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A B S T R A C T   

Three different mesoporous iron based nanoparticles (NPs) were added to Chlorella sorokiniana batch cultures 
devoted to photosynthetic biogas upgrading to enhance CO2 biofixation: Fe2O3, carbon coated zero valent iron 
NPs containing 7.26 % (wt%) of iron (CALPECH NPs) and carbon coated zero valent iron NPs containing 31.38 % 
(wt%) of iron (SMALLOPS NPS). The three types of NPs enhanced CO2 adsorption and therefore biogas upgrading 
in tests conducted in 1.2 L enclosed photobioreactors. However, the addition of 70 mg L− 1 of CALPECH NPs 
resulted in a 2-fold enhancement in the microalgae productivity, and a carbohydrate and lipid content increase 
by 56 % and 25 %, respectively compared to the control assay. Under UV and visible light irradiation the 
addition of Fe2O3 NPs resulted in a 5.3-times fold enhancement in carbohydrate content when 70 mg L− 1 was 
added. Similarly, the addition of 20 mg L− 1 of SMALLOPS NPs increased the lipid content by 11 % under UV 
irradiation. Interestingly, CALPECH NPs did not significantly influence C. sorokiniana composition, suggesting 
that these particular NPs can act as UV scavengers. Therefore, the addition of mesoporous nanoparticles could 
improve CO2 fixation and microalgae productivity during photosynthetic biogas upgrading.   

1. Introduction 

Photosynthetic biogas upgrading is based on a solar-driven CO2 
fixation by microalgae that has emerged as an attractive, cost-effective 
and environment friendly option for CO2 and H2S removal from 
biogas [1–3]. This technology has demonstrated to be feasible in algal- 
bacterial photobioreactors interconnected to an absorption column 
[2,4–9], reaching CO2 removals up to 98.6 % at pilot and demo scale 
[2,10]. However, there are some challenges and limitations that need to 
be addressed: i) low CO2 mass transfer to the culture medium, ii) vari
ations in the liquid and gas flow rates, pH and alkalinity, and iii) diurnal 
and seasonal variability of environmental parameters influencing 
photosynthetic activity [11]. Thus, innovative operational strategies are 
required to enhance CO2 biofixation during photosynthetic biogas 
upgrading. 

The use of nanoporous materials has recently attracted a renewed 
attention in the field of CO2 capture because they exhibit key advantages 
such as a large surface area to volume ratio, high reactivity, abundant 
active sites and high adsorption capacity [12]. Metal oxide nanoparticles 
(NPs) and nanoporous carbons rank among the most popular 

nanomaterials for CO2 capture [12]. Three potential mechanisms have 
been hypothesized to explain the CO2 capture enhancement by the 
addition of NPs: 1) bubble breaking effect, where NPs induce a small 
sized bubble and hence the diffusion area increases; 2) shuttle effect, 
where the gas is adsorbed to the NPs surface and then is released into the 
liquid; 3) hydrodynamic effect, where the NPs collide, inducing turbu
lence and refreshing the liquid–gas boundary layer [13]. The mechanism 
of interaction will depend on operational factors, such as the type of 
reactor, agitation and the liquid phase [14]. The shuttle and the hy
drodynamic effect have been previously observed in stirred tanks 
[14,15], although the results reported are contradictory, in both cases 
the mass transfer was increased. Thus, mesoporous NPs of metal oxides 
and carbon could represent an innovative tool to enhance CO2 fixation 
during photosynthetic biogas upgrading. 

The addition of metal oxide NPs to microalgae culture is a contro
versial topic and the majority of the studies are focused on their toxic 
effect [16], and the number of studies assessing the benefits of NPs 
addition on microalgae metabolism is scarce [17]. He et al [17] reported 
that Fe2O3 NPs improved biomass and lipid production up to 39.6 % in 
Scenedesmus obliquus at concentrations < 20 mg L− 1. Jeon et al. [18] 
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studied the addition of SiO2 NPs (0.3 % wt) to C. vulgaris cultures and 
observed that NPs enhanced the gas–liquid mass transfer rate of CO2 by 
31 %, and the biomass cell dry weight was increased from 0.48 g L− 1 

(without the NPs) to 1.33 g L− 1 (with the SiO2 NPs). The addition of 0.3 g 
L− 1 of polymeric nanofibers containing Fe2O3 NPs enhanced CO2 fixa
tion up to 310.9 mg L− 1 in Chlorella fusca LEB 111 cultures [19]. Finally, 
the addition of 100 mg L− 1 of graphene quantum dots under UV radia
tion to Chlorella pyrenoidosa cultures enhanced its growth and lipid 
production by 17 % and 34 % respectively [20]. The effect of NPs has 
been studied in microalgae growth and macromolecular composition 
but little information is available in literature on the influence of metal 
oxide NPs and carbon NPs on photosynthetic biogas upgrading and on 
microalgae composition. 

