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Anthropogenic impacts have affected the coastal environment and contributed to its contamination. Mercury
(Hg) is widespread in nature and has been shown to be toxic in even the smallest amounts, negatively affecting
not only the marine ecosystem but also the entire trophic chain due to its biomagnification. Mercury ranks third
on the Agency for Toxic Substances and Diseases Registry (ATSDR) priority list and it is therefore imperative to
develop more effective methods than those currently available to avoid the persistence of this contaminant in
aquatic ecosystems. The present study aimed to evaluate the effectiveness of six different silica-supported ionic
liquids (SIL) in removing Hg from contaminated saline water, under realistic conditions ([Hg] = 50 pg/L), and to
ecotoxicologically evaluate the safety of the SIL-remedied water, using as test model the marine macroalga Ulva
lactuca. The results revealed that SIL [Si][C3C1im][SCN] (250 mg/L) was the most effective in removing Hg from
solution, with a efficiency up to 99 % in just 6 h, that enable to obtain < 1 ug/L Hg (European guideline in
drinking water). U. lactuca exposed to either the SIL and/or the remedied water showed no significant changes in
relative growth rate and chlorophyll a and b levels, compared to the control condition. Biomarker analysis (LPO,
GSH, GSSG, SOD, GPx, CAT and GRed) also showed no significant changes in the biochemical performance of
U. lactuca. Therefore, it could be assumed that water treatment with SIL or its presence in an aqueous envi-
ronment does not pose toxicity levels that could inhibit the metabolism or cause cell damage to U. lactuca.

1. Introduction persists in ecosystems, being continually enriched through the trophic

chain (biomagnification) (La Colla et al., 2019). This problem is com-

Despite the continued implementation of increasingly restrictive
regulations and water quality monitoring, discharges of wastewater
without any form of treatment or remediation are still a reality today
(United Nations, 2021). Coastal ecosystems are the usual recipients of
discharged contaminated water, mainly industrial and domestic efflu-
ents, which often contain potentially toxic elements (PTEs) such as
metals (Deycard et al., 2014; Schweitzer and Noblet, 2018). In aquatic
systems, metals can exist as free ions or complexed with inorganic an-
ions and organic ligands (Haripriyan et al., 2022), and the most soluble
metallic compounds can be easily absorbed and bioaccumulated by
living organisms (Costa et al., 2020).

One of the most toxic metals, even in low concentrations, mercury
(Hg), has caused global concern because it is non-degradable and
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pounded when Hg is found in the form of methylmercury (MeHg™), the
most toxic and bioaccumulative form of Hg (Clarkson and Magos, 2006).
The third place on the Toxic Substances and Disease Registry Agency
(ATSDR) priority list emphasizes the importance of Hg control and
elimination (ATSDR, 2022). Several intergovernmental agencies have
imposed increasingly stringent limits on the use and release of Hg (De-
cision No 2455/2001/EC, 2001; Directive 2000/60/EC, 2000; Directive
2008/105/EC, 2008), restrictions which gained a new glow with the
signing of the international agreement resulting from the Minamata
Convention on Mercury. As example, currently, European Union (EU)
regulation restricts the import of Hg into the EU, prohibits the export of
Hg and requires that Hg waste in liquid form undergo appropriate
conversion/immobilization into a more stable and less soluble form
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(solid form) (European Commission, 2018).

Different conventional methods, such as chemical precipitation,
adsorption, or membrane filtration have been used to reduce water
contamination, including Hg removal (Qasem et al., 2021). However,
most of them share serious disadvantages such as high cost, generation
of large amounts of toxic waste, or inefficiency when applied to the
treatment of highly diluted effluents, which requires the application of
an additional process at the end of the effluent treatment (Henriques
et al., 2019). New methods of water remediation have been proposed,
such as biosorption/bioaccumulation or the use of chemically engi-
neered materials (Imdad and Dohare, 2022). Nevertheless, despite their
potential in metal-contaminated water treatment (Razzak et al., 2022),
the lack of studies under realistic conditions, which validate the method,
has postponed the transition from the laboratory to the market (Ali-
dokht et al., 2021). Most studies still deal with unrealistic high con-
centrations of contaminant in ultrapure or distilled water, disregarding
the complexity of natural waters (Dias et al., 2021).

Composed of an asymmetric organic cation and an inorganic anion,
Ionic Liquids (ILs) are considered to be a promising solution for
removing metals from water (Goutham et al., 2022). One of the benefits
of the ILs is the possibility to adjust some properties such as conduc-
tivity, viscosity or hydrophobicity and to select the composition ions to
optimize a particular process (Karimi et al., 2018). Ammonia
cation-based ILs can form ion pairs or complexes with metal ions in
aqueous matrices and remove them with high efficiency (Raj et al.,
2022). In many cases, ILs immobilization as with silicas is required
(Nguyen et al., 2022). The supported ILs (SILs) maintain the high spe-
cific surface area and mechanical properties circumventing the problem
of mass transport limitation and the need for high amounts of ILs
(Wolny and Chrobok, 2022).

Although ILs and SILs have been identified as green approaches, little
is known about their environmental impact and potential ecotoxicity.
Toxicological assessment of ILs has been mainly limited to microor-
ganism and simple cells (Chen and Mu, 2021). Still, few studies have
shown the toxicological evaluation of ILs to aquatic organisms (Cho
et al., 2021; Gongalves et al., 2021), and until now the main conclusion
resides in the fact that the biological response changes according to the
change in the ILs structure. Thus, it is of vital importance to continue to
conduct studies for higher levels of biological organization, (Fan et al.,
2019a; Kumar et al., 2011; Liu et al., 2018; Parajo et al., 2019; Sanches
et al., 2023; Santos Klienchen Dalari et al., 2022) to facilitate and ensure
their complete utilization in practical water treatment applications.
Macroalgae, such as Ulva lactuca, have been used extensively for bio-
monitoring of environmental pollution and ecotoxicological assessment
(Pereira et al., 2009; Yang et al., 2019). Their use is particularly ad-
vantageous since these organisms are more complex than microalgae
and are as well compose the basis of the trophic chain (Torres et al.,
2008).

The present study aimed to assess the performance of silica-
supported ionic liquids (SILs) in the removal of Hg from contaminated
saline water at realistic levels; and particularly to evaluate its efficiency
in terms of the ecotoxicological safety for aquatic organisms (both
decontaminated water and SIL). For that, Ulva lactuca was exposed to
different conditions (presence and absence of Hg and/or SIL) and the
effects on organism growth, pigmentation, and biomarkers (superoxide
dismutase, catalase, glutathione peroxidase, glutathione reductase,
reduced glutathione, oxidized glutathione, and lipid peroxidation) were
analysed.

2. Material and methods
2.1. Materials and reagents
The reagents used in this work were of analytical quality. Nitric acid

(65 %, m/m, Suprapur®) and the standard mercury solution (1001 + 2
mg/L) were purchased from Merck. All solutions used, including
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standards for calibration curves, were obtained by diluting the com-
mercial standard solution. All glass material was washed with nitric acid
(25 %) for at least 24 h followed by ultrapure water (18 MQ/cm) before
use.

2.2. Collection of seawater and Ulva lactuca

The saline water used for macroalgae acclimatization and assays was
collected from the Atlantic Ocean, Aveiro, Portugal (40°6441N,
8°7453W) (salinity 35). In the laboratory, the saline water was filtered
using Millipore porosity filters (0.45 um) and subsequently diluted to
salinity 15, using ultrapure water (18 MQ/cm).

U. lactuca collection was carried out in Ria de Aveiro, Portugal
(40°3839N, 8°4443W). In laboratory, the macroalgae were washed with
saline water to remove possible debris and epibionts. A sample was
immediately frozen at —80 °C, for later quantification of the total nat-
ural Hg concentration. Macroalgae were kept in aerated aquaria
(salinity 15) and exposed to natural light at room temperature (20 +
2 °C) for acclimation during one week prior to the start of the
experiments.

2.3. Evaluation of silica-supported ionic liquids (SILs) efficiency in batch
mode

To evaluate the removal efficiency of Hg from saline water, assays in
batch mode were conducted for 24 h. Six different ionic liquids, sup-
ported on a silica matrix, were studied (Table 1). Each SIL was placed in
contact with filtered saline water (salinity 15), which was previously
spiked with Hg to obtain the initial concentration of 50 pg/L (maximum
value allowed for industrial effluent discharges) (Council Directive
84/156/EEC, 1984). The water pH was adjusted to 7.8 using NaOH (0.1
mol/L). Two different amounts of SIL were analysed (50 mg/L and 250
mg/L) together with control solutions (saline water spiked with Hg in
the absence of SIL). After adding the SIL, water samples were collected at
pre-defined time intervals (0, 1, 6, 12, and 24 h), filtered (pore size of
0.45 um), and immediately acidified with 65 % (m/m) HNOs.

