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Abstract Ibuprofen has become an emerging pollutant in
aquatic ecosystems, and therefore, it is necessary to develop
efficient methods for its elimination. Bioremediation based on
the use of a biological material as sorbent is a good alternative.
For this reason, the sorption characteristics of ibuprofen using
living or dead biomass of the microalga Phaeodactylum
tricornutum have been tested in this study. Kinetics, isotherms,
and maximum sorption capacity were investigated and
discussed. Both living and dead biomass showed a similar ef-
ficiency; around 99.9% of ibuprofen was removed even when
the initial concentration of ibuprofen tested reached 2 mg L™
and 0.8 g L' of biomass used. Based on the Langmuir iso-
therm, the maximum sorption capacity was 3.97 mg g ' at
18 °C, agitation speed 200 rpm, and pH 8.2 after 6 h of contact
time. Results indicated that the removal efficiency increased as
pH decreased and was higher at pH 2. Six consecutive sorption-
regeneration cycles were assayed, and after 3 cycles, there was
aloss of only 10.7% in efficiency, which remained stable there-
after. Therefore, the results indicate that the biomass of this
microalga is a good and eco-friendly alternative for applications
that require the removal of ibuprofen from aqueous solutions.
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Introduction

Pharmaceuticals are substances with biological activity that
are used worldwide to treat diseases in humans and animals.
In recent years, there is an increasing concern about the grow-
ing consumption and use of pharmaceutically active com-
pounds (PhACs) and their subsequent continuous release to
the aquatic environment, forming part of the so-called emerg-
ing pollutants. The non-steroidal anti-inflammatory drugs
(NSAIDs) are one of the major classes of PhACs. There are
many ways through which NSAIDs enter into aquatic envi-
ronments, like effluents of wastewater treatment plants (Gros
et al. 2010), hospital wastewater effluents (Hartmann et al.
1998), or even groundwater (Sacher et al. 2001). This uncon-
trolled discharge cause adverse effects in these environments
(Mezzelani et al. 2016).

Ibuprofen is one of the most highly utilized NSAIDs
worldwide. It is used for the treatment of fever and to relieve
pain in general. This compound has been recognized, in recent
years, as an emerging pollutant since it causes toxic effects in
the environment (Hernando et al. 2006). This involves a clear
need to create and develop effective treatments to remove this
compound from aquatic media.

There are a number of treatments used to eliminate
ibuprofen from aqueous solutions, such as electrochemical
degradation (Ciriaco et al. 2009), UV degradation (Iovino
et al. 2016), photo-Fenton reaction (Klamerth et al. 2010),
ultrasonic degradation (Méndez-Arriaga et al. 2008), mem-
brane bioreactor technology (Sipma et al. 2010), membrane
filtration (nanofiltration and reverse osmosis) (Westerhoff
et al. 2005), or degradation using Fe**/Oxone/UV processes
(Gong et al. 2017). However, these kinds of treatments have
different drawbacks and limitations; for example, they require
high-tech operations, skilled personnel, or high cost equip-
ment. In addition, these methods can generate toxic waste
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and even an incomplete removal. These disadvantages imply
the need to develop new and effective methods for the remov-
al of ibuprofen. In this sense, a simple alternative is the use of
a material as sorbent of contaminants (Kyzas et al. 2015;
Nanaki et al. 2015). Many sorbents have been tested for the
removal of ibuprofen; for instance, mesoporous silica SBA-15
60 (Bui and Choi 2009), activated carbon (Mestre et al. 2007),
or carbon from municipal waste (Mestre et al. 2009). Within
these methods, the technology of biosorption has gained great-
er interest in recent years because the use of this methodology
has more advantages (it does not produce by-products and is
environmentally friendly) and less constraints (Gadd 2009).
This process uses a biological material as sorbent. Biosorbents
such as potato peel-modified carbon (Kyzas and Deliyanni
2015), pine chip bark-modified carbon (Junga et al. 2013),
Kigelia pinnata (Lawal and Moodley 2016), and mung bean
(Vigna radiata) (Mondal et al. 2016b) have been proven to
remove ibuprofen. However, the use of biomass from micro-
organisms has been demonstrated to be more effective
(Priyadarshani et al. 2011). In particular, the use of microalgal
biomass is showing good possibilities in the field of
biosorption. There are two ways to use the biomass from
microalgae, either as dead biomass or living biomass. The
use of dead biomass as biosorbent of contaminants has some
advantages; for example, it is independent of growth and is
not subject to limitations of toxicity. However, the use of liv-
ing biomass has gained great attractiveness, due to the possi-
bility to store large amounts of contaminant (bioaccumulation)
or to transform it in less active forms (biotransformation),
improving the elimination process.