This work assessed the influence of three types of iron based NPs on 
Chlorella sorokiniana cultures devoted to biogas upgrading: Fe2O3 and 
two different carbon-coated zero-valent NPs. This study investigated the 
effect of these NPs and the type of irradiation (visible versus visible +
UV) on CO2 removal kinetics and on the growth kinetics and composi
tion of C. sorokiniana. 

2. Materials and methods 

2.1. Nanoparticles and stock solutions 

Fe2O3 NPs were synthesized according to [21]. Carbon coated zero- 
valent iron (ZVI) (31.38 % of Fe, wt.%) NPs were kindly donated by 
SMALLOPS and carbon coated ZVI (7.26 % of Fe, wt.%) NPs were kindly 
donated by CALPECH. The surface area, morphology, pore volume, 
average pore diameter and elemental composition of the three NPs was 
determined. Fresh stock solutions of 200 mg L− 1 of each nanoparticle 
were prepared in microalgae culture medium and sonicated for one hour 
to prevent nanoparticle agglomeration in order to facilitate the addition 
of the NPs. 

2.2. Microalgae culture and biogas 

The microalgae used in this study was C. sorokiniana 211/8k, which 
was originally purchased from the Culture Centre of Algae and Protozoa 
(Cambridge, UK). C. sorokiniana was stored at 4 ◦C on sterile agar plates 
in SK medium enriched with glucose (3.125 g L− 1), peptone (0.0625 g 
L− 1) and yeast extract (0.0625 g L− 1) according to [22,23]. An inoculum 
of C. sorokiniana was grown at 25 ◦C in enriched SK medium under 
continuous illumination (900 µE m− 2s− 1) and shaken at 300 rpm. When 
the culture reached the exponential growth, the culture was centrifuged 
(10000 rpm, 4 ◦C), washed several times and resuspended in distilled 
water to reach a final concentration of 24 g L− 1 of total suspended solids 
(TSS). 

To elucidate the effect of nanoparticles on C. sorokiniana cultures 
devoted to biogas upgrading, two different synthetic biogas mixtures 
were used: Biogas A composed of CO2 (30 %) and CH4 (70 %) (Carburos 
Metalicos; Spain), and Biogas B composed of CO2 (29.5 %), H2S (0.5 %) 
and CH4 (70 %) (Abello Linde; Spain). 

2.3. Experimental set-up 

Batch assays were conducted in 1.2 L glass narrow neck bottles to 
evaluate the effect of the three types of nanoparticles (Fe2O3, CALLPECH 
NPs, SMALLOPS NPs) at different concentrations (0, 20, 40 and 70 mg 
L− 1) and under different light sources (visible versus visible + UV) on 
biogas upgrading by C. sorokiniana. The bottles were prepared con
taining 1 L of the corresponding synthetic biogas in the headspace and 
0.2 L of mineral salt medium rich in carbonates as described elsewhere 
[8] and the corresponding NP concentration. The mineral medium and 
the corresponding nanoparticle concentration were added to the bottles, 
which were then closed with butyl septa and plastic caps. The bottles 
were initially flushed with helium for 5 min and subsequently the 

corresponding synthetic biogas was flushed for 5 min using inlet and 
outlet needles to replace the helium headspace. After one hour of sta
bilization (300 rpm, 25 ◦C), the bottles were inoculated with 
C. sorokiniana at an initial concentration of 200 mg L− 1 of TSS, and 
immediately, the gas composition of the headspace was determined by 
gas chromatography-thermal conductivity detection (GC-TCD). Then, 
the bottles were incubated at 25 ◦C under continuous magnetic stirring 
(300 rpm) to prevent microalgae sedimentation. Light intensity of 900 
µE m− 2s− 1 was continuously provided by visible LED lights (PHILLIPS, 
Spain). 

In the test series I, four operational conditions were evaluated for 
each nanoparticle: 1) C. sorokiniana biomass and synthetic biogas A; 2) 
C. sorokiniana biomass with 10 mg L− 1 of nanoparticles and biogas A; 3) 
C. sorokiniana and synthetic biogas B; 4) C. sorokiniana biomass with 10 
mg L− 1 of nanoparticles and biogas B. Each condition was run in trip
licate. In test series II, the influence of different NPs concentrations (20 
mg L− 1, 40 mg L− 1, and 70 mg L− 1) was assessed under biogas A 
headspace, 25 ◦C, magnetic stirring (300 rpm) and visible light 900 µE 
m− 2s− 1. A control containing only C. sorokiniana and biogas A was 
conducted. Each condition was run in triplicate. Finally, in test series III, 
the influence of different NPs concentrations (20 mg L− 1, 40 mg L− 1, and 
70 mg L− 1) was assessed under biogas A headspace, 25 ◦C, magnetic 
stirring (300 rpm) and visible light (900 µE m− 2s− 1) + UV light (λ 
315–350 nm, 10 W m− 2). A control containing only C. sorokiniana 
biomass and biogas A was conducted. Each condition was run in 
triplicate. 

