass present in the cultivation broth corre-
sponds to photosynthetic microorganisms since the centrate does 
contain mainly recalcitrant organic carbon and ammonium, and the 
yield of both nitrifying and sulfur oxidizing bacteria is low. 

Interestingly, microalgae growth decreased in stage III (when the 
NPs concentration in the system was increased from 140 to 280 mg L− 1), 
as suggested by the progressive decline in pH, DO and VSS concentra-
tions of the cultivation broth from day 104 till day 137 (Fig. 2). How-
ever, microalgae activity gradually recovered by the end of stage III and 
the pH, DO and VSS concentrations finally stabilized at 9.53 ± 0.10, 
10.79 ± 1.25 mg O2 L− 1 (days 152–194 for both) and 2.92 ± 0.17 g L− 1 

(days 165–194), respectively. This fact can be attributed to the change of 
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Fig. 2. Time course of a) pH of HRAP (blue diamonds), AC (red diamonds), and centrate (green diamonds); b) dissolved oxygen concentration in the HRAP; and c) 
microalgal biomass concentration in the HRAP. NPs concentration: Stage I → 70 mg L− 1, Stage II → 140 mg L− 1 and Stage III → 280 mg L− 1. From red dashed line 
(chart c - day 54), the biomass harvesting rate was changed from 33.0 to 48.2 g m− 2 d− 1. 
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the dominant microalgal species from Chlorella sp. to Chloroidium sac-
charophilum likely induced by ionic strength (or alkalinity) accumula-
tion in the system as a consequence of the zero effluent operating mode. 
A similar algae population replacement was also observed by Posadas 
et al. [15] in a comparable experimental set-up under outdoor condi-
tions, likely as a result of the recirculation of the settled biomass (to 
improve species control and harvesting efficiency) and the high alka-
linity in the cultivation broth. The addition of nanoparticles substan-
tially increased the pH in the cultivation broth (from 8.55 to 9.53) as 
well as the biomass production, which resulted in a considerable in-
crease in the VSS concentration in the HRAP (from 1.56 to 3.10 g L− 1) 
and productivity (from 22.5 to 48.2 g m− 2 d− 1) compared to previously 

published control scenario in the absence of NPs [24]. The mean DO 
values under steady state in the three operational stages were similar 
and remained below inhibitory levels (typically above 25 mg O2 L− 1) 
(Fig. 2b) [15]. The pH values in the biogas absorption column were 
lower than those recorded in the HRAP (Fig. 2a) as a result of the 
acidification of the recirculating liquid mediated by the active absorp-
tion of CO2 and H2S from biogas [15,26]. The pH of the centrate sup-
plemented with 7.3 g d− 1 of Na2CO3 remained constant at 8.22 ± 0.19 
throughout stages I and II (Fig. 2a). Interestingly, the pH of the centrate 
decreased to 8.07 ± 0.15 during stage III due to an intensification of the 
partial nitrification process (biologically oxidizing ammonia into nitrite) 
in this stage as a result of the growth of a biofilm in the feeding tank 

Fig. 3. Time course of a) TOC, b) IC and c) TN concentrations in the HRAP (red squares) and centrate (blue diamonds). NPs concentration: Stage I → 70 mg L− 1, 
Stage II → 140 mg L− 1 and Stage III → 280 mg L− 1. 
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Fig. 4. Time course of a) N-NH4
+, b) N-NO2

− , c) N-NO3
− , d) P-PO4

3− and e) S-SO4
2− concentrations in the HRAP (red squares) and centrate (blue diamonds). NPs 

concentration: Stage I → 70 mg L− 1, Stage II → 140 mg L− 1 and Stage III → 280 mg L− 1. 
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(Fig. 4b). 