The aim of this work is to investigate the kinetics, iso-
therms, and capacity of ibuprofen removal by biomass ob-
tained from a microalgal species. The selected microalga
was the diatom Phaeodactylum tricornutum; this species is
easy to culture, with multiple applications, and the produc-
tion of this biomass can be considered cheap (Molina
Grima et al. 2003; Borowitzka 2013). In addition, the liv-
ing biomass of this microalga has proved its effectiveness
in the removal of other pollutants (Santaecufemia et al.
2016; Torres et al. 2014). For this purpose, living and dead
biomass of this microalga were used and compared. Three
kinetic models (pseudo-first-order, pseudo-second-order,
and intraparticle diffusions) and four sorption isotherm
models (Langmuir, Freundlich, Temkin, and Dubinin-
Radushkevich) were used to characterize the process.

Materials and methods
Microorganism

The used biomass came from the marine microalga
Phaeodactylum tricornutum Bohlin (strain CCAP 1055/1).
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This microalga was cultured in laboratory under appropriate
conditions in natural seawater enriched with Algal-1 medium
(Herrero et al. 1991) at 18 4+ 2 °C, under a light intensity of
68 umol photons m 2 s~ using cool fluorescent light (Osram
L36 W/765, Germany) and with a light/dark cycle of 12:12 h.
Natural sterile air was constantly bubbled at a flow rate of
10 L min .

Both living and dead biomass of this microalga were used
in the experiments. The dead biomass was obtained by freeze-
drying. A volume of the stock culture of P. tricornutum was
centrifuged at 4500xg and 4 °C for 15 min. The pellet was
resuspended in a solution of ammonium formate (1%) to re-
move salts and was centrifuged again. Finally, the pellet was
lyophilized. After lyophilization, the dried biomass was stored
in a desiccator to avoid moisture absorption. The living bio-
mass was obtained from an appropriate volume of the stock
culture of the microalga (at the middle of the logarithmic
phase) and in order to obtain a number of cells equivalent to
the amount of lyophilized biomass used in the experiments
with dead biomass. This volume was calculated taking into
account the culture cell density (obtained by counting in the
Neubauer chamber) and the cell dry weight.

Reagents

Ibuprofen sodium salt, phosphoric acid and NaOH (reagent
grade), acetonitrile, and methanol (HPLC grade) were pur-
chased from Sigma (USA). Double-deionized water with
18.2 MQ cm ™" of resistivity was obtained from a Milli-Q
system (Millipore, USA). The seawater used for the exper-
iments was natural organic-free seawater with a salinity of
35%0 and pH = 8.2. The natural seawater was passed
through a Millipore filter of nitrocellulose (Millipore
Iberica, Madrid) with a pore size of 0.22 um and through
a charcoal column to remove organic substances. Finally,
this seawater was sterilized at 121 °C for 20 min.

A stock solution of ibuprofen was freshly prepared by dis-
solving ibuprofen in methanol to obtain a final concentration
of 1 mg mL™". Phosphoric acid was prepared in Milli-Q water
to obtain a final concentration of 10 mM and adjusted to pH 7
by adding NaOH. All solvents were filtered through a
0.22-pum Millipore filter.

Biosorption and regeneration experiments

The biosorption experiments were carried out in Kimax
glass tubes using sterile seawater as aqueous solution
(necessary to keep the biomass of this microalga alive)
for 8 h, at a constant temperature of 18 £ 2 °C and under
an illumination of 68 pmol photons m 2 s '. The Kimax
tubes were gently shaken to ensure homogeneity on an
orbital shaker (Skyline S-3.08 M) at 200 rpm. To carry
out the experiments, appropriate volumes of the seawater
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and of the ibuprofen stock solution were added to each
Kimax tube to obtain final concentrations of 0.1, 0.5,
0.75, 1, 2, 2.5, 5, 7.5, 10, or 15 mg L Then, an appro-
priate amount of the lyophilized biomass or an appropri-
ate volume of the stock culture of the living microalga
was placed in the tubes (this volume was previously taken
into consideration to not vary the final concentration of
ibuprofen). All procedures were performed under axenic
conditions. The biomass concentration was equivalent to
0.4 and 0.8 g L' of dry biomass. Two control experi-
ments were included, one control with ibuprofen but with-
out biomass and another with ibuprofen and without bio-
mass but in darkness. All the biosorption experiments
were carried out in triplicate. Samples were collected at
times 0, 0.083, 0.25, 0.5, 1, 1.5, 2, 3,4, 5, 6, 7, and 8 h.
The collected samples were centrifuged for 10 min at
14000%g, and the supernatant was always kept in dark-
ness and under congelation (— 20 °C) for further analysis
by high-performance liquid chromatography (HPLC).

Additional biosorption experiments were also carried out to
investigate the effect of pH on the ibuprofen removal by bio-
mass of P, tricornutum. For these experiments, dead biomass
of this microalga was used. The experiments were performed
during 8 h at various pH values (2, 4, 6, 8, and 10) with a
biomass concentration of 0.4 g L' and an ibuprofen concen-
tration of 2.5 mg L' Hydrochloric acid or sodium hydroxide
was added to the seawater solution to adjust the desired pH.
Control tubes with ibuprofen in seawater at the same pH but
without biomass were included.

