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Abstract: Microalgae are aquatic photosynthetic prokaryotic or eukaryotic microorganisms which
cultivation for the fixation of CO, and the production of biofuels has received large attention.
However, the sustainable development of an algal biorefinery is still a challenge. In this context,
the valorization of microalgae biomass for a wastewater adsorptive treatment may be an option
to explore. Recently, the presence of emerging contaminants (ECs) in natural waters and the
associated risks have led to a great concern, especially in the case of pharmaceuticals. In the
present work, the elimination of paracetamol from water by biosorption onto microalgae, namely
Synechocystis sp., has been studied. Kinetic and equilibrium parameters have been determined
and compared with those obtained when using a commercial activated carbon under the same
experimental conditions. Although the adsorption kinetics are very similar onto both materials,
at the equilibrium, the Langmuir maximum capacity of the activated carbon (278 mg g~') is five
times higher than that of Synechocystis sp. (53 mg g~!). In any case, it must be considered that the
utilization of microalgae may be considered an environmentally friendly process with important
associated savings.
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1. Introduction

The worldwide energy crisis and global warming have both caused an increase in the research
on the production of renewable energies [1]. The Kyoto Protocol committed the signatory countries
to reduce the emission of greenhouse gases, so the production of third generation biofuels from
photosynthetic microorganisms, such as microalgae and cyanobacteria, has stirred up considerable
attention due to their CO, fixation capacity [2,3].

Nowadays, only 5 kt/year of microalgal biomass are produced with production costs of
18.527 €/t [4], a reduction up to 296 €/t being needed to reach a competitive price in the biofuels
market [5]. Furthermore, to substitute the consumption of biofuels in Europe by microalgal
biodiesel, 9.25 millions of hectares (approximately the surface of Portugal) with a productivity of
40,000 L/ha/year [6] are needed. On the other hand, huge amounts of phosphorus and nitrogen are
necessary for the culture of microalga, which reduces the sustainability of the process because of both
their high price as a pure chemical product and their availability [7].
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The above said has led to conducting research on the use of polluted effluents, such as municipal
wastewater, as a source of nutrients for the production of microalgae and the reduction of associated
costs. Furthermore, this utilization has the advantage of the enhanced depuration of these polluted
waters [8,9]. Using microalgae for wastewater remediation has been raised as a win-win paradigm
within environmental biorefinery [10]. Among the several applications in wastewater treatment,
biosorption has been defined as the passive uptake of pollutants by microalgal non-living biomass.
In this sense, although most of the biosorption studies in the scientific literature deal with the removal
of heavy metals [11], the adsorption capacity of organic pollutants by microalgae has also been
proved [12]. Likewise, apart from their capacity of adsorption, low cost, and a huge availability,
the utilization as biosorbent of the residual microalgal biomass after the extraction of the lipid content
could mean a way to increase the economic viability of the biodiesel production from microalgae [13].

Currently, large concern exists about the presence of the so called emerging contaminants (ECs)
in the environment. The presence of ECs in the environment is not regulated by legislation, but it
is known that it may be a threat for ecosystems and human health [14]. These ECs include a large
variety of compounds such as pharmaceuticals, personal care products, surfactants, flame retardants,
antiseptics, etc. The way these pollutants enter the aquatic environment depends on their utilization
pattern. In the case of the ECs from human consumption and/or excretion, such as pharmaceuticals,
the main source are the municipal wastewater treatment plants (WWTP) [14] since they have been
designed just for the reduction of the legislated parameters.

The environmental concern of ECs, namely on pharmaceuticals, has led to the recent
consideration by European regulations within the Water Framework Directive (2000/60/EC) (WED).
Three pharmaceuticals (diclofenac, 7-beta-estradiol (E2) and 17-alpha-ethinylestradiol (EE2)) were
proposed to be included the list of priority substances by the Commission proposal of 31 January 2012.
However, by the Directive 2013/39/EU, these pollutants were finally included in the watch list of
substances to be monitored in all member states to support future reviews of the priority substances
list [15]. Therefore, since legal limits about pharmaceuticals concentration in the effluents of the WWTPs
are expected to be established in the near future, investigation of their removal from waters is essential.
For this purpose, adsorption treatments are promissory, since they are efficient and besides, they do
not imply the transformation of the ECs in different products, which may have more dangerous effects
than the original compounds. However, activated carbon, which is the most largely used adsorbent
for industrial wastewater treatment, has a quite high price for its implementation at the majority of
municipal WWTPs. In this case, and as above highlighted, the utilization of microalgae as biosorbent
in wastewater treatment could be an environmentally friendly and economically sustainable option.