2.4. Analytical procedures 

Microalgae Biomass productivity (Px) was calculated according to 
Eq. (1): 

Px =
DW1 − DW0

t1 − t0
(1)  

where Px is biomass productivity (g L− 1 d− 1), DW1 and DW0 are the 
biomass dry weight (g L− 1) at time t1 and t0 (d). 

The biogas composition in the headspace of the bottles (CH4, CO2, 
H2S and O2) was determined two times per day by GC-TCD (Bruker) 
according to [9]. pH was determined at the beginning and at the end of 
the experiment (SensIONTM + PH3 pHmeter, HACH, Spain). The dis
solved IC concentrations were determined at the beginning and at the 
end of the experiments using a Shimadzu TOC-VCSH analyzer (Japan) 
equipped with a TNM-1 chemiluminescence module. Microalgae growth 
was determined daily by optical density at 750 nm (OD750) using a 
Shimadzu spectrophotometer (Japan). TSS concentrations were deter
mined according to standard methods [24]. The biomass obtained from 
test series II and III was harvested (10000 rpm, 4 ◦C) and freeze-dried for 
further macromolecular characterization. The carbohydrate content was 
determined according to [25], while the lipid content was determined 
gravimetrically following biomass extraction with chloroform:methanol 
(2:1 v v− 1) as described elsewhere [26]. Physisorption analysis was 
conducted in an ASAP 2050 (Micromeritics, USA) at 77 K using nitrogen 
to determine the surface area, pore volume and avarage pore diameter of 
the NPs. Scanning electron microscopy (SEM) (JEOL JSM-6490LV) and 
energy-dispersive spectroscopy (EDS) (EDX-700/800, Hitachi, Japan) 
were carried out to determine the surface morphology and elemental 
composition of the target NPs. 

2.5. Statistical analysis 

The results are presented as mean values ± standard deviation. An 
analysis of variance (ANOVA) followed by Tuckey’s test considering α =
0.05 was performed to assess the influence of NPs on microalgae 
metabolism. 
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3. Results and discussion 

3.1. Characterization of nanoparticles 

SEM micrographs show the morphology of the NPs herein used 
(Fig. 1). The Fe2O3 NPs exhibited a particle size of 25 nm and nanorod 
morphology, which has been previously reported to exhibit a high 
specific surface area, and better electrochemical and magnetic proper
ties compared to other Fe2O3 morphologies [27–29]. The CALPECH NPs 
presented particle size ranging from 50 to 70 nm and were agglomer
ated, which is in accordance to [30,31]. Finally, the SMALLOPS NPs 
exhibited the highest particle size (150 nm) and were also agglomerated. 
The EDS analysis showed the presence of elements such as P, K, Ca and S 
in CALPECH and SMALLOPS NPs (Fig. S2 and S3, respectively), which 
could play a key role to stimulate microalgae growth. Additionally, the 
EDS analysis revealed a Fe content of 7.26 % (wt. %) in CALPECH NPs, 
whereas a Fe content of 31.38 (wt. %) was recorded in SMALLOPS NPs. 
At this point, it is important to highlight that the difference in Fe content 
between the CALPECH and SMALLOPS NPs could influence differently 
C. sorokiniana growth and metabolism. 

The BET surface area is a typical parameter for the selection of ad
sorbents, and the higher the surface area, the better the adsorbent ca
pacity [32]. The BET surface areas of the NPs herein used were 32.07, 
27.26 and 5.45 m− 2g− 1 for Fe2O3, CALPECH and SMALLOPS respec
tively, suggesting that Fe2O3 and CALPECH NPs could act as better gas 
adsorbents than SMALLOPS NPs. The lowest surface area of the 
SMALLOPS NPs can be attributed to the higher particle size, and the 
agglomeration of the NPs due to Van Der Waals forces [33]. Addition
ally, the pore volume of a material has been more strongly correlated to 
its adsorption capacity [32]. In this particular study, the pore volume of 
the NPs used was 0.38, 0.28 and 0.03 cm3g− 1 for Fe2O3, CALPECH and 
SMALLOPS NPs, respectively. Thus, the latter also suggested that Fe2O3 
NPs can act as better adsorbents than CALPECH and SMALLOPS NPS. 
Finally, the pore diameter of Fe2O3, CALPECH and SMALLOPS NPs was 
47.46, 41.47 and 27.45 nm, respectively. According to the IUPAC clas
sification, the three NPs herein used represented mesoporous materials. 
Fe2O3 and mesoporous carbon materials are known for their CO2 
adsorption capacities [34,35]. The properties observed in the materials 
herein used suggest that Fe2O3 NPs closely followed by CALPECH NPs 
could positively impact CO2 adsorption, thus resulting in an increased 
C. sorokiniana growth rate due to a higher CO2 availability. However, the 
nature of the NPs could play an important role on microalgae 
metabolism. 