In addition, regeneration of the P. tricornutum biomass
for ibuprofen removal was investigated. Dead biomass was
used for these experiments. The microalgal biomass was
regenerated six times, and the efficiency of the process was
measured for each cycle. Each cycle consisted in the fol-
lowing procedure: After a removal process, the biomass
was centrifuged and a sample of the supernatant was ob-
tained to measure the residual concentration of ibuprofen.
The obtained biomass was resuspended in an appropriate
volume of methanol to eliminate the sorbed ibuprofen.
Then, the solution was centrifuged and the biomass was
resuspended in sterile seawater. After the elimination of
the seawater by another centrifugation, a new ibuprofen
solution in seawater was added to the clean biomass to
initiate a new removal cycle. A biomass concentration of
0.4 g L' and an ibuprofen concentration of 2.5 mg L'
were used for these experiments.

Analytical methods

The concentration of ibuprofen remaining in the supernatants
was measured by HPLC using a Hewlett-Packard 1050
equipped with an UV detector and a reverse-phase Zorbax
Eclipse XDB-C18 column (4.6 mm % 250 mm x 5 um). The

mobile phase consisted of a mixture of phosphoric acid
10 mM/acetonitrile (65:35, v/v) pH = 7. Isocratic elution with
a constant flow rate of 1 mL min~' at room temperature was
used. The injection volume was 20 puL. The detector wave-
length was set at 220 nm. The estimated limit of detection
(LOD) was 0.02 mg L™".

The amount of ibuprofen removed per gram of the
biosorbent at each sampling time ¢, (mg g ') was calculated
as follows:

(CC_C[) X V

T e (1)

where C, (mg LY is the ibuprofen concentration in the solu-
tion at time #, C, (mg L") is the ibuprofen concentration in
solution at that same time in the control tubes exposed to the
light but without biomass, V (L) is the volume used in the
experiments, and m (g) is the mass of the biosorbent.

The percentage of ibuprofen removed (P,) at time ¢ from the
solution was calculated as follows:

Pt(%) =

(Ci_Ct)AX 100 )

Ci

where C; (mg L) is the initial ibuprofen concentration in the
solution.

Determination of sorption kinetics

The kinetic parameters are useful for the prediction of sorption
rate, which gives important information for designing and
modeling the process. Sorption kinetics is commonly de-
scribed with pseudo-first-order and pseudo-second-order ki-
netic models; for this reason, these models were used in the
present study. In addition, the intraparticle diffusion model
was also included.

Pseudo-first-order kinetic model

The pseudo-first-order kinetic model (Lagergren 1898) has
been extensively used to interpret the adsorption rate of organ-
ic compounds on different adsorbents. It can be represented by
the following equation:

q=q,(1-¢"") (3)

where g (mg g") is the amount of ibuprofen sorbed per unit of
mass at time ¢, k; (h™') is the rate constant of the first-order
kinetic model, and ¢, is the amount of ibuprofen sorbed per
unit of mass at equilibrium.

@ Springer



474

J Appl Phycol (2018) 30:471-482

Pseudo-second-order Kinetic model

The pseudo-second-order kinetic model (Blanchard et al.
1984) is represented by the following equation:

2
q.kat
g=t 4)
1 + g kot
where & (g rngf1 h™!) is the rate constant of the second-order
kinetic model.

Intraparticle diffusion model

This model (Weber and Morris 1963) assumes that the adsorp-
tion mechanism occurs through the diffusion of adsorbate
molecules into the pores of adsorbent material. It is a func-
tional relationship found empirically, common to most adsorp-
tion processes, where uptake varies almost proportionally with
1% rather than with the contact time 7

q= kito's (5)

where k; (mg g ' h™®) is the intraparticle diffusion rate
constant.

Determination of biosorption isotherms

The Langmuir (Langmuir 1918), Freundlich (Freundlich
1906), Temkin (Temkin and Pyzhev 1940), and Dubinin-
Radushkevich (Dubinin and Radushkevich 1947) isotherm
models were considered to study the characteristics of the
dead and living biomass of P. tricornutum in the removal of
ibuprofen.

Langmuir isotherm

This model is represented by the following equation:

qde = (qmaxKLCE)/(l + KLCE) (6)

where ¢, (mg g ') is the amount of ibuprofen sorbed at equi-
librium per unit of mass, C, (mg L") is the ibuprofen concen-
tration in solution at equilibrium, g, (mg g') is the maxi-
mum sorption capacity or theoretical isotherm saturation ca-
pacity, and K; (L mg ') is the constant related to the affinity
for the biomaterial. According to Hall et al. (1966), the essen-
tial features of the Langmuir isotherm can be expressed in
terms of a dimensionless constant separation factor, R;, which
is defined by the following equation:

R, =1/1+K.Cy) (7)

where C; (mg L") is the initial ibuprofen concentration and
K; (L mg ") is the Langmuir constant.
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Freundlich isotherm

The Freundlich isotherm has the following equation:
q. = KpC)" (8)
1-(1/n) Ll/n

where K (mg g_l) is the Freundlich constant, an
indicator of the sorption capacity, and # is of the intensity.

