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Abstract

:

In view of the valorisation of the green microalga Scenedesmus obliquus biomass, it was used for the biosorption of two nonsteroidal anti-inflammatory drugs, namely salicylic acid and ibuprofen, from water. Microalgae biomass was characterized, namely by the determination of the point of zero charge (pHPZC), by Fourier transform infrared (FT-IR) analysis, simultaneous thermal analysis (STA) and scanning electron microscopy with energy dispersive spectroscopy (SEM/EDS). Kinetic and equilibrium batch experiments were carried out and results were found to fit the pseudo-second order equation and the Langmuir isotherm model, respectively. The Langmuir maximum capacity determined for salicylic acid (63 mg g−1) was larger than for ibuprofen (12 mg g−1), which was also verified for a commercial activated carbon used as reference (with capacities of 250 and 147 mg g−1, respectively). For both pharmaceuticals, the determination of thermodynamic parameters allowed us to infer that adsorption onto microalgae biomass was spontaneous, favourable and exothermic. Furthermore, based on the biomass characterization after adsorption and energy associated with the process, it was deduced that the removal of salicylic acid and ibuprofen by Scenedesmus obliquus biomass occurred by physical interaction.
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1. Introduction


Nonsteroidal anti-inflammatory drugs (NSAIDs) constitute a class of pharmaceuticals able to suppress the production of prostaglandins by inhibiting cyclooxygenase (COX), an enzyme required for prostaglandin biosynthesis. Their main therapeutic actions are anti-inflammatory (inflammation-alleviating), analgesic (pain-killing) and antipyretic (fever-reducing) [1]. They are among the most widely used medications in the world because of their demonstrated efficacy and because they can be acquired over-the-counter, that is, without medical prescription from health specialists [1,2]. Therefore, tons of these pharmaceuticals are daily consumed in the world, this consumption having a rising trend due to the population growth and increasing life expectancy [3]. After NSAIDs consumption, pharmaceutically active compounds are released from the body through urine and faeces, either in their original form or as metabolites [4] and make way to wastewater treatment plants (WWTPs) [5]. Furthermore, the bad practice of flushing unused or expired medicines down the toilet also contributes to the presence of NSAIDs in sewage [6]. In WWTPs the sewage is subjected to successive treatments, which aim is the fulfilment of regulations regarding the discharge of treated water in the aquatic environment. However, since pharmaceuticals are not regulated, treatments are not designed for their removal and, consequently, they are still present in effluents from WWTPs [7,8]. In the specific case of NSAIDs, Mlunguza et al. [9] recently revised the literature and indicated that the removal efficiency in WWTPs varies from −174 to 99%, with negative values being related to influent-effluent mismatching, creation of conjugated compounds or release from faeces during water treatment, day-to-day instability, analytic uncertainty and/or desorption from suspended particulate matter. Among NSAIDs, salicylic acid, which is the active form and metabolite of acetylsalicylic acid [10], and ibuprofen are amongst the most consumed and, therefore, most frequently detected and/or at the largest concentrations in wastewater. For example, salicylic acid was recently found to be present in all the water samples (hospital effluent, wastewater treatment plant influent and effluent, and seawater) in several countries [8,11,12,13,14,15,16]. Ibuprofen was also detected in the same type of water samples and in a river grab sample [12,13,14,15,17] and has been highlighted to be the most consumed medicine all over the world [18,19]. Therefore, there is general consensus about the fact that WWTPs are potential sources of pharmaceuticals, including these NSAIDs, for the aquatic environment [7,8,9].



General concern exists on the environmental occurrence of pharmaceuticals since these compounds were designed to induce a physiological response [7,8]. Hence, their presence, even at relative low concentrations, may affect nontarget individuals and species. Indeed, pharmaceuticals are among the so-called emerging contaminants (ECs), which are usually defined as compounds that are not currently covered by existing water regulations but are thought to be a threat to environmental ecosystems and human health [20]. For this reason, the need to develop new, effective and sustainable treatments for the removal of pharmaceuticals from water is evident [21]. Moreover, it is expected that legislation on the discharge of pharmaceuticals will come out in the near future [22] and it will be indispensable being able to accomplish regulations, which reinforces the need to investigate about novel, effective, economic and sustainable treatments.



Among the novel approaches for the removal of pharmaceuticals from water, microalgae-based treatments have received growing attention in the last years [23,24,25,26], with promising results in the specific case of NSAIDs removal [27,28,29]. Biodegradation, biosorption and bioaccumulation have been established as the main mechanisms involved in the removal of pharmaceuticals from water by microalgae culturing [26,27,28,29,30]. Indeed, most of the published works in this field are on the uptake of pharmaceuticals by living microalgae [23,24,25,30]. Meanwhile, the employment of non-living microalgae biomass for the adsorptive removal of these pollutants has been barely studied [21,31], with just a few authors addressing the adsorption of NSAIDs [31,32]. This contrasts with the case of other contaminants, such as metals [33,34] or dyes [35,36], for which the good adsorptive performance of microalgae biomass is renowned. In water treatment, the use of dead microalgae biomass as adsorbent has several advantages over living organisms such as: (1) possible storage at room temperature; (2) long durability without losing sorptive properties; (3) absence of toxicity effects that may affect the treatment performance; (4) possibility of desorbing the pollutant and reutilization of microalgal biomass; and (5) lower operational costs, including the need for growth media [26,33,37]. Moreover, due to present knowledge, the adsorptive removal onto dead microalgae biomass has the advantage of not generating transformation products and metabolites with unknown toxicity effects, while in the case of living microalgae it may occur during biodegradation [37,38,39].



From the environmental point of view, the utilization of microalgae biomass as alternative green adsorbent to remove pharmaceuticals from water is a biorefinery approach in line with the circular economy principles [37,40,41]. According to these principles, most or all of microalgae potential should be profitably exploited while waste production should be minimized [37]. Furthermore, apart from the low cost and large availability of microalgal biomass, microalgae utilization as adsorbent may be compatible with a previous extraction of the lipid content and also with a posterior thermochemical conversion [42,43], which may increase the prospective of such an application. In this context, the aim of this work was the characterization of Scenedesmus obliquus biomass and the study of its utilization as alternative green adsorbent for the removal of two of the most used NSAIDs, namely, salicylic acid and ibuprofen, from water. Biomass of Scenedesmus obliquus has already been shown to display high adsorption capacity as compared with other strains [31] and, furthermore, this strain is among the most used for wastewater treatment, possesses high growth rates, is capable of growing under a wide range of conditions [44], which motivated its choice for this study.




2. Materials and Methods


2.1. Microalgae Biomass


Living culture material of microalgae Scenedesmus obliquus (SAG 276-1) was purchased from the Sammlung von Algenkulturen der Universität Göttingen (Culture Collection of Algae at Göttingen University, Göttingen, Germany), international acronym SAG. An inoculum of this strain was maintained in Erlenmeyer flasks (250 mL) containing the standard medium Mann and Myers, which is composed of (per litre of distilled water): 1.2 g MgSO4·7H2O, 1.0 g NaNO3, 0.3 CaCl2, 0.1 g K2HPO4, 3.0 × 10−2 g Na2EDTA, 6.0 × 10−3 g H3BO3, 2.0 × 10−3 g FeSO4·7H2O, 1.4 × 10−3 g MnCl2, 3.3 × 10−4 g ZnSO4·7H2O, 7.0 × 10−6 g Co(NO3)2·6H2O, 2.0 × 10−6 g CuSO4·5H2O. In order to favour microalgae growing, flasks were kept inside a vegetal culture chamber under mild controlled conditions: temperature (25 ± 1 °C), irradiance (175 µE m−2 s−1), photoperiod (12 h:12 h) and shaking (250 rpm) until reaching a biomass concentration of 0.1 g L−1. Then, the culture was transferred to a photobioreactor (PBR) with a volume of 10 L, which was kept in a vegetal culture chamber under controlled optimized conditions for microalgae exponential growth, namely at 27–30 °C, 16 h:8 h photoperiod and 650 µE m−2 s−1 irradiance. The PBR was aerated at 0.3 Vair/VPBR/min with filtered air (0.22 µm sterile air-venting filter, MillexFG50-Millipore) enriched with CO2 (7% VCO2/Vair), which was injected on demand to keep a constant pH (7.5 ± 0.5) regulated by a pH sensor. At the end of the culture, the 10 L PBR was dismantled, and microalgae biomass was harvested by 7 min centrifugation of the cellular suspension at 6461 g in a SIGMA 2-16P centrifuge. Microalgae biomass was then washed twice with distilled water, oven dried during 24 h at 70 °C, homogenized, freeze-dried (CoolSafe freeze dryer, 100-9 PRO) and stored.




2.2. Adsorption Experiments


2.2.1. Chemicals and Analytic Methods


Ibuprofen sodium (≥ 98%) was purchased from Fluka (Buchs, Switzerland) and salicylic acid (≥ 99%) was purchased from Sigma–Aldrich (Steinheim, Germany). The main properties of these pharmaceuticals are depicted in Table 1.



The target pharmaceuticals were analysed by high performance liquid chromatography (HPLC), using a Waters HPLC 600 equipped with a 2487 Dual λ Absorbance Detector, a phenomenex C18 column (5 μm, 110 Å, 250 × 4.6 mm), a Rheodyne injector and a 50 μL loop. The wavelengths of detection were 220 and 236 nm for ibuprofen and salicylic acid, respectively. The mobile phase was a mixture of methanol:water:orthophosphoric acid (75:25:0.3) for the analysis of ibuprofen and a mixture of acetonitrile:water:orthophosphoric acid (70:30:0.1) for the analysis of salicylic acid. The mobile phase mixtures were prepared using HPLC quality acetonitrile (CH3CN), which was purchased from LabScan, HPLC quality methanol (CH3OH), which was acquired from Sigma–Aldrich, orthophosphoric acid (H3PO4), which was purchased from Panreac, and ultrapure water obtained by a Millipore system. Before use, the mobile phase mixtures were filtered (0.45 µm pore size Millipore filters) and degasified (30 min under ultrasonication). For the chromatographic analytic quantification of pharmaceuticals concentration, four replicated injections were done under a 1 mL min−1 flow rate of the mobile phase, with precision ranging between 0.35 and 0.97 RSD(%) for ibuprofen and between 0.30 and 0.56 RSD(%) for salicylic acid. For each pharmaceutical, the limit of detection (LOD) and limit of quantification (LOQ) were determined on the basis of the signal-to-noise ratio using analytical response of 3 and 10 times of the background noise, respectively. The determined LOD/LOQ for ibuprofen and salicylic acid were 0.69/2.3 mg/L and 0.39/1.3 mg/L, respectively. Water samples analysed for the residual concentration of ibuprofen or salicylic acid after adsorption experiments were not subjected to any preconcentration or clean-up process before chromatographic analysis.