The mercury removal efficiency (R, %) was calculated by Eq. (1):

(G -0C)

0

R =100 x (€8]

where Cy (ug/L) is the initial concentration of Hg in the spiked water and
C, (ug/L) the concentration at time t.

2.4. Ulva lactuca ecotoxicological assays

To evaluate the potential toxicity associated with SIL use, ecotoxi-
cological assessment assays with U. lactuca were conducted. Five con-
ditions were studied (Table 2), in which the SIL analysed was the one
that presented the best Hg removal efficiency from saline water.
U. lactuca (8 discs of @ = 25 + 1 mm and 6 discs of @ = 58 + 1 mm) were
added to 500 mL of water to achieve approximately 1 g in fresh weight
(FW).

The assays were carried out in triplicate for 48 h and water samples
(5 - 10 mL) were taken immediately before the addition of the discs
(time 0 h) and after 24 and 48 h Samples were stored in polystyrene

Table 1
Silica-supported ionic liquids evaluated in mercury
removal from water.

[Sil[C3C1im]Cl SIL 1
[Si][C3C1im][N(CN)] SIL 2
[Sil[C3C1im][Male] SIL 3
[Sil[C3C1im] [NTf,] SIL 4
[Si1[C3C1im][Tos] SIL 5
[Si1[C3C1im][SCN] SIL 6
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Table 2
Conditions to which U. lactuca was exposed for 48 h (n = 3).

A U. lactuca in clean saline water (salinity 15) — Control.

B U. lactuca in saline water (salinity 15) spiked with Hg (50 pg/L).

C U. lactuca in saline water (salinity 15) formerly spiked with Hg (50 pg/L) and
remediated with the SIL (250 mg/L). SIL was separated at the end.

D U lactuca in saline water formerly contaminated with Hg (50 pg/L) and
remediated with SIL. SIL remained in solution.

E U. lactuca in saline water containing SIL (250 mg/L).

tubes, previously acidified with HNOs3 (65 % m/m) to guarantee a pH <
2 and kept at 4 °C until analysis. At each collection time, the pH of the
water was measured. At the end of the experiment, macroalgae discs
were collected and immediately frozen at —80 °C for further analysis.

2.5. Mercury quantification

Mercury quantification in water samples was performed by atomic
fluorescence spectrometry with a cold steam generator (CV-AFS), on a
PSA cold vapor generator with a Merlin PSA detector (model 10.025).
Tin chloride (SnCly) (2 % w/v in 10 % v/v HCI) was used as the reducing
agent (Fabre et al., 2020). Each water sample was analysed at least in
triplicate (accepted coefficient of variation < 5 %). The limit of quan-
tification of the method was 0.02 pg/L.

Mercury quantification in the macroalgae biomass was performed by
atomic absorption spectrometry with thermal decomposition, on a
LECO© AMA-25. The analysis was carried out directly on the lyophilised
sample (Fabre et al., 2020). The limit of quantification was 0.03 ng of
Hg. Samples were analysed in triplicate with a coefficient of variation <
10 %. To assure the quality of the results a certified reference material
(ERM-CD200 Bladderwrack (Fucus vesiculosus) (European Reference
Materials, 2014)) was analysed in parallel with the samples.

2.6. Impacts evaluation in U. lactuca

After U. lactuca exposure to the different conditions (Table 2), the
following parameters were evaluated: 1) macroalgae growth rate; 2)
content of chlorophylls a and b; and 3) biochemical performance.

Growth rate was analysed by measuring the area of U. lactuca discs
(placed in transparent plastic sheets and scanned with a resolution of
200 ppi) with Fiji software (Schindelin et al., 2012). The relative growth
rate (RGR, %/day) was calculated, according to Eq. (2):

100 ()]

RGR(%>:lnA'7lnAO><

day

where, A; represents the area at time t (¢ in days) and Ay the initial area
(Henriques et al., 2021).

Quantification of chlorophyll a and b was performed in 2 discs per
condition replicate (J = 25 + 1 mm), which were stored in Falcon tubes
wrapped in aluminum foil to avoid photodegradation of pigments, at
—80 °C, until analysis. The discs were macerated in 6 mL ethanol (90 %,
v/v) and left overnight at 4 °C to extract the pigments. Samples were
then vortexed for 1 min, centrifuged at 4000 rpm, for 5 min, and ana-
lysed on a GBC UV/Vis 918 spectrophotometer (400 to 800 nm). Chlo-
rophyll a and b were determined according to Ritchie (2006), following
Egs. (3) and 4:

Chl a (L‘i) = — 5.201 (649 nm — 750 nm) + 13.528 (665 —750nm)  (3)
m.

Chl b (”—i) =22.433 (649 nm — 750 nm) — 7.074 (665 — 750nm) 4
m

where, Chl a corresponds to the amount of chlorophyll a and Chl b to the
amount of chlorophyll b.

Biochemical markers related to the macroalgae oxidative state were
evaluated. Antioxidant enzymes activity was assessed by superoxide
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dismutase activity (SOD, which converts 0%~ to H0,), catalase activity
(CAT, which converts HyO into water, quenching the generation of lipid
peroxides), glutathione peroxidase (GPx, which convert the SOD prod-
uct (H203) into water) and glutathione reductase (GRed, which converts
GSSG to GSH). Cellular damage level was assessed by lipid peroxidation,
(LPO, which indicates the cellular damage level) and reduced gluta-
thione content (GSH, which represents the redox state of cells). A0.3 g
sample of macroalgae from each of the 3 replicates of each condition was
analysed in a microplate reader (Biotek) (in duplicate).

For LPO quantification, samples were sonicated for 1 min and then
centrifuged (10,000 g) for 20 min at 4 °C, with trichloroacetic acid
(TCA) 20 % (w/v) (Henriques et al., 2021). For GSH and GSSG content
determination, samples were extracted by sulfosalicylic acid (0.6 %
(w/v)) in potassium phosphate buffer (0.1 mol/L dipotassium phos-
phate; 0.1 mol/L potassium dihydrogen phosphate; 5 mmol/L EDTA; 0.1
% (v/v) Triton X-100; pH 7.5) and quantification followed the method of
Rahman et al. (2007).

For SOD, CAT and GPx quantification, samples were sonicated for 1
min and centrifuged for 20 min (10,000 g) at a temperature of 4 °C with
potassium phosphate buffer (50 mmol/L potassium dihydrogen phos-
phate; 50 mmol/L potassium phosphate dibasic; 1 mmol/L ethylenedi-
amine tetraacetic acid disodium salt dihydrate (EDTA); 1 % (v/v) Trition
X-100; 1 % (w/v) polyvinylpyrrolidone (PVP); 1 mmol/L dithiothreitol
(DTT); pH 7.0). Superoxide dismutase activity was quantified following
the method of Beauchamp and Fridovich (1971), while CAT activity
quantification followed the method of Johansson and Hakan Borg
(1988) with modifications by Carregosa et al. (2014). Glutathione
peroxidase was determined following Paglia and Valentine (1967)
modifications.

For GRed the extraction was in sodium phosphate buffer, pH 7.0 (50
mmol/L sodium dihydrogen phosphate monohydrate, 50 mmol/L diso-
dium hydrogen phosphate dihydrate, 0.15 % (v/v) Triton X-100) and
determination was based on the method of Carlberg and Mannervik
(1985).

Results were submitted to a non-parametric statistical hypothesis
testing using Permutational Analysis of Variance and the software
PERMANOVA and Primer v6 (Anderson et al., 2008). Significant dif-
ferences between conditions were evaluated and the null hypothesis
stablished was: for each biomarker, no significant differences between
conditions tested existed. Principal coordinates analysis (PCO) was
performed, applying a multivariate analysis to the obtained physiolog-
ical and biochemical parameters. Spearman’s correlation vectors (cor-
relation higher than 75 %) of all biochemical descriptors obtained were
superimposed on the PCO graph.

3. Results
3.1. Removal of mercury by silica-supported ionic liquids

For the lowest amount of material (50 mg/L), removals varied be-
tween 40 and 82 %, the lowest achieved by [Si][C3C1lim][Male] and the
highest by [Si][C3C1im][SCN] (Fig. 1A). Regardless of the SIL, the mass
increase from 50 to 250 mg/L raised the removal of Hg. Still, SIL 6 ([Si]
[C3C1im][SCN]) was found to be the most effective with a removal ef-
ficiency of over 99 %.

The mercury removal by SILs over time was characterized by two
phases: the first with rapid sorption, resulting in 60 % of removal in the
first hour in the case of SIL 6 (Fig. 1B) and the second slower and
approaching a plateau state between 6 and 24 h

3.2. Mercury concentration in water and in the macroalgae

After 48 h, Hg concentration in water was 0.04 ug/L for condition B,
0.03 ug/L for condition C and 0.32 ug/L for condition D. Mercury con-
centration in condition A and E (absence of Hg spike) remained below
the limit of quantification.
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50 mg/L 250 mg/L
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Fig. 1. A - Kinetic profiles of normalized concentrations of Hg in the presence of the SIL (although not shown, C;/C, remained approximately 1 in the absence of SIL);
B - Mercury (Hg) removed from saline water by the SIL 6 ([Si][C3C1im][SCN]) after 24 h of contact. Initial concentration of Hg of 50 ug/L and SIL dosage of 50 and

250 mg/L.