3.2. Influence of biogas composition on C. sorokiniana growth and CO2 
removal 

The cumulative CO2 consumption and cumulative O2 production in 
the headspace of the bottles and the cumulative OD750 served as in
dicators of C. sorokiniana growth (Fig. 2). C. sorokiniana growth was 
inhibited in all the assays containing biogas B in the headspace. Indeed, 
the presence of sulfur oxidizing bacteria is necessary to create a sym
biosis with microalgae and prevent H2S toxicity, since sulfur oxidizing 
bacteria utilize the O2 produced by microalgae to oxidize the H2S con
tained in biogas into SO4

2- [4,36]. It has been stated elsewhere [37] that 
the high dissolved oxygen concentrations achieved in algal cultures can 
mediate the oxidation of H2S. In the present study, the low C. sorokiniana 
concentrations could not release enough oxygen to oxidize the H2S 
contained in biogas B, resulting in biomass inhibition. 

On the other hand, biogas A did not inhibit the growth of 
C. sorokiniana. The addition of Fe2O3, CALPECH and SMALLOPS NPs did 
not support an enhancement in the cumulative CO2 consumption likely 
due to the low NPs concentration tested. Interestingly, the addition of 
Fe2O3 and CALPECH NPs induced a slightly higher cumulative O2 pro
duction of 7 % (p = 0.007) and 5 % (p = 0.016), respectively (Fig. 2d and 
2e), confirming that these NPs positively influenced C. sorokiniana 
growth. The OD750 of the culture broths containing Fe2O3 increased by 
33 % (Fig. 2g), whereas the assays containing CALPECH NPs experi
enced an increase in OD750 during the exponential phase (Fig. 2h). Lei 
and collaborators [38] investigated the effect of iron NPs on green algae 
and observed that Fe oxidation state played an important role on 
microalgae growth and growth inhibition decreased with the oxidation 
of NPs. Vaz and collaborators [19] demonstrated that the addition of 
polymeric nanofibers containing Fe2O3 NPs improved CO2 biofixation of 
Chlorella fusca. In the present study, the enhancement in O2 production 
and cumulative OD750 induced by the addition of Fe2O3 NPs can be 
attributed to the fact that the NPs stimulated the growth of 
C. sorokiniana, since iron is one essential micronutrient for microalgae 
growth and acts as a cofactor in the electron transport system [39]. 
CALPECH and SMALLOPS NPs contained ZVI, whose addition to 
microalgae cultures induce contradictory effect in different microalgae 
species (i.e. Chlorella pyrenoidosa and Desmodesmus subspicatus) [38,40]. 
In this study, the addition of CALPECH NPs mediated a significant 
increment in O2 production of 5.80 % (p = 0.016), and both O2 pro
duction and OD750 were significantly enhanced (p = 0.029), during the 
exponential growth phase. The addition of SMALLOPS NPs did not 
induce an enhancement in O2 production or in OD750 (Fig. 2f and 2i). 
The results herein obtained suggest that the ZVI content in the NPs can 
play a key role in microalgae growth, and the higher Fe content in 
SMALLOPS NPs could have interfered C. sorokiniana growth. 

Biomass productivity (Px) was significantly enhanced (p = 0.012) 

Fig. 1. SEM micrographs of a) Fe2O3, b) CALPECH and c) SMALLOPS nanoparticles.  
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when CALPECH NPs were added (Table 1). Significant increases in the pH of the culture broths were recorded in the assays containing CAL
PECH (p = 0.002) and Fe2O3 (p = 0.037) NPs (Table 1). These results 
were in agreement with those of Pádrová and coworkers [40], who 
observed that low concentrations of ZVI NPs, ranging between 1.70 and 
5.10 mg L− 1, stimulated the growth of Desmodesmus subspicatus, Duna
liella salina, Parachlorella kessleri, Raphidocelis subcapitata, Nanno
chloropsis limnetica, Trachydiscus minutus and Arthrospira maxima. The 
results herein obtained suggest that iron NPs influenced microalgal 
assimilation of CO2. 

3.3. Influence of nanoparticle concentration on C. sorokiniana growth 
and CO2 removal under visible light 

The addition of 40 and 70 mg L− 1 of Fe2O3 NPs resulted in a 
significantly increased cumulative CO2 consumption by 10 % and 26 %, 
respectively (p = 0.00001) (Fig. 3a). The cumulative O2 production 
(Fig. 3d) and the OD750 (Fig. 3g) in the assay with 70 mg Fe2O3 L− 1 were 
19 % and 35 % higher than the control. No significant difference was 

Fig. 2. Time course of the cumulative CO2 consumption in the assays with 10 mg L− 1 of a) Fe2O3 NPs, b) CALPECH NPs, c) SMALLOPS NPs; of the cumulative O2 
production in the assays with 10 mg L− 1 of d) Fe2O3 NPs, e) CALPECH NPs, f) SMALLOPS NPs; and of culture absorbance (OD750) in the assays with 10 mg L− 1 of g) 
Fe2O3 NPs, h) CALPECH NPs, i) SMALLOPS NPs. NPs refers to the addition of nanoparticles; BA (squares) refers to the assays with biogas A; BAN (diamonds) refers to 
assays with biogas A and NPs; BB refers (circles) to the assays with biogas B; and BBN (triangles) refers to the assays with biogas B and NPs. 