2.2.2. Adsorption Kinetics and Equilibrium


Batch adsorption experiments on the adsorptive removal of ibuprofen and salicylic acid by biomass of Scenedesmus obliquus were carried out. Before its use as biosorbent, freeze-dried microalgae biomass was grinded and homogenized. Under identical conditions and for comparison purposes, adsorption reference experiments were also carried out using a commercial activated carbon, namely Pulsorb WP260 (Chemviron Carbon, Feluy, Belgium), which was generously provided by Chemviron Carbon and whose physicochemical properties are depicted in Table S1. First, and for each of the target NSAIDs, adsorption kinetic experiments were done so to find out the adsorption equilibrium time (teq) and the adsorption rate. Next, equilibrium experiments were run to determine the corresponding adsorption isotherm. All experiments were carried in a thermostatically regulated shaker, where 250 mL Erlenmeyer flasks containing a known mass of adsorbent together with 100 mL of pharmaceutical solution adjusted to pH 7, by the addition of NaOH, were shaken (250 rpm) at a constant temperature of 25 ± 2 °C. The mass of Scenedesmus obliquus used as adsorbent in kinetic experiments was 0.05 g, while different masses in the range 0.05–0.5 g were used for equilibrium experiments. The pH of adsorption experiments (pH 7) was selected because it is a typical value for domestic wastewaters [49] and within the expected range after the secondary treatment (6.5–7.5) [50]. All experiments were done in triplicate and with an initial pharmaceutical concentration of 100 ± 1 mg L−1. In parallel with adsorption experiments, triplicate controls (pharmaceutical solution with an initial concentration of 100 ± 1 mg L−1) and triplicate blanks (known mass of adsorbent in ultrapure water), were also run.



In the kinetic experiments, Erlenmeyer flasks were progressively withdrawn from the shaker after pre-set time intervals. Then, from each flask, three aliquots were collected, filtered through Millipore membranes (45 µm pore size) and analysed for the concentration of the target pharmaceutical, either ibuprofen or salicylic acid, as described in Section 2.2.1 For each of the pharmaceuticals, the adsorbed concentration onto the corresponding adsorbent at any time, qt (mg g−1), was calculated by the following mass balance relationship (Equation (1)):


   q t  =  (   C 0  −  C t   )   V W   



(1)




where Ct (mg L−1) is the experimental liquid-phase concentration of pharmaceutical at a time t (min), C0 (mg L−1) is the average concentration of pharmaceutical in the corresponding control, V is the solution volume (L) and W is the adsorbent mass (g).



In the equilibrium experiments, Erlenmeyer flasks containing the target pharmaceutical solution together with either microalgae biomass or activated carbon were shaken during the teq inferred from kinetic experiments. At that moment, three aliquots were withdrawn from each flask, filtered through Millipore membranes (45 µm pore size) and chromatographically analysed for determining the experimental equilibrium liquid-phase concentration of pharmaceutical, Ce (mg L−1)). Then, the equilibrium adsorbed concentration of pharmaceutical onto the corresponding adsorbent, qe (mg g−1), was calculated by the mass balance relationship displayed in Equation (2):


   q e  =  (   C 0  −  C e   )   V W   



(2)




where Ce (mg L−1) is the experimental liquid-phase concentration of pharmaceutical at equilibrium, C0 (mg L−1) is the average concentration of pharmaceutical in the corresponding control, V is the solution volume (L) and W is the adsorbent mass (g).




2.2.3. Modelling of Kinetic and Equilibrium Results


Fittings of the obtained kinetic results to the pseudo-first order [51] and the pseudo-second order [52] equations, which are represented by Equations (3) and (4), respectively, were determined.


   q t  =  q e  ( 1 −  e  −  k 1  t     )  



(3)






   q t  =    q e 2   k 2  t   1 +  q e   k 2  t    



(4)




where qt (mg g−1) is the adsorbed concentration onto the corresponding adsorbent at any time, qe (mg g−1) is the adsorbed concentration of pharmaceutical onto the corresponding adsorbent at the equilibrium, k1 (min−1) and k2 (mg−1 g min−1) are the pseudo-first and the pseudo-second order rate constants, respectively, and t (min) is the time.



Regarding the experimental adsorption equilibrium results, fittings to the Freundlich isotherm [53] and the Langmuir isotherm [54], respectively represented by Equations (5) and (6), were determined.


   q e  =  K F   C e  1 / n    



(5)






   q e  =    Q m   K L   C e    1 +  K L   C e     



(6)




where qe (mg g−1) is the adsorbed concentration of pharmaceutical onto the corresponding adsorbent at the equilibrium, Ce (mg L−1) is the liquid-phase concentration of pharmaceutical at equilibrium, KF is the Freundlich equilibrium constant (mg g−1 (mg L−1) −1/n); n the degree of nonlinearity; Qm the Langmuir maximum adsorption capacity (mg g−1) and KL (L mg−1) is the Langmuir equilibrium constant.




2.2.4. Thermodynamics of Adsorption


Changes of Gibb’s free energy (ΔG°, kJ mol−1), enthalpy (ΔH°, kJ mol−1) and entropy (ΔS°, kJ mol−1 K−1) in the adsorption of salicylic acid and ibuprofen onto Scenedesmus obliquus biomass were calculated as next depicted.



The Van’t Hoff equation measures the changes in the thermodynamic equilibrium constant (Ke) with variations of the temperature, as for Equation (7).


  Δ G ° = − R T   l n  K e o   



(7)




where ΔG° is the Gibb’s free energy (kJ mol−1), R is the universal gas constant (8.314 J K−1 mol−1), T is the absolute temperature (Kelvin), and Ke°, which is dimensionless, was obtained by the following equation, as recommended by Lima et al. [55]:


   K e o  =   1000    K L    M W    [  a d s o r b a t e  ]  °  γ   



(8)




where γ is the coefficient of activity (dimensionless), [adsorbate] is the standard concentration of the adsorbate (1 mol L−1) and KL (L mg−1) is the Langmuir equilibrium constant, as for the best fitting model. In order to KL (L mg−1) become dimensionless, it was multiplied by 1000, to convert L mg−1 into L g−1, subsequently making the multiplication of this result by MW, which is the molecular weight of the adsorbate (g mol−1), and by [adsorbate]°, which is the unitary standard concentration of the adsorbate (1 mol L−1). For this calculation, it is assumed a diluted adsorbate solution so γ is unitary.



Considering the third principle of thermodynamics:


  Δ G ° = Δ H ° − T Δ S °  



(9)




where ΔG° is the change in Gibb’s free energy (kJ mol−1), ΔH° is the change in enthalpy (kJ mol−1), ΔS° is the change in entropy (kJ mol−1 K−1) and T is the absolute temperature (K).



The combination of Equations (7) and (9), gives:


  l n  K e o  =   − Δ H °  R     1 T  +   Δ S °  R   



(10)




where K°e is the standard thermodynamic equilibrium constant (dimensionless), R is the universal gas constant (8.314 J K−1 mol−1), T is the absolute temperature (K), ΔH° is the change in enthalpy (kJ mol−1) and ΔS° is the change in entropy (kJ mol−1 K−1).



Thus, in the linear plot of Ln (Ke°) versus 1/T, ΔS° may be obtained from the intercept and ΔH° from the slope. For determining such a linear plot, at least three different Ke° are necessary. Therefore, apart from the equilibrium isotherm obtained at 25 ± 2 °C for the adsorption of salicylic acid and ibuprofen onto microalgae biomass, isotherms were also determined at 15 ± 2 and 35 ± 2 °C by following the procedure described in Section 2.2.2.





2.3. Microalgae Biomass Characterization


Point of zero charge (pHPZC), Fourier transmittance infrared (FT-IR) spectra, simultaneous thermal analysis (STA) curves and micrographs by scanning electron microscopy with energy dispersive spectroscopy (SEM/EDS) were used to characterize Scenedesmus obliquus biomass before and after salicylic acid and ibuprofen biosorption. For the characterization, freeze-dried microalgae biomass was dried in an oven (Selecta P, 2000208, E.U.) at 70 °C for 24 h and cooled in a desiccator, ground with a mortar and a pestle and then stored at room temperature. Taking into account that the considered pharmaceuticals are thermally stable at 70 °C (Table 1), the same procedure was applied to biomass to be characterized after its use for the adsorption of salicylic acid and ibuprofen.



2.3.1. Point of Zero Charge (pHPZC) Determination


The point of zero charge was determined according to the method proposed by Rivera-Utrilla [56]. A mass of 50 mg of alga and 50 mL of 0.1 mol L−1 NaCl (VWR International, purity: 99.9%) were mixed in Erlenmeyer flasks. The pH of each suspension was adjusted to an initial pH value (pHinitial) in the range 2 to 11, using 0.01 mol L−1 NaOH (Labkem, purity: >99.0%) or 1 mol L−1 HCl (Honeywell Fluka™, 37% wt). Samples were stirred during 24 h and the final pH (pHfinal) was recorded using a pH-meter Consort C861. The pHfinal was plotted against pHinitial, the point at which the curve crossed the line pHfinal = pHinitial was taken as the PZC (pHpzc).




2.3.2. Fourier Transform Infrared (FT-IR) Analysis


The infrared spectra of the samples diluted with KBr and pressed (press PanReac, PAI for IR spectroscopy) (0.5 mg of ground sample with 200 mg of KBr) were recorded in the range of 4000–500 cm−1 with resolution of 2 cm−1 (200 scans) (Nicolet 6700 FT-IR, Thermo Scientific, MCT/A detector). Spectra were acquired and processed with the OMNIC Software Version 8.3.103 [57].




2.3.3. Simultaneous Thermal Analysis (STA)


The simultaneous thermal analysis was carried out in a Netzsch STA 449 F3 Jupiter thermal analyser. The experimental procedure described by Valenzuela and Bernalte García [58] and Ferreira et al. [59] was followed for the proximate analysis of Scenedesmus obliquus biomass before and after the adsorption of salicylic acid and ibuprofen. Briefly, samples (mass of approximately 10 mg) were heated at a constant rate of 10.0 K min−1 from room temperature to 950 °C. After 7 min of isothermal treatment at 950 °C under nitrogen atmosphere at a flow of 50 mL min−1, the nitrogen was changed by air at a flow of 50 mL min−1 extending the treatment until final stabilization of final weight. Under this procedure, the mass loss observed at 100 °C is attributed to moisture, the mass loss registered from the end of the first step up to the switching of the carrier gas corresponds to the volatile matter and the mass loss comprised between the introduction of the air flow and the stabilization of the weight is attributed to the fixed carbon content [59]. Thermogravimetry (TG), derivate thermogravimetry (DTG), differential scanning calorimetry (DSC) and derivate differential scanning calorimetry (DDSC) curves were acquired and processed with the software NETZSCH Proteus Thermal analysis version 5.2.1.




