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Abstract 16 

This study focuses on the ability of commercial natural bath sponges, which are made 17 

from the skeletons of marine sponges, to sorb Hg from natural waters. The main 18 

component of these bath sponges is spongin, which is a protein-based material, closely 19 

related to collagen, offering a plenitude of reactive sites from the great variety of amino 20 

acids in the protein chains, where the Hg ions can sorb. For a dose of 40 mg L-1 and initial 21 

concentration of 50 μg L-1 of Hg(II), marine spongin (MS) removed ~90 % of Hg from 3 22 

water matrixes (ultrapure, bottled, and seawater), corresponding to a residual 23 
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concentration of ~5 μg L-1, which tends to the recommend value for drinking water of 1 24 

μg L-1. This value was maintained even by increasing the MS dosage, suggesting the 25 

existence of a gradient concentration threshold below which the Hg sorption mechanism 26 

halts. Kinetic modelling showed that the Pseudo Second-Order equation was the best fit 27 

for all the water matrixes, which indicates that the sorption mechanism relies most 28 

probably on chemical interactions between the functional groups of spongin and the Hg 29 

ions. This material can also be washed in HNO3 and reused for Hg sorption, with marginal 30 

losses in efficiency, at least for 3 consecutive cycles. 31 

 32 

Keywords: Spongin, Mercury Remediation, Real Waters, Kinetic and Equilibrium 33 

Modelling 34 

 35 

1. Introduction 36 

 37 

The presence of trace metals in water is a threat to the health of humans and to all forms 38 

of life. These non-biodegradable contaminants tend to bio-accumulate in the food chain, 39 

eventually reaching the human population.[1] Amongst the several trace metals found in 40 

water all over the world, Mercury (Hg(II)) is classified as the third most dangerous 41 

substance in terms of frequency, exposure risk and toxicity to human.[2] In aquatic 42 

ecosystems, the inorganic Hg tends to be converted into its toxic methyl form, 43 

Hg(CH3Hg), and it can easily make its way to humans through the food chain, mainly by 44 

the ingestion of marine fish,[3]. Methyl mercury, even in trace concentration, is acutely 45 

toxic and may affect the central nervous and cardiovascular systems.[4] The presence of 46 

metallic or inorganic form of Hg in human has a harmful impact in the immune system, 47 

kidneys and lungs.[5] It is thus imperative to continue searching for new and more 48 
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efficient materials that can remove Hg from different real water matrixes. Furthermore, 49 

the United Nations has set a goal of minimizing the release of Hg, and other contaminants, 50 

which is a driving force to develop and implement new and improved remediation 51 

technologies for industrial and domestic wastewaters. The use of natural materials for this 52 

purpose is an obvious choice in terms of eco-friendliness and sustainability. In the case 53 

of Hg remediation, many examples of the use of natural, or natural-based materials can 54 

be found in the literature, including agricultural waste, such as peanut or pistachios 55 

shells,[6] onions,[7] parts of plants, such as bamboo or castor tree leaves [8], 56 

phragmites,[9] and karaya gum extract from Sterculi Urens,[10] Cladophora algae[11] 57 

or fungus, like Agaricus macrosporus.[12] However, all these publications have in 58 

common the use unrealistically high initial concentration of mercury (from 10 up to 1000 59 

mg L-1), which is much above the former limit of 50 μg L-1 imposed to industrial 60 

wastewater discharge in Europe,[13] and the use of simple water matrixes, like ultrapure 61 

or distilled water, which are not representative for application in real-life conditions. 62 

More recently, several papers report the successful use of natural materials for Hg 63 

remediation in more realistic conditions of initial Hg concentration and water matrix 64 

complexity, such as the live algae,[14,15] the bark of Eucalyptus globulus[16] or even 65 

the peels of bananas.[17]  66 

Marine sponges have been used as biomonitor for several contaminants for many years 67 

now, as they are filter feeders and are known to sorb a great variety of 68 

contaminants.[18,19] Live sponges have been widely used to detect harmful trace metals, 69 

and other contaminants, in coastal areas[20–26], while many studies have focused on 70 

marine sponge-associated bacteria for the same purpose.[27–30]. The majority of the so-71 

called “commercial sponges”, which are sold as the bleached and cleaned skeleton of this 72 

ancestral animal, originate mainly from the Genus Spongia and Hippospongia.[18] The 73 
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skeletons of these species are mainly made from a protein called spongin, whose structure 74 

is still quite unknown.[31] According to Ehrlich, spongin is not a pure protein structure, 75 

but rather a type of collagen-based composite that combines with halogenated fibrillary 76 

structures and results in a compact network of nano-fibrils.[19] An early study from 1939, 77 

from Block and Bolling, shows that the chemical composition of MS consist in several 78 

amino-acids, mainly Glycine (13.9-14.4%), Arginine (4.3-5.9%), Diiodotyrosine (4.7%), 79 

Lysine (3-3.6%), Phenylalanine (3.3%), and Cystine (2.8%). Naturally, there is a high 80 

amount of Nitrogen (13-14.8%) as well as Sulfur (0.7%) and Iodine (0.84-1.46%).[32] 81 

These values can fluctuate significantly between different species, even in the same 82 