3.1.2. TOC, IC and alkalinity 
The average TOC concentration in the centrate during the entire 

experiment was 117 ± 42 mg L− 1 (Fig. 3a), which remained within the 
typical concentration values of TOC in domestic wastewater (80–260 mg 
L− 1) [32]. However, the dissolved organic carbon in digestates/cen-
trates is typically composed of recalcitrant compounds, since most of the 
easily biodegradable carbon is removed during anaerobic digestion 
[33]. The gradual increase in TOC concentration in the culture broth of 
the HRAP from the beginning (127 mg L− 1) to the end (616 mg L− 1) of 
the experiment (Fig. 3a) was likely due to the accumulation of recalci-
trant organic matter either released by the metabolism of microalgae 
during their photoautotrophic growth and by the lysis of the algal- 
bacterial biomass present in the culture broth [11,27] or accumulated 
from the centrate as a result of the zero-effluent operational mode set in 
this work. 

On the other hand, the average IC concentration in the centrate 
(supplemented with 1.7 g L− 1 of Na2CO3) during stages I, II and III was 
801 ± 44, 805 ± 54 and 596 ± 85 mg L− 1, respectively (Fig. 3b). The 
substantial decrease in IC concentration in the centrate during stage III 
was associated to the decrease in the pH (induced by the partial NH4

+

nitrification observed) of the centrate during this stage (Fig. 2a), which 
shifted the equilibrium towards CO2 and thus promoted the subsequent 
desorption of IC into the atmosphere. The IC concentration in the HRAP 
during stage I increased slightly from 385 to 520 mg L− 1. During stage II, 
this parameter remained constant at average values of 495 ± 53 mg L− 1, 

which entailed that the mass flow rate of inorganic carbon entering the 
system through the centrate and the AC (as a result of the CO2 gas–liquid 
mass transfer) and CO2 absorbed from the atmosphere into the HRAP 
cultivation broth matched the mass flow rate of inorganic carbon 
consumed by the microalgae and nitrifying bacteria. During stage III, the 
IC concentration in the HRAP initially increased likely mediated by the 
deterioration in photosynthetic activity and then decreased as a conse-
quence of the change in the microalgae population structure to finally 
stabilize at 569 ± 53 mg L− 1 (days 148–194) (Fig. 3b). Dissolved inor-
ganic carbon remained at low concentrations (~500 mg IC L− 1) prob-
ably due to the significant photosynthetic activity mediated by the 
addition of NPs. 

Alkalinity accumulation could have occurred in the HRAP due to the 
daily addition of a substantial amount of sodium carbonate in the cen-
trate and the zero effluent operating strategy. Theoretically, CO2 
dissolution and desorption do not change the alkalinity of the liquid and 
photosynthesis could rather increase alkalinity (especially when nitrate 
is the major nitrogen source in the medium) [34]. On the other hand, 
assimilation of ammonia, as well as nitrification, is known to reduce 
alkalinity [35]. Alkalinity accumulation could have a significant effect 
on photosynthetic activity and CO2 absorption. However, the contri-
bution of such accumulation to the increase in photosynthesis when NPs 
concentration was stepwise increased from 70 to 140 mg L− 1 can be 
neglected due to the rapid and significant response of the system to such 
a change. On the other hand, plausibly, the reduction in biomass pro-
duction observed in stage III may have stemmed from the accumulation 
of ionic strength (or alkalinity), recovering by the end of stage III via a 

Fig. 4. (continued). 
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shift in algal community structure towards ionic strength-resilient 
species. 

3.1.3. TN, ammonium, nitrite and nitrate 
The concentrations of TN (Fig. 3c) and N-NO3

− (Fig. 4c) in the cen-
trate during the entire experiment averaged 680 ± 59 and 3 ± 2 mg N 
L− 1, respectively. Most of the dissolved nitrogen in the centrate was in 
the form of ammonium. The average concentration of N-NH4

+ in the feed 
during stages I, II and III was 556 ± 68, 646 ± 44 and 424 ± 61 mg L-1, 
respectively (Fig. 4a). The substantial decrease in the ammonium con-
centration in the feed during stage III compared to stages I and II was due 
to a marked increase in the bacterial partial nitrification. N-NO2

− con-
centration in the centrate was similar during stages I and II (98 ± 29 and 
96 ± 54 mg L− 1, respectively), and increased substantially during stage 
III (188 ± 54 mg L− 1) (Fig. 4b). The high ambient temperature condi-
tions and the continuous agitation, along with the formation of a bac-
terial biofilm in the feeding tank promoted the bacterial partial 
oxidation of N-NH4