Table 1 
Biomass productivity and initial and final IC concentration in the Chlorella sor
okiniana assays supplemented with 10 mg L− 1 of the different NPs.   

Fe2O3 CALPECH SMALLOPS  

Control 10 mg 
L− 1 

Control 10 mg 
L− 1 

Control 10 mg 
L− 1 

Px (g 
L− 1d− 1) 

0.56 ±
0.07 

0.79 ±
0.16 

0.35 ±
0.08 

0.59 ±
0.05 

0.97 ±
0.12 

0.76 ±
0.04 

ICinitial 

(mg 
L− 1) 

1417 ±
29 

1426 
± 46 

1468 ±
6 

1486 
± 23 

1497 ±
9 

1453 
± 16 

ICfinal (mg 
L− 1) 

1108 ±
18 

1036 
± 81 

1203 ±
14 

1144 
± 46 

793 ±
12 

819 ±
22 

pHinitial 7.86 ±
0.07 

7.81 ±
0.05 

8.01 ±
0.84 

7.84 ±
0.06 

7.78 ±
0.02 

7.75 ±
0.01 

pHfinal 9.00 ±
0.08 

9.26 ±
0.13 

8.93 ±
0.02 

9.06 ±
0.03 

8.79 ±
0.10 

8.56 ±
0.12  
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observed in Px (p = 0.143) (Table 2) or in IC (p = 0.847) concentration 
and pH (p = 0.079) (Table S1, S2) among the assays. These results dis
agreed with the observations of Rana and coworkers [41], who reported 
that the addition of Fe2O3 NPs resulted in growth inhibition of 
C. sorokiniana even at low concentrations (2 mg L− 1). The results herein 
obtained suggest that the toxicity of NPs in microalgae are not only 
species specific, but also the morphology and characteristics of the NPs 
can play a key role on microalgae growth [38]. The special morphology 
of the Fe2O3 NPs herein used neither inhibited microalgae growth nor 
delayed the exponential phase. On the contrary, the cumulative O2 
production increased at increasing NPs concentrations. This study 
confirmed that Fe2O3 NPs acted as CO2 adsorbents and the higher CO2 
consumption in the 70 mg L− 1 assays can be explained by the fact that 
CO2 was adsorbed to the NP surface and more readily available for 
C. sorokiniana consumption. The addition of 70 mg L− 1 of Fe2O3 

increased the carbohydrate content of C. sorokiniana by 47 % compared 
to the control (10 %, dw) (Fig. 4a). The lipid content of C. sorokiniana 
decreased regardless of the concentration of NPs added. The latter 
suggest that the stress conditions caused by the addition of Fe2O3 
induced lipid oxidation by reactive oxygen species (ROS) and the 
accumulation of carbohydrates as a protective response. These results 
were in agreement with Marchello and coworkers [42] who observed 
that the exposure of C. sorokiniana to TiO2 NPs caused stress in micro
algae cells, which resulted in a 140 % carbohydrate enhancement. 
Romero and coworkers [43] also observed a carbohydrate enhancement 
of up to 80 % in Chlorella vulgaris when exposed to Ag NPs. 

The addition of 40 and 70 mg L− 1 of CALPECH NPs resulted in a 
significantly enhanced CO2 consumption (p = 0.0006) of 5 and 11 %, 
respectively (Fig. 4b). The O2 production was significantly enhanced by 
13, 15 and 16 % when dosing 20, 40 and 70 mg L− 1, respectively (p =

Fig. 3. Time course of the cumulative CO2 consumptions in assays supplied with a) Fe2O3, b) CALPECH, c) SMALLOPS; of the cumulative O2 production in the assays 
supplied with d) Fe2O3, e) CALPECH, e) SMALLOPS; and of the cumulative OD750 in the assays supplied with d) Fe2O3, e) CALPECH, e) SMALLOPS. The assays were 
carried out under visible light. 
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0.00008) (Fig. 4e). The OD750 underwent enhancements of 33, 41 and 
47 % when 20, 40 and 70 mg L− 1 were added, respectively (p = 0.0001) 
(Fig. 4h). The Px was significantly higher (p = 0.002) when 70 mg L− 1 

