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Abstract A microporous material denoted ETS-4 was

used as the decontaminant agent to treat water with a low

level of Hg contamination. The effectiveness of the treat-

ment was evaluated by assessment of the efficiency of Hg

removal and ecotoxicological responses. The results

showed that under highly competitive conditions the

removal of Hg ranged between 58 % and 73 % depending

upon the initial Hg concentration, and that Hg removal was

reflected in decreased toxicity to some organisms. The

ecotoxicological data indicated that the bacterium Vibrio

fischeri was the least sensitive organism tested, as no tox-

icity was observed in either pre- or post-treatment waters.

Daphnia magna was highly sensitive to Hg. Mercury

removal by ETS-4 was not sufficient to completely remove

the toxicity of Hg to D. magna. However, it was effective

in the complete reduction of toxicity for the green alga,

Pseudokirchneriella subcapitata.

Keywords Mercury � Water remediation � Chemical

efficiency � Ecotoxicological effects � Titanosilicate

Mercury (Hg) is an element that occurs naturally in the

environment essentially from the weathering of rocks and

volcanoes. However, due to its chemical and physical

properties, it has been widely used in many fields. The

enormous applicability of Hg has resulted in increased

amounts of metal released from anthropogenic sources.

This Hg flows between the several compartments of the

biosphere. Although, Hg is toxic in all forms and in all

compartments, it is in the hydrosphere that this metal gives

rise to a high level of concern, since it is easily converted

into methylmercury, a strong neurotoxin that bioaccumu-

lates and bioamplifies along the food chain (Coelho et al.

2008).

Natural inputs combined with the global anthropogenic

sources make Hg contamination a planetary-scale problem,

and strict environmental policies on metal discharges have

been enforced. Consequently, in the last decade a large

number of studies about mercury removal from water by

several technologies and/or materials have been reported

(Imani et al. 2011; Ghasemi et al. 2012; Figueira et al.

2011; Lo et al. 2012; Lopes et al. 2011; Lv et al. 2012).

However, chemical analysis alone is not suitable to explain

the effects of contaminants to biota. Consequently, it is

crucial to establish a multidisciplinary approach to deter-

mine cause-and-effect relationships between concentration

of chemicals and consequent environmental damage. Thus,

for a proper evaluation of the feasibility of a water treat-

ment, an approach combining both chemical and ecotoxi-

cological assays should be designed, and to the best of our

knowledge, the studies that follow this approach are scarce

(Mishra and Tripathi 2008).

The microporous titanosilicate ETS-4 [Na9Ti5Si12O38

(OH)�4H2O], a synthetic analogue of the mineral zorite, is

one material that has been used successfully as a cation

exchanger to remove metals from water (Otero et al. 2009;

Popa and Pavel 2012; Popa et al. 2006). Moreover in

spiked (50 lg/L Hg2?) ultra-pure water, the ion-exchange

efficiency of this material can be superior to 99 %,

achieving Hg2? concentrations in solution lower than the

guideline value for drinking water quality (1 lg/L,
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Directive 98/83/EC) (Lopes et al. 2009). Nonetheless, until

now only the chemical efficiency of the ion-exchange

process, under the influence of the main operating param-

eters, has been investigated (Lopes et al. 2010), and a

significant gap exists in our knowledge of the ecotoxico-

logical consequences of the process.

Accordingly, the main goal of this study was to evaluate

the ecotoxicological consequences of an ion-exchange

process for Hg removal by assessing the water toxicity to

organisms from different taxonomic groups that exhibit

different key functions at the ecosystem level. To accom-

plish the proposed goal, we carried out the ecotoxicological

assays in the water before and after the clean-up technol-

ogy and the results obtained were related with the chemical

efficiency of the process.

Materials and Methods

To assess both chemical efficiency and ecotoxicological

effects of the water treatment, stirred batch experiments (i.e.

fixed volume in a closed vessel) were carried out at 20 ± 2�C

using American Society for Testing and Materials (ASTM)

hard water medium (ASTM 1992) spiked with an initial

concentration of Hg2? (CHg,0) (100 and 50 lg/L), and

75 mg/L of ETS-4 particles. ETS-4 particles were synthe-

sized as previously described by Lopes et al. (2009).