Genus, as there are several types of spongin, which are basically considered to be a 83 

composite protein-based material. The microstructure of the commercial MS normally 84 

shows an anastomosed (i.e. branched) structure with an interconnected network of fibrils, 85 

which ultimately creates a 3D spongin scaffold, that supports the animal cell tissues.[18]  86 

Although there are only few examples on the literature of the direct use of MS for 87 

remediation of pollutants (like the use of a MS from Hippospongia Communis used in the 88 

adsorption of Carminic Acid-C.I. Natural Red 4),[33] there are many studies that take 89 

advantage of the natural 3D scaffold of MS to incorporate or immobilize functional 90 

groups. Some examples include: the functionalization of MS with Cu or Fe(III) 91 

phthalocyanines and Ti(IV) oxide for the photocatalytic degradation of rhodamine B, 92 

bisphenol A and methylene blue, respectively,[34–36] the use of anthocyanin dye for 93 

enhanced antiradical activity,[37] a sodium and copper chlorophylin functionalized MS 94 

substrate with antibacterial activity,[38] a poly(imide dioxime)/alginate thin film on MS 95 

substrate for the extraction of uranium in seawater,[39] immobilizing Tramates versicolor 96 

laccase on MS for the biodegradation of bisphenols,[40] and using MS scaffold for the 97 

pre-concentration and determination of ketamine.[41] MS was shown to have mechanical 98 



5 
 

and thermal stability (up to 160ºC),[42] which enables it to be successfully applied in the 99 

recent scientific field of extreme biomimetics.[43–45]  A recent paper shows an ab initio 100 

study in which several MS derived cyclic peptides are evaluated for their potential affinity 101 

towards Hg2+ and CH3Hg+ ions.[46] 102 

To the best of our knowledge, MS has never been directly used for the removal of Hg 103 

from ultrapure (MQ) or real waters, which is the aim of this study. In terms of 104 

sustainability and eco-friendliness, the use of MS in its pure form is very promising. First, 105 

the virtually inexistent toxicity induced by this natural material is very advantageous. 106 

Second, the possibility of easily separating the contaminated MS sample after equilibrium 107 

from the treated water without a major time-consuming physical process involved 108 

(filtration or centrifugation) is economically sound. Third, since it is fairly easy to farm 109 

marine sponges in order to obtain MS, which is a well-established industry in several 110 

countries, it can be considered a sustainable way to procure natural 3D scaffolds for water 111 

remediation and many other applications, aiming at the valorization of natural resources. 112 

Beginning at more realistic Hg concentration (50 μg L-1), and complex water matrixes, 113 

our results point out that MS samples were able to remove 91%, 90% and 89% of Hg 114 

contaminated MQ, bottled and seawater matrixes, respectively. Regeneration and reuse 115 

studies showed that MS kept a high Hg removal efficiency (R%) in all the water matrices 116 

used, even after 3 cycles. 117 

 118 

2. Materials and methods 119 

 120 

2.1. Preparation of the marine spongin 121 

The bath sponges, which are bleached skeletons of marine sponge, were sourced in a local 122 

commercial facility. After being diced in cubes of approximately 1 cm3, the samples were 123 
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soaked in distilled water and squeezed manually several times, renewing the water 124 

between squeezes, to remove any loose fragments and promote the release of possible 125 

salts and other contaminants. The pieces of spongin (c.a. 3 g) were then placed in a large 126 

2 L container of distilled water and left under vigorous agitation for 24 h, drained and 127 

washed again for 24 h more. The samples were then drained and dried in vacuum oven at 128 

50 ºC for 24 h and kept in a desiccator for storage. We performed Energy-dispersive X-129 

ray Spectroscopy (EDS) to evaluate the chemical composition of the MS samples before 130 

(as-received) and after the cleaning protocol which results are presented in the SI (Figure 131 

SI-1). 132 

 133 

2.2. Characterization 134 

The chemical structure of the MS was analyzed via Attenuated Total Reflectance Fourier 135 

Transform Infrared (ATR-FTIR) in a Bruker Tensor 27 FT-IR spectrometer (Bruker 136 

Corporation, Massachusetts, USA). The spectra were recorded between 4000 and 400 cm-137 

1, with a resolution of 4 cm-1 and 256 scans, at 20 ºC and 30% relative humidity. XPS was 138 

also used to clarify the structure of the MS and the spectra were obtained in an ultra-high 139 

vacuum system (SPECS, Berlin, Germany) using a base pressure of 2×10-10 mbar. The 140 

global instrumental peak broadening was of ~0.5 eV, provided by using a normal 141 

emission take-off angle with a pass energy of 20 eV. The binding energy was rectified in 142 

the spectra by referencing to the first component of the C1s core level at 284.5 eV (Csp2). 143 

The thermogravimetric analysis/Differential Scanning Calorimetry (TGA/DSC) was 144 

performed from room temperature up to 1000 ºC in a Netzsch STA 449 F3 Jupiter 145 

(Netzsch GmbH & Co, Selb, Germany), under N2 atmosphere and 5 ºC min-1 heating rate. 146 

The microstructure was analysed by Scanning Electron Microscopy (SEM) using a 147 