were added (Table 2). The final IC concentrations and pH (Table S1, S2) 
confirmed the accelerated growth of C. sorokiniana mediated by the 
addition of CALPECH NPs. The addition of CALPECH NPs resulted in a 
positive effect on C. sorokiniana regardless of the concentration added. 
However, 70 mg L− 1 supported the highest enhancements among all the 
concentrations tested. The carbohydrate content and the lipid content of 
C. sorokiniana was 12 % and 11 % (% dw) respectively, without the 
addition of NPs. The addition of 70 mg L− 1 of CALPECH NPs signifi
cantly increased (p = 0.0006) the carbohydrate and lipid content by 56 
% and 25 % respectively, whereas no significant changes were observed 
in the presence of the other concentrations tested (Fig. 4b). This sug
gested that CALPECH NPs were not toxic to C. sorokiniana likely due to 
the low iron content of the NPs. The main iron source of these particular 
NPs is ZVI which has previously shown to be less toxic for microalgae 
species compared to other iron NPs, also provides a source of iron that 
increases cell growth and induces metabolic changes in some microalgae 
species [40,44]. Pádrová and coworkers [40] observed that 5.1 mg L− 1 

of ZVI stimulated the growth of Arthrospira maxima. In another study, 
Kadar and coworkers [44] showed that Pavlova lutheri, Isochrysis galbana 
and Tetraselmis suecica preferred ZVI NPs over EDTA-Fe. Thus, it can be 

hypothesized that CALPECH NPs accelerated the metabolism of 
C. sorokiniana. The high CO2 availability, induced by the high CO2 
concentrations in the headspace of the bottles, led to an activation of the 
RuBisCO enzyme, which is the rate-limiting enzyme in the Calvin cycle 
[45]. The activation of the latter enzyme can result in an increased 
photosynthetic efficiency and CO2 fixation [46]. This enhanced CO2 
availability was mainly attributed to the porosity of the NPs, since part 
of the CO2 remained adhered to the surface of the NPs and was released 
by the so-called “shuttle” effect [14]. 

The addition of 70 mg L− 1 of SMALLOPS NPs entailed an increased 
cumulative CO2 (12 % higher than the control) consumption (p =
0.005). The O2 production in tests supplied with 40 mg L− 1 was 15 % 
higher than the control, while the assays containing 70 mg L− 1 of 
SMALLOPS NPs did not experience an O2 production enhancement. It is 
well known that iron NPs exhibit the potential to induce the formation of 
ROS by Fenton reactions, Fenton-like reactions, Haber-Weiss reactions 
or even more complex reactions [39,41]. In these reactions O2 reacts 
with the released Fe+ ions to form ROS, hence, the O2 photosynthetically 
produced could have led to the formation of ROS. The OD750 was 19, 22 
an 15 % higher than the control when 20, 40 and 70 mg L− 1 were added 
(p = 0.003) respectively, confirming the increased C. sorokiniana growth 
by the addition of SMALLOPS NPs. However, Px did not experience 
significant differences (p = 0.276) among the assays. The final IC con
centrations and pH values (Table S1 and S2) confirmed that the addition 
of 40 mg L− 1 of SMALLOPS NPs stimulated C. sorokiniana growth, sug
gesting that this concentration could be the optimal for C. sorokiniana. 
The carbohydrates content of C. sorokiniana without NPs was 7 % (dw) 
and increased by 66, 42 and 91 % when 20, 40 and 70 mg L− 1 were 
added, respectively. The lipid content of the microalgal biomass without 
NPs was 14 % (dw) and increased as well with the addition of NPs. The 
assays containing 40 mg L− 1 experienced an increase of 32 % (Fig. 4c), 
which was the higher lipid content herein recorded. The latter suggest 
that the addition of SMALLOPS NPs resulted in accelerated microalgae 
metabolism and in the production of high value biomass. The addition of 
SMALLOPS NPs seems to have induced a formation of ROS directly 
proportional to the percentage of iron content in the NPs, which influ
enced lipid accumulation in C. sorokiniana. The lipid content in the as
says provided with 70 mg L− 1 decreased, likely because the 
concentration of ROS was higher than the tolerated by C. sorokiniana, 
resulting in the oxidation of lipids as a mechanism of defense. The higher 
iron content in SMALLOPS NPs induced lipid accumulation in 

Table 2 
Influence of the type and concentration of nanoparticles on biomass productivity 
as a function of the type of light source: visible light (white background) and 
visible light + UV light (grey background).  

PX (g L-1d-1)

Fe2O3 CALPECH SMALLOPS

Control

20 mg L-1

40 mg L-1

70 mg L-1

Control

20 mg L-1

40 mg L-1

70 mg L-1

Fig. 4. Influence of the concentration of a) Fe2O3 NPs; b) CALPECH NPs; c) SMALLOPS NPs on the carbohydrate (black) and lipid (grey) content of microalgae 
biomass at the end of the assays under visible light. 
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C. sorokiniana, which represents an innovative strategy to produce lipid- 
enriched biomass at relatively low NPs concentrations. 