All Hg2? solutions were prepared by dilution from a stock

solution of Hg(NO3)2 at 1,000 ± mg/L. Before the beginning

of each experiment, an aliquot of the Hg2? solution (10 mL)

was collected to check the initial Hg2? concentration. The

ion-exchange experiments began when the accurately known

amount of ETS-4 was added to the Hg2? solution. After

equilibration time, one-half of the volume of each solution

was filtered through a 0.45-lm Millipore membrane to sep-

arate ETS-4 particles from solution. Afterward, both solu-

tions, with and without ETS-4 particles, were transferred to

Schott Duran bottles (500 mL) and kept at 4�C until Hg2?

quantification and completion of bioassays. Mercury analyses

were performed by cold vapor atomic fluorescence spec-

troscopy, using SnCl2 (10 % m/v) as a reducing agent. The

Hg2? concentration was quantified through a calibration

curve (0.0–0.5 lg/L). In this range, the limit of detection of

the method was 0.02 lg/L and the precision and accuracy

(expressed, respectively, as relative standard deviation and

relative error) were \5 %. A blank experiment (without

Hg2?) and a control experiment (without ETS-4) were run

under the same experimental conditions.

The ecotoxicological effects of the treatment were

evaluated by carrying out bioassays with organisms rep-

resentative of different trophic levels: the bacterium Vibrio

fischeri (decomposer); the green microalga Pseudokirch-

neriella subcapitata (producer) and the cladoceran

Daphnia magna (primary consumer). All bioassays were

conducted using the following samples: ASTM medium

containing ETS-4 (ASTM/ETS4); water before treatment

with CHg,0 of 50 and 100 lg/L (WBT50 and WBT100);

water after treatment, without (WAT50 and WAT100) and

with ETS-4 particles (WAT/ETS450 and WAT/ETS4100).

The ecotoxicity of the different water samples was

assessed for the bacterium V. fischeri using the Microtox�

basic bioluminescence inhibition assay (AZUR 1998). The

bioluminescence measurements were monitored after 5, 15

and 30 min of exposure (AZUR 1998).

The microalga P. subcapitata was selected to perform

the bioassays, since it is a species that is readily available

for culture collections, easily maintained in the laboratory

under reproducible culture conditions, and has been widely

used and recommended for toxicity testing (OECD 2006;

USEPA 1994). Individual cultures of this species were

maintained in nonaxenic batch cultures, in 5 L flasks, with

4 L of sterilized Woods Hole nutritive culture medium

[MBL, (Stein 1973)], with continuous aeration and under

controlled temperature (20 ± 1�C) and continuous light.

The bioassays were carried out in sterile 24-well micro-

plates (with 1 mL of medium/well), following the EC

(1992) standard guidelines. The test species was exposed

for a 72-h period to a range of dilutions of the water

samples (0 %, 19.8 %, 29.6 %, 44.4 %, 66.7 % and

100 %) using the synthetic culture medium of algae—

MBL as dilution water (Stein 1973), at 23 ± 1�C and with

a constant luminous intensity (60–120 lE/m2/s, equivalent

to 6,000–10,000 lx). For this, each well in the microplates

was filled with 900 lL of test water and inoculated with

100 lL of the correspondent algal-inoculum solution

(105 cells/mL), so that the nominal initial cell concentra-

tion in the test was 104 cells/mL (the absorbance of this

solution was measured in a spectrophotometer at 440 nm,

Jenway, UV–VIS 6505, Chelmsford, Essex, England).

Three replicates were set up randomly for each treatment

and a control (MBL medium) per microplate. The periph-

eral wells were filled with 500 lL of distilled water to

minimize evaporation in the test wells. During the exposure

period, each well was shaken manually twice per day. After

72 h of exposure the concentration of algae was computed

at each replicate by measuring absorbance at 440 nm and

using the equation: C = 17,107.5 ? ABS 9 7,925,350

(R2 = 0.99; p \ 10-8) (fitted after making measurements

in a set of ten serial dilutions of P. subcapitata suspensions

in the spectrophotometer at 440 nm and in parallel count-

ing cells at the optical microscope), where C is the algae

concentration (cells per milliliter) and ABS is the absor-

bance obtained at 440 nm. For each concentration, the

average specific growth rate (l) (for exponentially growing

cultures) and the percentage reduction in average growth

rate compared to the control value were calculated, after a
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period of 72 h (OECD 2006), using the following equa-

tions: l = (lnC72h - lnC0h)/T and reduction = (lcontrol -

l) 9 100/lcontrol, where T is the time of exposure expres-

sed in days. The validity of this test was assessed by by

assuring that algal growth in the controls was C16-fold that

for the initial concentration at time 0, and that the coeffi-

cient of variation in the controls was \7 %.