+ to N-NO2
− both in the feed and in the HRAP (Fig. 4b) 

[36,37]. 
The TN concentration in the cultivation broth of the HRAP increased 

from the beginning (1182 mg L− 1) to the end (1434 mg L− 1) of the 
experiment (Fig. 3c). This fact was likely due to the accumulation of 
organic nitrogen mediated by microalgal-bacterial metabolite excretion 
and cell lysis under the zero effluent strategy tested [10]. N-NH4

+ con-
centration in the cultivation broth of the photobioreactor remained 
almost negligible throughout the experiment (Fig. 4a). Comparable re-
sults were obtained in analogous experimental set-ups using centrates 
with a high ammonium loading [14,15,26]. Nitrogen stripping as NH3 
could be also responsible for NH4

+ removal (apart from nitrification and 
assimilation into biomass) due to the high pH prevailing in the culti-
vation broth [38]. Most of the TN in the HRAP cultivation broth was 
present in the form of nitrate (Fig. 4c). Therefore, despite the high 
temperatures in the cultivation medium (29–33 ◦C), the complete 
nitrification of NH4

+ by the nitrifying bacterial community prevailed 
over the partial nitrification to nitrite likely due to the high DO 
(10.8–11.5 mg L− 1) supported by algal photosynthesis [25,29]. Nitrate 
accumulation from the beginning (1210 mg N L− 1) to the end (1345 mg 
N L− 1) of the experiment (Fig. 4c) was very low probably because of the 
high photosynthetic activity driven by nanoparticle supplementation, 
which increased nitrogen uptake from the cultivation broth. 

3.1.4. Phosphate and sulphate 
The concentration of P-PO4

3− in the centrate during stages I, II and III 
averaged 92 ± 9, 79 ± 14 and 36 ± 13 mg P L− 1, respectively (Fig. 4d). 
These substantial deviations of the phosphate concentration in the 
centrate can be explained by variations in the operation of Valladolid 
WWTP. Phosphate concentration in the photobioreactor remained 
constant during stage I (102 ± 6 mg P L− 1). During stage II, phosphate 
concentration substantially decreased to 19 mg P L− 1 due to the rapid 
increase in microalgae growth mediated by the higher NPs concentra-
tion in the system (140 mg L− 1). By day 107 (stage III), P-PO4

3− con-
centration in the HRAP was increased via external addition of K2HPO4 to 
prevent phosphate limitation (< 3 mg P L− 1) [13]. From day 113 (stage 
III), P-PO4

3− concentration substantially decreased as a result of the re-
covery of microalgal activity and high biomass production promoted by 
NPs addition and to a lesser extent due to the gradual reduction in the 
phosphate content of the centrate, and stabilized at 22 ± 5 mg P L− 1 by 
the end of the stage III (days 155–194). On the other hand, the mean 
concentration of S-SO4

2− in the centrate throughout the experiment was 
16 ± 5 mg L− 1 (Fig. 4e). The concentration of S-SO4

2− in the HRAP 
increased from ~ 200 to ~ 400 mg L− 1, since the H2S continuously 
transferred from biogas was oxidized to sulfate by sulphur-oxidizing 
bacteria [12], and accumulated in the system triggered by the zero- 
effluent operational mode. 

3.1.5. Algal-bacterial biomass composition, phosphorus and nitrogen 
recovery and possible fate of NPs 

The C, N and P contents in the biomass (Table 1) were in agreement 
with those reported in the literature ([11,15]). The biomass C/N ratio 
remained constant at 5.8 ± 0.3 regardless of the operational stage and 
very close to the optimal ratio for microalgae growth of 5.6 according to 
[25]. Phosphorus recovery from centrate via biomass assimilation 
accounted for 187 ± 21 %, 188 ± 20 % and 200 ± 25 % during stages I, 
II and III, respectively, while nitrogen recovery accounted for 82 ± 6 %, 
136 ± 15 % and 124 ± 13 % during stages I, II and III, respectively. The 
fact that phosphorus recovery remained above 100 % could be due to the 
fact that organic phosphorus was not measured in this experiment, and 
the calculations were done with phosphate, which might entail an un-
derestimation of the real phosphorus removed. In a practical situation, 
the typical composition of centrates entails that nitrogen is the limiting 
nutrient and phosphate concentration tends to accumulate in the algal- 
bacterial broth. In this particular scenario, process operation at pH of 
9.5–10 would support the conditions for phosphorus precipitation and 
its further removal with the wasted biomass. 