3.4. Influence of nanoparticle concentration on C. sorokiniana growth 
and CO2 removal under visible + UV light 

Yang and coworkers [20] recently studied the effect of graphene 
oxide quantum dots on Chlorella pyrenoidosa under UV light and 
observed a positive effect of the growth and lipid production of this 
microalgae. Similarly, Dinc and coworkers [47] demonstrated that the 
addition of Se NPs to microalgae reduced UV-stress effects in C. vulgaris. 
The present study assessed the influence of UV light supplementation to 
visible light at different concentrations of the Fe2O3, CALPECH and 
SMALLOPS NPs. 

The addition of Fe2O3 NPs under visible light supplemented with UV 
light exerted the same effects than visible light. Indeed, the concentra
tions of 40 and 70 mg L− 1 resulted in an increase in the cumulative CO2 

consumption of 13 and 23 %, respectively (p = 0.00004) (Fig. 5a). 
However, while the assays containing 40 mg L− 1 led to an enhanced O2 
production (p = 0.019) (Fig. 5d), the assays with 70 mg L− 1 did not show 
a significant difference compared to the control tests (p = 0.162). The 
OD750 (p = 0.148) (Fig. 4g), Px (p = 0.602) (Table 2) and the final IC 
concentration (p = 0.585) (Table S1) did not show any significant dif
ferences among the assays. The obtained results suggested that the 
exposure to UV light in the presence of Fe2O3 NPs did not exert a toxic 
effect on C. sorokiniana since the growth was not inhibited and no 
retarded exponential growth was observed, contrary to the results ob
tained by Bibi and coworkers [48]. The carbohydrate content was 
significantly increased (p = 0.00003) by 300, 190 and 530 % under 20, 
40 and 70 mg Fe2O3 L− 1, respectively (Fig. 6a), while the lipid content 
decreased regardless of the concentration of Fe2O3 NPs. The addition of 
Fe2O3 NPs under UV + visible light mediated the same mechanisms than 
visible light. Fe2O3 NPs under UV light exposure (<260 nm) increased 
their oxidation effectiveness (Photo-Fenton process) [49] however, in 

Fig. 5. Time course of the cumulative CO2 consumptions in assays with a) Fe2O3, b) CALPECH, c) SMALLOPS; cumulative O2 production in assays with d) Fe2O3, e) 
CALPECH, e) SMALLOPS; and cumulative OD750 in assays with d) Fe2O3, e) CALPECH, e) SMALLOPS. The assays were carried out under visible light + UV light. 
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the present study, the UV light exposure coupled to the addition of Fe2O3 
NPs resulted in lower lipid contents in C. sorokiniana compared to the 
lipid contents under visible light. The lower lipid content in 
C. sorokiniana (<16 %, dw) was herein attributed to a response to UV 
radiation. The significant increase in carbohydrate content compared to 
the control (2 %, dw) (p = 0.00003) suggested the occurrence of stress 
conditions caused by the NPs, regardless of the type of light, and can be 
attributed to an increased respiration and higher carbohydrates re
quirements for energy production [43]. 

The addition of 40 and 70 mg L− 1 of CALPECH NPs resulted in a 4 
and 9 % higher cumulative CO2 consumption compared to the control 
assays (p = 0.0004), respectively (Fig. 5b). The O2 production increased 
with NPs concentration, with enhancements of 7, 11 and 17 % at 20, 40 
and 70 mg L− 1 respectively (p = 0.0009), compared to the control assays 
(Fig. 5e). The increased photosynthetic activity of C. sorokiniana was 
also supported by the final OD750, which were 33, 34 and 47 % higher at 
20, 40 and 70 mg L− 1 (p = 0.009) respectively, compared to the control 
tests (Fig. 5h). Even though Px (Table 2) did not exhibit a significant 
difference among the assays (p = 0.448), the exponential growth phase 
was slightly increased by the addition of 70 mg L− 1 of CALPECH NPs. 
The final IC (p = 0.029) and pH (p = 0.0000009) (Table S1 and S2) 
supported the accelerated growth of C. sorokiniana. The carbohydrate 
and lipid contents of the control were 8.5 % and 17 % (% dw) respec
tively, and did not exhibit significant differences by the addition of NPs 
(p = 0.179) (Fig. 6b). From the results herein obtained, it can be said that 
the UV light exposure reduced the beneficial effects of CALPECH NPs in 
terms of accumulation of macromolecules. However, since the cumula
tive CO2, O2 and OD750 were similar to the assays carried out under 
visible light, the results under UV light exposure support the theory that 
the enhanced CO2 availability by the addition of CALPECH NPs was 
likely due to the adhesion of the gas to the surface of the NPs. The 
enhancement in the lipid content can be attributed to the formation of 
ROS mediated by the iron source of the NPs. Even though the mecha
nism of interaction of the NPs under UV light is not very clear, UV light 
exposure could have reduced the activity of the iron source explaining 
the reduced lipid and carbohydrate accumulation under UV exposure. 
Moreover, Dinc and coworkers [47] observed that Se NPs are effective at 
scavenging free radicals under UV exposure, thus the iron source of the 
CALPECH NPs could have the same response under UV radiation as well. 