2.3.4. Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM/EDS)


The images of scanning electron microscopy with energy dispersive spectroscopy were obtained using a high-resolution scanning electron microscope with X-Ray microanalysis (JEOL JSM 6301F/ Oxford INCA Energy 350) [60]. Samples were coated with an Au/Pd thin film, by sputtering, using the SPI Module Sputter Coater equipment, for 100 s with a 15-mA current. The micrographs were generated by secondary electrons (SE), with a × 2000 magnification, an accelerating voltage of 15 kV and a working distance (WD) of 15 mm.






3. Results and Discussion


3.1. Adsorption Results


3.1.1. Adsorption Kinetic and Equilibrium


As confirmed by the controls and blanks run in parallel with adsorption experiments, pharmaceuticals adsorption on glass and any other loss were negligible, so the decrease in salicylic acid and ibuprofen concentrations during these experiments is ascribable just to the adsorptive removal onto microalgae biomass or onto the commercial activated carbon used as reference (Pulsorb WP260).



Kinetic results on the adsorption of salicylic acid and ibuprofen onto microalgae biomass or onto Pulsorb WP260 throughout time are depicted in Figure 1, together with fittings to the pseudo- first and the pseudo-second order equations (Equations (3) and (4), respectively). Error bars in Figure 1 stand for the corresponding standard deviations (N = 3). The axes’ scale has been adjusted for a better visualization of results. As may be seen, for each of the target NSAIDs, the adsorbed concentration increased throughout contact time with the corresponding adsorbent until becoming stable at the equilibrium.



Figure 1 evidences that both the pseudo-first and pseudo-second order kinetic equations reasonably describe experimental results, with slightly better fittings to the pseudo-second order equation. Kinetic parameters derived from the fittings to the models are depicted in Table 2 together with the corresponding determination coefficient (r2) and standard deviation of the residuals (Sy.x), which confirm that the pseudo-second order equation generally provided better fittings (r2 > 0.99 and lower Sy.x). According to the fitted parameters, the largest kinetic constant k2 was that of ibuprofen adsorption onto Scenedesmus obliquus biomass, with the rest being comparable. In any case, and in order to ensure that equilibrium was attained, a contact time of 150 min was defined for all the equilibrium experiments.



Equilibrium isotherms determined for the adsorption of salicylic acid and ibuprofen onto Scenedesmus obliquus biomass and onto the activated carbon are shown in Figure 2 together with the fittings to the Freundlich and Langmuir isotherms. Error bars stand for the corresponding standard deviations (N = 3). The axes’ scale has been adjusted for a better visualization of results. For each of the isotherm models, fitted parameters are depicted in Table 2.



As shown in Figure 2, at the equilibrium, the adsorptive removal of both NSAIDs is larger onto the commercial activated carbon than onto microalgae biomass. Furthermore, both the activated carbon and microalgae biomass, displayed a larger adsorption for salicylic acid than for ibuprofen, which can be associated with the lower solubility of salicylic acid when compared with ibuprofen (Table 1).



With respect to the fittings, experimental results are better described by the Langmuir isotherm than by the Freundlich one, which is confirmed by the respective higher r2 and lower Sy.x in Table 2. Indeed, Qmax values from the Langmuir fittings confirm that the adsorption capacity of activated carbon (Qmax = 250 mg g−1 for salicylic acid and Qmax = 147 mg g−1 for ibuprofen) is larger than that of Scenedesmus obliquus biomass (Qmax = 63 mg g−1 for salicylic acid and Qmax = 12 mg g−1 for ibuprofen), which must be related to the highly porous structure of the carbon. It must be highlighted that the here determined Qmax for ibuprofen adsorption onto microalgae biomass is higher than that determined for the adsorption of this pharmaceutical onto Phaeodactylum tricornutum (Qmax = 4 mg g−1) [32], and is also higher than that of oxytetracycline onto Phaeodactylum tricornutum (Qmax = 5 mg g−1) [21]. To the best of our knowledge, there are not published results on the adsorption of salicylic acid onto microalgae biomass. In any case, the here obtained Qmax is larger than that determined for the adsorption of acetaminophen onto Synechocystis sp. (Qmax = 52 mg g−1) [41] and quite larger than for the adsorption of diclofenac onto Scenedesmus obliquus biomass (Qmax = 28 mg g−1) [31]. With respect to other materials used for the biosorption of salicylic acid or ibuprofen from water, Table S2 (Supplementary Information) [32,61,62,63,64] depicts some recently published Qmax and shows that the here determined values for Scenedesmus obliquus biomass are within the range of values in the literature.




3.1.2. Thermodynamics of Adsorption


Equilibrium results on the adsorption of salicylic acid and ibuprofen onto Scenedesmus obliquus biomass at the different temperatures considered in this work are shown in Figure 3 together with fittings to the Langmuir and Freundlich isotherms. Parameters determined from these fittings are depicted in Table S3 (Supplementary Information). As may be seen, Langmuir described the experimental results (r2 ≥ 0.99) and the determined KL values were used in Equation (8) for the calculation of the corresponding Ke°, as described in Section 2.2.4.



Thermodynamic parameters are presented in Table 3. The negative ∆G° values point to the feasibility of the adsorption of salicylic acid and ibuprofen on microalgae biomass, which is thermodynamically spontaneous. The negative ∆H° values, namely −32 and −13 kJ mol−1 for the adsorption of salicylic acid and ibuprofen, respectively, indicate that adsorption onto microalgae biomass was exothermic.



The type of adsorptive interaction can be classified, to a certain extent, by the magnitude of ∆H°. In this sense, energy related to chemical bond forces is usually >80 kJ mol−1, while physical sorption by hydrogen bonding is usually <30 kJ mol−1, by van der Waals forces is 4–10 kJ mol−1, by hydrophobic bond forces about 5 kJ mol−1, by coordination exchange about 40 kJ mol−1 and by dipole bond forces 2–29 kJ mol−1 [65]. Therefore, the here obtained values are consistent with interaction by hydrogen bond forces between microalgae biomass and both salicylic acid and ibuprofen. As for the entropy changes, although the values were quite low, the negative and positive ∆S° obtained for the adsorption of salicylic acid and ibuprofen, respectively, revealed the respective decrease and increase in randomness at the aqueous–solid interface during the adsorption of these pharmaceuticals onto microalgae biomass.





3.2. Microalgae Biomass Characterization


3.2.1. pHPZC


The sorption of compounds is strongly influenced by the system pH. The microalgae surface functional groups (Section 3.2.2.) can be positively or negatively charged depending on their pKa values. These groups are subject to protonation or deprotonation depending on the pH value of the solution. The pHPZC influences the biosorption of charged species. The pHPZC here determined for Scenedesmus obliquus biomass was 6.4 (Figure 4). For pH values below pHPZC, the surface charge of microalgae biomass is positive so negative species biosorption is favoured; whereas for pH values higher than pHPZC, the surface charge is negative and positive species biosorption is favoured [66]. The pH can also impact the charge of the species in solution [67,68]. As shown in Table 1, the pKa1 (carboxylic group) and pKa2 (phenol group) values of salicylic acid are 3.0 and 13.6, respectively and the pKa (carboxylic group) value of ibuprofen is 4.9. In the case of salicylic acid, diprotic species (neutral) are dominant (about 90%) at pH values below 2, monoprotic species (negative) are dominant at pH values between 4 and 13 and completely dissociated species (negative) are dominant (about 70%) at pH values above 13 [69] (see Figure S1a (Supplementary Information) [69,70]). The carboxylic group of ibuprofen is not charged at low solution pH (equal or below to pKa). However, as the solution pH increases from 3 to 7, the carboxylic group begins to dissociate and almost all ibuprofen molecules are negatively charged when the solution pH is above 7 [70,71] (see Figure S1b (Supplementary Information) [69,70]). Thus, at the pH of adsorption experiments (pH 7), electrostatic repulsive interactions between the negatively charged surface of Scenesdesmus obliquus and the negatively charged ibuprofen and salicylic acid and ibuprofen species cannot be disregarded.