Temkin isotherm

The Temkin isotherm model is described by the following
equation:

ge= (i—f)ln(ATca )

where A7 (L mg_l) is the Temkin isotherm equilibrium bind-
ing constant, corresponding to the maximum binding energy;
br(gJmg ' mol ") is a constant related to the heat of sorption;
R is the gas constant (8.314 ] mol ™! Kﬁl), and 7'is the absolute
temperature.

Dubinin-Radushkevich isotherm

The Dubinin-Radushkevich isotherm model is represented by
the following equation:

qe = QmaxeiBDEZ (10)
where B, is related to the free energy sorption per mole of the

sorbate and ¢ is the Polanyi potential which is related to the
equilibrium concentration as follows:

e =RTIn(1+1/C,) (11)

The apparent energy (Ep, kJ mol ") of sorption from the
Dubinin-Radushkevich isotherm model can be computed
using Eq. (12):

Ep =1/3/2Bp

(12)

Determination of the bioconcentration factor

The bioconcentration factor (BCF) is defined as the ratio of
the concentration of a chemical in the biomass to the concen-
tration in the surrounding medium. For this reason, it is used to
relate the pollutant in the biomass to the pollutant concentra-
tion in the solution. It can be represented by the following
equation:

BCF = C,/C; (13)
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where Cj, is the concentration of ibuprofen in the algal bio-
mass (mg ibuprofen removed kg ' of biomass) and C; is the
initial ibuprofen concentration (mg Lfl).

Statistical analysis

Biosorption data were fitted to the kinetic and isotherm equa-
tions (Egs. (3)—(6) and (8)—(10)) using non-linear regression
analysis. All data represent the mean of three independent
experiments, and the statistical analysis and plots were per-
formed using SigmaPlot for Windows version 12.5 (Systat
Software, Inc.).

In order to evaluate the goodness of the kinetic and
isotherm models to the experimental data, different error
functions were used (Table S1). If data derived from a
model are similar to the experimental data, the value of
the error functions will be low; otherwise, if they differ,
the value will be high. Only in the case of 72, a higher value
indicates the best fit of the model. In all cases, the error
function initially selected to minimize the non-linear re-
gression was SSE. The values for all the other error functions
were calculated with the obtained parameters.

The amount of ibuprofen removed by both biomass was
compared by Student’s ¢ test at the 95% confidence level
(a = 0.05). One-way ANOVA and Tukey’s post hoc test were
used to statistically assess the effect of pH and biomass regen-
eration (o« = 0.05). These analyses were done using SPSS
version 21 (SPSS Ibérica, Spain).

Results and discussion

Effect of culture conditions: photodegradation, contact
time, and type of biomass

Photodegradation is a methodology used in some processes
of ibuprofen elimination (Candido et al. 2016; Iovino et al.
2016). Since our experiments were carried out in the pres-
ence of light, the amount of photodegraded ibuprofen was
quantified. For this purpose, experiments without biomass
but exposed to the same conditions were carried out and
their results were compared with those obtained in absence
of light. No significant differences were observed between
both experiments, and therefore, photodegradation of ibu-
profen was negligible throughout the experiments with the
conditions used.

The contact time is one of the most important parame-
ters in a sorption process because it is necessary for the
determination of the equilibrium state. Observing Fig. 1,
the removal of ibuprofen by both biomasses increased with
the increase in the contact time. The ibuprofen removal
efficiency increased considerably during the initial stage
of the process, and then, an equilibrium was reached.

This equilibrium point was attained in 2—6 h depending
on the initial ibuprofen concentration, reflecting a rapid
removal of this compound. For this reason, a contact time
of 8 h was suitable for studying the sorption of ibuprofen
using living or dead biomass of P. tricornutum.

The obtained times to reach the equilibrium point using
this biomass were lower than in other studies with different
organisms. For instance, the biomass of Eichhornia
crassipe and Pistia stratiotes showed a higher adsorption
equilibrium time, reaching a plateau at 12 days (Lin and
KunLi 2016). Even in reactors planted with the submerged
aquatic plant, Elodea canadensis was required 38 days of
incubation to reach the equilibrium, using only an ibupro-
fen concentration of 0.01 mg L™" and 27 g of fresh biomass
(Matamoros et al. 2012). Less time was needed in the case
of active duckweed reactors, where concentrations of ibu-
profen (10 uM) were constant for 20-24 h and then de-
creased linearly, resulting in a depletion in 9 days
(Reinhold et al. 2010). These results show that the biomass
of P. tricornutum was more efficient, using less time and
even with much higher concentrations of ibuprofen.

The statistical test comparing the amount of ibuprofen
eliminated by both types of P. tricornutum biomass showed
that there were no significant differences (paired Student’s ¢
test, p = 0.05) between living and dead cells. Unlike other
compounds such as oxytetracycline (Santaeufemia et al.
2016), ibuprofen does not seem to be able to enter easily in
the microalgal cell and this compound only remains retained
in the surface of the cell. This means that both types of bio-
mass were equally effective. Although taking into account
Fig. 1 and Table 2, a slightly higher efficiency of living bio-
mass can be observed (not significant). Considering this re-
sult, it would be more appropriate to use dead microalgal
biomass for the removal of ibuprofen since in this case the
advantage of a bioaccumulation or a possible biodegradation
disappears. However, it is not ruled out that if the duration of
the experiments were higher, the difference between both bio-
masses could also increase because ibuprofen is considered as
a biodegradable compound (Matamoros et al. 2012; Kruglova
et al. 2014; Ding et al. 2017).