The test organism D. magna was chosen to perform the

laboratory assays because it is a standard test species com-

monly used and recommended for lethal and sublethal toxicity

assays. This species was provided by the Department of

Biology of the University of Aveiro (Aveiro, Portugal). It was

continuously reared in the laboratory, under semi-static con-

ditions and controlled photoperiod (16:8 h light:dark) and

temperature (20 ± 1�C) in ASTM hard water medium. This

ASTM medium was supplemented with vitamins and a stan-

dard organic extract, Marinure 25 (Glenside, Stirling, UK)

(7.5 mL/L of a suspension, absorbance of 620 units at

400 nm), to provide essential microelements to daphnids.

Cultures were renewed every 2 days and the organisms were

fed daily with P. subcapitata at a rate of 3.0 9 105 cells/mL/

day. Neonates ([6 and\24 h old), from the third to the fifth

generation, were used to perform toxicity assays. Five neonates

were placed in 12 mL test flasks containing 10 mL of the test

solution (OECD 2004). Each set of tests was comprised of five

dilutions and an ASTM control. A range of dilutions of water

samples (0 %, 3.1 %, 6.3 %, 12.5 %, 25 %, 50 % and 100 %)

was obtained using ASTM culture medium as dilution water.

The survival was checked after 24, 48 and 72 h of exposure.

The validity of this test was assessed using the criteria that the

% of mortality in the controls should be lower than 10 % and

the dissolved O2 should be higher than 3 mg/L.

Ecotoxicity testing results were evaluated through the

calculation of the effective (EC) or lethal (LC) concen-

tration that causes 20 % (toxic effects threshold) and 50 %

of effect (EC20 and 50 and LC20 and 50). The EC and LC

values were calculated in percentage of dilution of the

starting full-strength test solutions (v/v). The Microtox-

Omni software was used to collect the data for the Mi-

crotox� toxicity test and it was also used to calculate both

EC20 and EC50 (after 5, 15 and 30 min of exposure). The

Probit Program version 1.63, a parametric statistical

method, for the analysis of inhibition/mortality data (Fin-

ney 2009), was used to calculate the EC20 and EC50 for

microalga P. subcapitata and D. magna, with the respec-

tive 95 % confidence limit. One-way analysis of variance

was used to test statistical differences in the growth of

algae exposed to the different dilutions of the non- and

remediated samples. When significant differences were

found, the Dunnett’s test was performed (STATISTICA

version 10, Tulsa, OK, USA) to determine the no-observed

effect dilution (NOEC) and the lowest-observed effect

dilution (LOEC; inhibition relatively to the control).

Results and Discussion

Chemical analysis of water solutions revealed that there

was no Hg contribution from ETS-4 particles, and that a

significant decrease of the Hg concentration in solution

occurred in their presence (Fig. 1a). The chemical effi-

ciency for removal of Hg from water by the ETS-4 parti-

cles was 73 % when the CHg,0 was 100 lg/L and 58 %

when the CHg,0 was halved. A slightly lower efficiency was

recorded for the water samples containing the ETS-4 par-

ticles (Fig. 1b), attributed to a small release from the ETS-

4 particles back into solution (see proposed mechanism

ahead). Although for the higher initial contamination level

the water cleaning process was sufficient to reduce Hg

levels to values lower than the guideline value (50 lg/L)

for Hg discharge from industrial sectors (Directive 84/156/

EEC), the cleaning process was not as efficient as that

obtained by Lopes et al. (2009) in ultra-pure water (99 %).

The framework of microporous titanosilicate ETS-4

comprises corner-sharing SiO4 tetrahedra, TiO5 pentahedra

and TiO6 octahedra. Since each Ti4? ion has an associated

-2 charge, the global neutrality is achieved by the pre-

sence of extra-framework cations in the channels, usually

Na?. The latter may be ion-exchanged by other cations,

such as Hg2?. Therefore, in an ideal theoretical ion

exchange mechanism, 1 mol of Hg2? will replace 2 mol of

Na?, according to the following mechanism (M1.):

M1. ETS–Na2 (solid) ? Hg2? (aq) $ ETS–Hg (solid) ?