Hitachi TM4000 plus (Hitachi, Japan) using an accelerating voltage of 15 kV. The 148 
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computerized tomographic scans (CT) were performed in a Bruker Skyscan 1275 X-ray 149 

microtomography (Bruker Corporation, Massachusetts, USA) with voltage of 20 kV, 175 150 

μA current and 450 ms exposure time. 151 

 152 

2.3. Water matrixes preparation 153 

 154 

In this work 3 different types of water were used: ultrapure water (MQ) from Milli-Q®, 155 

USA; 18 MΩ cm-1, bottled water (commercial brand Fastio®, Portugal), and synthetic 156 

seawater (salinity 30) (prepared by dissolving salt from Tropic Marin Center®, Germany, 157 

in MQ). The use of bottle water instead of tap was to assure the consistency of the water 158 

used. The use of synthetic seawater (salinity of 30, using a hand-held refractometer) 159 

allows to have reproduceable matrix, which is normally used in several studies to assess 160 

the effect of contaminants on living organisms.[47–49] The full characterization of this 161 

synthetic seawater is comprehensibly available in the literature.[50] After the salt mix 162 

was completely dissolved, the seawater was filtered (0.45 μm pore size filter) and stored 163 

for at least 24 h prior to being used in Hg sorption experiment. The initial pH of the water 164 

matrixes after the addition of Hg contaminant was of 4.9, 5.9 and 7.8 for MQ, bottled and 165 

seawater, respectively. The full characterization of the bottled water is presented in the 166 

SI (table SI-1).  167 

 168 

2.4. Mercury sorption studies 169 

A standard solution of Hg (1001 ± 2 mg L−1 of Hg(II) in HNO3 0.5 mol L−1, from Merck, 170 

Germany) was used to contaminate MQ, bottled, and seawater, in 1 L glass bottles 171 

(Schott, Germany), to obtain the concentration of 50 µg L−1 in Hg, which is equal to the 172 

maximum allowed value for industrial wastewater discharges in Europe.[13] The 173 
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contaminated waters were left for 24 h, under magnetic stirring, before being used in the 174 

sorption experiments. The sorption of Hg into MS samples was performed in batch 175 

experiments by adding ~40 mg of dry MS to 1 L Hg contaminated water (MQ, bottled or 176 

seawater), under magnetic stirring (700 rpm). Alongside, Hg contaminated control 177 

bottles, without any MS added, were also prepared. To study the kinetics of the sorption 178 

process, an aliquot of 5 mL was removed from the trial vessels as a function of time (0.25, 179 

0.5, 1, 2, 3, 6, 24 and 48 h), and acidified to pH ≤ 2 (Suprapur HNO3 65 % v/v from 180 

Sigma, USA) in a Schott bottle (25 mL). The analysis Hg in water was performed by cold 181 

vapour atomic fluorescence spectroscopy (CV-AFS), using a PSA 10.025 Millennium 182 

Merlin Hg analyzer and SnCl2 (2% m/v in HCl 10% v/v) as a reducing agent. After 183 

calibrating the CV-AFS using 5 standard Hg solutions (0, 0.1, 0.2, 0.3 and 0.5 ug L-1), the 184 

fluorescence of the appropriately diluted aliquot was read and compared to the results 185 

from the standards slope to calculate the real concentration. All assays were conducted in 186 

duplicate and accepted values had a variation coefficient of less than 10%. The 187 

temperature range at which the experiments were performed was between 18ºC and 22 188 

ºC. 189 

 190 

2.4.1. Sorption data analysis 191 

The efficiency of the sorption process, in terms of percentage of Hg (sorbate) removed 192 

from the solution (R%) by the MS (sorbent), was calculated as: 193 

 194 

𝑅(%) =  
𝐶0− 𝐶𝑡

𝐶0
× 100     (1) 195 

In which C0 is the initial concentration of the Hg solution and Ct is the Hg concentration 196 

at time t. Assuming that all the Hg removed is retained by the sorbent, the sorbate 197 

concentration in the material at time t, qt, can be estimated as: 198 
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 199 

𝑞𝑡 =  
(𝐶0− 𝐶𝑡)

𝑚
 × 𝑉     (2) 200 

 201 

where 𝑉 (𝐿) is the volume of the solution and 𝑚 (𝑔) is the mass of sorbent. At equilibrium 202 

time te, qt = qe and Ct = Ce.[51] In order to compare results between trials, the analysis of 203 

the sorption data was made using normalized concentration (Ct/C0) because in most cases 204 

the actual initial concentration of the spiked solutions shows small deviations from the 205 

nominal initial concentration. 206 

 207 

2.4.2. Kinetics and equilibrium models 208 

To understand the sorption process kinetics, three reaction models, in their non-linear 209 

form, were applied to fit the experimental data,[52] namely the Lagergren pseudo-first-210 

order model (PFO),[53] Ho’s pseudo-second-order model (PSO), [54] and the Elovich 211 

model [55] (see Table SI-2 in SI for details). Additionally, two diffusion-based models 212 

were applied, namely Boyd’s film-diffusion [56] and Weber’s intraparticle diffusion [57] 213 

(details in SI). 214 

Five different non-linear models were used to fit the equilibrium data, namely the 215 