Effect of sorbent dose

In this study, two amounts of biomass were tested, equivalent
t0 0.4 and 0.8 g L' of dry biomass. As shown in Fig. 1 and in
Table 1, the amount and the percentage of removed ibuprofen
increased with the increase of sorbent dose but only from the
initial ibuprofen concentration of 2 mg L™". At concentrations
below this value, both doses of sorbent had the same effec-
tiveness. In this case, the difference was in the time to reach
the equilibrium; a shorter time was observed in the highest
sorbent dose. However, when the concentration of ibuprofen
was higher than 2 mg L', as expected, the percentage of
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removed ibuprofen was doubled by doubling the amount of
biomass. This was because an increase in the biomass concen-
tration exposed more available surface area, which means
more active adsorption sites.

Effect of the initial ibuprofen concentration

The total amount of ibuprofen removed per unit of biomass
increased with the initial ibuprofen concentration in the
solution (Fig. 1). However, if the removed amount is
expressed as percentage in relation to the initial amount,

Table 1
depending on the initial ibuprofen concentration

the removal capacity decreased with the increase of the
initial ibuprofen concentration. This indicates the lack of
active sites when the concentration of ibuprofen was very
high. The number of active sites becomes saturated at a
certain concentration. In the case of P tricornutum, this
happened from the ibuprofen concentration of 1 with
0.4 mg L' of biomass. Instead, with 0.8 mg L™ of bio-
mass, this saturation was observed from 2.5 mg L7 of
ibuprofen. Thus, as shown in Table 1, for both biomasses,
the percentage of total ibuprofen removed from the solution
was around 99.9% when the initial ibuprofen concentration

Percentage of ibuprofen removed by the biomass of the microalga P. tricornutum and values obtained for the bioconcentration factor (BCF)

Type of biomass  Biomass concentration (g LY Ibuprofen concentration (mg LY
0.1 0.5 0.75 1 2 2.5 5 7.5 10 15
% Living biomass 0.4 99.99 99.99 9999 99.99 71.19 57.59 29.12 19.69 1445 10.1
0.8 99.99  99.99 9999 99.99 9999 99.99 63.58 31.80 31.70 21.19
BCF 0.4 2500 2480 2480 2470 1775 1436 726 492 361 245
0.8 1240 1220 1220 1240 1240 1232 794 530 396 264
% Dead biomass 04 99.99 9999 99.99 99.99 69.58 5598 2847 1927 14.02 9.92
0.8 99.99 9999 9999 99.99 9999 99.99 6240 31.24 31.20 20.77
BCF 04 2500 2480 2480 2470 1735 1396 712 481 350 238
0.8 1200 1200 1200 1240 1235 1228 780 520 390 259
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100 ° the biomass dose was 0.8 g L', However, when the initial
S 80; 4 concentration was 15 mg L', the percentage removed was
§ _ 20.8-21.2% (dead-living biomass) and 9.9—10.1% with 0.8
% &0 3 F'g and 0.4 g L™ of biomass, respectively.

g Effect of the pH on ibuprofen biosorption
2 20 1
5 . The effect of the different tested pH on the sorption character-
2 4 6 8 10 istics of ibuprofen by the biomass of P. tricornutum is shown
Initial pH in Fig. 2. It was observed that as the pH decreased, the sorp-

Fig. 2 Amount of ibuprofen sorbed per unit of mass at equilibrium (red tion of ibuprofen was higher, and this effect was more percep-

solid line) and the percent of ibuprofen removed (blue dotted line) at . . . .
different pH. Dead biomass of P. tricornutum was used as sorbent tible when the pH became acid. The highest sorption was

(conditions: sorbent concentration, 0.4 g L™"; ibuprofen concentration, ~ obtained at pH 2. The ANOVA test showed that this effect
2.5 mg L'; contact time, 8 h; agitation speed, 200 rpm; temperature, was significant (F4 ;0 = 328.77, p < 0.001), and the Tukey’s
18 °C). Data represent the means of three replicates, and bars indicate test allowed to demonstrate that all tested pH values were
the standard deviation significantly different, influencing the removal of ibuprofen.