Despite the relevance of this issue, the fate of NPs was out of the 
scope of this study. Based on their carbonaceous recalcitrant structure, it 
can be hypothesized that NPs would be attached to the microalgae cell 
wall and leave the system during biomass harvesting. Further investi-
gation should be devoted to elucidate this particular issue, which de-
termines the potential valorization routes of the algal-bacterial biomass 
generated during photosynthetic biogas upgrading. 

3.2. Effect of NPs concentration on the biomethane produced 

The steady state CO2 concentrations in the biomethane produced 
averaged 3.1 ± 1.2 %, 1.7 ± 0.9 %, and 0.8 ± 0.3 % (days 145–194) in 
stages I, II and III, respectively (Fig. 5a). This corresponded to removal 
efficiencies of CO2 (RE-CO2) of 91.4 ± 3.2 %, 95.9 ± 2.1 % and 98.1 ±
0.7 % during stages I, II and III, respectively. The decrease in the CO2 
concentration in the biomethane produced from stage I to III was likely 
mediated by the increase in pH from 9.00 (stage I) to 9.22 (stage II) and 
to 9.53 (stage III). In this context, the CO2 mass transfer in the absorp-
tion column is governed by operational parameters such as pH, alka-
linity and L/G ratio, but also by design parameters such as the sparged 
bubble size and column dimensions (height and diameter). Thus, Marín 
et al. [39] achieved a minimum biomethane CO2 concentration of 13.5 
% v/v (RE-CO2 ~ 75 %) operating at a pH of 8.6, IC of ~ 700 mg L− 1 and 
a L/G ratio of 2 during the upgrading of a raw biogas with a composition 
of (% v/v) ~ 60/40 CH4/CO2. Mendez et al. [26] reported a biomethane 
CO2 concentration of 6 % v/v (RE-CO2 ~ 87 %) at a pH = 8.3, IC ~ 500 
mg L− 1 and L/G ratio = 2 in a similar absorption column fed with a raw 
biogas composition of (% v/v) ~ 65/35 CH4/CO2. Likewise, Vargas- 
Estrada et al. [24] reported CO2 contents in the biomethane of 6.3 % 
v/v (RE-CO2 ~ 82 %) at a pH of 8.5, IC of ~ 600 mg L− 1 and L/G ratio of 
2 with a raw biogas composition of (% v/v) ~ 70/29.5 CH4/CO2 in a 
similar experimental set-up. Our study demonstrated that process 
operation with low alkalinities and L/G ratios can support RE-CO2 > 98 
% and biomethane CO2 compositions < 1 % due to the increase in pH of 
the cultivation medium in the HRAP attributed likely to the increase in 
microalgae photosynthetic activity driven by the addition of 

Table 1 
Elemental composition of the algal-bacterial biomass. NPs concentration: Stage 
I → 70 mg L− 1, Stage II → 140 mg L− 1 and Stage III → 280 mg L− 1.  

Stage Biomass elemental composition (%) 

C N P 

I  32.1  5.7  1.7 
II  39.3  6.9  1.9 
III  38.1  6.1  1.4 

Values are given at the end of the stage. 
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nanoparticles. 
H2S was completely removed from biogas due to its high aqueous 

solubility (Henry’s law constant of H2S is approximately three times 
higher than that of CO2), regardless of the nanoparticle concentration 
tested [19]. Overall, the average concentrations of O2 (Fig. 5b) and N2 
(Fig. 5c) in the biomethane throughout the three operational stages were 
0.5 ± 0.1 % and 3.9 ± 0.4 %, respectively. The concentration of N2 in 
the biomethane is directly governed by the L/G ratio since N2 is an inert 
gas that just strips out in the AC and gets absorbed from the atmosphere 
in the HRAP. Hence, the higher the L/G ratio (higher recirculating liquid 
flowrates per biogas flowrate), the higher the N2 stripping and N2 

concentration in the biomethane. The average N2 content in the bio-
methane recorded herein was in accordance with [39] using the same L/ 
G ratio. In addition, the low O2 content in the biomethane was supported 
by the reduced O2 stripping caused by the active oxidation of H2S to 
SO4