Freundlich,[58] the two-parameter Langmuir,[59] the Dubinin-Radushkevich,[60] the 216 

Temkin[58] and the 3-parameter Sips (also known as the Langmuir-Freundlich)[61] 217 

isotherm models. Please consult table SI-3 for further details. 218 

 219 

2.4.3. Desorption of mercury and reuse of sorbent  220 

The ability of MS to be regenerated and reused after Hg sorption was evaluated in MQ 221 

water by realizing 3 consecutive sorption/desorption cycles. For the desorption process, 222 
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the MS samples used in the Hg sorption were immersed in 200 mL HNO3 (10% v/v), 223 

under constant stirring, for 24 h to promote de desorption of the captured Hg and study 224 

its ability to be reused. After the acid bath, the samples were rinsed in abundant distilled 225 

water and stirring overnight in 1 L of distilled water and finally dried. The total amount 226 

of Hg in the MS samples (before sorption, after sorption and after regeneration) was 227 

evaluated by pyrolysis atomic absorption spectroscopy with gold amalgamation (model 228 

AMA-254, from LECO, Korea).[62] This analysis was performed directly in the MS 229 

samples (between 2 to 10 mg), defining a maximum coefficient of variation of 10% 230 

between replicas. Two certified Hg containing reference materials were used: for low Hg 231 

content BCR 414 (plankton) and for high Hg content, BCR 464 (fish muscle) and the 232 

recovery percentage was above 90 %.  233 

 234 

3. Results and discussion 235 

 236 

3.1.  Physico-chemical characterization of sorbent material 237 

 238 

An example of a typical bath sponge is depicted in Figure 1A. The microstructure of the 239 

sample was observed by SEM (micrograph depicted in Figure 1B), which revealed the 240 

expected honeycomb-like structure, with anastomosed spongin fibers that ranged between 241 

5 to 20 μm in diameter.[18,31] 242 

XPS analysis was used to determine the chemical states of the functional groups on the 243 

surface of MS. The survey XPS (Figure 1C) shows the presence of O, N and C, as 244 

expected from the amino-acid content of spongin, and traces of Ca and Si. However, due 245 

to the overlapping of many broad peaks, from several different functional groups present 246 

in the amino acid that constitute spongin, the assignment and deconvolution of the peaks 247 
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is more difficult. Nevertheless, and according to the literature, the high resolution XPS 248 

C1s spectrum suggests the presence of functional groups C=O (from N-C=O and O-C=O) 249 

at ~287.5 eV, C-O-C, C-OH, C-C, C=C, and N-C=N at ~285 eV and C-H at ~282 eV. In 250 

the case of the high resolution XPS N 1s spectrum, the analysis suggest the presence of 251 

the functional groups C-N at ~398 eV, -NH2 at ~400 eV and C=N at ~ 401 252 

eV.[33,35,63,64] 253 

The thermal analysis of the MS, performed in N2 atmosphere, shows 3 stages of thermal 254 

decomposition, as observable in Figure 1D. The first step (up to ~115 ºC) can naturally 255 

be associated to the loss of adsorbed water from the structure. The second step (from ~200 256 

ºC to 400 ºC) is a steep mass loss that can be mostly linked to the degradation of the 257 

organic phase of the spongin protein.[33,37]. The last step of mass loss (400 ºC and 258 

onward) corresponds to a slower loss of mass and can be associated to the on ongoing 259 

degradation of the protein backbone and to the combustion of the organic matrix of 260 

spongin, much similarly to bovine bone collagen.[65] 261 

 262 
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 263 

Figure 1. A) Photograph of a typical marine sponge skeleton, or commercial bath sponge, 264 

used in this work. B) SEM micrograph showing the microstructure of the MS. C) Survey 265 

XPS and detailed high-resolution XPS for C 1s and N 1s. D) TGA/DSC scan of MS 266 

sample. 267 

 268 

 269 

Spongin is considered a protein composite, [19] and as such, FTIR spectra (Figure 2) will 270 

present broad, strong bands, with substantial overlap, which make them difficult to 271 

distinguish. Hence, the broad peaks in the 3600-3100 cm-1 interval can be attributed to N-272 

H stretching vibrations, including the amide A band, and to O-H stretching vibrations.[36] 273 

Stretching vibrations of -CH, -CH2 and -CH3 can be ascribed to the peaks in the 2950-274 

2850 cm-1 range. The peak at ~1630 cm-1 originates from stretching vibrations of the C=O 275 
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group. The peak at ~1520 cm-1 can be attributed to the characteristic CO-NH, present in 276 

all protein chains. A peak at ~1440 cm-1 confirms the presence of aromatic ring bearing 277 

amino-acids (Car=Car). The band centered at ~1388 cm-1 can be assigned to -CH3 278 

deformation vibration. The bands at ~1020 and ~1070 cm-1 can be attributed to the C-OH 279 

stretching vibrations while the band at ~1230 cm-1 correspond to the C-O-C stretching 280 

but may also be connected to C-N stretching. The broad peak centered around 550 cm-1 281 

can be assigned to O=C-N or to -OH bending vibrations.[33,37,64] The results observed 282 