Before exposure, Hg concentration in U. lactuca was 0.29 ug/g dry
weight (DW). After 48 h of exposure, Hg concentration in macroalgae
tissue was 0.06 ug/g for conditions A and E, 82.3 pg/g for condition B,
1.1 pg/g in condition C and 47.6 pg/g in condition D, all in DW.

3.3. Evaluation of [Si][C3C1im][SCN] toxicity in U. lactuca

3.3.1. Effect on macroalgae growth

The relative growth rate of U. lactuca varied between 2.2 %/day and
3.7 %/day (n = 9). The lowest RGR was observed for condition E
(presence of SIL and absence of Hg) and the highest rate recorded was
for condition B, where U. lactuca was exposed only to mercury.

The RGR observed (Table 3) in condition A showed no significant
differences from condition E (p > 0.05). Both conditions, A and E,
differed significantly from conditions B, C and D (p < 0.05). No color loss
or visible changes were observed.

3.3.2. Effect on macroalgae pigmentation

The content in Chlorophyll a was always higher than Chlorophyll b.
Conditions B to E presented lower Chlorophyll a (1.04 — 1.10 pg/mg)
when compared to condition A (1.18 ug/mg), yet there were no signif-
icant differences between conditions. Chlorophyll b values varied be-
tween 0.62 — 0.74 ug/mg among conditions. The ratio between
chlorophyll a and b was higher in condition B (1.74 pg/mg), while the
lowest ratio between chlorophylls was observed in condition C (1.49 ng/
mg). Mean values of chlorophyll a and b are presented in Table 4.

3.3.3. Effect on macroalgae oxidative stress

Lipid peroxidation (LPO) levels were significantly lower in the
macroalgae exposed to conditions D and E compared to control (A) and
conditions B and C. No significant differences were observed between
the macroalgae exposed to control (A) and conditions B and C (Fig. 2).

Reduced glutathione content was significantly lower in macroalgae
exposed to condition E when compared to conditions A, C and D. No
significant differences were observed among conditions A, B, C and D
(Fig. 3I).

No significant differences between macroalgae exposure conditions

Table 3
Relative growth rate (RGR, %/day; n = 9) of U. lactuca exposed to conditions
summarized in Table 2.

Condition RGR (%/day) mean value Standard deviation
A 2.5 0.52
B 3.6 0.31
C 3.4 0.25
D 3.0 0.56
E 2.2 0.81

Table 4

Chlorophyll a and b content (mean values; n = 3) in U. lactuca after 48 h of
exposure to conditions summarized in Table 2. Quantification of chlorophyll
using UV/Vis spectroscopy, after extraction with ethanol 90 % (v/v) overnight.

(ug/mg) Condition
A B C D E
Chlorophyll a 1.18 1.08 1.10 1.09 1.04
Chlorophyll b 0.68 0.62 0.74 0.70 0.62
Chl a/Chl b 1.73 1.74 1.49 1.56 1.68
LPO
40+
= 30+
<
Q 20
=
g
E 10-
0=

A B Cc D E

Fig. 2. Lipid peroxidation levels in U. lactuca after 48 h of exposure to condi-
tions summarized in Table 2.

were observed for GSSG content when compared with control condition
(A) (Fig. 31D).

Superoxide dismutase (SOD) activity was significantly lower in
macroalgae exposed to condition B compared to control (A). No signif-
icant differences were observed among macroalgae exposed to C, D and
E conditions (Fig. 4I).

Catalase (CAT) activity was significantly higher for macroalgae in
condition C in when compared with control (A). No significant differ-
ences were observed among macroalgae exposed to conditions B, D and
E (Fig. 41I).

Glutathione peroxidase (GPx) activity was significantly higher in
macroalgae exposed to conditions D and E when compared to control
(A). Conditions B and C did not show significant differences compared to
control levels (Fig. 411I).

Glutathione reductase (GRed) activity levels were significantly lower
in condition D compared to the control and condition B. A significant
higher activity was observed for macroalgae exposed to condition E. No
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Fig. 3. I - Reduced glutathione (GSH) levels; II - Oxidized glutathione (GSSG) levels in U. lactuca after 48 h of exposure to conditions displayed in Table 2.
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Fig. 4. I - Superoxide dismutase (SOD) activity; II - Catalase (CAT) activity; III - Glutathione peroxidase (GPx) activity; IV - Glutathione reductase (GRed) activity in

U. lactuca after 48 h of exposure to conditions displayed in Table 2.

significant differences were observed for condition B and C compared to
control (A) (Fig. 41V).

Principle coordinates at horizontal dimension (PCO1) explained 49.1
% of total variation, while PCO vertical dimension (PCO2) explained
only 27.4 % of total variation (Fig. 5). PCO1 separated macroalgae
exposed to condition E at the positive side. The PCO2 separated mac-
roalgae exposed to conditions A and B in the positive site from condition
C and D. GPx showed the highest correlation with the negative axis of
PCO2 (r > - 0.75) (Fig. 5).

4. Discussion
4.1. Mercury removal by SIL

The sorption capacity of SILs has already been demonstrated for non-
steroidal anti-inflammatory drugs and for hazardous gas compounds

(Almeida et al., 2020; Kohler et al., 2014). Here, under realistic condi-
tions, the sorption capacity for Hg, currently a top-priority contaminant
in the water sector, was evaluated and the results showed that Hg levels
as low as the drinking water norm (1 pg/L, European legislation) (De-
cision No 2455/2001/EC, 2001; Directive 2000/60/EC, 2000) can be
achieved, using a small amount of SIL (250 mg/L).

Among the SILs evaluated, SIL [Si][C3C1im][SCN] was the one with
the best removal rates for Hg, with nearly 80 % of removal within 6 h of
contact, for the lowest sorbent mass analysed (50 mg/L). This superior
efficiency can be attributed to the thiocyanate (SCN™) group (Jabbari
etal., 2001), once mercury has a known stronger affinity and interaction
with sulfur (as a class B metal, the order is: S > N > O) (Nieboer and
Richardson, 1980; Wang et al., 2020). Based on this knowledge,
numerous thiol-functionalized sorbent materials have been designed
and proposed for Hg capture with enhanced binding affinity and uptake
capacity (Wang et al.,, 2020), such as silica gel, metal-organic
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g 4 PCO1 (49,1% of total variation)

Fig. 5. Principal Component Ordination performed using biochemical markers measured in U. lactuca after 48 h of exposure to conditions displayed in Table 2. GSH,
reduced glutathione; GPx, glutathione peroxidase activity; GRed, glutathione reductase activity.

frameworks, and carbon-based materials (Ji et al., 2022; Liang and Zou,
2020; Xia et al., 2019). However, unlike the present study, all these
studies were conducted solely in deionized or ultrapure water.

4.2. Ecotoxicological safety of SIL 6 and remediated water for Ulva
lactuca

Marine macroalgae have a known ability to uptake and accumulate
metals and other trace elements from water, playing an important role in
the global mercury cycle in aquatic systems (La Colla et al., 2019), and
are efficient bioindicator organisms for environmental contamination
(Areco et al., 2021; Rakib et al., 2021). In the present work, when
exposed to 50 ug/L of Hg (condition B), U. lactuca incorporated a large
amount of Hg from the contaminated water (99 % of the Hg initially in
water), corresponding to 82 ug Hg/g, DW). This high sorption capability
underscores the environmental remediation capacity of this species
pointed in various studies for different contaminants (Areco et al., 2021;
Henriques et al., 2019; Smii et al., 2023). It also demonstrates the ease of
bioaccumulation of Hg in organisms and hence the need to remove this
contaminant from water to avoid environmental and human health
risks.

The SIL [Si][C3Clim][SCN] showed similar performance in
removing Hg from water (98 % in 24 h), even using 10 times less sorbent
(250 mg/L) than that of macroalgae. U. lactuca exposed to the water
remediated by [Si][C3C1im][SCN] for 48 h (condition C), accumulated
much less Hg (80-fold) in comparison to untreated water (condition B),
although it promoted an additional improvement in water quality by
decreasing the Hg concentration from 0.72 pg/L to 0.03 ug/L. These
results demonstrate not only the viability of [Si][C3C1im][SCN] as a Hg
sorbent, but also the possibility of using macroalgae use as a comple-
ment to other Hg removal methods (Henriques et al., 2015).

Nevertheless, the macroalga exposed to condition D (with [Si]
[C3C1im][SCN] remaining in the water after Hg sorption) had a Hg
content of 41 ug/g, which is 40 times higher than that in condition C.
This shows that U. lactuca could compete for part of the Hg that was
sorbed onto [Si][C3C1im][SCN]. However, in a practical application,
the Hg-laden SIL will always be separated from the solution after
treatment, and safely stored or regenerated, as commonly done to most
sorbents.