3.2.2. FT-IR


The functional groups present on microalgae biomass surface play an important role in the biosorption process. FT-IR spectra from Scenedesmus obliquus biomass before and after salicylic acid and ibuprofen biosorption are shown in Figure 5 and the assignation of bands in Table S4. Eleven main bands can be identified in the wavenumber range recorded. The three spectra are very similar, exhibiting slight variations between them; as such, each band was identified by a wavenumber range. The 4000–2500 cm−1 region corresponds to the stretching vibrations of bonds containing hydrogen atoms. The single broad band at about 3408–3423 cm−1 (band A) is assigned to O-H stretching vibrations (associated) of water or hydroxyl radicals of polysaccharides [72,73,74,75], and to N-H stretching vibrations of proteins (amide A) [72,73,75]. Below 3000 cm−1, absorption bands at about 2924 cm−1 and 2853 cm−1 (bands B and C, respectively) are assigned to C-H stretching vibrations, more specifically to CH2 asymmetric and symmetric stretching vibrations of lipids, respectively [72,73,74,75,76,77,78]. The range 2000–1500 cm−1 is the region for double bonds. The absorption band at about 1655 cm−1 (band D) is in the range of 1900–1650 cm−1 where carbonyl group usually shows a strong band. This band corresponds to C=O stretching vibration of amides I, which is associated with proteins [72,76,78]. The band at about 1541–1545 cm−1 (band E) is due to N-H deformation of amides II and to C-N deformation of proteins [72,73,74,75,76,77,78]. Bands in 1500–1300 cm−1 region provide the information on the deformation vibrations of C-H bonds. Bands F and G at about 1458 and 1383–1384 cm−1, respectively, are associated with CH3 asymmetric deformations of lipids [72,74,75,77] and proteins, and also to C-O symmetric stretching vibrations of carboxylic groups [72,74,75,76,77,78]. The branching in the band at about 1380 cm−1 indicates that two or three methyl groups may be connected to the same carbon atom. Below 1300 cm−1 appear the bands from C-O-C bonds of carboxylates. Bands at about 1153–1154 cm−1, 1078–1079 cm−1 and 1025–1026 cm−1 (bands I, J and K, respectively) are assigned to C-O-C stretching vibrations of polysaccharides from carbohydrates [73,74,75,76,77,78]. These bands are also assigned to C-O asymmetric stretching vibrations of starch and complex sugar ring modes [72,73,74,75,77] and to Si-O stretching vibrations of silicate frustules [76,78]. Bands J and K are also assigned to P=O asymmetric stretching vibrations of phosphodiester backbone from nucleic acids, as well as the band at about 1241–1246 cm−1 (band H) [72,73,74,75,76,78]. The FT-IR spectrum of Scenedesmus obliquus is mostly the same as the determined by Ferreira et al. [79] for this microalgae species but different from those observed by these authors for Chlorella vulgaris or Nannochloropsis oculata. As shown in Figure 5 and Table S4, the spectra show just small punctual shifts between absorption bands determined for microalgae biomass before and after salicylic acid and ibuprofen biosorption. Similarly, Santaeufemia et al. [21] did not found differences in the FT-IR spectra of Phaeodactylum tricornutum biomass before and after the adsorption of triclosan, which related to the absence of chemical bonds during adsorption. Furthermore, Cardoso et al. [65] found that the wavenumbers of the vibrational bands in Spirulina platensis biomass were practically the same before and after the adsorption of Reactive Red 120, concluding that the interaction adsorbent–adsorbate presented low energy. Differently, Ali et al. [63] found that the adsorption of tramadol onto alkaline modified biomass of Scenedesmus obliquus resulted not only in some slight shifts and intensity decrease, but also in the disappearance of bands 3326 and 1419 cm−1. These authors pointed to the possible involvement of O-H and C-O functional groups in the adsorption of tramadol by modified algal biomass [63]. Likewise, significant changes were observed by Koshua et al. [80] in the FT-IR spectra of Scenedesmus quadricauda and Chlorella vulgaris biomasses after malachite green adsorption, which were ascribed to the attachment of this dye on –OH and –NH groups. Therefore, in the present work, it may be inferred that adsorption of salicylic acid and ibuprofen onto Scenedesmus obliquus biomass was mostly physical and, although some low energy interactions may have occurred with –OH and –NH groups, the importance of chemical bonding with biomass surface was minor. Indeed, physical adsorption inferred by FT-IR results is consistent with the relative low energy involved in the adsorption of the considered NSAIDs, as for the low ∆H° displayed in Table 3. The bands at about 1589–1591, 1487 and 1458 cm−1, characteristic of C-C stretching vibrations of benzene ring from salicylic acid, are not present in the alga’s spectra after biosorption of this pharmaceutical [81]. Likewise, the high intense band at about 1720 cm−1 characteristic of C=O stretching vibration of ibuprofen is also not present [82,83]. This may be related to the relatively low proportion of both adsorbed pharmaceuticals in comparison to the mass of microalgae and/or to the overlapping of other stronger bands in the same wavenumbers.




3.2.3. STA


Simultaneous thermal analysis (STA) allows identifying mass losses and thermal transitions occurred during the decomposition of Scenesdesmus obliquus biomass before and after pharmaceuticals biosorption through the interpretation of TG/DTG curves, which are shown in Figure 6 (TG/DTG curves over time are also shown in Figure S2 (Supplementary Information)) and DSC/DDSC curves, which are depicted Figure S3. The TG/DTG and DSC/DDSC characteristic parameters are summarized in Table 4 and Table S5, respectively. The initial temperature (Ti) and the final temperature (Tf), which are, respectively, the lowest temperatures at which the start and the end of a mass variation can be detected in TG/DTG curves, were used to determine the moisture, volatile matter, fixed carbon and ash contents depicted in Table 5. The maximum temperature (TTG,max) is the temperature at which the maximum mass loss rate (DTGmax) is reached. The here obtained results allow to observe a similar thermal degradation profile for the three samples, namely microalgae biomass before and after biosorption of salicylic acid or ibuprofen. In good agreement with literature [84,85], the thermal degradation of microalgae biomass before and after adsorption can be divided into two main mass loss steps and three DSC peaks. All DSC curves in Figure S3 show a short transient period of instability at the start of the run, which corresponds to the time required for energy to be transmitted to both sample and reference in order to produce the required heating rate [86]. Meanwhile, mass loss develops quite slowly from the initially horizontal part of the TG curves.



In the first step of the process, the slight mass loss from room temperature to about 100 °C is attributed to water evaporation. The estimated moisture contents (Table 5) are very similar and below 8%, which certainly favoured an easy ignition and prevented a reduction of the heating. All TDSC,max in Table S5 are lower than the boiling point of pure water and increase with increasing of moisture content. The endothermic event (peak A) present in all DSC curves (Figure S3) confirms that the mass loss is associated with samples’ dehydration. The respective peak characteristics depicted in Table 4 also allow to verify that TTG,max increases with increasing moisture content, from S. obliquus to S. obliquus after ibuprofen biosorption. Contrarily, the ΔH values (Table S5) decrease with increasing moisture content.



The second step corresponds to the main thermal degradation step of the process. The significant inflection observed in TG curves, from the 100 to about 550 °C, is attributed to devolatilization. The highest estimated volatile matter content and TTG,max (Table 4) is observed for S. obliquus. The pharmaceuticals’ uptake reduced the volatile matter content and the TTG,max of microalgae biomass similarly for both salicylic acid and ibuprofen. Due to the adsorption of pharmaceuticals, the loss of volatiles during pyrolysis, in percentage terms, was reduced. Contrarily, the fixed carbon increased, which reflects the losses under combustion, due to the contribution of thermal oxidation of adsorbed pharmaceuticals. Indeed, the TTG,max values after adsorption are between the melting points of salicylic acid and ibuprofen (158 °C and 76 °C [45,46], respectively) and the TTG,max value of S. obliquus before biosorption. The exothermic event (peak B) present in all DSC curves (Figure S3) confirms that mass loss is associated with the decomposition of biological molecules (carbohydrates, lipids, proteins and nucleic acids), as stated in FT-IR analysis. According to a previous study [87] photosynthetic pigments are degraded at 190 °C. Since S. obliquus is a green microalga, it can be assumed that photosynthetic pigments were also decomposed in this step.



Although no significant peak is observed in DTG curves (Figure S3), from 550 to 950 °C under nitrogen atmosphere, the carbonaceous matter continuously decomposed at a very low rate, which is confirmed by the exothermic event (peak C) present in all DSC curves. As for B peak, the highest TDSC,max (Table S5) for peak C is also observed for S. obliquus. In addition, as observed for B peak, the pharmaceuticals’ uptake reduced the TDSC,max values similarly for both salicylic acid and ibuprofen. The ΔH values, in its turn, decrease significantly from S. obliquus to S. obliquus after ibuprofen biosorption. The mass loss verified between the introduction of the air flow and the stabilization of the weight is attributed to the fixed carbon content. The residue obtained at the end of the thermal process corresponds to the ashes. The ash contents (Table 5) obtained were very small (less than 3%), since microalgae grew under controlled laboratory conditions and the ash obtained necessarily came entirely from the biomass itself [88]. Fixed carbon content was determined by difference and represents the solid carbon in the biomass that remains after devolatilization. The obtained contents are between 13% and 22% and are inversely proportional to the volatile matter contents [88].




3.2.4. SEM/EDS


The morphology and the elemental surface composition of Scenesdesmus obliquus surface was analysed by SEM coupled with EDS before and after salicylic acid and ibuprofen biosorption. The respective results are shown in Figure 7. No significant changes are observed in the surface morphology after pharmaceuticals uptake since microalgae cells kept their fusiform-elliptical shape [89]. The main difference seems to be the decrease in intercellular spaces, filled by the sorbed pharmaceuticals.



Regarding the EDS analysis, it should be noted that spectra were obtained from single points and, as such, it is difficult to ensure the representativeness of the areas selected in the EDS analysis. The depth of EDS analysis was 15 mm, part of this depth corresponds to the Au/Pd film, and so pharmaceutical molecules sorbed at a depth greater than 15 mm were not detected. On the other hand, the peaks of gold (Au) and palladium (Pd) are associated with the coating film. Furthermore, the EDS results reveal the presence of other different chemical elements. Before pharmaceuticals’ uptake, carbon (C) and oxygen (O) are the predominant chemical elements in S. obliquus biomass, while other minerals (magnesium (Mg), sulphur (S), phosphorus (P) and potassium (K)) were detected at trace levels. This is also true after adsorption of salicylic acid and ibuprofen, although Mg and K were not detected after these pharmaceuticals’ uptake.





3.3. Final Remarks and Future Work


In this work, Scenedesmus obliquus residual biomass from microalgae culture was used for the adsorptive removal of two NSAIDs, namely salicylic acid and ibuprofen. The adsorption performance of such a biomass, which was thermodynamically favourable and exothermic, was comparable to that of a commercial activated carbon in kinetic terms but attained a relatively lower capacity. Nonetheless, the anionic state of the pharmaceuticals here considered at the pH of adsorption experiments (pH 7) may have reduced their adsorption on the negatively charged surface of microalgae biomass due to electrostatic repulsive interactions. It has already been shown that the adsorption of cationic pharmaceuticals would be more favourable [37,90]. In any case, it must be taken into account that commercial activated carbon is produced through chemical or physical activation and involves a pyrolytic thermal treatment of a non-renewable precursor, while in this work, microalgae biomass, which is renewable, was not subjected to any chemical modification or pyrolysis treatment. Besides the fact of most of the microalgae cell surface receptors for contaminants adsorption remain viable even after the cells have died [91], the use of dead biomass as adsorbent material holds some advantages related to the absence of living requirements and the associated costs. On the other hand, biosorption of pharmaceuticals by dead microalgae biomass is a passive nonmetabolic process that, therefore, does not result in the generation of metabolites or transformation products, which is an important factor for the choice of treatments aiming the removal of pharmaceuticals. As conventional adsorbents used for water treatment, such as activated carbon, microalgae biomass is not selective, meaning that, under the presence of other contaminants, binding sites may become saturated with nontarget contaminants. Therefore, adsorption processes for the removal of pharmaceuticals are used at the tertiary stage of wastewater treatment, under reduced competition by other types of contaminants, which were already removed in the first and secondary treatments. The adsorptive performance of microalgae biomass as tertiary treatment for the removal of pharmaceuticals needs to be further researched to assess its possible implementation at WWTPs. How the different pharmaceuticals present in wastewater interact with each other and affect their respective removal by microalgae biomass is another issue to investigate. Indeed, undertaking studies on pharmaceuticals removal under realistic conditions, assessing the effect of the pH and of the different components of complex matrices, is necessary. Moreover, different microalgae may have different adsorptive performance [31] so the characterization of biomass from different strains and the utilization of biomasses from assorted microalgae strains for the removal of mixed pharmaceuticals are to be explored. In order to select the most convenient species to be applied in wastewater treatments, information about the release of organic compounds during biosorption by microalgae biomass is essential and should be assessed. Furthermore, the after-use separation of microalgae from treated water is a challenge that needs to be addressed. Instead, the immobilization of microalgae biomass and the implementation of fixed-bed microalgae adsorbers [92] may be a more feasible choice. After-use, with the aid of a suitable desorbing agent, the adsorbed pharmaceuticals can be desorbed, and microalgae biomass can be reused [37]. Still, the effects of such a desorption treatment in the performance of reused biomass and the environmental and economic costs associated with the employment of chemical desorbing agents should be further assessed. Regeneration and reutilization capacities are not essential features of residual microalgae biomass, which is a low-cost adsorbent. Alternatively, energetic valorisation of microalgae biomass after adsorption saturation may be a more interesting option to consider.