Sorption by microalgae has been pointed out as a key process in the removal of antibiotics in
high-rate algal ponds (HRAPs) [16,17]. On the other hand, when studying the removal of 28 different
ECs in HRAPs, Matamoros et al. [18] found that sorption was relevant for the removal of hydrophobic
compounds, while other ECs, such as paracetamol, were mostly removed by biodegradation.
The removal of pharmaceuticals, including paracetamol, by the microalgae Chlorella sorokiniana was
studied by de Wilt et al. [19] in batch experiments, who observed that sorption to algal biomass
accounted for less than 20% of the removal. However, to the best of our knowledge the biosorption of
pharmaceuticals, as the passive uptake of such pollutants by non-living microalgal biomass, has not
been assessed in the literature. Therefore, the aim of this work was to study the potential of a
blue-green microalgae, Synechocystis sp., to be used as a biosorbent for the removal of pharmaceuticals
from contaminated water. Paracetamol has been selected as target EC in this study, since it belongs to
the group of anti-inflammatory analgesics, and is one of the most frequently found pharmaceuticals
in wastewater.
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2. Material and Methods

2.1. Microorganism and Culture Media

The strain of the cyanobacteria Synechocystis sp. used in the research was isolated and selected
from natural and industrial surroundings of the province of Leon (Spain) [20].

The inoculum was maintained in 250 mL Erlenmeyer flasks in Mann & Myers culture media [21].
To guarantee an initial concentration of 0.1 g L~! in the experimental phase, the scale-up to 1 L bubbling
column photobioreactors was made. The growth conditions were maintained at controlled temperature
(27-30 °C), pH (7.5), aeration (0.3 v/v/min), photoperiod (12:12), and irradiance (650 pE m~2s71).

2.2. Photobioreactor and Culture Conditions

The culture was grown in bubbling column photobioreactors (0.0875 m of diameter, 1.7 m of
height and 10 L of capacity) with an operation volume of 9 L.

The assays were conducted in vegetal culture chambers under stable operation conditions:
a temperature of 27-30 °C, a 16:8 photoperiod of light:darkness and irradiance of 650 pE m~2 s~ 1.
The culture was aerated with 0.3 v/v/min filtered air (0.22 um). The pH was maintained at 7.5 and
controlled by the injection of CO;, “by demand” with a 7% of the air flow.

2.3. Adsorbent Materials

At the end of the culture of Synechocystis sp., the cellular suspension was centrifuged (7800 rpm,
7 min) in order to separate the biomass of the culture media by density gradient. After that, two
washing steps with distilled water were done. Then, the biomass was frozen and lyophilized. Before its
use as a biosorbent, the lyophilized biomass was ground, homogenized, and sieved to 80 meshes.
For comparison purposes, a commercial activated carbon (pulverized GPP-20) was used in this work.
Pulverized GPP-20, which was generously provided by Chemviron Carbon (Feluy, Belgium), had a
particle diameter of less than 0.18 mm (mesh 80), an iodine number of 700 mg g~ ! and a surface area
(Brunauer-Emmett-Teller (BET) N adsorption method) of 1000 m? g~ 1.

2.4. Adsorption Experiments

Paracetamol (Acetaminophen, CsH9NO,) was purchased from Sigma-Aldrich (Madrid, Spain)
and used for the adsorption experiments.

The adsorption experiments were conducted under batch operation mode following a parallel
experimental scheme, which means that one separate reactor was used for each desired time and/or
paracetamol initial concentration. The reactors used were Erlenmeyer flasks (100 mL), with 50 mL
of paracetamol solution that was stirred together with a known mass of adsorbent. For comparison
purposes, the same paracetamol concentration was used in the adsorption experiments with microalgae
biomass or with activated carbon. A preliminary test was carried out to determine the appropriate
range of paracetamol to be used in these experiments. For the here used solution volume and the mass
of adsorbent that it was possible to accurate measure, the paracetamol range of concentration used in
this work (between 15 and 150 mg L) was defined by the quantification limit and the adsorption
capacity of the adsorbent materials.