Although the results demonstrate the viability of [Si][C3C1im][SCN]
in remediation from a chemical perspective, it is important to

understand the toxicological impact that the use of this SIL as a reme-
diation method can have on aquatic organisms.

4.2.1. Relative growth rate (RGR, %/day)

The relative growth rate (RGR) is one of the indicators of the meta-
bolic and welfare effects of U. lactuca (Bews et al., 2021). In the present
work, the lowest growth rate was verified in the condition in which the
macroalgae were exposed to the SIL [Si][C3C1im][SCN], in the absence
of Hg (condition E). This could indicate some toxicity of the material,
however, the RGR observed for condition E was not significantly
different from that observed in condition A (macroalgae in saline water).
The highest growth rate (3.6 + 0.31 %/day) was observed in condition B
where the macroalgae were exposed only to Hg, consistent with that
reported by Costa et al. (2011) for the same conditions of salinity, Hg
concentration and exposure time (salinity 15, 50 ug/L, 48 h). This result
can be framed in the concept of hormesis, a central concept in the bio-
logical and biomedical sciences with important implications for envi-
ronmental risk assessment, that consists in ‘low dose stimulation and
high dose inhibition” (Bews et al., 2021). Macroalgae from conditions C
and D (saline water post-remediation with [Si][C3C1im][SCN]) pre-
sented positive RGR, that not statistically differed from that of condition
B. This proves that, by it-self, the SIL [Si][C3C1im][SCN] had no impact
on U. lactuca growth.

4.2.2. Chlorophyll a and b

The amount of chlorophyll in photosynthetic organisms is an
important monitoring parameter (Bews et al., 2021), especially chloro-
phyll a as this is the primary pigment of photosynthesis in most photo-
synthetic organisms and the presence or absence of other types of
chlorophyll is of taxonomic importance (Patel, 2011). In addition, the
content of secondary chlorophyll, such as chlorophyll b versus chloro-
phyll a reflects fluctuations in light intensity and stress due to envi-
ronmental conditions (Singh et al., 2020).

In the present work, the production of chlorophyll a and b remained
statistically the same, regardless of the conditions the macroalgae were
exposed to, suggesting that neither the presence of Hg nor SIL affected
the photosynthetic capacity of the organism. The observed chlorophyll a
and b values observed are consistent with algal values stated in litera-
ture, where chlorophyll a is predominant. Control showed a ratio of Chl
a/Chl b = 1.7, which is a value found in healthy green algae (Cruces
etal., 2019; Malta et al., 2002). Also, the mean value of Chl a/Chl b, 1.62
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+ 0.078 pg/mg, was within the range reported for healthy green algae
(molar ratios of 1.5 — 2.2). Similar results were observed in
U. armoricana exposed to different Cu concentrations (25, 50, 100 and
250 pg/L), where there were no significant changes in the photosyn-
thetic activity until exposure to the highest concentrations (100 and 250
pg/L) (Han et al., 2008). Other studies reported stress effects of PTEs on
green algae, namely Chl a/Chl b (Omar, 2002; Rocchetta et al., 2012;
Simon et al., 2001) and also on the protective function of carotenoids
(Geng et al., 2020) against photooxidation of light-harvesting pigments
such as chlorophyll a (protection against chlorophyll-induced photo-
sensitization (Pinto et al., 2003)), reducing SOD activity and the cost of
immunity (Tan et al., 2020).

4.2.3. Biomarker analysis

Exposure to stressful conditions can activate an enzymatic action of
the macroalgae (Rezayian et al., 2019), hence the biochemical analysis
performed in the present study aimed to understand the biochemical
state of the macroalgae U. lactuca after exposure to Hg, to the sorbent
[Si][C3C1im][SCN], and to the remediated water. The results showed
that in the presence of Hg or Hg + SIL (B and C conditions) the mac-
roalga presented levels of oxidative stress higher than those observed in
D and E conditions. The higher LPO levels in condition C were promptly
remediated by the increased activity of CAT to eliminate excess reactive
oxygen species (ROS), because of exposure to stress conditions. A study
by Elbaz et al. (2010) with Chlamydomonas reinhardtii also indicated that
the increased antioxidant activity was effective in preventing cellular
damage in Hg-exposed organisms. Oxidative stress appears to be due to
the presence of Hg and not of SILs. Although no cellular damage was
identified in the macroalgae exposed to Hg on the remediated water (Hg
+ SIL), U. lactuca was found to be under oxidative stress in conditions B
and C, evidenced by the increased activity of antioxidant enzymes.

Regarding condition D (remediated water, where SIL remained in
solution), and E (saline water + SIL) the activities of CAT and SOD en-
zymes were similar to that measured in the control. Condition E showed
significantly lower LPO levels than control condition (condition A) and
indicated that the oxidative stress was resolved by increased GPx and
GRed activity, thereby eliminating ROS and preventing oxidative stress
and cell damage. Given these results, it could be assumed that the
presence of [Si][C3C1im][SCN] in an aquatic environment does not
exhibit toxicity levels capable to inhibit metabolism or cause cellular
damage in U. lactuca, which was not observed to other IL, such as the 1-
decylpyridinium bromide ([DPy]Br) (Liu et al., 2018). Decreased chlo-
rophyll content, cell membrane permeability and increased SOD and
CAT activities were measured in Scenedesmus obliquus by Liu et al.
(2018), suggesting that [DPy]Br could damage photosystem II (PSII).
Other IL also induced oxidative damage on S. obliquus, and in high
concentration treatments, ROS could not be effectively removed by the
antioxidant system, leading to oxidative damage and ultimately result-
ing in growth inhibition and cell death (Fan et al., 2019b).

Regarding condition D, the reduction in LPO levels and the increase
on GPx activity may indicate that U. lactuca has not undergone oxidative
stress from the SIL still present in solution. To effectively eliminate ROS,
oxidation of reduced glutathione (GSH) to oxidized glutathione (GSSG)
by the enzyme GPx is needed. Hence, according to the results obtained
for conditions of exposure to Hg or Hg + SIL (B and C), the content in
GSH and GSSG did not indicated significant differences compared to
condition A (control), corroborated with LPO absence, showing that the
macroalgae was able to eliminate the excess of ROS. Nevertheless, there
was an increase in GSSG levels, which may be due to the increase in ROS
in the presence of SIL but proved insufficient to produce cellular damage
or increase antioxidant activity of U. lactuca. In condition C, the absence
of significant differences in the content of GSH and GSSG corroborates
the absence of oxidative stress in this condition. Therefore, oxidative
stress appears to be due to the presence of Hg and not SIL or SIL-
remediated water. Sharaf et al. (2019) observed that Chromera velia,
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exposed to Hg increased the production of ROS which triggered an
antioxidant response, namely the activity of the enzymes SOD, CAT and
ascorbate peroxidase (APX). Likewise, the activity of the antioxidant and
photosynthetic systems of U. pertusa was not inhibited by
multiple-contamination of PTEs in seawater, suggesting that adaptation
is a biological mechanism for Ulva sp. (Ge et al., 2017). Therefore,
antioxidant responses at the particular subcellular sites where oxidative
stress is triggered could contribute to the overall tolerance of algae
during conditions of contaminant stress (Pinto et al., 2003; Torres et al.,
2008).

If, photoinhibition occurred, the simultaneous presence of O, and an
excess of excitation energy would produce ROS through the transferred
energy from chlorophyll triplet states to O, resulting in photo-oxidative
damage and ultimately leading to photoinhibition of photosystem II
(PSII) and photosystem I (PSI) as well as of other several cellular func-
tions (Zhang et al., 2020). Such cascade of events would lead to alter-
ation in Chl a, Chl b and Chl a/Chl b values as well as in antioxidant
enzymes’ activity and even visible signs of stress on the macroalgae
tissue as decolouration. Thus, it could be assumed that the treatment
with SIL and its presence in aqueous environment does not pose toxicity
levels capable of inhibiting the metabolism or causing cellular damage
to U. lactuca.

5. Conclusion

In this study, the method proposed for the decontamination of Hg
from saline waters, based on silica-supported ionic liquids (SIL), in
particular [Si][C3C1im][SCN] proved to be very promising, with re-
movals up to 98 % in 6 h, with just 250 mg/L SIL.

The ecotoxicological evaluation of the proposed methodology using
the macroalgae U. lactuca showed that organism growth rates and
photosynthetic rates were not affected by exposure to SIL, compared to
the control condition. Even the SIL-remediated water (with or without
the presence of SIL) did not hinder the natural development of
U. lactuca. The biomarkers analysis did not show significant alterations
in the biochemical performance of U. lactuca with observed minor ef-
fects of oxidative stress being associated to the presence of Hg. The
presence of SIL had no toxicity levels that could inhibit metabolism or
cause cellular damage in U. lactuca.