2Na? (aq)

where ETS refers to the titanosilicate structure. However,

in more complex systems such as ASTM hard water, other

phenomena can occur, including competition between

Hg2? and other cations, such as Ca2?, Mg2?, K? and H?,

for the ion exchange sites of the ETS-4 particles (see M2.),

the partial hydrolysis of the titanosilicate (see M3.), or even

the ion-exchange of the Hg2? previously ion-exchanged by

other cations present in water (see M4.). Hence, more than

one mechanism can be proposed for this system, as shown

below:

M2. ETS–Na2 (solid) ? 2/nXn? (aq) $ ETS–X2/n (solid) ?

2Na? (aq)

M3. ETS–Na2 (solid) ? H2O(aq) $ ETS–H2 (solid) ?

2Na? (aq) ? 2OH- (aq)

M4. ETS–Hg (solid) ? 2/nXn? (aq) $ ETS–X2/n (solid) ?

Hg2? (aq)

where X represents possible cations (Ca2?, Mg2?, K?, Na?

or H?) and n is the valence of the cation.

In ASTM hard water, the huge amount of ions are an

important interference to the ion-exchange of Hg2? ions

and are responsible for the lower removal efficiency when
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compared to that achieved in soft water, while the increase

of efficiency for higher initial Hg2? concentrations is due

to an increase of the relative amount of Hg2? ions

regarding the total ionic force. This reinforces the need to

perform this type of study in matrices as similar as possible

to real scenarios.

Under experimental conditions, the concentrations of

Hg2? ions in the solid phase (i.e. qHg), calculated from the

mass balance, qHg = (CHg,0 - CHg) 9 (V/m), where sub-

script 0 denotes the initial condition, C is Hg concentration

in solution, V is the volume of solution and m is the mass of

ETS-4, ranged between 0.39 mg/g for a CHg,0 of 50 lg/L

and 0.98 mg/g for a CHg,0 of 100 lg/L. Under the same

initial Hg concentration (50 lg/L) and similar mass of

sorbent, the ETS-4 particles perform better than some

biosorbents like rice husk (qHg of 0.16 mg/g) or cork

powder from used stoppers (qHg of 0.12 mg/g) (Rocha

et al. 2013; Lopes et al. 2013) but are less effective than

functional materials like magnetite coated with siliceous

hybrid shells, properly designed for Hg uptake (Tavares

et al. 2013).

The results of the bioassay with bacteria V. ficheri

indicated that none of the solutions (pre- and post-treat-

ment and clean-up agent) caused bioluminescence inhibi-

tion, i.e. no toxic effects were observed with this species

(Table 1). The lack of response observed for this species

can be associated to the low Hg levels tested in this study,

including the water before treatment.

The P. subcapitata growth rate was not affected upon

exposure to the ASTM medium with ETS-4 particles,

indicating that the clean-up agent did not cause any adverse

effects to this species. Significant differences in P. sub-

capitata growth were observed between the control MBL

medium and the WBT50 (one way ANOVA: F5,15 = 97.2,

p \ 0.05); however, this level of contamination caused

only slight toxicity, inhibiting the algal growth by 7 %. The
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a bFig. 1 Mercury concentrations

in solution (a) and removal

efficiency, b for the tested

solutions

Table 1 Ecotoxicity results expressed as the percentage of effect (%), the effective or lethal concentration values inhibiting by 20 % (EC20 and

LC20) or 50 % (EC50 and LC50)

Treatmenta

ASTM/

ETS4

WBT50 WAT50 WAT/ETS450 WBT100 WAT100 WAT/ETS4100

V. fisheri Effect 30 min NTEOb NTEOb NTEOb NTEOb NTEOb NTEOb NTEOb

P. subcapitata Effect (%) 72-h NTEOb 7.3 0 0 36.2 0 0

EC20 (%) 72-h NTEOb – NTEOb NTEOb 62.1 (53.6–71.5) NTEOb NTEOb

EC50 (%) 72-h NTEOb – NTEOb NTEOb – NTEOb NTEOb

NOEC (%) NTEOb 66.6 NTEOb NTEOb 29.6 NTEOb NTEOb

LOEC (%) NTEOb 100 NTEOb NTEOb 44.4 NTEOb NTEOb

D. magna Effect (%) 72-h 0 100 100 100 100 100 100

LC50 (%) 24-h NTEOb 41.7 (34.5–50.6) 58.5 (47.0–74.8) 36.9 (30.9–44.6) 32.7 (28.2–38.4) 53.6 (50.4–57.1) 28.7 (24.2–34.1)