After stirring, the adsorbent was separated from the liquid phase. In the case of activated
carbon, separation was done by centrifugation. Meanwhile, filtration through Millipore membranes
(45 pum pore size) was necessary for the separation of microalgae biomass from the liquid phase.
Then, the concentration of paracetamol in the liquid phase was determined by the measurement
of the absorbance at a wavelength of 243 nm using a UV-Visible spectrophotometer (T92+ model,
PG Instruments, Leicestershire, UK).
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2.5. Adsorption Kinetics

An initial concentration (C;) of 100 mg L~! was used in adsorption kinetic experiments in order
to find out the equilibrium time (t.). After stirring during pre-defined times, the residual concentration
of paracetamol was determined (C¢) as described above. In the case of Synechocystis sp., 0.05 g
of biomass were used as biosorbent, whereas 0.005 g of activated carbon were used as adsorbent.
Experimental conditions were controlled and kept at 250 rpm stirring and 25 £ 1 °C of temperature.
The pH of solutions was not fixed at any initial value neither buffered, but stability in the values was
observed along the kinetic experiments (7.0 £ 0.5).

Three replicates were run for each considered adsorbent and time. In parallel, for each adsorbent,
controls and blanks were also run in triplicate. Controls were used to verify that the concentration
of paracetamol remained stable throughout the duration of adsorption experiments and consisted of
50 mL of aqueous solution of paracetamol at the corresponding experimental C;. Meanwhile, blanks
consisted of 50 mL of distilled water together with 0.05 g of microalgal biomass or together with 0.005 g
of activated carbon. Blanks were used as reference for the spectrophotometric determination of the
residual paracetamol concentration after stirring.

To determine the residual concentration (C;), at the end of each prefixed stirring time (¢),
the absorbance in the filtered (MF Millipore, 0.45 um) aqueous phase was measured. The amount of
paracetamol adsorbed in the adsorbent (g;) was determined by a mass balance at each time, and in
function of the initial paracetamol concentration (C;), C;, the volume of the paracetamol solution (V)
and the mass of the adsorbent (111,4;).

Y, 0
Mags

Paracetamol adsorption kinetics were analyzed by the determination of the fittings to pseudo-first
(Lagergren equation) and pseudo-second order equations. The Equation (2) was obtained by the
integration of g., g and pseudo-first order kinetic constant (k;) of the Lagergren equation.

9 =g (1—e7") @

The Equation (3) was obtained after the integration of the pseudo-second order equation, and it
depends on g, 4; and second order kinetic constant (k) parameters.

2
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In order to establish the fittings to these equations to kinetic experimental results, non-linear
regression was carried out using the software GraphPad Prism (demo, version 6, GraphPad Software,
LaJolla, CA, USA).

2.6. Adsorption Equilibrium

Once the equilibrium time was determined (f, = 240 min), adsorption equilibrium experiments
were conducted in order to determine the adsorption isotherms. These experiments were carried out at
different initial paracetamol concentrations (15 mg L~! < Ci < 150 mg L~!). The solution volume was
50 mL and the adsorbent mass (,,5) was 0.05 g in the case of Synechocystis sp. and 0.005 g of activated
carbon. All the experiments were run in triplicate in parallel with the corresponding triplicate controls
(50 mL of paracetamol solution at the experimental C; but in the absence of adsorbent) and blanks
(50 mL of distilled water together with the corresponding mass of adsorbent). For each adsorption
experiment, the amount of paracetamol adsorbed in the equilibrium (g.) was determined as a function
of the equilibrium concentration (C,), according to the mass balance in Equation (4).
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Aiming to describe the equilibrium isotherms, the fittings of experimental results to Langmuir [22]
and Freundlich [23] isotherm models were determined. In the equilibrium, the Langmuir isotherm
assumes that the maximum adsorption capacity by an adsorbent corresponds to the saturation of
the adsorption sites surface when covered by a monolayer of adsorbate molecules, which do not
interact with each other. This model expresses the amount of adsorbed adsorbate depending on the
maximum adsorption capacity of the adsorbent material (Q,,), and the Langmuir constant, related to
the adsorption energy (K)
QmKLCe
= - 5
e 1KC ©
On the other hand, Freundlich proposed an empiric model for the case of heterogeneous surface
energies, corresponding to an exponential distribution of the adsorption heats. This model is defined
by the Freundlich constant (Ky) and the constant related to the intensity of the adsorption process (N).