Overall, the results support the use of [Si][C3C1lim][SCN]) as an
alternative methodology to remove the top-priority contaminant Hg
from water, which is a global concern. However, for the actual imple-
mentation of the technology, it is important to conduct toxicological
assays with other model species to attest its safety, since macroalgae,
despite being widely used for this purpose, are known to be resilient
organisms. Furthermore, it will be important to validate the sustain-
ability of the technology on a larger scale, in environmental and eco-
nomic terms.(Table 3)

Funding

This work received financial support from the European Union
(FEDER funds through the Operational Competitiveness Program
(COMPETE2020) and PT national funds (FCT/MCTES, Fundagao para a
Ciéncia e Tecnologia and Ministério da Ciéncia, Tecnologia e Ensino
Superior) through the projects REQUIMTE (UIDB/50006/2020 and
UIDP/50006/2020), CESAM (LA/P/0094/2020) and CICECO-Aveiro
Institute of Materials (UIDB/50011,/2020, UIDP/50011/2020 & LA/P/
0006/2020).

CRediT authorship contribution statement

Thainara Viana: Formal analysis, Writing — original draft, Writing —
review & editing. Raquel Almeida: Methodology, Investigation, Formal
analysis, Writing — original draft. Paula Figueira: Methodology,
Investigation, Formal analysis, Writing — original draft. Luciana Rocha:



T. Viana et al.

Methodology, Investigation, Formal analysis. Marcia C. Neves: Meth-
odology, Investigation, Formal analysis. Rosa Freitas: Methodology,
Formal analysis, Validation, Supervision. Mara Freire: Methodology,
Validation, Resources, Supervision. Bruno Henriques: Methodology,
Validation, Formal analysis, Resources, Writing — original draft, Writing
- review & editing, Supervision, Funding acquisition, Project adminis-
tration. Eduarda Pereira: Methodology, Validation, Resources, Super-
vision, Funding acquisition, Project administration.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

Bruno Henriques and Marcia C. Neves thanks FCT (Fundacao para a
Ciéncia e Tecnologia) for funding through the Scientific Employment
(Ref. CEECIND/03511/2018 and CEECIND/00383/2017 respectively),
while Thainara Viana and Paula Figueira acknowledge FCT/MCTES
(Fundagao para a Ciéncia e Tecnologia and Ministério da Ciéncia, Tec-
nologia e Ensino Superior) and ESF (European Social Fund) through
CENTRO 2020 (Programa Operacional Regiao Centro) for their PhD
grant ref. 2022.13015.BD and SFRH/BD/139077/2018, respectively.

References

Alidokht, L., Anastopoulos, 1., Ntarlagiannis, D., Soupios, P., Tawabini, B., Kalderis, D.,
Khataee, A., 2021. Recent advances in the application of nanomaterials for the
remediation of arsenic-contaminated water and soil. J. Environ. Chem. Eng. 9,
105533 https://doi.org/10.1016/j.jece.2021.105533.

Almeida, H.F.D., Neves, M.C., Trindade, T., Marrucho, I.M., Freire, M.G., 2020.
Supported ionic liquids as efficient materials to remove non-steroidal anti-
inflammatory drugs from aqueous media. Chem. Eng. J. 381, 122616 https://doi.
org/10.1016/j.cej.2019.122616.

Anderson, M.J., Gorley, R.N., Clarke, K.R., 2008. PERMANOVA For PRIMER: Guide to
Software Ad Statistical Methods. Guid. to Softw. Stat. methods. Prim. Ltd., Plymouth,
UK.

Areco, M.M., Salomone, V.N., Afonso, M.dos S., 2021. Ulva lactuca: a bioindicator for
anthropogenic contamination and its environmental remediation capacity. Mar.
Environ. Res. 171 https://doi.org/10.1016/J.MARENVRES.2021.105468.

ATSDR, 2022. Priority List of Hazardous Substances | ATSDR [WWW Document]. Prior.
List Hazard. Subst. URL. https://www.atsdr.cdc.gov/spl/index.html

Beauchamp, C., Fridovich, I., 1971. Superoxide dismutase: improved assays and an assay
applicable to acrylamide gels. Anal. Biochem. 44, 276-287. https://doi.org/
10.1016/0003-2697(71)90370-8.

Bews, E., Booher, L., Polizzi, T., Long, C., Kim, J.H., Edwards, M.S., 2021. Effects of
salinity and nutrients on metabolism and growth of Ulva lactuca: implications for
bioremediation of coastal watersheds. Mar. Pollut. Bull. 166, 112199 https://doi.
org/10.1016/j.marpolbul.2021.112199.

Carlberg, I., Mannervik, B.B.T.-M., 1985. [59]Glutathione reductase. Glutamate,
Glutamine, Glutathione, and Related Compounds. Academic Press, pp. 484-490.
https://doi.org/10.1016,/50076-6879(85)13062-4.

Carregosa, V., Velez, C., Pires, A., Soares, A.M.V.M., Figueira, E., Freitas, R., 2014.
Physiological and biochemical responses of the Polychaete Diopatra neapolitana to
organic matter enrichment. Aquat. Toxicol. 155, 32-42. https://doi.org/10.1016/j.
aquatox.2014.05.029.

Chen, Y., Mu, T., 2021. Revisiting greenness of ionic liquids and deep eutectic solvents.
Green Chem. Eng. https://doi.org/10.1016/j.gce.2021.01.004.

Cho, C.-W., Pham, T.P.T., Zhao, Y., Stolte, S., Yun, Y.-S., 2021. Review of the toxic effects
of ionic liquids. Sci. Total Environ. 786, 147309 https://doi.org/10.1016/j.
scitotenv.2021.147309.

Clarkson, T.W., Magos, L., 2006. The toxicology of mercury and its chemical compounds.
Crit. Rev. Toxicol. 36, 609-662. https://doi.org/10.1080/10408440600845619.
Costa, M., Henriques, B., Pinto, J., Fabre, E., Viana, T., Ferreira, N., Amaral, J., Vale, C.,

Pinheiro-Torres, J., Pereira, E., 2020. Influence of salinity and rare earth elements on
simultaneous removal of Cd, Cr, Cu, Hg, Ni and Pb from contaminated waters by
living macroalgae. Environ. Pollut. 266, 115374 https://doi.org/10.1016/j.
envpol.2020.115374.

Costa, S., Crespo, D., Henriques, B.M.G., Pereira, E., Duarte, A.C., Pardal, M.A., 2011.
Kinetics of mercury accumulation and its effects on Ulva lactuca growth rate at two
salinities and exposure conditions. Water, Air, Soil Pollut 217, 689-699. https://doi.
org/10.1007/s11270-010-0620-9.

Council Directive 84/156/EEC, 1984. Council directive 84/156/EEC. Off. J. Eur.
Communities 49-54.

Aquatic Toxicology 261 (2023) 106611

Cruces, E., Rautenberger, R., Cubillos, V.M., Ramirez-Kushel, E., Rojas-Lillo, Y., Lara, C.,
Montory, J.A., Gémez, 1., 2019. Interaction of photoprotective and acclimation
mechanisms in Ulva rigida (Chlorophyta) in response to diurnal changes in solar
radiation in southern chile. J. Phycol. 55, 1011-1027. https://doi.org/10.1111/
jpy.12894.

Decision No 2455/2001/EC, 2001. Decision No 2455/2001/EC of the European
Parliament and of the Council of 20 November 2001 establishing the list of priority
substances in the field of water policy and amending Directive 2000/60/EC.

Deycard, V.N., Schafer, J., Blanc, G., Coynel, A., Petit, J.C.J., Lanceleur, L., Dutruch, L.,
Bossy, C., Ventura, A., 2014. Contributions and potential impacts of seven priority
substances (As, Cd, Cu, Cr, Ni, Pb, and Zn) to a major European Estuary (Gironde
Estuary, France) from urban wastewater. Mar. Chem. 167, 123-134. https://doi.org/
10.1016/j.marchem.2014.05.005.

Dias, M., Pinto, J., Henriques, B., Figueira, P., Fabre, E., Tavares, D., Vale, C., Pereira, E.,
2021. Nutshells as efficient biosorbents to remove cadmium, lead, and mercury from
contaminated solutions. Int. J. Environ. Res. Public Health 18, 1-17. https://doi.
0rg/10.3390/ijerph18041580.

Directive 2000/60/EC, 2000. Directive 2000/60/EC of the European Parliament and of
the Council establishing a framework for the Community action in the field of water
policy [WWW Document]. URL https://eur-lex.europa.eu/eli/dir/2000/60/0j.

Directive 2008/105/EC, 2008. Directive 2008/105/EC of the European Parliament and
the Council of 16 December 2008 on environmental quality standards in the field of
water policy, amending and subsequently repealing Council Directives 82/176/EEC,
83/513/EEC, 84/156/EEC, 84/491/EEC, 86.