LC50 (%) 48-h NTEOb 29.7 (25.1–35.2) 37.7 (–;–) 26.4 (24.9–28.2) 8.8 (6.5–11.5) 42.1 (35.5–49.8) 17.7 (15.2–20.5)

LC50 (%) 72-h NTEOb 14.4 (11.7–17.8) 33.9 (29.3–39.6) 21.4 (17.4–26.5) 4.7 (3.4–6.0) 17.1 (13.4–21.6) 7.4 (5.9–9.2)

LC20 (%) 24-h NTEOb 29.1 (21.4–35.0) 36.4 (25.1–45.4) 35.4 (29.6–42.7) 26.3 (21.1–30.3) 49.1 (46.2–52.3) 21.9 (16.3–25.8)

LC20 (%) 48-h NTEOb 22.9 (17.2–26.8) 28 (–;–) 24.2 (22.7–25.7) 4.2 (2.5–5.5) 32.4 (24.2–38.0) 14.8 (12.1–17.0)

LC20 (%) 72-h NTEOb 9.2 (6.6–11.4) 27.7 (22.6–31.9) 13.7 (9.9–16.9) 2.7 (1.4–3.7) 9.8 (6.5–12.7) 4.5 (3.1–5.8)

The endpoints are presented as dilute of the starting full-strength test solutions (v/v) with 95 % confidence limits in parentheses for the EC and LC percentages
a Water before (WBT50 and WBT100) and after treatment, without (WAT50 and WAT100) and with ETS-4 particles (WAT/ETS450 and WAT/ETS4100)
b No toxic effect observed
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values found for the NOEC and LOEC were 66.7 % and

100 %, respectively (Table 1). After the treatment with

ETS-4 particles, no toxic effects were observed during the

exposure of P. subcapitata to the samples with (WAT/

ETS450) and without (WAT50) particles. Algal growth was

sensitive to the pre-treated sample with a higher concen-

tration of Hg2? and its exposure to WBT100, with

approximately 36 % inhibition occurring after 72 h of

exposure. The value obtained for EC20 after a period of

exposure of 72 h exposure was 62.1 %, and the NOEC and

LOEC values (one way ANOVA: F5,15 = 38.8, p \ 0.05)

were 44.4 % and 29.6 %, respectively (Table 1). The algal

growth rates in the presence of WAT100 and WAT/ETS4100

samples were close to that for the MBL control, with no

differences being observed between the control and

WAT100 (one way ANOVA: F6,17 = 15.8, p \ 0.05) or the

control and WAT/ETS4100 (way ANOVA: F6,17 = 64.8,

p \ 0.05).

No mortalities were observed during the exposure of D.

magna to the ASTM medium containing ETS-4 particles.

The exposure of D. magna to both WBT50 and WBT100

samples, i.e. to the full strength solutions and higher dilutions

(50 %), caused 100 % mortality, and the 72-h LC50 values

were 14.4 % and 4.7 %, respectively (Table 1). The post-

treatment samples, for both WAT50 and WAT100 concen-

trations also caused 100 % of mortality to D. magna after a

period of exposure of 72 h. Still, the toxicity was reduced, in

particular for 50 lg/L, resulting in LC50 values of 33.9 % for

WAT50, 21.4 % for WAT/ETS450, 17.2 % for WAT100 and

7.4 % for WAT/ETS4100 (Table 1).

The data from the bioassays clearly show that the three

species selected have different responses to the different

levels of contamination and have different sensibilities

toward Hg. The order of sensitivity was cladoceran D.

magna [ microalga P. subcapitata [ bacterium V. ficheri.

ETS-4 was found to be an innocuous material to the

selected test organisms in the present study. It decreased

the levels of Hg in the water from 50 to 21 lg/L and from

100 to 28 lg/L, with an application of 75 mg/L of parti-

cles. These reductions in Hg concentrations were sufficient

to completely protect P. subcapitata from acute effects, but

not for complete protection of D. magna. This organism

was highly sensitive to Hg, which allowed for recognition

of the fact that waters containing ETS-4 particles after

treatment were less efficient in the detoxification process

than waters without the particles still present. This fact may

be due to the previously mentioned mechanism M4, since

the Hg in the WAT/ETS4 samples is distributed between

the liquid (solution) and solid (ETS-4 particles) phases.

Some of the Hg2? associated with ETS-4 may be

exchangeable with Ca2? and/or other ions present in

ASTM hard water, thereby releasing Hg2? back into the

water.