1
e = KfCeN (6)

The fittings of the equilibrium experimental results to Langmuir and Freundlich isotherms were
obtained by non-lineal regression using GraphPad Prism.

3. Results

The amount of paracetamol adsorbed onto microalgae or activated carbon versus contact time
under stirring is shown in Figure 1. For both adsorbents, the amount of adsorbed paracetamol increased
with time until becoming stable at the equilibrium, which happened after stirring for 240 min.
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Figure 1. Kinetic results on the adsorption of paracetamol onto (a) Synechocystis sp.; (b) activated carbon.
Experimental results of the adsorbed paracetamol (g;, mg g~ ') versus time (t, min) are represented
together with fittings to the Lagergren and pseudo-second order kinetic equations. Note: Error bars
stand for standard deviation.

Although adsorption kinetics onto both adsorbents were similar in terms of ¢,, the adsorbed
paracetamol at the equilibrium was quite higher in the case of the activated carbon than in the case of
microalgae. In Synechocystis sp. kinetic experiments, about 10% of the initial amount of paracetamol
was absorbed at t,, while, in the case of commercial activated carbon, about 20% of the initial amount
of paracetamol was adsorbed at this time. From a practical point of view, these results point to the
necessity of a larger adsorbent:solution ratio to attain higher percentages of paracetamol removal
under the experimental conditions used here.

The fittings of the experimental results to the kinetic models of Lagergren (pseudo first-order)
and pseudo second-order are shown together with the experimental results in Figure 1. The kinetic
parameters derived from these results are shown in Table 1. As may be seen, both kinetic equations
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fitted results with similar 72 and Sxy and both k; and k; indicated a faster adsorption rate onto

Synechocystis sp.

Table 1. Parameters from the experimental results fittings to the kinetic equations (pseudo first-order
(Lagergren equation) and pseudo second-order equations) and equilibrium isotherms (Langmuir and

Freundlich isotherms).

Kinetic Equations Parameter Synechocystis sp. Activated Carbon
ki (min—1) 0.014 + 0.002 0.017 £ 0.001
-1
ot qe (Mg g~") 14.51 £ 0.39 220.8 £2.6
Pseudo1®' order 2 0.97 0.99
Sxy 0.9 5.9
ky (mg g~! min~1) 0.0012 + 0.0001 90-107% £ 8-107°
-1
d qe (mg g~") 16.38 £ 0.26 2475+ 45
Pseudo2™® order 2 0.99 0.99
Sxy 0.4 6.8
Equilibrium Isotherms Parameter Synechocystis sp. Activated Carbon
Kr (mg g~! (mg L~ H)~N) 0.63 & 0.06 40.33 4+ 12.21
. N 1.36 + 0.04 2.7+05
Freundlich 2 1.00 0.90
Sxy 0.4 23.9
Qumax (mg g~ 1) 52.84+ 6.8 2783+ 11.3
L . Ky (Lmg™1) 0.0055 + 0.0010 0.044 + 0.006
angmuir 5
r 0.99 0.99
Sxy 0.6 9.1

The paracetamol adsorption equilibrium isotherms using Synechocystis sp. and activated carbon
as adsorbents are shown in Figure 2.
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Figure 2. Equilibrium results on the adsorption of paracetamol onto (a) Synechocystis sp.; (b) activated
carbon. Equilibrium experimental results of the adsorbed paracetamol (g,, mg g~ 1) versus paracetamol
concentration in the liquid phase (C,, mg L) are represented together with fittings to the Langmuir
and Freundlich equilibrium isotherm models. Note: Error bars stand for standard deviation.

