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Abstract:

Metal remediation was studied by the sorption of analytical grade copper Cu(ll) and silver Ag(l) by four
exopolysaccharides (EPS) produced by marine bacteria. Colorimetric analysis showed that these EPS
were composed of neutral sugars, uronic acids (>20 %), acetate, and sulfate (29 %). Metal sorption
experiments were conducted in batch process. Results showed that the maximum sorption capacities
calculated according to Langmuir model were 400 mg g_1 EPS (6.29 mmol g‘1) and 333 mg g‘1 EPS
(3.09 mmol g'1) for Cu(ll) and Ag(l), respectively. Optimum pH values of Ag(l) sorption were
determined as 5.7. Experiment results also demonstrated the influence of initial silver concentration
and EPS concentrations. Microanalyzing coupled with scanning electron microscopy demonstrated the
presence of metal and morphological changes of the EPS by the sorption of metallic cations. The
Fourier transform infrared spectroscopy analysis indicated possible functional groups (e.g., carboxyl,
hydroxyl, and sulfate) of EPS involved in the metal sorption processes. These results showed that
EPS from marine bacteria are very promising for copper and silver remediation. Further development
in dynamic and continuous process at the industrial scale will be established next.
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1. Introduction

Heavy metals are being used widely, largely by industries (e.g., mining, electroplating,
welding, electronic...). During the biogeochemical cycles of metals (1), the speciation of them
and so their toxicity are modified. That is why, the release into the environment of even trace
concentrations of heavy metals can cause severe aquatic or terrestrial damages (2, 3). In
response to these issues, several methods exist to remove heavy metals from industrial
effluents such as precipitation processes, electrochemical methods, sorption on activated
carbon, membrane systems or chelating resins. However, these conventional methods are
often expensive, inefficient and not safe (4).

In this context, sorption of heavy metals based on metal binding capacities of biological
materials can be an alternative solution (5-7). Among numerous biosorbents (e.g., yeast,
seaweed, bacteria, fungi), bacterial exopolysaccharides (EPS) have been effectively and
successfully used in heavy metal removal studies (8-11).The advantage of microbial EPSs
compared to plants, crustacea or algal polymers are related to their chemical and physical
properties and their production that is less subjected to instability due to crop loss, marine
pollution or climate change (12). Moreover, EPS have ionizable functional groups like
carboxyl, acetate, hydroxyl, amine, phosphate and more rarely sulfate groups, which are
potential binding sites for the sequestration of heavy metals (13). It is admitted that metal
sorption implies a physico-chemical interaction between the metal cation and functional
groups based on physical sorption, ion exchange, complexation and/or precipitation (14).
Moreover, metal sorption performance also depends on external factors like pH, metal
concentration or biomass concentration.

Several studies on copper sorption by EPS have been carried out (11, 15), however none
were performed on silver sorption by purified EPS. Copper and silver are largely used in a
wide range of industrial applications (e.g. mining, electronic, water purification).
Nevertheless, it is well known (3, 13, 15) that both metals exhibit toxicity to aquatic life and
constitute important risk for human health.

The aim of the present work was to determine the sorption capacity of four different bacterial
exopolysaccharides that could be used as efficient biosorbents for the remediation of two
heavy metals rejected by industrial activities, Cu (llI) as a commonly studied cation and Ag (I)
that has been very little studied. Moreover, importance of initial pH, metal and sorbent
concentration on the binding capacity of these metals were studied on one EPS.

2. Materials and methods

2.1. Bacterial strains and EPS production

Strains referenced as M1, M3 and M4 were isolated from different microbial mats in Rangiroa
atoll (French Polynesia) and Tahiti Island (16, 17). EPS referenced as M2 was provided by
Prof G.Geesey from Montana State University (USA). Bacterial production of
exopolysaccharides along with the associated extraction and purification protocols have
been previously described (17).

2.2. Chemical characterization of EPS

Global composition of EPS (neutral, uronic and hexosamine contents of the different
exopolysaccharides) was determined using colorimetric methods, while monosaccharide



composition and ratios were determined using GC analyses. Non carbohydrate substituents
were determined by either HPLC and/or NMR analyses. These chemical EPS’s analyses
were described in previous works (18, 19). The molecular weight of EPS was determined by
high-performance size-exclusion chromatography (HPSEC) and the polydispersityindex (Ip)
was calculated from the Mw/Mn ratio (University Le Mans UMR 6120 PCI).