2− by aerobic sulphur-oxidizing bacteria [19] and the oxygenic 
respiration of the algal-bacterial biomass in the absence of light in the 
column [26]. The low O2 concentration achieved herein compared to 
previous studies, which have used similar operating conditions such as a 
L/G ratio of 2 under DO > 8 mg O2 L− 1 [13,14,25], was probably 
because of the high concentrations of microalgal biomass prevailing in 
the HRAP (1.4–3.1 g L− 1). This entailed a very active consumption of O2 

Fig. 5. Time course of a) CO2, b) O2, c) N2 and d) CH4 concentrations at the inlet (blue diamonds) and outlet (red squares) of the biogas absorption column. NPs 
concentration: Stage I → 70 mg L− 1, Stage II → 140 mg L− 1 and Stage III → 280 mg L− 1. 

E.G. Hoyos et al.                                                                                                                                                                                                                                



Fuel 356 (2024) 129610

11

in the absorption column due to microbial endogenous respiration, 
which minimized the O2 stripping from the culture broth to the upgra-
ded biogas. Another reason could have been the higher biogas flowrate 
set in our experiment (42 ml min− 1) compared to the previous studies 
mentioned (20–30 ml min− 1), which implied a shorter gas–liquid con-
tact times in the absorption column and, consequently, a lower oxygen 
desorption. 

Finally, the CH4 contents in the biomethane under steady state 
accounted for 92.4 ± 1.4 %, 94.3 ± 0.8 % and 94.4 ± 0.7 % (days 
145–194) during stages I, II and III, respectively (Fig. 5d). The bio-
methane obtained here complied with most international regulations 
(CH4 ≥ 90 %, CO2 ≤ 2–4 %, O2 ≤ 1 %, and negligible amounts of H2S) to 
be used as a substitute of natural gas for injection into natural gas grids 
or use in transportation [12,40]. In this sense, Marín et al. [19] achieved 
a biomethane with CH4 concentration > 96 % (CO2 content < 1 %, RE- 
CO2 > 97 %) operating at pH ~ 9.5, alkalinity ~ 1250 mg IC L− 1 and L/G 
ratio of 1. On the other hand, Mendez et al. [26], operating at pH ~ 9.2, 
alkalinity ~ 1100 mg IC L− 1 and L/G ratio of 2, achieved a CH4 content 
> 91 % (CO2 concentration < 2.5 %, RE-CO2 > 95 %) in the upgraded 
biogas. Compared to previously published control conditions [24], the 
strategy of NPs supplementation entailed a substantial decrease in the 
biomethane CO2 composition from 6.3 to 0.8 % (RE-CO2 increased from 
86.2 to 98.1 %) and an important increase in the biomethane CH4 
composition from 83.9 to 94.4 %. 

3.3. Influence of NPs concentrations on the CO2 gas–liquid mass transfer 
in the biogas absorption column 

It is well proven that nanomaterials such as nanoparticles can be 
properly used for gas purification and capture, as well as to enhance 
gas–liquid mass transfer due to their specific physicochemical proper-
ties, large active surface area per unit volume or mass and high 
adsorption capacity [41]. For instance, silica nanoparticles significantly 
increased the volumetric mass transfer coefficient (kLa) in the CO2/ 
water system [42]. Kim et al. [43] considerably enhanced bioethanol 
production in syngas fermentation by remarkably improving gas–liquid 
mass transfer of syngas using nanoparticles. These facts promoted the 
study on the influence of the NPs tested on the CO2 gas–liquid mass 
transfer in the AC. 