by the FTIR analysis confirms the functional groups detected in the XPS analysis 283 

presented previously. 284 

 285 

 286 

Figure 2. FTIR spectra of MS samples as received, heat-treated at 180ºC and after contact 287 

with Hg solution. 288 

 289 

To increase the stiffness of the MS, which would increase its ability to withstand 290 

mechanical stress and extend its use in harsh conditions, namely in highly stirred media, 291 

the spongin was heat-treated in a vacuum oven overnight. Based on the observations made 292 

in the thermogravimetric analysis, the temperature of 180 ºC was chosen for this 293 

treatment, i.e. just before the observed decomposition of the organic phase. In fact, a dry 294 
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mechanical analysis revealed an increase in the Young Modulus of MS from 120 kPa at 295 

room temperature to 270 kPa at 180ºC (Figure SI-2 in the SI). The sample was observed 296 

by CT scan before and after the heat treatment at 180 ºC, and the comparative images are 297 

presented in Figure 3. There was an irreversible color change, from bright yellow to a 298 

dark gold/brown color, with increasing temperature. Moreover, a significant volume 299 

shrinkage from untreated MS to 180ºC heat-treated (~1.73 cm3 down to ~1.17 cm3) was 300 

observed and the CT scan shows what seems to be a densification of the MS fibrils. The 301 

calculated volume of open pore space went from 85.2 % down to 51.6%. However, the 302 

FTIR analysis (Figure 3) does not show significant changes with respect to the pristine 303 

MS. 304 

 305 

 306 

Figure 3. Photograph and CT scan of a sample of MS before and after heat-treatment at 307 

180 ºC. 308 

 309 

3.2. Mercury sorption studies 310 

The study of the ability of MS to sorb Hg was initiated by a series of preliminary 311 

experiments, namely a study of the effect of initial Hg concentration for the same MS 312 
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dosage (40 mg L-1), as shown in Figure 4A. The MS samples in contact with a MQ water 313 

solution at 50 and 500 μg L-1 of Hg showed a high R% of 91 and 94 %, respectively, 314 

which corresponds to a residual concentration of ~5 and ~31 μg L-1 of Hg in solution, 315 

respectively. This shows that, depending on the initial Hg concentration, the R% of Hg 316 

does not change a lot, but the final residual concentration may still remain very high, 317 

which reinforces the awareness that this type of sorption experiments should definitely 318 

be made in more representative conditions (i.e. 50 μg L-1) and not at unrealistically high 319 

concentrations, as it is found in so many examples in the literature.[6–12]  320 

The effect of MS concentration, or dosage, in the removal of Hg in spiked MQ water (Hg 321 

concentration of 50 μg L-1) was also evaluated (Figure 4B). The R% of Hg ranged 87-322 

91%, from a MS dosage of 40 mg L-1 up to 160 mg L-1. The relative independence of Hg 323 

R% from MS dosage suggests that the driving force for the sorption is more dependent 324 

on the concentration gradient, with an apparent threshold at ~5 μg L-1 of Hg. Therefore, 325 

the dosage of 40 mg L-1 was selected for the remainder of the study. 326 

The sorption ability of the heated-treated MS sample was unfortunately lower than the 327 

pristine MS (R% of 75%) as shown in Figure 4C. Although, the FTIR spectra of the heat-328 

treated MS (Figure 2) does not reveal significant chemical changes, as shown in other 329 

studies,[42] the relative intensity of the bands in the range of 2900-3600 cm-1 are lower 330 

than the pristine one, which can be attributed to a new reconfiguration of the MS 331 

macrostructure, as observed by the densification of the fibrils (Figure 3), which limits the 332 

availability of free amine functional groups on the surface, hindering the sorption ability 333 

of the MS.  334 

 335 

 336 



16 
 

 337 

Figure 4. A) Effect of initial Hg concentration on sorption efficiency (initial MS dosage 338 

of 40 mg L-1). B) Effect of increasing MS dosage on the sorption efficiency (initial Hg 339 

concentration of 50 μg L-1). C) Effect of MS thermal treatment at 180 ºC on sorption 340 

efficiency (initial Hg concentration of 50 μg L-1). 341 

 342 

The dosage of 40 mg L-1 was selected as the most suitable for the sorption of Hg by the 343 

MS samples and it was used to evaluate the sorption of Hg for 3 different types of waters 344 

(MQ, bottled and sea). Parallelly, MS-free water matrixes were also analyzed as a control. 345 

The normalized concentration (Ct/C0), as function of time, and the maximum R% at 346 

equilibrium are depicted in Figure 5. As observable in Figure 5A, the concentration of the 347 

control vessels did not vary significantly over the period of contact, which is indicative 348 

that the decrease in Hg concentration in the vessels with MS was not due to adsorption 349 

on the glass walls or to volatilization. The efficiency of the Hg adsorption process in all 350 

the water matrixes was similar, with a R% of 91, 90 and 89% at equilibrium for MQ, 351 

bottled and seawater respectively. This corresponds to residual Hg concentration of 4.4, 352 

4.6 and 5.3 μg L-1, for MQ, bottled and seawater, respectively. The residual Hg 353 

concentration values, which tend to the European guideline for drinking water of 1 μg L-354 