Microalgae are photosynthetic microorganisms that are considered promising feedstock for the production of biofuels. On the other hand, microalgae cultivation offers interesting features such as the sequestration of CO2 from atmosphere or flue gases and the possibility of using wastewater as a low-cost growth media, simultaneously providing cost-benefits and enhancing sustainability of wastewater treatment. Indeed, microalgae-based wastewater treatment has been said to be the safest, promising, and most efficient alternative, replacing conventional treatment methods due to microalgae large availability, nutrient consumption ability and diverse applications of the biomass produced [93]. Moreover, integrating wastewater treatment and biorefinery may substantially contribute to circular economy [94]. In this sense, the utilization of residual microalgae biomass as adsorbent is a way to further exploit the potential of microalgae and minimize waste production. However, it is essential to carry out studies on such utilization for the removal of pharmaceuticals, since these are emerging contaminants whose discharge will probably become regulated in the near future.





4. Conclusions


The adsorptive performance of Scenedesmus obliquus biomass in the removal of salicylic acid and ibuprofen from water was assessed. Furthermore, microalgae biomass was characterized before and after adsorption of these pharmaceuticals in order to relate the obtained results on their removal with biomass properties and to find out if adsorption resulted in any modification. Fittings of the kinetic adsorption results to the pseudo-second order equation indicated that adsorption rates onto microalgae biomass were similar to those onto a commercial activated carbon used as reference. Equilibrium results were described by the Langmuir isotherm model and the fitted maximum adsorption capacities (Qmax) for salicylic acid and ibuprofen were respectively 60 and 12 mg g−1, lower than those determined for the commercial activated carbon (250 and 147 mg g−1, respectively). Although microalgae present lower capacities than activated carbon, they may be seen as an alternative sustainable adsorbent. Regarding thermodynamic parameters, they indicated that adsorption of the target NSAIDs onto microalgae biomass was favourable, spontaneous and exothermic. Moreover, no significant modifications were detected on the surface groups of microalgae biomass after the adsorption of the pharmaceuticals. This fact, together with the energy associated with the process, allowed us to infer that their removal mostly occurred by physical interaction. Results obtained in this work point to the utilization of nonmodified dead microalgae biomass as an alternative green adsorbent for the removal of pharmaceuticals, such utilization being compatible with other uses of microalgae and therefore in line with circular economy and biorefinery principles.








Supplementary Materials


The following are available online at https://www.mdpi.com/1660-4601/17/10/3707/s1, Figure S1. Species distribution diagram of (a) salicylic acid and (b) ibuprofen as a function of pH (adapted from: [1,2], respectively). Figure S2. Thermogravimetry (TG) together with derivative thermogravimetry (DTG) curves over time of Scenedesmus obliquus biomass before biosorption (a); and after salicylic acid (b) or ibuprofen (c) biosorption. Figure S3. Differential scanning calorimetry (DSC) together with derivate differential scanning calorimetry (DDSC) curves of Scenedesmus obliquus biomass before biosorption (a); and after salicylic acid (b) or ibuprofen (c) biosorption. Table S1. Physicochemical properties of the commercial activated carbon used as reference (Pulsorb WP260), as provided by the producer (Chemviron Carbon). Table S2. Maximum salicylic acid or ibuprofen biosorption capacities (Qmax (mg g−1)) of different materials in the literature. Table S3. Fitted equilibrium parameters on the adsorption of salicylic acid and ibuprofen onto Scenedesmus biomass at the different temperatures considered in this work. Table S4. Band assignments of Fourier transform infrared (FT-IR) spectra of Scenedesmus obliquus biomass before and after salicylic acid and ibuprofen biosorption. Table S5. Characteristic parameters of differential scanning calorimetry (DSC) together with derivate differential scanning calorimetry (DDSC) curves determined for Scenedesmus obliquus biomass before and after salicylic acid and ibuprofen biosorption.





Author Contributions


Conceptualization, S.A.F., O.M.F. and M.O.; experimental design and methodology, S.A.F., O.M.F. and M.O.; experimentation and analysis, A.S., R.N.C. and C.E.; experimental and analytic support, S.A.F., O.M.F. and M.O.; data analysis, curation and discussion, A.S., R.N.C., C.E., S.A.F., O.M.F. and M.O.; funding acquisition and resources, S.A.F., O.M.F. and M.O.; writing—original draft preparation, A.S., S.A.F., O.M.F. and M.O.; writing—review and editing, S.A.F., O.M.F. and M.O.; manuscript revision, A.S., S.A.F., O.M.F. and M.O. All authors have read and agreed to the published version of the manuscript.




Funding


The Fundação para a Ciência e a Tecnologia (FCT, Lisboa, Portugal) is acknowledged for support through the FCT Investigator Program (IF/00314/2015) and for Andreia Silva’s Ph.D. Grant SFRH/BD/138/780/2018. Thanks are due to FCT/ Ministério da Ciência, Tecnologia e Ensino Superior (MCTES), for the financial support to CESAM (UIDP/50017/2020+UIDB/50017/2020), through national funds. Likewise, the financial support of the Associate Laboratory for Green Chemistry-LAQV through national funds from FCT/MCTES (UIDB/50006/2020) is acknowledged, co-financed by the ERDF under the PT2020 Partnership Agreement (POCI-01-0145-FEDER-007265). This research was funded also by the EU and FCT/UEFISCDI/FORMAS, in the frame of the collaborative international consortium REWATER financed under the ERA-NET Cofund WaterWorks2015 Call, this ERA-NET is an integral part of the 2016 Joint Activities developed by the Water Challenges for a Changing World Joint Program Initiative (Water JPI).




Acknowledgments


Authors are grateful to the Materials Centre of the University of Porto (CEMUP), Porto, Portugal, for expert assistance with SEM/EDS.




Conflicts of Interest


The authors declare no conflict of interest. Funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the decision to publish the results.




References


	



Smith, H.S. Nonsteroidal Anti-Inflammatory Drugs; Acetaminophen. In Encyclopedia of the Neurological Sciences, 2nd ed.; Aminoff, M.J., Daroff, R.B., Eds.; Academic Press: Oxford, UK, 2014; Volume 1, pp. 610–613. [Google Scholar]

	



Ong, C.; Lirk, P.; Tan, C.; Seymour, R. An evidence-based update on nonsteroidal anti-inflammatory drugs. Clin. Med. Res. 2007, 5, 19–34. [Google Scholar] [CrossRef] [PubMed]

	



Z hou, Y.; Boudreau, D.M.; Freedman, A.N. Trends in the use of aspirin and nonsteroidal anti-inflammatory drugs in the general U.S. population. Pharmacoepidemiol. Drug Saf. 2014, 23, 43–50. [Google Scholar] [CrossRef] [PubMed]

	



Winker, M.; Faika, D.; Gulyas, H.; Otterpohl, R. A comparison of human pharmaceutical concentrations in raw municipal wastewater and yellowwater. Sci. Total Environ. 2008, 399, 96–104. [Google Scholar] [CrossRef] [PubMed]

	



Guasch, H.; Ginebreda, A.; Geiszinger, A. Emerging and Priority Pollutants in Rivers. In The Handbook of Environmental Chemistry; Springer-Verlag Berlin and Heidelberg GmbH & Co. KG: Berlin, Germany, 2012. [Google Scholar]

	



Rogowska, J.; Zimmermann, A.; Muszyńska, A.; Ratajczyk, W.; Wolska, L. Pharmaceutical Household Waste Practices: Preliminary Findings from a Case Study in Poland. Environ. Manag. 2019, 64, 97–106. [Google Scholar] [CrossRef] [PubMed]

	



Tran, N.H.; Reinhard, M.; Gin, K.Y. Occurrence and fate of emerging contaminants in municipal wastewater treatment plants from different geographical regions-a review. Water Res. 2018, 133, 182–207. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Y.; Ok, Y.S.; Kim, K.-H.; Kwon, E.E.; Tsang, Y.F. Occurrences and removal of pharmaceuticals and personal care products (PPCPs) in drinking water and water/sewage treatment plants: A review. Sci. Total Environ. 2017, 596–597, 303–320. [Google Scholar] [CrossRef]

	



Mlunguza, N.; Ncube, S.; Mahlambi, P.N.; Chimuka, L.; Madikizela, L.M. Adsorbents and removal strategies of non-steroidal anti-inflammatory drugs from contaminated water bodies. J. Environ. Chem. Eng. 2019, 7, 103142. [Google Scholar] [CrossRef]

	



Otero, M.; Zabkova, M.; Grande, C.A.; Rodrigues, A.E. Fixed-Bed Adsorption of Salicylic Acid onto Polymeric Adsorbents and Activated Charcoal. Ind. Eng. Chem. Res. 2005, 44, 927–936. [Google Scholar] [CrossRef]

	



Afsa, S.; Hamden, K.; Martin, P.A.L.; Ben Mansour, H. Occurrence of 40 pharmaceutically active compounds in hospital and urban wastewaters and their contribution to Mahdia coastal seawater contamination. Environ. Sci. Pollut. Res. Int. 2020, 27, 1941–1955. [Google Scholar] [CrossRef]

	



Paíga, P.; Santos, L.; Ramos, S.; Jorge, S.; Silva, J.G.; Delerue-Matos, C. Presence of pharmaceuticals in the Lis river (Portugal): Sources, fate and seasonal variation. Sci. Total Environ. 2016, 573, 164–177. [Google Scholar] [CrossRef]