According to the results obtained in this study (Table 2), no signifi-
cant differences in the pH of the liquid at the outlet of the AC were 
observed among the control scenario and the scenarios with NPs con-
centrations of 70, 150 and 300 mg L− 1. On the contrary, significant 
differences in the CO2 gas concentration at the outlet of the AC were 

observed among the control scenario and the scenarios with NPs con-
centrations. However, these differences were probably due to experi-
mental errors since the largest difference from control conditions was 
3.5 % (at a NPs concentration of 70 mg L− 1) and therefore the influence 
of NPs on CO2 absorption in the AC was negligible. This can be explained 
by the zero affinity of the nanoparticles studied for CO2 and therefore no 
possibility of CO2 adherence on the nanoparticle surface to improve 
mass transfer. Another hypothesis for the absence of enhancement in the 
CO2 gas–liquid mass transfer in the absorption column when adding NPs 
(contrary to the results obtained by Vargas-Estrada et al. [24], in which 
the volumetric mass transfer coefficient was improved by 44 %) is that 
equilibrium conditions had already been reached in the control scenario, 
so there was no room for improvement, unless some equilibrium 
parameter would have been modified. H2S was completely absorbed in 
the liquid because of its high aqueous solubility. Interestingly, O2 and N2 
gas concentrations at the outlet of the AC significantly decreased when 
NPs were added (decrease by 20–30 % for O2 and 10–20 % for N2 
compared to control test) but did not follow a clear trend with increasing 
NPs concentration. The decrease in the O2 and N2 content in the biogas 
after absorption column mediated by the addition of the nanoparticles 
was in accordance with [24]. These findings confirmed that the 
improvement in the RE-CO2 in the AC by the addition of NPs studied is 
not based on an enhancement in the CO2 gas–liquid mass transfer but 
rather on an upgrading in the equilibrium conditions due to the increase 
in the pH of the culture broth caused by the improvement in 
photosynthesis. 

Fig. 5. (continued). 

Table 2 
Influence of NPs concentrations on the CO2 gas–liquid mass transfer in the 
abiotic biogas absorption column.   

NPs concentration (mg L− 1)  

0 70 150 300 

pH 7.59 ± 0.05 7.57 ± 0.03** 7.60 ± 0.01** 7.57 ± 0.03** 

CO2 (% v/v) 8.5 ± 0.1 8.2 ± 0.1* 8.7 ± 0.1* 8.6 ± 0.1* 
O2 (% v/v) 2.2 ± 0.1 1.7 ± 0.1* 1.5 ± 0.1* 1.7 ± 0.1* 
N2 (% v/v) 4.7 ± 0.1 4.1 ± 0.3* 3.8 ± 0.2* 4.2 ± 0.2* 
CH4 (% v/v) 84.6 ± 0.1 86.0 ± 0.3* 86.0 ± 0.2* 85.5 ± 0.3* 

Mean values ± standard deviation were obtained from 5 measurements under 
steady state. 

* p < 0.05 compared to control test. 
** p > 0.05 compared to control test. 
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4. Conclusions 

To the best of the author’ knowledge, this is the first experimental 
study evaluating the effect of carbon-coated zero-valent iron-based 
nanoparticle concentrations (70, 140 and 280 mg L− 1) on continuous 
photosynthetic biogas purification. The nanoparticle supplementation 
strategy allowed the quality of the biomethane produced to comply with 
most international regulations, achieving CO2 composition < 1 % (RE- 
CO2 > 98 %) and CH4 composition > 94 % in the upgraded biogas at low 
alkalinities and L/G ratios (~500 mg IC L− 1 and 2, respectively). This 
was probably due to the significant improvement of photosynthetic ac-
tivity in the HRAP promoted by the addition of NPs, which managed to 
achieve a biomass productivity > 100 % compared to the scenario 
without nanoparticles. During stage III (NPs concentration of 280 mg 
L− 1), a shift in the microalgal population structure was observed prob-
ably derived from ionic strength (or alkalinity) accumulation in the 
cultivation broth triggered by zero effluent strategy. Finally, it was 
demonstrated that nanoparticle concentrations of 70, 150 and 300 mg 
L− 1 had no influence on the CO2 gas–liquid mass transfer in the biogas 
absorption column. 
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