In fact, an increase in the percentage of removed ibuprofen
was 0.1-0.5 mg L', This high percentage was maintained  close to 20% was obtained at pH 2 in relation to the working
even up to an ibuprofen concentration of 2.5 mg L™' when  solution (pH = 8.2). This behavior was also observed in other

Table 2  Kinetic parameters for the removal of ibuprofen by the microalga P. tricornutum using 0.4 and 0.8 g L™' of this biomass

Initial ibuprofen Type of  Biomass concentration (g L")
concentration biomass
(mgL™) 04 0.8

Kinetic model

Pseudo-first-  Pseudo-second- Intraparticle ~ Pseudo-first-  Pseudo-second- Intraparticle
order order diffusion order order diffusion
qe ky qe ky ki qe ky qe ky ki
mggh M) (mggh gmg'h’) (mgg'h™) mggh ) (mggh) (gmg'h) (mgg'h*)
0.1 Living 024 2.04 027 10.9 0.12 0.12 1.87 0.13 19.61 0.06
Dead 0.21 0.80 0.24 3.84 0.09 0.09 0.69 0.11 6.46 0.04
0.5 Living  1.18 432 125 5.29 0.58 0.60 379 0.64 9.48 0.29
Dead 1.16 3.16 1.24 3.70 0.56 0.57 340 0.61 8.59 0.28
0.75 Living 1.79 444 1.89 3.73 0.88 0.86 3.84 092 6.41 0.42
Dead 1.71 393 1.82 327 0.84 0.83 349 0.89 5.87 041
1 Living 237 4.63 2.50 292 1.17 1.19 417 126 5.12 0.58
Dead 229 416 243 2.61 1.12 1.16 405 124 497 0.57
2 Living  3.38 520 3.55 2.34 1.67 242 6.57 2.52 434 1.19
Dead 3.28 4.88 3.46 221 1.62 2.39 6.44 248 425 1.18
2.5 Living 3.4l 3.79 3.63 1.60 1.67 3.04 562 3.18 2.98 1.49
Dead 3.33 3.57 3.54 1.51 1.62 3.00 550 3.14 2.94 1.47
5 Living  3.43 3.23 3.68 1.30 1.67 3.83 5.80 4.01 2.38 1.89
Dead 3.35 3.01 3.60 1.22 1.63 3.77 5.66 3.95 2.36 1.86
7.5 Living  3.50 242 3.79 0.94 1.68 3.78 471 398 1.87 1.86
Dead 3.42 226 3.71 0.88 1.63 3.72 4.65 3.92 1.87 1.83
10 Living  3.44 229 373 0.89 1.65 3.80 4.08 4.02 1.58 1.86
Dead 3.34 2.15 3.64 0.85 1.59 3.75 4.00 3.98 1.55 1.84
15 Living  3.47 2.04 3.79 0.77 1.65 3.75 345 4.00 1.31 1.83
Dead 337 1.98 3.68 0.76 1.60 3.69 336 3.94 1.29 1.79
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works of ibuprofen sorption. For instance, Cho et al. (2011) 2 § @9 § a o § el § Qe
showed that the sorption of ibuprofen onto carbon nanotubes 2 S8 5359592 ¢
decreased as the pH increased from 4 to 10, and Guedidi et al. E
(2014) observed a similar decrease in ibuprofen adsorption on & g8 Z8 gg 8¢
activated carbon cloths as the solution pH increased. H|l%"e oMo sk sas™ s
g o~
L 5
Bioconcentration factor g é
E o o8 =
The bioconcentration factors in the steady-state equilibri- ; > i NS e
um for the different ibuprofen concentrations and both bio- g iw g PR
masses are also listed in Table 1, and they were calculated 5 T:D § oo L—‘ T D
by means of Eq. (13). This factor provides an index of the ; E o Ng; E Té < %
ability of the microalga to concentrate ibuprofen with re- 5 ;:, T L8 &: § zr\g 238
spect to the concentration of this compound in the sur- £ R R
rounding medium. As can be observed in Table 1, as the g -~ P
ibuprofen concentration increased in the solution, the E 59 ‘3 T:o ‘g
bioconcentration factor decreased. The bioconcentration ,§ ERIN:) i S g
factors were always higher than 1 in all concentrations g | & IS8 22522 125
. . . S = ] Senn = S S T T A T eenoen
which means that ibuprofen was bioconcentrate. N
F! | SxeSg2SesSexn
= . = . >
Kinetics of sorption é é JroEIongieage
2
The kinetics for ibuprofen sorption using living and dead % § % § % 5 E § g §
biomass of P. tricornutum was studied at different sorbate ;; Hlre eSS SSh eSS
concentrations. For that, different kinetic models were é o
fitted to experimental data. The kinetic parameters obtained g é
by nonlinear regression are listed in Table 2, and the measures 3 =
of the goodness of fit with the statistical error deviation func- % T:n ~ ;5 lg §
tions are listed in Tables S2 and S3. The pseudo-second-order 2 £ S5
kinetic model was the most suitable for the description of the S| - ~ ; TE cE L.
ibuprofen sorption using this microalga. As shown in Table 3, £ e lop T 2 ~ oo
the removal of ibuprofen considering both biomasses showed = %” S o g’ o T o é xx
similar results. Considering the pseudo-second-order kinetic, é 2 gedezd e 82 n
an initial phase (0-2 h) of fast removal of ibuprofen is followed 2 %
by a slow removal until an equilibrium was reached. In the 5 % 7:0 ~ T:n
experiments with an initial ibuprofen concentration of g ; 2| o ‘eén o o ¥
0.1 mg L', the maximum amounts of removed ibuprofen 5| g % E; S - S
(taking into account the pseudo-second-order model) were c% 2133l d28sss 8§ g2
0.27 and 0.24 mg g ' after 6 h, for living and dead biomass, 2
respectively, and 0.4 g L™ of biomass (Table 2). However, 'qg) 2
these values decreased when the concentration of biomass was 2 S
double (0.13 and 0.11 mg g ' for living and dead biomass, g :; - o o o0
respectively) since in this case, the concentration of ibuprofen 3 | & £ £33 €% £%
was lower than that required to saturate the biomass. But the i -2 248 240 Ja
equality between both biomasses increased progressively as 3 .
the initial concentration of ibuprofen increased since the bio- é %
mass would be saturated when the concentrations were high. g = =
At higher concentrations of biomass, there are more vacant £ é . ?3
sites and therefore a higher gradient which would lead to more - | E é % g E
ibuprofen being sorbed faster. This was observed from the 2| 2 58 g e £
concentration of 2.5 mg L' of ibuprofen. gl 32 E > = A