1,[66] are very promising, principally because this is a completely natural material, used 355 
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as is, without any physical or chemical functionalization. Table 1 is a compilation of some 356 

of the few examples found in the literature (to the best of our knowledge) that could 357 

directly compare to the application conditions presented in this paper, that is, the use of 358 

real water matrixes and Hg initial concentration of 50 μg L-1. Banana peel were turned 359 

into a powder and showed to remove more than 90 R% of Hg in tap and sea water after 360 

72 h of contact.[17] Eucalyptus bark was also tested but did not show such efficient 361 

results.[16] A series of live algae also showed very promising results (85-98 R%), even 362 

in the presence of other metals and rare earths. [14,15] In terms of dosage, in our case a 363 

considerably lower dosage of sorbent (40 mg L-1) could yield R% of 89 % in seawater. 364 

Also, through the kinetic profile, one can suppose that this value could increase with 365 

higher contact time.  366 

 367 

Table 1. Removal percentage of Hg reported in published works using natural materials 368 

in similar conditions to this work. 369 

Material % R Conditions Contact 

time (h) 

Dosage 

(g L-1) 

Reference 

Banana peel 91 

93 

tap 

sea 

72 

72 

0.5 

0.5 

[17] 

Eucalyptus bark 81 

71 

MQ 

sea  

48 

48 

0.55 

0.5 

[16] 

Ulva lactuca algae 98 sea (multimetal) 48 6 [14] 

Ulva lactuca algae 93 sea (multimetal 

and rare earths) 

72 3 [15] 

Ulva intestinalis algae  93 sea (multimetal 

and rare earths) 

72 3 [15] 

Fucus vesiculus algae 85 sea (multimetal 

and rare earths) 

72 3 [15] 

Marine Spongin 91 

90 

89 

MQ 

tap 

sea 

24 

48 

48 

0.04 

0.04 

0.04 

This work 

 370 

 371 
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The rate at which Hg is removed from the water matrixes is progressively slower moving 372 

from MQ to bottled water and subsequently to seawater, with equilibrium attained after 373 

24 h for MQ and 48 h for bottled and seawater. This indicates that the adsorption process 374 

must be negatively affected by the increasing complexity of the water matrix tested. 375 

 376 

 377 

Figure 5. A) Normalized concentrations (Ct/C0) of Hg in the water matrixes studied 378 

(symbols) and Hg in control (dotted lines), as a function of contact time; B) Efficiency of 379 

Hg removal using the MS for spiked water matrixes at equilibrium (bars) and equilibrium 380 

time (circles). MS concentration of 40 mg L-1 and Hg C0 of 50 μg L-1. The values are a 381 

mean of two replicates that showed a variation coefficient lower than 10 %. 382 

 383 

3.3. Kinetic modeling  384 

The experimental values for Hg sorbed onto MS in the different matrixes are represented 385 

in Figure 6 next to the estimated values retrieved from the adjustments made by applying 386 

the kinetic models PFO, PSO and Elovich. The parameters resulting from the fitting are 387 

exposed in Table 2. Overall, the sorption of Hg onto MS samples is quite well described 388 

by the PFO and PSO models (0.961< R2 < 0.992). Analysing the data further, it is 389 
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noticeable that the model that best fits the experimental data is the PSO, with the highest 390 

R2 values (all above 0.99) and the estimated qe is closer to the experimental values for all 391 

the water matrixes (less than 0.9% of relative error). The fact that the best fit is 392 

accomplished by PSO model suggests that the sorption mechanism relies most probably 393 

on chemical interactions between the functional groups of the spongin fibrils and the Hg 394 

ions.[54,67] 395 

 396 

Figure 6. Experimental values of the Hg concentration in the MS samples (qt in μg g-1) 397 

and fittings using kinetic models PFO, PSO and Elovich for the different types of water 398 

matrixes. 399 

 400 

In order to gain more information into the possible mechanism that governs the adsorption 401 

of Hg ions onto MS, a piecewise linear regression (PLR) was used to clarify the rate-402 
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controlling step.[68] This analysis was based on the film-diffusion model from Boyd[56] 403 

and the intraparticle-diffusion model from Weber.[57] The application of Boyd’s model 404 

showed that in all the matrixes used, the first linear segment includes the origin, which is 405 

an indication that the rate-defining step is most probably not the film-diffusion as 406 

expected since the systems water-MS were under constant agitation.[69–71]  407 

 408 

Table 2. Fitting parameters of the kinetic models (PFO, PSO and Elovich) used to fit the 409 

experimental data. The experimental qe was added for comparison. 410 

Models  Water matrices 

MQ bottled sea 

qe1 exp ± SD (μg g-1) 1034 ± 20.8 1012 ± 44.4 956.3 ± 5.1 

Pseudo First Order    
qe1 ± SD (μg g-1) 972.6 ± 15.7 945.4 ± 16.1 883.8 ± 29.5 

k1 ± SD (h-1) 1.77 ± 0.13 2.02 ± 0.16 0.50 ± 0.05 

R2 0.981 0.978 0.961 

Sy.x 47.5 

 

 