	



Paíga, P.; Santos, L.; Delerue-Matos, C. Development of a multi-residue method for the determination of human and veterinary pharmaceuticals and some of their metabolites in aqueous environmental matrices by SPE-UHPLC-MS/MS. J. Pharm. Biomed. Anal. 2017, 135, 75–86. [Google Scholar] [CrossRef] [PubMed]

	



Lolić, A.; Paíga, P.; Santos, L.; Ramos, S.; Correia, M.; Delerue-Matos, C. Assessment of non-steroidal anti-inflammatory and analgesic pharmaceuticals in seawaters of North of Portugal: Occurrence and environmental risk. Sci. Total Environ. 2015, 508, 240–250. [Google Scholar] [CrossRef] [PubMed]

	



Paíga, P.; Lolić, A.; Hellebuyck, F.; Santos, L.; Correia, M.; Delerue-Matos, C. Development of a SPE-UHPLC-MS/MS methodology for the determination of non-steroidal anti-inflammatory and analgesic pharmaceuticals in seawater. J. Pharm. Biomed. Anal. 2015, 106, 61–70. [Google Scholar] [CrossRef] [PubMed]

	



Luo, Y.; Guo, W.; Ngo, H.H.; Nghiem, L.D.; Hai, F.I.; Zhang, J.; Liang, S.; Wang, X.C. A review on the occurrence of micropollutants in the aquatic environment and their fate and removal during wastewater treatment. Sci. Total Environ. 2014, 473–474, 619–641. [Google Scholar] [CrossRef]

	



Paíga, P.; Santos, L.; Amorim, C.G.; Araujo, A.; Montenegro, M.; Pena, A.; Delerue-Matos, C. Pilot monitoring study of ibuprofen in surface waters of north of Portugal. Environ. Sci. Pollut. Res. Int. 2013, 20, 2410–2420. [Google Scholar] [CrossRef]

	



Gutiérrez-Noya, V.M.; Gómez-Oliván, L.M.; Ramírez-Montero, M.D.C.; Islas-Flores, H.; Galar-Martínez, M.; Dublán-García, O.; Romero, R. Ibuprofen at environmentally relevant concentrations alters embryonic development, induces teratogenesis and oxidative stress in Cyprinus carpio. Sci. Total Environ. 2020, 710, 136327. [Google Scholar] [CrossRef]

	



Evgenidou, E.N.; Konstantinou, I.; Lambropoulou, D.A. Occurrence and removal of transformation products of PPCPs and illicit drugs in wastewaters: A review. Sci. Total Environ. 2015, 505, 905–926. [Google Scholar] [CrossRef]

	



Farré, M.; Pérez, S.; Kantiani, L.; Barceló, J. Fate and toxicity of emerging pollutants, their metabolites and transformation products in the aquatic environment. TrAC Trends Anal. Chem. 2008, 27, 991–1007. [Google Scholar] [CrossRef]

	



Santaeufemia, S.; Torres, E.; Mera, R.; Abalde, J. Bioremediation of oxytetracycline in seawater by living and dead biomass of the microalga Phaeodactylum tricornutum. J. Hazard. Mater. 2016, 320, 315–325. [Google Scholar] [CrossRef]

	



Tarpani, R.R.Z.; Azapagic, A. A methodology for estimating concentrations of pharmaceuticals and personal care products (PPCPs) in wastewater treatment plants and in freshwaters. Sci. Total Environ. 2018, 622–623, 1417–1430. [Google Scholar] [CrossRef]

	



Leng, L.; Wei, L.; Xiong, Q.; Xu, S.; Li, W.; Lv, S.; Lu, Q.; Wan, L.; Wen, Z.; Zhou, W. Use of microalgae based technology for the removal of antibiotics from wastewater: A review. Chemosphere 2020, 238, 124680. [Google Scholar] [CrossRef] [PubMed]

	



Tolboom, S.N.; Carrillo-Nieves, D.; Rostro-Alanis, M.D.J.; Quiroz, R.D.L.C.; Barceló, D.; Iqbal, H.M.; Parra-Saldívar, R. Algal-based removal strategies for hazardous contaminants from the environment—A review. Sci. Total Environ. 2019, 665, 358–366. [Google Scholar] [CrossRef] [PubMed]

	



Vo, H.N.P.; Ngo, H.H.; Guo, W.; Nguyen, T.M.H.; Liu, Y.; Liu, Y.; Nguyen, D.D.; Chang, S. A critical review on designs and applications of microalgae-based photobioreactors for pollutants treatment. Sci. Total Environ. 2019, 651 Pt 1, 1549–1568. [Google Scholar] [CrossRef]

	



Silva, A.; Delerue-Matos, C.; Figueiredo, S.; Freitas, O. The Use of Algae and Fungi for Removal of Pharmaceuticals by Bioremediation and Biosorption Processes: A Review. Water 2019, 11, 1555. [Google Scholar] [CrossRef]

	



Escapa, C.; Coimbra, R.; Paniagua, S.; Garcia, A.I.; Otero, M. Nutrients and pharmaceuticals removal from wastewater by culture and harvesting of Chlorella sorokiniana. Bioresour. Technol. 2015, 185, 276–284. [Google Scholar] [CrossRef]

	



Escapa, C.; Coimbra, R.; Paniagua, S.; Garcia, A.I.; Otero, M. Paracetamol and salicylic acid removal from contaminated water by microalgae. J. Environ. Manag. 2017, 203 Pt 2, 799–806. [Google Scholar] [CrossRef]

	



Escapa, C.; Torres, T.; Neuparth, T.; Coimbra, R.; Garcia, A.I.; Santos, M.; Otero, M. Zebrafish embryo bioassays for a comprehensive evaluation of microalgae efficiency in the removal of diclofenac from water. Sci. Total Environ. 2018, 640–641, 1024–1033. [Google Scholar] [CrossRef]

	



Xiong, J.Q.; Kurade, M.B.; Jeon, B.H. Can Microalgae Remove Pharmaceutical Contaminants from Water? Trends Biotechnol. 2018, 36, 30–44. [Google Scholar] [CrossRef]

	



Coimbra, R.; Escapa, C.; Vázquez, N.C.; Noriega-Hevia, G.; Otero, M. Utilization of Non-Living Microalgae Biomass from Two Different Strains for the Adsorptive Removal of Diclofenac from Water. Water 2018, 10, 1401. [Google Scholar] [CrossRef]

	



Santaeufemia, S.; Torres, E.; Abalde, J. Biosorption of ibuprofen from aqueous solution using living and dead biomass of the microalga Phaeodactylum tricornutum. J. Appl. Phycol. 2017, 30, 471–482. [Google Scholar] [CrossRef]

	



Moreira, V.R.; Lebron, Y.; Freire, S.; Santos, L.; Palladino, F.; Jacob, R. Biosorption of copper ions from aqueous solution using Chlorella pyrenoidosa: Optimization, equilibrium and kinetics studies. Microchem. J. 2019, 145, 119–129. [Google Scholar] [CrossRef]

	



Sun, X.; Huang, H.; Zhu, Y.; Du, Y.; Yao, L.; Jiang, X.; Gao, P.; Yingying, D. Adsorption of Pb2+ and Cd2+ onto Spirulina platensis harvested by polyacrylamide in single and binary solution systems. Colloids Surf. A: Physicochem. Eng. Asp. 2019, 583, 123926. [Google Scholar] [CrossRef]

	



Da Fontoura, J.T.; Rolim, G.S.; Mella, B.; Farenzena, M.; Gutterres, M. Defatted microalgal biomass as biosorbent for the removal of Acid Blue 161 dye from tannery effluent. J. Environ. Chem. Eng. 2017, 5, 5076–5084. [Google Scholar] [CrossRef]

	



Da Rosa, A.L.D.; Carissimi, E.; Dotto, G.L.; Sander, H.; Feris, L. Biosorption of rhodamine B dye from dyeing stones effluents using the green microalgae Chlorella pyrenoidosa. J. Clean. Prod. 2018, 198, 1302–1310. [Google Scholar] [CrossRef]

	



Sutherland, D.L.; Ralph, P.J. Microalgal bioremediation of emerging contaminants—Opportunities and challenges. Water Res. 2019, 164, 114921. [Google Scholar] [CrossRef]

	



Hom-Diaz, A.; Llorca, M.; Rodriguez-Mozaz, S.; Vicent, T.; Barceló, J.; Blánquez, P. Microalgae cultivation on wastewater digestate: Beta-estradiol and 17alpha-ethynylestradiol degradation and transformation products identification. J. Environ. Manag. 2015, 155, 106–113. [Google Scholar] [CrossRef]

	



Escapa, C.; Coimbra, R.N.; Neuparth, T.; Torres, T.; Santos, M.; Otero, M. Acetaminophen Removal from Water by Microalgae and Effluent Toxicity Assessment by the Zebrafish Embryo Bioassay. Water 2019, 11, 1929. [Google Scholar] [CrossRef]

	



Mohammed, K.; Mota, C. Microalgae and sustainable wastewater treatment: A Review. Bayero J. Pure Appl. Sci. 2019, 11, 408–419. [Google Scholar] [CrossRef]

	



Escapa, C.; Coimbra, R.; Nuevo, C.; Vega, S.; Paniagua, S.; Garcia, A.I.; Prieto, L.F.C.; Otero, M. Valorization of Microalgae Biomass by Its Use for the Removal of Paracetamol from Contaminated Water. Water 2017, 9, 312. [Google Scholar] [CrossRef]

	



Coimbra, R.N.; Escapa, C.; Otero, M. Comparative Thermogravimetric Assessment on the Combustion of Coal, Microalgae Biomass and Their Blend. Energies 2019, 12, 2962. [Google Scholar] [CrossRef]

	



Angulo-Mercado, E.R.; Bula, L.; Mercado, I.; Montaño, A.; Cubillán, N. Bioremediation of Cephalexin with non-living Chlorella sp., biomass after lipid extraction. Bioresour. Technol. 2018, 257, 17–22. [Google Scholar] [CrossRef]

	



Escapa, C.; Coimbra, R.; Paniagua, S.; Garcia, A.I.; Otero, M. Comparative assessment of diclofenac removal from water by different microalgae strains. Algal Res. 2016, 18, 127–134. [Google Scholar] [CrossRef]

	



PubChem®. Available online: https://pubchem.ncbi.nlm.nih.gov/compound/338 (accessed on 27 December 2019).

	



PubChem®. Available online: https://pubchem.ncbi.nlm.nih.gov/compound/3672 (accessed on 27 December 2019).