@ Springer



J Appl Phycol (2018) 30:471-482

479

Fig. 3 Equilibrium sorption

isotherms of ibuprofen on living aj@ g . b SR i
LA e e Ry e
(a) and dead (b) biomass of r":, Z 7T . T T
P, tricornutum using 0.4 g L' of 3] |7 5
biomass. ¢, d The same but using E ) "
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replicates, and bars indicate the )
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Biosorption isotherms

The sorption isotherms help to understand the mechanism of
sorption because they indicate the amount of sorbate removed
at a constant temperature and how the sorbate is distributed
between the liquid and the solid phases when the sorption
process reaches an equilibrium state. Four isotherm models
were used to obtain the sorption data. The parameters obtained
with the models are listed in Table 3. The validity of the
models was assessed by the error functions 7 and Ag,
(Table S1). The plots of the non-linear adjustments to these
models are shown in Fig. 3. The obtained results indicated that
the order of the isotherm that best fits the four sets of experi-
mental data in this study was Langmuir > Dubinin-
Radushkevich > Freundlich > Temkin.

The Langmuir isotherm model showed the lowest values of
Ag, and the highest 7 for both biomasses, sorbent doses, and
throughout the range of ibuprofen concentrations tested. This
process assumes monolayer adsorption onto a surface contain-
ing a finite number of adsorption sites of uniform energies of
adsorption and with no transmigration of sorbate in the plane
of surface; all the adsorption sites are equivalent, and adsorbed
molecules do not interact with each other (Langmuir 1918).
With this model, the maximum monolayer sorption capacities
at equilibrium were 3.68 and 3.97 mg of ibuprofen per gram
with 0.4 and 0.8 g L™" of biomass, respectively. A biomass
concentration of 0.8 g L' was slightly more effective than
0.4 g L', but there were no significant differences between
both types of biomass.

0 12 14 0 2 4 6 8 10 12 14
-1
C.(mgL")

The essential features of the Langmuir isotherm can be
expressed in terms of a dimensionless constant separation fac-
tor (R;). The R; values were calculated for both biomasses and
for each concentration assayed by means of Eq. (7). These
values were plotted against the initial ibuprofen concentra-
tions (Fig. 4). This parameter indicates the type of isotherm:
unfavorable (R; > 1), favorable (0 < R; < 1), linear (R; = 1), or
irreversible (R; = 0). All the obtained R; values for both bio-
masses were between 0 and 1, indicating that the sorption of
ibuprofen by this microalgal biomass was favorable for all
concentrations tested. As the initial ibuprofen concentration
increased, R; decreased. This indicated that sorption was more
favorable at higher concentrations.

As shown in Table 3, the Freundlich isotherm showed higher
values than Langmuir and Dubinin-Radushkevich isotherms in
the error function Ag, and a lower value in the /. This implies
that the Freundlich isotherm was less suitable for the description
of ibuprofen sorption using living or dead biomass of
P, tricornutum. Despite this, its values were sufficiently repre-
sentative. The Kr value signifies the sorption capacity of the
sorbent for ibuprofen, which reflects the affinity of this com-
pound towards the biomass. Despite the conditions under which
the experiments were performed, the values obtained were not
low. Like other pharmaceuticals, the sorption of ibuprofen is
strongly dependent on pH, decreasing the capacity as the pH
increases (Bui and Choi 2009). In this case, the experiments
were performed at pH 8.2 in order to keep the biomass alive.
Ibuprofen pK, is 4.91; for this reason, ibuprofen is negatively
charged at this pH like the microalgal surfaces. Since the
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Fig. 4 Variation of separation b
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The Dubinin-Radushkevich isotherm is useful to calculate
the mean free energy of sorption. It predicts the nature of the
sorbate sorption onto the sorbent and the magnitude of the
apparent energy of sorption (Ep) which is useful for estimat-
ing the type of sorption. If this value is between 8 and
16 kJ mol ", the sorption type can be explained by chemisorp-
tions, and if this value is lower than 8 kJ mol ', it indicates that
the adsorption process might be dominated by physical mech-
anism. As can be observed in Table 3, all values were lower
than 8 kJ mol ', suggesting that the ibuprofen sorption was a
physical process for both biomass.