2.3. Chemicals

All chemicals used in this study were of analytical grade. Stock solutions of Cu(ll) (1000 mg
L™ ) were prepared by dissolving (Cu(COOCHj5),) from Merck in ultrapure water and stock
solutions of Ag(l) (500 mg L") were prepared by dissolving (AgNO3) from Sigma Aldrich in
ultrapure water.

2.4. Metal sorption experiments

The sorption experiments were performed in a flask by dissolving 50 mg of the dry EPS in
100 ml of the metal solution at initial concentrations in the range of 100-1000 mg.L™” for Cu
(1) and 50-500 mg.L" 20 for Ag(l), as described previously (3, 6, 7, 8). Silver experiments
were performed in the dark due to the photosensibility of silver nitrate. Solutions were
prepared in triplicate and were gently shaken for one night, as determined in preliminary
experiments showing equilibrium was reached in a few minutes to a few hours. All along the
experiment, pH was regularly checked. At the end of each experiment, the solutions were
ultrafiltered using Pellicon® Tangential Flow Filtration Cassettes with a nominal molecular
weight cutoff of 100 kDa to eliminate all free metal ions remaining in the solution. Permeates
were used to determine concentrations of each metal cations whereas retentates were
lyophilized prior to further analysis.

Appropriate controls were analysed during the sorption experiments to check the absence of
glassware sorption of metals and other potential side effects.

The amount of metal ions sorbed at equilibrium per unit mass of EPS was defined using the
general equation :

(Ci—Ceq)V
g=———"2

m

where q is the metal uptake at equilibrium, in mg metal.g™” of the biosorbent. Ci is the initial
metal concentration and Ceq the equilibrium metal concentration in solution (mg.L™") of
volume V (mL) and m the mass of EPS (mg).

Additional sorption experiments at different pH values were conducted with the EPS M1 (50
mg Ag*.L™"). pH of the solution was adjusted to 2, 4, 5, 6 and 8 by using either 0.1 M NaOH
or 0.1 M HCI. pH of the tested solutions was checked using pH meter (pH197i, WTW) at
regular intervals, and adjusted to the initial pH value. Moreover, experiments using different
EPS concentrations (10, 50, 100, 250 and 500 mg.L'“) were performed to evaluate the
optimal silver uptake.

2.5. Equilibrium sorption isotherm
Cu and Ag uptakes were plotted according to the linearized model of Langmuir (20). This

classical isotherm can be simply expressed by the following equation:
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where Qmax (mg.g™”) represents the maximum sorption capacity, K is the Langmuir
equilibrium constant (L.mg™") and [Me]eq (mg.L™) the equilibrium concentration of the metal
in the solution. Linear transformation of equation (1) enables the calculation of the
Langmuir’'s parameters.

Furthermore, thermodynamic considerations of a sorption process are necessary to conclude
if the process is spontaneous or not (21). The standard Gibbs free energy change (AG®) can
be calculated by using the following equation: AG° = — RT In K were R is universal gas
constant (8.314 J mol”'K™") and T is the absolute temperature (in K). AG® is an indication of
spontaneity of a chemical reaction at a given temperature.

2.6. Metal Analysis

After ultrafiltration, permeates were acidified with HNO3 (0.5N) and the metal concentration
was determined by Inductive Coupled Plasma-Atomic Emission Spectroscopy analysis (ICP-
AES, HORIBA Jobin YVON ULTIMA 2). The ICP analyses were conducted at wavelengths of
324.754 nm and 328.068 nm for copper and silver, respectively. All assays were run in
triplicate.

2.7. Scanning electron microscopy

Freeze dried EPS samples were pasted to aluminium stubs. Samples were coated with gold
with a sputter coater and finally observed with a Quanta 200 (FEIl) scanning electron
microscope coupled with an Energy-dispersive X-ray spectroscopy (EDS, Oxford).

2.8. Fourier Transformed InfraRed spectroscopy

FTIR spectra of dried EPS were recorded on Thermo scientific Nicolet iS10 FTIR
spectrometer, equipped with a Universal ATR (attenuated total reflectance) sampling device
containing diamond/ZnSe crystal. Spectra were scanned at room temperature in
tran1smission mode over the wave number range of 4000—600 cm™ , with a resolution of 4
cm™ .