49.9 66.4 

Pseudo Second Order    
qe2 ± SD (μg g-1) 1044 ± 13.7 1010 ± 13.1 960.1 ± 15.3 

k2 ± SD (h-1) 0.0025 ± 0.0002 0.0029 ± 0.0002 0.0007 ± 5.2e-5 

R2 0.991 0.990 0.993 

Sy.x 33.7 33.1 28.7 

Elovich    
ß ± SD (g μ g-1) 0.0088 ± 0.0012 0.0098 ± 0.0013 0.0062 ± 0.0004 

α ± SD (μg g-1 h-1) 52678 ± 44784 100144 ± 95803 1825 ± 352.1 

R2 0.917 0.924 0.976 

Sy.x 101.3 92.7 51.6 

 411 

 412 

In the case of the Weber intraparticle-diffusion model, the Akaike Information Criteria 413 

(AIC)[52] was used to determine how many segments fit better the experimental data, 414 

showing that the two-segment hypothesis is more likely to be correct, which indicates that 415 

the sorption process is most likely a two-step process, for all the water matrixes used 416 

(Figure 7). Table SI-4 has a compilation of the kinetics parameters obtained from this 417 
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study. The first linear section is related to a faster diffusion driven by the higher 418 

concentration gradient, corresponding most likely to the diffusion in the larger pores of 419 

MS. The much less steep second section of the plot indicates that the intraparticle-420 

diffusion decreases with the concentration gradient. 421 

 422 

Figure 7. Results from the Weber intraparticle-diffusion model for the matrixes used, 423 

showing the two-step best fit (lines). The full symbols correspond to the experimental 424 

data. 425 

 426 

XPS analysis could be useful to further elucidate the mechanism by which the Hg sorption 427 

takes place, but it was not possible to detect any evidence of Hg in the XPS spectra survey. 428 

This is most probably due to several factors, including the low concentration of Hg which 429 

is most probably lower than the detection limit of the XPS and the fact that XPS only 430 

penetrates only few nanometers of the surface of this highly porous material. 431 

Nevertheless, there was evidence of Hg in MS samples after contact detected by pyrolysis 432 

atomic absorption spectroscopy with gold amalgamation (LECO). XPS revealed the 433 

presence of -NH2 and -COOH rich amino acids in the structure of spongin, much as in 434 
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the case of polyethyleneimine functionalized graphene oxide,[67] which can lead to the 435 

assumption that these groups take part in the adsorption of Hg, mainly in the form of 436 

Hg(OH)2, which is the main speciation form in such water matrixes,[72] trough chemical 437 

interactions, as predicted by the application of the kinetic models. Figure 8 is a graphical 438 

representation of a possible interaction between Hg and MS. Furthermore, the relative 439 

intensity of the bands in the range of 2900-3600 cm-1 of the FTIR spectra (Figure 2) is 440 

lower for the MS after contact with Hg solution, which can also be an indication that these 441 

sites are occupied with Hg.  442 

 443 

 444 

Figure 8. Schematic representation of the illustrative combination of typical amino acids 445 

found in spongin and the possible interactions with the Hg ions in solution. 446 

 447 

3.4. Sorption isotherms 448 

The fittings accomplished by the isotherm models, in their nonlinear forms, for the 449 

equilibrium data matching Hg sorption on the marine sponge (ultrapure water) are shown 450 

in Figure 9, while the models parameters and the goodness of fit are presented in Table 451 

3. 452 

 453 
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Figure 9. Isotherms (Freundlich, Langmuir, Temkin, Dubinin–Radushkevich and SIPS 455 

models) for the Hg sorption onto MS (21 ± 1 °C). Concentration of MS in ultrapure water 456 

40 mg L−1; and of Hg 0, 25, 50, 100, 300, 500, 750, 1500, 3000 and 5000 μg L−1. 457 

Apart from the Freundlich isotherm, that was unable to describe the equilibrium data for 458 

qe values higher than 20 mg g-1, all isotherms models studied provided very reasonable 459 

fittings, for the conditions assessed, with R2 ≥ 0.954. Langmuir and SIPS isotherms were 460 

the models with the best performance (Table 3), being the only ones capable of describing 461 

the experimental data for higher sorbate concentrations (Figure 9). Even if SIPS 462 

adjustment achieved the highest R2 value and the lowest Sy.x value, Akaike's Information 463 

Criterion [52] pointed the simpler Langmuir model as the most likely to be the correct 464 

(79% of probability). This is in line with the heterogeneity index (1/n) derived from the 465 

SIPS isotherm, whose 95 % confidence interval includes 1 (0.975 to 1.27), reducing this 466 

model to the Langmuir isotherm equation, which indicates a monolayer sorption 467 

process.[58] According to the Langmuir separation factor, RL (RL=1/(1+bL C0)), the 468 

adsorption is favourable for the range of concentrations studied, 25 to 5000 µg L-1, 469 

varying from 0.89 to 0.040, respectively.[73] Langmuir maximum sorption capacity 470 
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estimated for the MS, qm, was within the interval 97.8 to 111 mg g-1, which is very similar 471 

to that obtained by for Graphene Oxide/Polyethyleneimine aerogel (90.3 – 106 mg g-472 