In conclusion, this study showed that treatment of Hg-

containing water with ETS-4 particles partially reduced the

Hg concentration in water, did not cause toxic effects to the

aquatic organisms tested, and effectively protected the mi-

croalga P. subcapitata from acute effects. However, the

water treatments were not sufficient to completely removing

the toxicity to D. magna, which was found to be highly

sensitive to Hg. Additionally, the bacterium V. ficheri was

found to be an unsuitable organism to evaluate the efficiency

of this water treatment, due to its low sensitivity to Hg.

Chemical analysis alone, as usually performed, is not

recommended as being sufficient for an evaluation of the

efficiency of water treatment. Rather, a multidisciplinary

approach combining both chemical and ecotoxicological

tools affords more reliable conclusions about the real

effectiveness of the clean-up technologies proposed for

contaminated waters.

Acknowledgments The authors thank Fundação para a Ciência e a

Tecnologia (FCT) (PEst-C/MAR/LA0017/2013; PEst-C/CTM/

LA0011/2013), FSE and POPH for funding. C. B. Lopes and L.

S. Rocha are grateful for their post-doctoral Grants (SFRH/BD/45156/

2008; SFRH/BD/47166/2008).

References

ASTM (1992) Standard guide for conducting renewal life-cycle

toxicity tests with Daphnia magna. In: Annual book of ASTM

standards, vol 11.04. vol E 1193-87. Philadelphia, pp 812–828

AZUR (1998) Microtox� Omni manual. Microbics Corporation,

Carlsbad, CA

Coelho JP, Nunes M, Dolbeth M, Pereira ME, Duarte AC, Pardal MA

(2008) The role of two sediment-dwelling invertebrates on the

mercury transfer from sediments to the estuarine trophic web.

Estuar Coast Shelf Sci 78(3):505–512. doi:10.1016/j.ecss.2008.

01.017

EC (1992) Biological test method: growth inhibition test using the

freshwater alga Selenastrum capricornutum. Report EPS 1/RM/

25, Environment Canada, Ottawa, ON, Canada

Figueira P, Lopes CB, Daniel-da-Silva AL, Pereira E, Duarte AC,

Trindade T (2011) Removal of mercury (II) by dithiocarbamate

surface functionalized magnetite particles: application to syn-

thetic and natural spiked waters. Water Res 45(17):5773–5784.

doi:10.1016/j.watres.2011.08.057

Finney D (2009) Probit analysis. Cambridge University Press,

London

Ghasemi Z, Seif A, Ahmadi TS, Zargar B, Rashidi F, Rouzbahani GM

(2012) Thermodynamic and kinetic studies for the adsorption of

Hg(II) by nano-TiO2 from aqueous solution. Adv Powder

Technol 23(2):148–156. doi:10.1016/j.apt.2011.01.004

Imani S, Rezaei-Zarchi S, Hashemi M, Borna H, Javid A, Zand AM,

Abarghouei HB (2011) Hg, Cd and Pb heavy metal bioremedi-

ation by Dunaliella alga. J Med Plants Res 5(13):2775–2780

Lo SI, Chen PC, Huang CC, Chang HT (2012) Gold nanoparticle–

aluminum oxide adsorbent for efficient removal of mercury species

from natural waters. Environ Sci Technol 46(5):2724–2730.

doi:10.1021/es203678v

Lopes CB, Otero M, Lin Z, Silva CM, Rocha J, Pereira E, Duarte AC

(2009) Removal of Hg2? ions from aqueous solution by ETS-4

142 Bull Environ Contam Toxicol (2014) 93:138–143

123

http://dx.doi.org/10.1016/j.ecss.2008.01.017
http://dx.doi.org/10.1016/j.ecss.2008.01.017
http://dx.doi.org/10.1016/j.watres.2011.08.057
http://dx.doi.org/10.1016/j.apt.2011.01.004
http://dx.doi.org/10.1021/es203678v


microporous titanosilicate—kinetic and equilibrium studies.