2.9. Statistics

Statistical analysis were performed using xlstat software (AddinsoftTM version 2012.6.04).
The results were evaluated for normality and homogeneity of variances. If the assumptions of
normality and homogeneity of variances were not met, homogenisation of variances were
performed using the Box-cox transformation Then, ANOVA, Dunnett's and Tukey’'s
procedures were used to evaluate the data.

3. Results and Discussion

3.1. Chemical composition of EPS

Selected polysaccharides were characterized by percentages of neutral sugars, uronic acids,
hexosamines, sulfates and other substituents (Table 1).

With the exception of EPS M4, the chemical composition indicated high percentage of
neutral sugars (> 46 %, Table 1). Moreover, uronic acids accounted for 8 to 27% (except M2)
thus contributing to their anionic character (22-24). EPS referenced as M2 was mainly
composed of neutral sugars as glucose as previously determined and showed a high



polydispersity index (Ip = 4.2) reflecting the heterogeneity of polymer and a relatively low
(870 kDa) molecular mass.

The chemical composition of M1 appeared to be different from the others due to its high
sulfate content reaching 29 %. In the same way as carboxyl group (pKa = 4-5) of uronic acid,
the sulfonic group (pKa = -2.6) can be dissociated and display ionic interaction with metals.
This polymer was also characterized by a high molecular weight (4300 kDa) and a low Ip
(1.3). EPS M3 showed high amounts of uronic acids amounts (20%) and a high molecular
weight (1800 kDa) whereas EPS M4 was characterized by equal amounts of uronic acids
and hexosamines. Moreover, the four polymers had a very low protein amount (<5 %)
reflecting the efficiency of the purification protocol.

3.2. Heavy metal sorption isotherms

Sorption isotherms of Cu by the different EPS are shown in Fig. 1. Sorption isotherms
represent the equilibrium of metal between the aqueous phase and the EPS versus metal
concentration (9, 10). For EPS M1 (Fig. 1), sorption increased with the initial metal
concentration. In that, it can be hypothesized that metal accumulation by this bacterial EPS is
a chemical, equilibrated and saturated mechanism (9, 11). As listed in Table 2, the maximum
amount (Qmax, calculated from the Langmuir's equation) of Cu sorption was observed with
EPS M1 with a huge Cu uptake capacity reaching 400mg Cu.g-1 EPS (6.3 mmol Cu.g™
EPS). The two others EPS (M3 and M4) showed interesting copper-binding capacities with
139 mg Cu.g-1 EPS (1.29 mmol Cu.g-1 EPS) and 112 mg Cu.g-1 EPS (1.77 mmol Cu.g™
EPS), respectively. Neutral polymer M2 was unable to bind any copper ion. One can note
that during metal sorption experiments, pH values remained steady, with no significant
variation as shown in Table 4.

Silver sorption isotherms were obtained in the same way as copper and are shown in Fig.2.
Experiments conducted with silver salts showed that all EPS were able to bind silver ions.
The maximum amounts (Qmax) were observed with EPS M3 (333 mg Ag.g” EPS ; 3.09
mmol Ag.g" EPS ; Table 2) and EPS M1 (256 mg Ag.g” EPS ; 2.38 mmol Ag.g”" EPS).
Binding capacities of 145 mg.g” EPS (1.34 mmol Ag.g”" EPS) and 100 mg.g" EPS (3.15
mmol Ag.g” EPS ) were determined for EPS M2 and EPS M4, respectively. Moreover, the
calculated AG°values were negative (Table 2) thus indicating that sorption of Cu(ll) and Ag(l)
on EPS were spontaneous under the experimental conditions.

From these results, it can be hypothesized that EPS composition affects its metal sorption
capacities. Actually, Loaec et al. (10) showed that the chemical composition of
exopolysaccharides from bacteria Alteromonas macleodii fijiensis subsp composed by
neutral sugars, acids, amino sugars and other functions such as sulfate and pyruvate esters
contributed to the uptake of metals. The authors also identified specific functional groups
specifically involved in metal binding. However direct relation between sorption capacity and
EPS sugar composition is quite difficult because sorption mechanism is also probably
affected by a set of other characteristics including EPS configuration, structure, molecular
weight, and rheological properties.