	



Radecki, A.; Wesołowski, M. Thermogravimetric studies of binary and ternary systems containing salicylic acid, sodium salicylate, sodium carbonate and sodium hydrogen carbonate. Part II J. Therm. Anal. 1976, 10, 233–245. [Google Scholar] [CrossRef]

	



Bertol, C.D.; Cruz, A.P.; Stulzer, H.K.; Murakami, F.S.; Silva, M.A.S. Thermal decomposition kinetics and compatibility studies of primaquine under isothermal and non-isothermal conditions. J. Therm. Anal. Calorim. 2009, 102, 187–192. [Google Scholar] [CrossRef]

	



Wastewater Connect. Available online: http://wastewaterconnect.co.za/wastewater-info-hub-entry?id=12 (accessed on 6 March 2020).

	



Metcalf & Eddy, Inc.; Tchobanoglous, G.; Burton, F.L.; Stensel, H.D. Wastewater Engineering: Treatment and Reuse, 4th ed.; McGraw-Hill Education: New York, NY, USA, 2003. [Google Scholar]

	



Lagergren, S.K. About theory of so-called adsorption of soluble substances. K. Sven. Vetensk. Handlingar. 1898, 24, 1–39. [Google Scholar]

	



Ho, Y.S.; McKay, G. Pseudo-second order model for sorption processes. Process. Biochem. 1999, 34, 451–465. [Google Scholar] [CrossRef]

	



Freundlich, H.M.F. Über die Adsorption in Lösungen. Z. Elktrochem. Angew. Phys. Chem. 1906, 57, 385–470. [Google Scholar] [CrossRef]

	



Langmuir, I. The Adsorption of Gases on Plane Surfaces of Glass, Mica and Platinum. J. Am. Chem. Soc. 1918, 40, 1361–1403. [Google Scholar] [CrossRef]

	



Lima, E.C.; Hosseini-Bandegharaei, A.; Moreno-Piraján, J.C.; Anastopoulos, I. A critical review of the estimation of the thermodynamic parameters on adsorption equilibria. Wrong use of equilibrium constant in the Van’t Hoof equation for calculation of thermodynamic parameters of adsorption. J. Mol. Liq. 2019, 273, 425–434. [Google Scholar] [CrossRef]

	



Rivera-Utrilla, J.; Bautista-Toledo, I.; A Ferro-García, M.; Moreno-Castilla, C.; Rivera-Utrilla, J. Activated carbon surface modifications by adsorption of bacteria and their effect on aqueous lead adsorption. J. Chem. Technol. Biotechnol. 2001, 76, 1209–1215. [Google Scholar] [CrossRef]

	



Silva, A.; Stawiński, W.; Romacho, J.; Santos, L.H.M.L.M.; Figueiredo, S.A.; Freitas, O.M.; Delerue-Matos, C. Adsorption of Fluoxetine and Venlafaxine onto the Marine Seaweed Bifurcaria bifurcata. Environ. Eng. Sci. 2019, 36, 573–582. [Google Scholar] [CrossRef]

	



Valenzuela, C.; García, A.B. Un método termogravimétrico rápido para el análisis inmediato de carbones. Boletín Geológico y Minero 1985, XCVI-I, 58–61. [Google Scholar]

	



Ferreira, C.I.; Calisto, V.; Cuerda-Correa, E.; Otero, M.; Nadais, H.; Esteves, V.I. Comparative valorisation of agricultural and industrial biowastes by combustion and pyrolysis. Bioresour. Technol. 2016, 218, 918–925. [Google Scholar] [CrossRef] [PubMed]

	



Freitas, O.; Moura, L.M.; Figueiredo, S.; De Amorim, M.T.P. Adsorption equilibrium studies of a simulated textile effluent containing a wool reactive dye on gallinaceous feathers. Coloration Technol. 2016, 132, 421–430. [Google Scholar] [CrossRef]

	



Jagadamma, S.; Mayes, M.A.; Phillips, J.R. Selective sorption of dissolved organic carbon compounds by temperate soils. PLoS ONE. 2012, 7, e50434. [Google Scholar] [CrossRef]

	



Bello, O.S.; Alao, O.C.; Alagbada, T.C.; Olatunde, A.M. Biosorption of ibuprofen using functionalized bean husks. Sustain. Chem. Pharm. 2019, 13, 100151. [Google Scholar] [CrossRef]

	



Ali, M.E.; El-Aty, A.M.A.; Badawy, M.; Ali, R. Removal of pharmaceutical pollutants from synthetic wastewater using chemically modified biomass of green alga Scenedesmus obliquus. Ecotoxicol. Environ. Saf. 2018, 151, 144–152. [Google Scholar] [CrossRef] [PubMed]

	



Mucha, M.; Mucha, M. Ibuprofen and acetylsalicylic acid biosorption on the leaves of the knotweed Fallopia x bohemica. New J. Chem. 2017, 41, 7953–7959. [Google Scholar] [CrossRef]

	



Cardoso, N.F.; Lima, E.C.; Royer, B.; Bach, M.V.; Dotto, G.L.; Pinto, L.A.; Calvete, T. Comparison of Spirulina platensis microalgae and commercial activated carbon as adsorbents for the removal of Reactive Red 120 dye from aqueous effluents. J. Hazard. Mater. 2012, 241, 146–153. [Google Scholar] [CrossRef]

	



Ayranci, E.; Hoda, N.; Bayram, E. Adsorption of benzoic acid onto high specific area activated carbon cloth. J. Colloid Interface Sci. 2005, 284, 83–88. [Google Scholar] [CrossRef]

	



A Davis, T.; Volesky, B.; Mucci, A. A review of the biochemistry of heavy metal biosorption by brown algae. Water Res. 2003, 37, 4311–4330. [Google Scholar] [CrossRef]

	



Özer, A.; Akkaya, G.; Turabik, M. Biosorption of Acid Blue 290 (AB 290) and Acid Blue 324 (AB 324) dyes on Spirogyra rhizopus. J. Hazard. Mater. 2006, 135, 355–364. [Google Scholar] [CrossRef] [PubMed]

	



Bernal, V.; Giraldo, L.; Moreno-Piraján, J.C. Thermodynamic study of the interactions of salicylic acid and granular activated carbon in solution at different pHs. Adsorpt. Sci. Technol. 2017, 36, 833–850. [Google Scholar] [CrossRef]

	



Singh, R.; Hankins, N. Emerging Membrane Technology for Sustainable Water Treatment, 1st ed.; Elsevier Science: Oxford, UK, 2016. [Google Scholar]

	



Oh, S.; Shin, W.S.; Kim, H.T. Effects of pH, dissolved organic matter, and salinity on ibuprofen sorption on sediment. Environ. Sci. Pollut. Res. Int. 2016, 23, 22882–22889. [Google Scholar] [CrossRef] [PubMed]

	



Sigee, D.; Dean, A.; Levado, E.; Tobin, M.J. Fourier-transform infrared spectroscopy of Pediastrum duplex: Characterization of a micro-population isolated from a eutrophic lake. Eur. J. Phycol. 2002, 37, 19–26. [Google Scholar] [CrossRef]

	



Ponnuswamy, I.; Madhavan, S.; Shabudeen, S. Isolation and Characterization of Green Microalgae for Carbon Sequestration, Waste Water Treatment and Bio-fuel Production. Int. J. Bio-Sci. Bio-Technol. 2013, 5, 17–26. [Google Scholar]

	



Grace, C.E.E.; Lakshmi, P.K.; Meenakshi, S.; Vaidyanathan, S.; Srisudha, S.; Mary, M.B. Biomolecular transitions and lipid accumulation in green microalgae monitored by FTIR and Raman analysis. Spectrochim Acta A Mol. Biomol. Spectrosc. 2020, 224, 117382. [Google Scholar] [CrossRef]

	



Dilek, D. Fourier transform infrared (FTIR) spectroscopy for identification of Chlorella vulgaris Beijerinck 1890 and Scenedesmus obliquus (Turpin) Kützing 1833. Afr. J. Biotechnol. 2012, 11. [Google Scholar] [CrossRef]

	



Giordano, M.; Kansiz, M.; Heraud, P.; Beardall, J.; Wood, B.; McNaughton, N. Fourier Transform Infrared Spectroscopy as a Novel Tool to Investigate Changes in Intracellular Macromolecular Pools in the Marine Microalga Chaetoceros Muellerii (Bacillariophyceae). J. Phycol. 2002, 37, 271–279. [Google Scholar] [CrossRef]

	



Wen, Y.; Chen, H.; Yuan, Y.; Xu, N.; Kang, X. Enantioselective ecotoxicity of the herbicide dichlorprop and complexes formed with chitosan in two fresh water green algae. J. Environ. Monit. 2011, 13, 879–885. [Google Scholar] [CrossRef]

	



Stehfest, K.; Toepel, J.; Wilhelm, C. The application of micro-FTIR spectroscopy to analyze nutrient stress-related changes in biomass composition of phytoplankton algae. Plant Physiol. Biochem. 2005, 43, 717–726. [Google Scholar] [CrossRef] [PubMed]

	



Ferreira, A.F.; Dias, A.P.S.; Silva, C.; Costa, M. Evaluation of thermochemical properties of raw and extracted microalgae. Energy 2015, 92, 365–372. [Google Scholar] [CrossRef]

	



Kousha, M.; Farhadian, O.; Dorafshan, S.; Soofiani, N.M.; Bhatnagar, A. Optimization of malachite green biosorption by green microalgae—Scenedesmus quadricauda and Chlorella vulgaris: Application of response surface methodology. J. Taiwan Inst. Chem. Eng. 2013, 44, 291–294. [Google Scholar] [CrossRef]

	



Guan, X.-H.; Chen, G.; Shang, C. ATR-FTIR and XPS study on the structure of complexes formed upon the adsorption of simple organic acids on aluminum hydroxide. J. Environ. Sci. 2007, 19, 438–443. [Google Scholar] [CrossRef]

	



Wray, P.S.; Clarke, G.S.; Kazarian, S.G. Application of FTIR spectroscopic imaging to study the effects of modifying the pH microenvironment on the dissolution of ibuprofen from HPMC matrices. J. Pharm. Sci. 2011, 100, 4745–4755. [Google Scholar] [CrossRef]

	



Acharya, M.; Mishra, S.; Sahoo, R.N.; Mallick, S. Infrared Spectroscopy for Analysis of Co-processed Ibuprofen and Magnesium Trisilicate at Milling and Freeze Drying. Acta Chim. Slov. 2017, 64, 45–54. [Google Scholar] [CrossRef]

	