Elbaz, A., Wei, Y.Y., Meng, Q., Zheng, Q., Yang, Z.M., 2010. Mercury-induced oxidative
stress and impact on antioxidant enzymes in Chlamydomonas reinhardtii.
Ecotoxicology 19, 1285-1293. https://doi.org/10.1007/510646-010-0514-z.

European Commission, 2018. Directive 2003/71/EC 2016, pp. 48-119.

European Reference Materials, 2014. Certificate of analysis ERM-CD200. Inst. Ref. Mater.
Meas.

Fabre, E., Dias, M., Costa, M., Henriques, B., Vale, C., Lopes, C.B., Pinheiro-Torres, J.,
Silva, C.M., Pereira, E., 2020. Negligible effect of potentially toxic elements and rare
earth elements on mercury removal from contaminated waters by green, brown and
red living marine macroalgae. Sci. Total Environ. 724, 138133 https://doi.org/
10.1016/j.scitotenv.2020.138133.

Fan, H., Jin, M., Wang, H., Xu, Q., Xu, L., Wang, C., Du, S., Liu, H., 2019a. Effect of
differently methyl-substituted ionic liquids on Scenedesmus obliquus growth,
photosynthesis, respiration, and ultrastructure. Environ. Pollut. 250, 155-165.
https://doi.org/10.1016/j.envpol.2019.04.021.

Fan, H., Liu, H., Dong, Y., Chen, C., Wang, Z., Guo, J., Du, S., 2019b. Growth inhibition
and oxidative stress caused by four ionic liquids in Scenedesmus obliquus: role of
cations and anions. Sci. Total Environ. 651, 570-579. https://doi.org/10.1016/j.
scitotenv.2018.09.106.

Ge, C., Yu, X., Kan, M., Qu, C., 2017. Adaption of Ulva pertusa to multiple-contamination
of heavy metals and nutrients: biological mechanism of outbreak of Ulva sp. green
tide. Mar. Pollut. Bull. 125, 250-253. https://doi.org/10.1016/j.
marpolbul.2017.08.025.

Geng, Y., Bardakei, H., Yiicel, C., Karatoprak, G.S., Kiipeli Akkol, E., Hakan Barak, T.,
Sobarzo-Sanchez, E., 2020. Oxidative stress and marine carotenoids: application by
using nanoformulations. Mar. Drugs 18, 423. https://doi.org/10.3390/
md18080423.

Gongalves, A.R.P., Paredes, X., Cristino, A.F., Santos, F.J.V, Queirds, C.S.G.P., 2021. Ionic
liquids—a review of their toxicity to living organisms. Int. J. Mol. Sci. 22 https://doi.
org/10.3390/ijms22115612.

Goutham, R., Rohit, P., Vigneshwar, S.S., Swetha, A., Arun, J., Gopinath, K.P.,
Pugazhendhi, A., 2022. Ionic liquids in wastewater treatment: a review on pollutant
removal and degradation, recovery of ionic liquids, economics and future
perspectives. J. Mol. Liq. https://doi.org/10.1016/j.molliq.2021.118150.

Han, T., Kang, S.-H., Park, J.-S., Lee, H.-K., Brown, M.T., 2008. Physiological responses of
Ulva pertusa and U. armoricana to copper exposure. Aquat. Toxicol. 86, 176-184.
https://doi.org/10.1016/j.aquatox.2007.10.016.

Haripriyan, U., Gopinath, K.P., Arun, J., 2022. Chitosan based nano adsorbents and its
types for heavy metal removal: a mini review. Mater. Lett. 312, 131670 https://doi.
org/10.1016/j.matlet.2022.131670.

Henriques, B., Morais, T., Cardoso, C.E.D., Freitas, R., Viana, T., Ferreira, N., Fabre, E.,
Pinheiro-Torres, J., Pereira, E., 2021. Can the recycling of europium from
contaminated waters be achieved through living macroalgae? Study on
accumulation and toxicological impacts under realistic concentrations. Sci. Total
Environ. 786, 147176 https://doi.org/10.1016/j.scitotenv.2021.147176.

Henriques, B., Rocha, L.S., Lopes, C.B., Figueira, P., Monteiro, R.J.R., Duarte, A.C.,
Pardal, M.A., Pereira, E., 2015. Study on bioaccumulation and biosorption of
mercury by living marine macroalgae: prospecting for a new remediation
biotechnology applied to saline waters. Chem. Eng. J. 281, 759-770. https://doi.
0rg/10.1016/j.cej.2015.07.013.

Henriques, B., Teixeira, A., Figueira, P., Reis, A.T., Almeida, J., Vale, C., Pereira, E.,
2019. Simultaneous removal of trace elements from contaminated waters by living
Ulva lactuca. Sci. Total Environ. 652, 880-888. https://doi.org/10.1016/j.
scitotenv.2018.10.282.

Imdad, S., Dohare, R.K., 2022. A critical review on heavy metals removal using ionic
liquid membranes from the industrial wastewater. Chem. Eng. Process. - Process
Intensif. https://doi.org/10.1016/j.cep.2022.108812.

Jabbari, A., Esmaeili, M., Shamsipur, M., 2001. Selective transport of mercury as
HgCl42— through a bulk liquid membrane using K-+-dicyclohexyl-18-crown-6 as
carrier. Sep. Purif. Technol. 24, 139-145. https://doi.org/10.1016/51383-5866(00)
00222-7.


https://doi.org/10.1016/j.jece.2021.105533
https://doi.org/10.1016/j.cej.2019.122616
https://doi.org/10.1016/j.cej.2019.122616
http://refhub.elsevier.com/S0166-445X(23)00214-X/sbref0003
http://refhub.elsevier.com/S0166-445X(23)00214-X/sbref0003
http://refhub.elsevier.com/S0166-445X(23)00214-X/sbref0003
https://doi.org/10.1016/J.MARENVRES.2021.105468
https://www.atsdr.cdc.gov/spl/index.html
https://doi.org/10.1016/0003-2697(71)90370-8
https://doi.org/10.1016/0003-2697(71)90370-8
https://doi.org/10.1016/j.marpolbul.2021.112199
https://doi.org/10.1016/j.marpolbul.2021.112199
https://doi.org/10.1016/S0076-6879(85)13062-4
https://doi.org/10.1016/j.aquatox.2014.05.029
https://doi.org/10.1016/j.aquatox.2014.05.029
https://doi.org/10.1016/j.gce.2021.01.004
https://doi.org/10.1016/j.scitotenv.2021.147309
https://doi.org/10.1016/j.scitotenv.2021.147309
https://doi.org/10.1080/10408440600845619
https://doi.org/10.1016/j.envpol.2020.115374
https://doi.org/10.1016/j.envpol.2020.115374
https://doi.org/10.1007/s11270-010-0620-9
https://doi.org/10.1007/s11270-010-0620-9
http://refhub.elsevier.com/S0166-445X(23)00214-X/sbref0015
http://refhub.elsevier.com/S0166-445X(23)00214-X/sbref0015
https://doi.org/10.1111/jpy.12894
https://doi.org/10.1111/jpy.12894
https://doi.org/10.1016/j.marchem.2014.05.005
https://doi.org/10.1016/j.marchem.2014.05.005
https://doi.org/10.3390/ijerph18041580
https://doi.org/10.3390/ijerph18041580
https://eur-lex.europa.eu/eli/dir/2000/60/oj
https://doi.org/10.1007/s10646-010-0514-z
http://refhub.elsevier.com/S0166-445X(23)00214-X/sbref0023
http://refhub.elsevier.com/S0166-445X(23)00214-X/sbref0024
http://refhub.elsevier.com/S0166-445X(23)00214-X/sbref0024
https://doi.org/10.1016/j.scitotenv.2020.138133
https://doi.org/10.1016/j.scitotenv.2020.138133
https://doi.org/10.1016/j.envpol.2019.04.021
https://doi.org/10.1016/j.scitotenv.2018.09.106
https://doi.org/10.1016/j.scitotenv.2018.09.106
https://doi.org/10.1016/j.marpolbul.2017.08.025
https://doi.org/10.1016/j.marpolbul.2017.08.025
https://doi.org/10.3390/md18080423
https://doi.org/10.3390/md18080423
https://doi.org/10.3390/ijms22115612
https://doi.org/10.3390/ijms22115612
https://doi.org/10.1016/j.molliq.2021.118150
https://doi.org/10.1016/j.aquatox.2007.10.016
https://doi.org/10.1016/j.matlet.2022.131670
https://doi.org/10.1016/j.matlet.2022.131670
https://doi.org/10.1016/j.scitotenv.2021.147176
https://doi.org/10.1016/j.cej.2015.07.013
https://doi.org/10.1016/j.cej.2015.07.013
https://doi.org/10.1016/j.scitotenv.2018.10.282
https://doi.org/10.1016/j.scitotenv.2018.10.282
https://doi.org/10.1016/j.cep.2022.108812
https://doi.org/10.1016/S1383-5866(00)00222-7
https://doi.org/10.1016/S1383-5866(00)00222-7

T. Viana et al.

Ji, C., Ren, Y., Yu, H., Hua, M., Lv, L., Zhang, W., 2022. Highly efficient and selective Hg
(II) removal from water by thiol-functionalized MOF-808: kinetic and mechanism
study. Chem. Eng. J. 430, 132960 https://doi.org/10.1016/j.cej.2021.132960.