1),[67] evidencing the potential of the present material, even more considering that it is a 473 

natural material, without any chemical modification.  474 

 475 

Table 3. Isotherms parameters and goodness of fit (Freundlich, Langmuir, Temkin, 476 

Dubinin–Radushkevich and SIPS models) for the Hg sorption onto MS.  477 

Isotherm model Best fit values Goodness of fit 

Freundlich 
KF (95% CI), µg g−1 3.54 (1.23 to 7.38)  R2 0.933 

1/n (95% CI) 0.46 (0.34 to 0.61) Sy.x 8.95 

Langmuir 
qm (95% CI), µg g−1 104 (97.8 to 111) R2 0.997 

bL (95% CI), L μg−1 0.005 (0.004 to 0.006) Sy.x 1.99 

Temkin 
B (95% CI), J mol-1) 148 (123 to 184) R2 0.954 

Kt  (95% CI), L µg-1) 0.12 (0.08 to 0.20) Sy.x 7.43 

Dubinin–

Radushkevich 

qm (95% CI), µg g−1 89.2 (77.6 to 102) R2 0.977 

Β (95% CI), mmol2/J2 0.015 (0.102 to 0.022) Sy.x 5.20 

SIPS 

qm (95% CI), µg g−1 98.8 (91.7 to 108) R2 0.998 

1/n (95% CI) 1.11 (0.08 to 1.27) Sy.x 1.67 

bS (95% CI) 0.006 (0.005 to 0.008)   

CI - Confidence interval 478 

 479 

3.5. Regeneration and reuse of sorbent material 480 

The regeneration and reuse of MS, which is an important aspect of any sorbent in terms 481 

of sustainability and economic viability, was carried out for all the water matrixes, using 482 

an initial MS load of 40 mg L-1 and Hg concentration of 50 μg L-1. After the sorption 483 

experiment (24 hours), the MS were regenerated using a 10% (v/v) HNO3 solution. The 484 

experiments were repeated 2 times, for a total of 3 consecutive sorption/desorption cycles. 485 

The concentration of Hg associated with the MS, before and after regeneration, was 486 

evaluated by pyrolysis atomic absorption spectroscopy with gold amalgamation (LECO). 487 

The initial amount of Hg in the pristine MS (μg of Hg per g of MS) was found to be of 488 
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0.22 ± 0.04 μg g-1. Right after Hg sorption, the sample was dried and lyophilized, and the 489 

amount of Hg present in the MS samples was found to be 575 ± 18.7 μg g-1.  490 

Figure 10 represents (in blue) the efficiency of Hg removal after the 3 regeneration/reuse 491 

cycles, in the 3 different water matrixes. There is an observable reduction in R% for the 492 

consecutive cycles, more obvious for the sample used in the seawater experiment (R% of 493 

85 % in the first cycle down to 75 % in the third). In the same figure but in red, the results 494 

from the LECO analysis for the residual Hg % in the MS samples after the regeneration 495 

cycles is also presented. There is still a considerable amount of Hg in the samples 496 

(maximum detected of 22.9 μg g-1) when compared to the initial residual value of 0.22 μg 497 

g-1 of the pristine MS. Despite not being perfect, the regeneration method is still quite 498 

efficient (over 96 % recovery). 499 

 500 

 501 

Figure 10. (Blue) Efficiency of Hg sorption (R%) for an initial MS load of 40 mg g-1 and 502 

initial Hg concentration of 50 μg g-1 in 3 different water matrixes, for 3 consecutive 503 

cycles. The samples were washed/regenerated in 10% HNO3 between cycles. (Red) % of 504 

retained Hg inside dry MS after regeneration. 505 

 506 
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4. Conclusion 507 

This study shows that a naturally occurring material, spongin, which is the main 508 

component of the skeleton of common marine sponges from the genus Spongia and 509 

Hippospongia, is a great sustainable and eco-friendly candidate for the adsorption of Hg 510 

from contaminated real waters. With a starting dosage of 40 mg L-1 of MS in relatively 511 

low, albeit realistic, concentration of Hg (50 μg L-1), MS was able to remove 91, 90 and 512 

89 % of Hg from MQ, bottled, and seawater, respectively. The kinetic analysis of the data 513 

revealed a best fit for the pseudo-second order equation, with R2 over 0.99 for all water 514 

matrixes, which suggests that the chemical interactions between the functional groups of 515 

the spongin fibrils and the Hg ions must regulate the sorption mechanism. The best 516 

application of Weber’s intraparticle-diffusion model was for a two-segment fit, where the 517 

first linear section is most probably related to a faster diffusion in the larger pores of MS 518 

samples, driven by the higher concentration gradient, and the second step indicates that 519 

the intraparticle-diffusion decreases with decreasing concentration gradient.  520 

Starting at with a Hg concentration of 50 μg L-1, the residual value of ~5 μg L-1 in seawater 521 

is encouraging, and tends to the recommend value for drinking water of 1 μg L-1. This 522 

naturally preformed 3D structure has the potential to be used as a support or 523 

immobilization scaffold for known, otherwise loose and highly dispersible, materials with 524 

high affinity to Hg, where a synergetic effect could increase the potential of both materials 525 

to sorb Hg from real waters. 526 
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