Pane, L.; Franceschi, E.; De Nuccio, L.; Carli, A. Applications of Thermal Analysis on the Marine Phytoplankton, Tetraselmis Suecica. J. Therm. Anal. Calorim. 2001, 66, 145–154. [Google Scholar] [CrossRef]

	



Sudhakar, K.; Premalatha, M. Characterization of Micro Algal Biomass Through FTIR/TGA/CHN Analysis: Application to Scenedesmus sp. Energy Sources Part A: Recovery Util. Environ. Eff. 2015, 37, 2330–2337. [Google Scholar] [CrossRef]

	



Haines, P.J.; Heal, G.R.; Laye, P.G.; Price, D.M.; Warrington, S.B.; Wilson, R.J. Principles of Thermal Analysis and Calorimetry, 2nd ed.; The Royal Society of Chemistry: Cambridge, UK, 2002. [Google Scholar]

	



Andrade, L.; Batista, F.R.X.; Lira, T.; Barrozo, M.A.S.; Vieira, L. Characterization and product formation during the catalytic and non-catalytic pyrolysis of the green microalgae. Chlamydomonas reinhardtii. Renew. Energy 2018, 119, 731–740. [Google Scholar] [CrossRef]

	



Basu, P. Biomass Gasification, Pyrolysis and Torrefaction: Practical Design and Theory, 2nd ed.; Elsevier Inc.: London, UK, 2013; p. 548. [Google Scholar]

	



An, S.S.; Friedl, T.; Hegewald, E. Phylogenetic Relationships of Scenedesmus and Scenedesmus-like Coccoid Green Algae as Inferred from ITS-2 rDNA Sequence Comparisons. Plant Biol. 1999, 1, 418–428. [Google Scholar] [CrossRef]

	



Gojkovic, Z.; Lindberg, R.H.; Tysklind, M.; Funk, C. Northern green algae have the capacity to remove active pharmaceutical ingredients. Ecotoxicol. Environ. Saf. 2019, 170, 644–656. [Google Scholar] [CrossRef] [PubMed]

	



Choi, H.-J.; Lee, S.-M. Heavy metal removal from acid mine drainage by calcined eggshell and microalgae hybrid system. Environ. Sci. Pollut. Res. Int. 2015, 22, 13404–13411. [Google Scholar] [CrossRef] [PubMed]

	



Saeed, A.; Iqbal, M. Immobilization of blue green microalgae on loofa sponge to biosorb cadmium in repeated shake flask batch and continuous flow fixed bed column reactor system. World J. Microbiol. Biotechnol. 2005, 22, 775–782. [Google Scholar] [CrossRef]

	



Lam, M.; Lee, K.T.; Mohamed, A.R. Current status and challenges on microalgae-based carbon capture. Int. J. Greenh. Gas Control 2012, 10, 456–469. [Google Scholar] [CrossRef]

	



Shahid, A.; Malik, S.; Zhu, H.; Xu, J.; Nawaz, M.Z.; Nawaz, S.; Alam, A.; Mehmood, M.A. Cultivating microalgae in wastewater for biomass production, pollutant removal, and atmospheric carbon mitigation; a review. Sci. Total Environ. 2020, 704, 135303. [Google Scholar] [CrossRef] [PubMed]








[image: Ijerph 17 03707 g001 550] 





Figure 1. Kinetic results on the adsorption of (a) salicylic acid and (b) ibuprofen onto Scenedesmus obliquus biomass; (c) salicylic acid and (d) ibuprofen onto commercial activated carbon used as reference. 
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Figure 2. Equilibrium results on the adsorption of (a) salicylic acid and (b) ibuprofen onto Scenedesmus obliquus biomass; (c) salicylic acid and (d) ibuprofen onto commercial activated carbon used as reference. 
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Figure 3. Equilibrium results on the adsorption of salicylic acid (at (a) 15 °C, (b) 25 °C and (c) 35 °C) and ibuprofen (at (d) 15 °C, (e) 25 °C and (f) 35 °C) onto Scenedesmus obliquus biomass. 
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Figure 4. Point of zero charge (pHPZC) determination of Scenedesmus obliquus biomass. 
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Figure 5. Fourier transform infrared spectra of Scenedesmus obliquus biomass before and after salicylic acid and ibuprofen biosorption. 
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Figure 6. Thermogravimetry (TG) together with derivate thermogravimetry (DTG) curves of Scenedesmus obliquus biomass before biosorption (a); and after salicylic (b) or ibuprofen (c) biosorption. 






Figure 6. Thermogravimetry (TG) together with derivate thermogravimetry (DTG) curves of Scenedesmus obliquus biomass before biosorption (a); and after salicylic (b) or ibuprofen (c) biosorption.



[image: Ijerph 17 03707 g006]







[image: Ijerph 17 03707 g007 550] 





Figure 7. Scanning electron micrographs and energy dispersive spectroscopy graphs of Scenedesmus obliquus biomass (a,d) before and (b,e) after salicylic acid and (c,f) ibuprofen biosorption (SE; × 2000; 15 kV; WD = 15 mm). 
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Table 1. Physicochemical properties of the pharmaceuticals used in this study [45,46].
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Pharmaceutical

(Formula)

	
Structure

	
Mw

(g mol−1)

	
Sw

(mg L−1)

	
pKa

	
Log Kow

	
PSA

(Å2)

	
HBAC

	
TS

(°C)






	
Salicylic acid

(C7H6O3)

	
 [image: Ijerph 17 03707 i001]

	
138.12

	
2.24

	
(1) 3.0

(2) 13.6

	
2.2

	
57.5

	
3

	
< 120 [47]




	
Ibuprofen Sodium

(C3H17NaO2)

	
 [image: Ijerph 17 03707 i002]

	
228.26

	
100.0

	
4.9

	
3.8

	
40.1

	
2

	
< 75 [48]




	
MW—molecular weight; Sw—water solubility (25 °C); pKa—acid dissociation constant; (1) pKa1; (2) pKa2; Kow—octanol-water partition coefficient; PSA—polar surface area; HBAC—hydrogen bound acceptor count; TS—thermal stability.
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Table 2. Fitted parameters for the kinetic and equilibrium models considered.
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Scenedesmus Obliquus

	
Activated Carbon




	

	

	
Salicylic Acid

	
Ibuprofen

	
Salicylic Acid

	
Ibuprofen






	
Kinetic equations

	

	

	

	




	
Pseudo-first order

	
k1 (min−1)

	
0.062 ± 0.006

	
0.11 ± 0.02

	
0.22 ± 0.03

	
0.095 ± 0.007




	
qe (mg g−1)

	
4 ± 1

	
10.32 ± 0.29

	
198 ± 4

	
120 ± 2




	
r2

	
0.988

	
0.960

	
0.984

	
0.991




	
Sy.x

	
2.08

	
0.738

	
8.94

	
8.94




	
Pseudo-second order

	
k2 (g mg−1 min−1)

	
0.0016 ± 0.0001

	
0.016 ± 0.002

	
0.0020 ± 0.0002

	
0.0019 ± 0.0002




	
qe (mg g−1)

	
53.6 ± 0.6

	
10.9 ± 0.2

	
211 ± 3

	
137 ± 3




	
r2

	
0.998

	
0.993

	
0.996

	
0.995




	
Sy.x

	
0.944

	
0.308

	
4.62

	
2.94




	
Equilibrium isotherms

	

	

	

	




	
Freundlich

	
KF (mg g−1 (mg L−1) −1/n)

	
10 ± 2

	
3.4 ± 0.3

	
41 ± 8

	
35 ± 7




	
n

	
2.51 ± 0.07

	
3.7 ± 0.3

	
2.6 ± 0.4

	
3.3 ± 0.6




	
r2

	
0.945

	
0.992

	
0.931

	
0.923




	
Sy.x

	
4.57

	
0.37

	
20.2

	
12.4




	
Langmuir

	
Qmax (mg g−1)

	
63 ± 2

	
11.9 ± 0.3

	
250 ± 10

	
147 ± 6




	
KL (L mg−1)

	
0.070 ± 0.005

	
0.11 ± 0.01

	
0.066 ± 0.007

	
0.09 ± 0.01




	
r2

	
0.996

	
0.994

	
0.990

	
0.988




	
Sy.x

	
1.23

	
0.32

	
7.50

	
4.87
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Table 3. Thermodynamic parameters determined for the adsorption of salicylic acid and ibuprofen onto Scenedesmus obliquus biomass.
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Salicylic Acid

	
Ibuprofen




	
Thermodynamic Parameter

	
Temperature (°C)




	

	
15

	
25

	
35

	
15

	
25

	
35






	
∆G° (kJ mol−1)

	
−22.83

	
−22.74

	
−22.18

	
−24.54

	
−25.11

	
−25.33




	
∆H° (kJ mol−1)

	
−32.13

	

	

	
−13.02

	

	




	
∆S° (J mol−1 K−1)

	
−32.03

	

	

	
40.18
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Table 4. Characteristic parameters of TG/DTG curves determined for Scenedesmus obliquus biomass before and after salicylic acid and ibuprofen biosorption.
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Step of Decomposition

	
Parameters 1

	
S. obliquus

	
S. obliquus after Biosorption of




	
Salicylic Acid

	
Ibuprofen






	
First

	
Ti (°C)

	
26.6

	
28.2

	
32.5




	
TTG,max (°C)

	
64.6

	
77.4

	
83.3




	
Tf (°C)

	
65.2

	
130.2

	
105.9




	
DTGmax (% mg−1)

	
−1.2

	
−1.1

	
−1.0




	
Second

	
Ti (°C)

	
256.6

	
246.7

	
253.3




	
TTG,max (°C)

	
307.5

	
274.1

	
279.7




	
Tf (°C)

	
353.0

	
300.4

	
307.4




	
DTGmax (% mg−1)

	
−7.7

	
−8.3

	
−8.4








Ti—initial thermal decomposition temperature; TTG,max—temperature of maximum rate of mass loss; Tf—final thermal decomposition temperature detected as mass stabilization; DTGmax—maximum mass loss rate.
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Table 5. Proximate analysis of Scenedesmus obliquus biomass before and after salicylic acid and ibuprofen biosorption.
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Sample

	
Proximate Analysis (wt. %)




	
Moisture Content

	
Volatile Matter

	
Fixed Carbon

	
Ash Content






	
S. obliquus

	
6.2

	
77.9

	
13.2

	
2.7




	
S. obliquusafter salicylic acid biosorption

	
6.7

	
68.9

	
22.4

	
2.0




	
S. obliquusafter ibuprofen biosorption

	
7.2

	
70.8

	
21.7

	
0.3












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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