Johansson, L.H., Hakan Borg, L.A., 1988. A spectrophotometric method for
determination of catalase activity in small tissue samples. Anal. Biochem. 174,
331-336. https://doi.org/10.1016,/0003-2697(88)90554-4.

Karimi, B., Tavakolian, M., Akbari, M., Mansouri, F., 2018. Ionic liquids in asymmetric
synthesis: an overall view from reaction media to supported ionic liquid catalysis.
ChemCatChem 10, 3173-3205. https://doi.org/10.1002/cctc.201701919.

Kohler, F.T.U., Popp, S., Klefer, H., Eckle, 1., Schrage, C., Bohringer, B., Roth, D.,
Haumann, M., Wasserscheid, P., 2014. Supported ionic liquid phase (SILP) materials
for removal of hazardous gas compounds - efficient and irreversible NH3 adsorption.
Green Chem 16, 3560. https://doi.org/10.1039/c3gc42275e.

Kumar, M., Trivedi, N., Reddy, C.R.K., Jha, B., 2011. Toxic effects of imidazolium ionic
liquids on the green seaweed Ulva lactuca: oxidative stress and DNA damage. Chem.
Res. Toxicol. 24, 1882-1890. https://doi.org/10.1021/tx200228c.

La Colla, N.S., Botté, S.E., Marcovecchio, J.E., 2019. Mercury cycling and
bioaccumulation in a changing coastal system: from water to aquatic organisms.
Mar. Pollut. Bull. 140, 40-50. https://doi.org/10.1016/J.
MARPOLBUL.2018.12.051.

Liang, R., Zou, H., 2020. Removal of aqueous Hg(ii) by thiol-functionalized nonporous
silica microspheres prepared by one-step sol-gel method. RSC Adv 10, 18534-18542.
https://doi.org/10.1039/d0ra02759f.

Liu, D., Liu, H., Wang, S., Chen, J., Xia, Y., 2018. The toxicity of ionic liquid 1-decyl-
pyridinium bromide to the algae Scenedesmus obliquus: growth inhibition,
phototoxicity, and oxidative stress. Sci. Total Environ. 622-623, 1572-1580.
https://doi.org/10.1016/j.scitotenv.2017.10.021.

Malta, E.J., Verschuure, J.M., Nienhuis, P.H., 2002. Regulation of spatial and seasonal
variation of macroalgal biomass in a brackish, eutrophic lake. Helgol. Mar. Res. 56,
211-220. https://doi.org/10.1007/5s10152-002-0115-1.

Nguyen, T.T., Huynh, T.T.T., Nguyen, N.H., Nguyen, T.H., Tran, P.H., 2022. Recent
advances in the application of ionic liquid-modified silica gel in solid-phase
extraction. J. Mol. Liq. 368, 120623 https://doi.org/10.1016/j.molliq.2022.120623.

Nieboer, E., Richardson, D.H.S., 1980. The replacement of the nondescript term ‘heavy
metals’ by a biologically and chemically significant classification of metal ions.
Environ. Pollut. Ser. B, Chem. Phys. 1, 3-26. https://doi.org/10.1016/0143-148X
(80)90017-8.

Omar, H., 2002. Bioremoval of zinc ions by Scenedesmus obliquus and Scenedesmus
quadricauda and its effect on growth and metabolism. Int. Biodeterior. Biodegradat.
50, 95-100. https://doi.org/10.1016/50964-8305(02)00048-3.

Paglia, D.E., Valentine, W.N., 1967. Studies on the quantitative and qualitative
characterization of erythrocyte glutathione peroxidase. J. Lab. Clin. Med. 70,
158-169.

Parajo, J.J., Macdrio, L.P.E., De Gaetano, Y., Dupont, L., Salgado, J., Pereira, J.L.,
Gongalves, F.J.M., Mohamadou, A., Ventura, S.P.M., 2019. Glycine-betaine-derived
ionic liquids: synthesis, characterization and ecotoxicological evaluation. Ecotoxicol.
Environ. Saf. 184, 109580 https://doi.org/10.1016/j.ecoenv.2019.109580.

Patel, B.H., 2011. Natural dyes, in: handbook of textile and industrial dyeing. Elsevier
395-424. https://doi.org/10.1533/9780857093974.2.395.

Pereira, P., de Pablo, H., Rosa-Santos, F., Pacheco, M., Vale, C., 2009. Metal
accumulation and oxidative stress in Ulva sp. substantiated by response integration
into a general stress index. Aquat. Toxicol. 91, 336-345. https://doi.org/10.1016/j.
aquatox.2008.12.003.

Pinto, E., Sigaud-kutner, T.C.S., Leitao, M.A.S., Okamoto, O.K., Morse, D., Colepicolo, P.,
2003. Heavy metal - induced oxidative stress in algae. J. Phycol. 39, 1008-1018.
https://doi.org/10.1111/j.0022-3646.2003.02-193.x.

Qasem, N.A.A., Mohammed, R.H., Lawal, D.U., 2021. Removal of heavy metal ions from
wastewater: a comprehensive and critical review. npj Clean Water. https://doi.org/
10.1038/541545-021-00127-0.

Rahman, 1., Kode, A., Biswas, S.K., 2007. Assay for quantitative determination of
glutathione and glutathione disulfide levels using enzymatic recycling method. Nat.
Protoc. 1, 3159.

Raj, T., Chandrasekhar, K., Park, J., Varjani, S., Sharma, P., Kumar, D., Yoon, J.J.,
Pandey, A., Kim, S.H., 2022. Synthesis of fatty acid-based ammonium ionic liquids
and their application for extraction of Co(II) and Ni(II) metals ions from aqueous
solution. Chemosphere 307, 135787. https://doi.org/10.1016/j.
chemosphere.2022.135787.

Rakib, M.R.J., Jolly, Y.N., Dioses-Salinas, D.C., Pizarro-Ortega, C.I., De-la-Torre, G.E.,
Khandaker, M.U., Alsubaie, A., Almalki, A.S.A., Bradley, D.A., 2021. Macroalgae in
biomonitoring of metal pollution in the Bay of Bengal coastal waters of Cox’s Bazar
and surrounding areas. Sci. Rep. 11, 1-13. https://doi.org/10.1038/541598-021-
99750-7.

Aquatic Toxicology 261 (2023) 106611

Razzak, S.A., Faruque, M.O., Alsheikh, Z., Alsheikhmohamad, L., Alkuroud, D.,
Alfayez, A., Hossain, S.M.Z., Hossain, M.M., 2022. A comprehensive review on
conventional and biological-driven heavy metals removal from industrial
wastewater. Environ. Adv. 7, 100168 https://doi.org/10.1016/j.
envadv.2022.100168.

Rezayian, M., Niknam, V., Ebrahimzadeh, H., 2019. Oxidative damage and antioxidative
system in algae. Toxicol. Reports 6, 1309-1313. https://doi.org/10.1016/j.
toxrep.2019.10.001.

Ritchie, R.J., 2006. Consistent sets of spectrophotometric chlorophyll equations for
acetone, methanol and ethanol solvents. Photosynth. Res. 89, 27-41. https://doi.
org/10.1007/5s11120-006-9065-9.

Rocchetta, 1., Mazzuca, M., Conforti, V., Balzaretti, V., Molina, M.del C.R.de, 2012.
Chromium induced stress conditions in heterotrophic and auxotrophic strains of
Euglena gracilis. Ecotoxicol. Environ. Saf. 84, 147-154. https://doi.org/10.1016/j.
ecoenv.2012.07.020.

Sanches, M.V., Freitas, R., Oliva, M., Cuccaro, A., Monni, G., Mezzetta, A., Guazzelli, L.,
Pretti, C., 2023. Toxicity of ionic liquids in marine and freshwater microorganisms
and invertebrates: state of the art. Environ. Sci. Pollut. Res. https://doi.org/
10.1007/511356-023-25562-z.

Santos Klienchen Dalari, B.L., Lisboa Giroletti, C., Malaret, F.J., Skoronski, E., Hallett, J.
P., Matias, W.G., Puerari, R.C., Nagel-Hassemer, M.E., 2022. Application of a
phosphonium-based ionic liquid for reactive textile dye removal: extraction study
and toxicological evaluation. J. Environ. Manage. 304, 114322 https://doi.org/
10.1016/j.jenvman.2021.114322.