The addition of SMALLOPS NPs resulted in an increased cumulative 
CO2 consumption of 10 % and 17 % when 40 and 70 mg L− 1 were added, 
respectively (p = 0.003) (Fig. 5c). The O2 production was increased 

regardless of the concentration of NPs, with enhancements of 8, 11 and 
12 % for 20, 40 and 70 mg L− 1, respectively (p = 0.002) (Fig. 5f). The 
cumulative OD750 confirmed the enhanced growth of C. sorokiniana, 
where the addition of 40 and 70 mg L− 1 resulted in 25 and 20 % higher 
cumulative OD750 than the control (p = 0.002) (Fig. 5i). Even if no 
significant differences in Px were recorded (p = 0.577) (Table 2), the 
final IC (p = 0.0008) concentration and pH (p = 0.0002) values 
(Table S1 and S2) confirmed the accelerated microalgae growth in the 
assays containing 40 and 70 mg L− 1 of SMALLOPS NPs. SMALLOPS NPs 
supported similar C. sorokiniana growth patterns under visible light and 
UV–visible light, which suggested that the stimulated C. sorokiniana 
growth can be attributed to the interaction between the carbon coat of 
the NPs and the gaseous CO2. The iron content of the NPs is the 
responsible of the lipid/carbohydrate content, since the iron ions can led 
to the formation of ROS through the Fenton process [39]. SMALLOPS 
NPs lipid content without the NPs was 19 % (dw). The addition of 40 and 
70 mg L− 1 of NPs induced lipid oxidation (Fig. 6a and 6b, respectively), 
whereas the lipid content of C. sorokiniana was enhanced by 11 % with 
the addition of 20 mg L− 1 (p = 0.0004) (Fig. 6c). The latter suggest that 
the iron source of SMALLOPS NPs enhanced their oxidative activity by 
the exposure of UV light [49], and 20 mg L− 1 of NPs induced an increase 
in C. sorokiniana lipid content as a mechanism of protection. Lipid 
oxidation could have occurred at 40 and 70 mg L− 1 due to the higher 
ROS concentration present in the culture media. It has been previously 
reported that ZVI NPs act as electron donors to catalyze a wide range of 
different reactions, and this particular NPs exhibit a better bioavail
ability compared to other iron NPs [40]. Positive effects of ZVI NPs have 
been reported at concentrations below 5.1 mg L− 1 [40,44], thus, the 
latter explains the fact that the higher content of Fe in SMALLOPS NPs 
lead to the formation of ROS whereas the low concentration of Fe in 
CALPECH NPs resulted in biomass enhancements. Under UV radiation, 
the iron source of CALPECH NPs could act as UV scavengers, whereas 
the high concentration of Fe in SMALLOPS NPs under UV light likely 
mediated the formation of ROS. 

Finally, the results obtained from UV-light exposure confirmed the 
fact that the increased CO2 availability was due to the porosity of the 
NPs, and the CO2 concentration was directly correlated to the NPs 
concentration. The increased CO2 accumulation in the headspace did not 
increase IC concentration in the bottles containing NPs, suggesting that 
both shuttle and hydrodynamic effect could have occurred. Indeed, the 
CO2 could have been adhered to the NPs surface and then released to the 
headspace of the bottles. Then, the presence of the NPs created an 

Fig. 6. Influence of the concentration of a) Fe2O3 NPs; b) CALPECH NPs; c) SMALLOPS NPs on the carbohydrate (black) and lipid (grey) content of microalgae 
biomass at the end of the assays under visible light + UV light. 
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hydrodynamic effect as described in [14], which facilitated the transfer 
of CO2 to microalgae. On the other hand, the iron source was the 
responsible for the macromolecule accumulation/decrease in 
C. sorokiniana. 

4. Conclusions 

The mesoporous nature of the three different nanoparticles improved 
CO2 availability and adsorption to Chlorella sorokiniana cultures 
regardless of their chemical composition. The addition of iron nano
particles resulted in an enhanced C. sorokiniana growth regardless of the 
concentration and the type of nanoparticles tested. The results obtained 
suggest that both shuttle and hydrodynamic effects could have occurred 
during the cultivation of C. sorokiniana. The different iron sources of 
each nanoparticle influenced differently C. sorokiniana metabolism and 
was the responsible for carbohydrates/lipids accumulation. UV light 
exposure confirmed the fact that the higher CO2 availability was likely 
due to the physical properties of the nanoparticles. However, UV light 
exposure induced lipid oxidation when Fe2O3 and SMALLOPS nano
particles were added as a result of their higher iron content. Mesoporous 
nanoparticles can be considered as an effective technology to improve 
CO2 consumption during photosynthetic biogas upgrading. 
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