Although the isotherms show a similar trend, the difference between the adsorption capacities
of both adsorbent materials is remarkable. The fittings of experimental results to the Langmuir and
Freundlich adsorption isotherms are shown in Figure 2 together with the experimental results. As it
may be seen, the Langmuir isotherm well described the adsorption equilibrium of paracetamol onto
the commercial activated carbon, which points to the homogeneity of the activated carbon surface.
However, in the case of Synechocystis sp., although the quality of Langmuir and Freundlich fittings
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were quite similar, the Freunlich isotherm described experimental results slightly better, pointing to a
certain surface heterogeneity as compared with activated carbon.

Fitted parameters for the Langmuir and Freundlich isotherms are shown in Table 1. In the case of
Langmuir, Qs indicates the maximun adsorption capacity of the adsorbent material corresponding
to a monolayer coverage by the adsorbate (paracetamol, in this study); meanwhile, K}, is related to the
binding energy, the higher the K}, the largest affinity of the adsorbent for the adsorbate. The obtained
Qmax values indicated that the commercial activated carbon poses a five times larger adsorption capacity
(278 mg g’l) than the microalgae biomass (53 mg g’l). Moreover, the K, constant corresponding to
the commercial activated carbon was one order of magnitude higher than that of Synechocystis sp.,
pointing to the lower affinity of the latter for paracetamol.

In the Freundlich isotherm model, Ky and N parameters are empirical constants related to the
adsorption capacity of the adsorbent and the adsorption intensity, respectively. K high values
indicate a high adsorption capacity and, in this study, the Ky corresponding to the activated carbon
was significantly higher than that of microalgae. Thus, the activated carbon displayed a Ky of
40 [(mg Ll/N)/(g mgl/N)] while the microalgae had a value of 0.6 [(mg Ll/N)/(g mgl/N)]. In any case,
N > 1 for both adsorbents, which points to favorable adsorption of paracetamol.

Research carried out on the adsorption of paracetamol from water using alternative adsorbents is
still scarce. Crop residues [24] and pyrolysed pulp mill sludge [25] have been used for the adsorption
of paracetamol from water and Langmuir fittings of equilibrium results revealed Q;; values of
218 mg g~ ! and 12 mg g~ !, respectively. Therefore, the maximum capacity of crop residues is larger
than that obtained in this work when using microalgae (Quax = 53 mg g~ !), but similar to that of the
here used activated carbon (Qax = 278 mg g’l). The Freundlich fitted constant (N value) determined
for the adsorption equilibrium onto crop residues [24] was 1.3, which is lower than the value obtained
for the activated carbon in this work but almost the same to that obtained for microalgae. On the other
hand, pyrolyzed pulp mill sludge [25] showed a lower Qyu.y than both the microalgae and activated
carbon used here.

Regarding the adsorption of paracetamol from aqueous solution onto activated carbons,
some studies have been carried out using materials from different companies [26]. Equilibrium
results from these studies and the corresponding fittings provided Quax between 163 and 323 mg g1,
which comprises the capacity of the here used activated carbon.

It must be here highlighted that the separation of microalgae biomass from treated water is a
key issue for the practical utilization of microalgae in wastewater treatment. In this study, at the
end of adsorption experiments, separation of microalgae biomass was carried out by filtration.
However, this is not feasible at a real scale, at which, flocculation-coagulation would be used for
the separation of microalgae from the liquid phase. As described elsewhere [27,28] different flocculants
may be used for this purpose.

4. Conclusions

In this work, and for the very first time, the biosorption of paracetamol from water onto microalgae,
namely onto Synechocystis sp., has been determined. Results were compared with the adsorption
of this pharmaceutical onto a commercial activated carbon under identical experimental conditions.
The kinetic experimental results have been properly described by the Lagergren and the pseudo second
kinetic equations, and the equilibrium time was 240 min for both adsorbent materials. Regarding the
equilibrium experimental results on activated carbon, they were better described by the Langmuir than
by the Freundlich isotherm, as for the surface homogeneity of this commercial adsorbent. Meanwhile,
both isotherm models described equilibrium results in the case of biosorption onto Synechocystis sp.
A comparison of the Langmuir maximum adsorption capacities for paracetamol showed that the
capacity of the commercial activated carbon (278 mg g~!) is around five times higher than that of the
microalgae used in this work (53 mg g~ !). In any case, this preliminary study points to the potential of
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microalgae for removing pharmaceuticals from wastewater by biosorption, by which its application
may increase the sustainability of their use as second generation biofuels and/or for CO; fixation.
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