Schindelin, J., Arganda-Carreras, ., Frise, E., Kaynig, V., Longair, M., Pietzsch, T.,
Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B., Tinevez, J.Y., White, D.J.,
Hartenstein, V., Eliceiri, K., Tomancak, P., Cardona, A., 2012. Fiji: an open-source
platform for biological-image analysis. Nat. Methods 9, 676-682. https://doi.org/
10.1038/nmeth.2019.

Schweitzer, L., Noblet, J., 2018. Water Contamination and Pollution, in: Green
Chemistry. Elsevier, pp. 261-290. https://doi.org/10.1016/B978-0-12-809270-
5.00011-X.

Sharaf, De Michele, Sharma, Fakhari, Obornik, 2019. Transcriptomic analysis reveals the
roles of detoxification systems in response to mercury in Chromera velia.
Biomolecules 9, 647. https://doi.org/10.3390/biom9110647.

Simon, L., Fodor, M., Pais, I., 2001. Effects of zirconium on the growth and
photosynthetic pigment composition of chlorella pyrenoidosa green algae. J. Plant
Nutr. 24, 159-174. https://doi.org/10.1081/PLN-100000318.

Singh, A.K., Rana, H.K., Pandey, A.K., 2020. Analysis of chlorophylls. Recent Advances in
Natural Products Analysis. Elsevier, pp. 635-650. https://doi.org/10.1016/B978-0-
12-816455-6.00019-6.

Smii, H., Leite, C., Pinto, J., Henriques, B., Beyrem, H., Soares, A.M.V.M., Dellali, M.,
Pereira, E., Freitas, R., 2023. The environmental remediation capacity of Ulva
lactuca: the potential of macroalgae to reduce the threats caused by Titanium in
marine invertebrate species. Sci. Total Environ. 858, 159586 https://doi.org/
10.1016/j.scitotenv.2022.159586.

Tan, K., Zhang, H., Lim, L.-S., Ma, H,, Li, S., Zheng, H., 2020. Roles of Carotenoids in
Invertebrate Immunology. Front. Immunol. 10, 1-10. https://doi.org/10.3389/
fimmu.2019.03041.

Torres, M.A., Barros, M.P., Campos, S.C.G., Pinto, E., Rajamani, S., Sayre, R.T.,
Colepicolo, P., 2008. Biochemical biomarkers in algae and marine pollution: a
review. Ecotoxicol. Environ. Saf. 71, 1-15. https://doi.org/10.1016/j.
ecoenv.2008.05.009.

United Nations, 2021. Progress On Ambient Water Quality.

Wang, C., He, C., Luo, Y.-H., Su, S., Wang, J.-Y., Hong, D.-L., He, X.-T., Chen, C., Sun, B.-
W., 2020. Efficient mercury chloride capture by ultrathin 2D metal-organic
framework nanosheets. Chem. Eng. J. 379, 122337 https://doi.org/10.1016/j.
cej.2019.122337.

Wolny, A., Chrobok, A., 2022. Silica-based supported ionic liquid-like phases as
heterogeneous catalysts. Molecules. https://doi.org/10.3390/molecules27185900.

Xia, S., Huang, Y., Tang, J., Wang, L., 2019. Preparation of various thiol-functionalized
carbon-based materials for enhanced removal of mercury from aqueous solution.
Environ. Sci. Pollut. Res. 26, 8709-8720. https://doi.org/10.1007/s11356-019-
04320-0.

Yang, J.J., Yu, D.C., Ma, Y.F., Yin, Y., Shen, S.D., 2019. Antioxidative defense response of
Ulva prolifera under high or low-temperature stimulus. Algal Res 44, 101703.
https://doi.org/10.1016/j.algal.2019.101703.

Zhang, D., Beer, S., Li, H., Gao, K., 2020. Photosystems I and II in Ulva lactuca are well
protected from high incident sunlight. Algal Res 52, 102094. https://doi.org/
10.1016/j.algal.2020.102094.


https://doi.org/10.1016/j.cej.2021.132960
https://doi.org/10.1016/0003-2697(88)90554-4
https://doi.org/10.1002/cctc.201701919
https://doi.org/10.1039/c3gc42275e
https://doi.org/10.1021/tx200228c
https://doi.org/10.1016/J.MARPOLBUL.2018.12.051
https://doi.org/10.1016/J.MARPOLBUL.2018.12.051
https://doi.org/10.1039/d0ra02759f
https://doi.org/10.1016/j.scitotenv.2017.10.021
https://doi.org/10.1007/s10152-002-0115-1
https://doi.org/10.1016/j.molliq.2022.120623
https://doi.org/10.1016/0143-148X(80)90017-8
https://doi.org/10.1016/0143-148X(80)90017-8
https://doi.org/10.1016/S0964-8305(02)00048-3
http://refhub.elsevier.com/S0166-445X(23)00214-X/sbref0051
http://refhub.elsevier.com/S0166-445X(23)00214-X/sbref0051
http://refhub.elsevier.com/S0166-445X(23)00214-X/sbref0051
https://doi.org/10.1016/j.ecoenv.2019.109580
https://doi.org/10.1533/9780857093974.2.395
https://doi.org/10.1016/j.aquatox.2008.12.003
https://doi.org/10.1016/j.aquatox.2008.12.003
https://doi.org/10.1111/j.0022-3646.2003.02-193.x
https://doi.org/10.1038/s41545-021-00127-0
https://doi.org/10.1038/s41545-021-00127-0
http://refhub.elsevier.com/S0166-445X(23)00214-X/sbref0057
http://refhub.elsevier.com/S0166-445X(23)00214-X/sbref0057
http://refhub.elsevier.com/S0166-445X(23)00214-X/sbref0057
https://doi.org/10.1016/j.chemosphere.2022.135787
https://doi.org/10.1016/j.chemosphere.2022.135787
https://doi.org/10.1038/s41598-021-99750-7
https://doi.org/10.1038/s41598-021-99750-7
https://doi.org/10.1016/j.envadv.2022.100168
https://doi.org/10.1016/j.envadv.2022.100168
https://doi.org/10.1016/j.toxrep.2019.10.001
https://doi.org/10.1016/j.toxrep.2019.10.001
https://doi.org/10.1007/s11120-006-9065-9
https://doi.org/10.1007/s11120-006-9065-9
https://doi.org/10.1016/j.ecoenv.2012.07.020
https://doi.org/10.1016/j.ecoenv.2012.07.020
https://doi.org/10.1007/s11356-023-25562-z
https://doi.org/10.1007/s11356-023-25562-z
https://doi.org/10.1016/j.jenvman.2021.114322
https://doi.org/10.1016/j.jenvman.2021.114322
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1016/B978-0-12-809270-5.00011-X
https://doi.org/10.1016/B978-0-12-809270-5.00011-X
https://doi.org/10.3390/biom9110647
https://doi.org/10.1081/PLN-100000318
https://doi.org/10.1016/B978-0-12-816455-6.00019-6
https://doi.org/10.1016/B978-0-12-816455-6.00019-6
https://doi.org/10.1016/j.scitotenv.2022.159586
https://doi.org/10.1016/j.scitotenv.2022.159586
https://doi.org/10.3389/fimmu.2019.03041
https://doi.org/10.3389/fimmu.2019.03041
https://doi.org/10.1016/j.ecoenv.2008.05.009
https://doi.org/10.1016/j.ecoenv.2008.05.009
http://refhub.elsevier.com/S0166-445X(23)00214-X/sbref0074
https://doi.org/10.1016/j.cej.2019.122337
https://doi.org/10.1016/j.cej.2019.122337
https://doi.org/10.3390/molecules27185900
https://doi.org/10.1007/s11356-019-04320-0
https://doi.org/10.1007/s11356-019-04320-0
https://doi.org/10.1016/j.algal.2019.101703
https://doi.org/10.1016/j.algal.2020.102094
https://doi.org/10.1016/j.algal.2020.102094

	Removal of mercury by silica-supported ionic liquids: Efficiency and ecotoxicological assessment
	1 Introduction
	2 Material and methods
	2.1 Materials and reagents
	2.2 Collection of seawater and Ulva lactuca
	2.3 Evaluation of silica-supported ionic liquids (SILs) efficiency in batch mode
	2.4 Ulva lactuca ecotoxicological assays
	2.5 Mercury quantification
	2.6 Impacts evaluation in U. lactuca

	3 Results
	3.1 Removal of mercury by silica-supported ionic liquids
	3.2 Mercury concentration in water and in the macroalgae
	3.3 Evaluation of [Si][C3C1im][SCN] toxicity in U. lactuca
	3.3.1 Effect on macroalgae growth
	3.3.2 Effect on macroalgae pigmentation
	3.3.3 Effect on macroalgae oxidative stress


	4 Discussion
	4.1 Mercury removal by SIL
	4.2 Ecotoxicological safety of SIL 6 and remediated water for Ulva lactuca
	4.2.1 Relative growth rate (RGR, %/day)
	4.2.2 Chlorophyll a and b
	4.2.3 Biomarker analysis


	5 Conclusion
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	References