obtained results indicated that both types of biomasses had the
same capacity to remove ibuprofen, there would be no problem
in using this biomass at much lower pH values, which would
increase the capacity of this biomass. With a pH of 2, an in-
crease of about 20% was obtained (Fig. 2). On the other hand,
the 1/n constant serves to describe the linearity of sorption or the
degree of curvature of the isotherms described throughout the
range of concentrations tested. Typically, 1/ values range from
1 downwards. A value of 1 signifies that the sorption of the
chemical was the same across the whole range tested. The 1/z
parameter presented values far from 1 which describe highly
curved isotherms. This means that when the concentration of
ibuprofen increases, the sorption decreases, obtaining a L-type
isotherm. This is indicative of saturation of adsorption sites
available. In the case of this biomass, the saturation was pro-
duced from the ibuprofen concentration of 1-2 mg L™, depend-
ing on the amount of biomass used (this is in agreement with the
percentage of removal).

The Temkin isotherm presented the worst values for the
error functions. The constant, b7 is related to heat of sorption
which indicates if the sorption reaction is exothermic (b7 > 1)
or endothermic (b7 < 1). As shown in Table 3, both living and
dead biomass presented high values of this constant, indicat-
ing an exothermic process in this sorption.

Regeneration of the microalgal biomass

An evaluation of the behavior of the P. tricornutum biomass
regarding its reusability for the removal of ibuprofen was car-
ried out by conducting six sorption-desorption cycles. The
ANOVA test indicated that there were significant differences
in the efficiency of removal of ibuprofen (F 14 = 7.51,
p <0.001) during the cycles. The Tukey test showed a signif-
icant loss of effectiveness of 10.7% after 3 cycles, but then
remained constant in the rest of the cycles without significant
loss. As a result of this, the degree of recovery from and
reusability of P. tricornutum biomass after 6 cycles is an added

Table 4  Comparison of various sorbents used for the removal of ibuprofen

Sorbents gm (mgg ") Contact time (h) Ibuprofen (mg L") References

Kigelia pinnata (unmodified) 7.00 0.42 10-200 Lawal & Moodley (2016)
Pine wood biochar 10.74 10 25-100 Essandoh et al. (2015)
Steam-activated mung bean husk biochar 43.5-62.5 2 5-100 Mondal et al. (2016b)
Activated carbon from Artemisia vulgaris 16.73 5 10-50 Dubey et al. (2010)
Activated carbon from olive waste cake 9.09 6 10.04 Baccar et al. (2012)
Activated carbon from cork 145-430 4 20-120 Mestre et al. (2009)
Commercial activated charcoal 64.5 3 50-1000 Khalaf et al. (2013)
Commercial granular activated carbon 138.1 24 5-100 Guedidi et al. (2014)
Parthenium hysterophorus-derived biochar 3.09-3.75 2 5-100 Mondal et al. (2016a)
Mesoporous silica SBA-15 041 0.25 0.01-0.3 Bui and Choi (2009)
P, tricornutum (unmodified) 3.97 6 0.1-15 This work
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Fig. 5 Amount of ibuprofen sorbed per unit of mass at equilibrium (red
solid line) and the percent of ibuprofen removal (blue dotted line) through
six sequential cycles of biomass reuse. P. tricornutum biomass
concentration of 4 ¢ L™" and ibuprofen concentration of 2.5 mg L™".
Conditions are the same as indicated in Fig. 2. Data represent the means
of three replicates, and bars indicate the standard deviation

advantage. This indicates that this biomass was resistant to
repeated different wash cycles and can be reused for further
treatments.

Table 4 shows a comparison of the P. tricornutum biomass
with other sorbents tested to remove ibuprofen. Although most
of these sorbents are considered of high performance (activated
carbon, biochar), the untransformed P. tricornutum biomass
showed a good effectiveness in a short period of time; therefore,
this biomass can compete with some of them and can be useful
in biotechnology applications; in any case, this microalgal bio-
mass could be a good alternative to remove ibuprofen because
it is cheaper and easier to obtain (minimum processing) and this
biomass can be used in different cycles without an excessive
loss of effectiveness (Fig. 5). In addition, this type of biomass is
considered eco-friendly, preventing the risk of production of
by-products and other adverse effects on the aquatic environ-
ment. In fact, previous studies already have shown that algal
treatment systems have a potential to remove micropollutants
while simultaneously closing the cycle of nutrients in a safer
way (de Wilt et al. 2016).

Conclusions

This work showed that the microalgal biomass (in this case
P, tricornutum) is a good alternative for ibuprofen biosorption
from aqueous solutions. Both living and dead biomass of this
microalga had almost the same results on the sorption of this
emerging pollutant. The maximum sorption capacity obtained
with the conditions assayed was 3.97 mg g ' after 6 h of
contact time and pH of 8.2. But the dead biomass of this
microalga can be used at lower pH, increasing the efficiency.
In addition, this biomass can be regenerated and reused in
application cycles. Thus, this study demonstrates that the bio-
mass of this microalga is a suitable and promising tool for
ibuprofen removal from aqueous solutions.
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