Chem Eng J 151(1–3):247–254. doi:10.1016/j.cej.2009.02.035

Lopes CB, Otero M, Lin Z, Silva CM, Pereira E, Rocha J, Duarte AC

(2010) Effect of pH and temperature on Hg(2?) water decon-

tamination using ETS-4 titanosilicate. J Hazard Mater

175(1–3):439–444. doi:10.1016/j.jhazmat.2009.10.025

Lopes CB, Pereira E, Lin Z, Pato P, Otero M, Silva CM, Rocha J,

Duarte AC (2011) Fixed-bed removal of Hg(2?) from contam-

inated water by microporous titanosilicate ETS-4: experimental

and theoretical breakthrough curves. Microporous Mesoporous

Mater 145(1–3):32–40. doi:10.1016/j.micromeso.2011.04.019

Lopes CB, Oliveira J, Rocha L, Tavares D, Silva C, Silva S, Hartog

N, Duarte A, Pereira E (2013) Cork stoppers as an effective

sorbent for water treatment: the removal of mercury at environ-

mentally relevant concentrations and conditions. Environ Sci

Pollut Res 1–14. doi:10.1007/s11356-013-2104-0

Lv JT, Luo L, Zhang J, Christie P, Zhang SZ (2012) Adsorption of

mercury on lignin: combined surface complexation modeling

and X-ray absorption spectroscopy studies. Environ Pollut

162:255–261. doi:10.1016/j.envpol.2011.11.012

Mishra A, Tripathi BD (2008) Utilization of fly ash in adsorption of

heavy metals from wastewater. Toxicol Environ Chem

90(6):1091–1097. doi:10.1080/02772240801936786

OECD (2004) Daphnia sp. acute immobilisation test. Guideline for

testing of chemicals, No. 202. Paris, France

OECD (2006) Freshwater alga and cyanobacteria growth inhibition

test. Guideline for testing of chemicals 201. Paris, France

Otero M, Lopes CB, Coimbra J, Ferreira TR, Silva CM, Lin Z, Rocha

J, Pereira E, Duarte AC (2009) Priority pollutants (Hg(2?) and

Cd(2?)) removal from water by ETS-4 titanosilicate. Desalina-

tion 249(2):742–747. doi:10.1016/j.desal.2009.04.008

Popa K, Pavel CC (2012) Radioactive wastewaters purification using

titanosilicates materials: state of the art and perspectives.

Desalination 293:78–86. doi:10.1016/j.desal.2012.02.027

Popa K, Pavel CC, Bilba N, Cecal A (2006) Purification of waste

waters containing 60Co2?, 115mCd2? and 203Hg2? radioac-

tive ions by ETS-4 titanosilicate. J Radioanal Nucl Chem

269(1):155–160. doi:10.1007/s10967-006-0245-z

Rocha L, Lopes CB, Borges JA, Duarte AC, Pereira E (2013)

Valuation of unmodified rice husk waste as an eco-friendly

sorbent to remove mercury: a study using environmental realistic

concentrations. Water Air Soil Pollut 224(7):1–18. doi:10.1007/

s11270-013-1599-9

Stein J (1973) Handbook of phycological methods—culture methods

and growth measurements Cambridge. University Press, London

Tavares DS, Daniel-da-Silva AL, Lopes CB, Silva NJO, Amaral VS,

Rocha J, Pereira E, Trindade T (2013) Efficient sorbents based

on magnetite coated with siliceous hybrid shells for removal of

mercury ions. J Mater Chem A 1(28):8134–8143. doi:10.1039/

c3ta10914c

USEPA (1994) Short-term methods for estimating the chronic toxicity

of effluents and receiving waters to freshwater organisms.

USEPA, Washington, DC

Bull Environ Contam Toxicol (2014) 93:138–143 143

123

http://dx.doi.org/10.1016/j.cej.2009.02.035
http://dx.doi.org/10.1016/j.jhazmat.2009.10.025
http://dx.doi.org/10.1016/j.micromeso.2011.04.019
http://dx.doi.org/10.1007/s11356-013-2104-0
http://dx.doi.org/10.1016/j.envpol.2011.11.012
http://dx.doi.org/10.1080/02772240801936786
http://dx.doi.org/10.1016/j.desal.2009.04.008
http://dx.doi.org/10.1016/j.desal.2012.02.027
http://dx.doi.org/10.1007/s10967-006-0245-z
http://dx.doi.org/10.1007/s11270-013-1599-9
http://dx.doi.org/10.1007/s11270-013-1599-9
http://dx.doi.org/10.1039/c3ta10914c
http://dx.doi.org/10.1039/c3ta10914c

	A Multidisciplinary Approach to Evaluate the Efficiency of a Clean-Up Technology to Remove Mercury from Water
	Abstract
	Materials and Methods
	Results and Discussion
	Acknowledgments
	References