In the same way, comparison with binding data reported in the literature remains a difficult
task because of the different methodologies and experimental conditions (pH, temperature,
ionic strength, ranges of concentration of metal used, anion of the salt, etc.) and the nature of
sorbents used (25-27). Nevertheless uptake capacities of the four bacterial EPS for the
removal of Cu(ll) and Ag(l) were compared with those of other biosorbents reported in
literature (Table 3). With the exception of a copper uptake up to 1602 mg.g-1 30 EPS as
observed for Paenibacillus polymyxa (28), data from the present study indicated higher
uptake values. The value of Qmax for silver sorption was up to 333 mg.g” EPS M3, and this



value was much higher than the observed capacities for an EPS slime produced by
Alcaligenes eutrophus (53) and other natural biomasses reported in the literature ranging
between 41.8 and 98.7 mg.g™".

Moreover, one can note that due the ability of acetate to complex to Cu, sample may likely
also contain a ternary complex made of Cu-AcCOO/EPS (as it has already been described),
thus affecting Cu sortion capacities of EPS.

3.3. Factors affecting sorption

It is now well accepted that metal sorption implies physico-chemical interactions between
metallic ions and EPS, and that interactions could be influenced by external factors, such as
pH, EPS concentration, metal concentration (5, 29). In the present study, due to its high
binding capacity as well as other parameters such as low viscosity and high yield of
production, EPS M1 was selected to study the effects of varying experimental conditions (pH,
EPS concentration, initial metal concentrations) on its metal binding capacities for silver.

3.4. Effect of pH on silver sorption

The sorption was ranged between 22.6 and 51.2 mg.g”" for pH ranged between 2 and 8
inducing an increase of the binding capacity of 28.6 mg.g™. The increase was significant
between pH = 2 and pH = 4 and then remained stable between pH = 5 and pH = 8 (Fig 3).
Our results are in agreement with previous works that demonstrated a reduction of metals
sorption with decreasing pH (30, 31). This phenomenon can be explained by modification of
metal speciation itself acting on solubility, complexation, redox reactions through metal
recovery (5, 31) and the ionization state of the functional groups (e.g. carboxyl, sulfate,
phosphate and amino groups). pH modifies the EPS notably by ionisation of carboxylate and
sulfate groups that permit the EPS components to be effective scavengers of metal cations
(32). But equally the presence of H+ ions at low pH (pH=2-4) that could compete with Ag+
cations for sorption sites onto the system thus affected silver sorption (33). Actually, with an
experimental pH value of 5, sorption capacity of silver increased, compared to lower pH
values. Binding sites (such as carboxyl groups, pKa = 4-5) are then dissociated and available
for binding to metal cations. The competitive effect of protons for binding sites is, at pH 5,
much lower. At pH values above 5, binding capacity of M1 for Ag remained unchanged with a
value near 50 mg Ag.g™" EPS.

3.5. Effect of EPS concentrations on silver sorption

The effect of biosorbent concentration on the Ag+ sorption was determined at initial metal
concentration of 50 mg .I" Ag(l) (Fig. 4). At equilibrium, the amount of Ag+ sorbed onto the
EPS M1 was found to decrease from 1055 to 56.2 mg.g™ with increasing the biosorbent
concentration from 0.001 to 0.05 %. All values were significantly different from each others (p
< 0.05). The high EPS concentration could make a screening effect of the outer layer,
thereby shielding the binding sites from metal (34).

3.6. Effect of initial metal concentrations on metal sorption

The effect of initial metal concentrations on Cu2+ and Ag+ sorption by EPS M1 were
determined with initial concentrations ranging from 50 to 500 mg.L™ for Ag(l) and from 100 to
1000 mg.L™ for Cu(ll). Fig.5 showed that both heavy metals exhibited the same behaviour.
The sorption capacity (q) increased with increasing initial metal concentrations with a
maximum sorption at 500 mg.L™ for Ag(l) and 900 mg.L™ for Cu(ll). Globally, a rapid increase
of sorption capacity in the area of low concentration was noted (Fig.5). Elevation of sorption
capacity was observed with increasing initial metal concentration, thus indicating that strong
interactions occurred between the available exchange surface of the EPS and the metal



cations (Fig. 5). Then, a saturation was observed for higher metal concentrations (~ 300
mg.L™" for Ag(l) and ~ 700 mg.L™ for Cu(ll)), resulting from saturation of active sites involved
in the sorption process (35).

3.7. Morphological modifications of EPS induced by metal sorption observed by
Scanning Electron Microscopy

Morphology of EPS surface was observed by scanning electron microscopy before and after
copper and silver sorption. This technique allows visualization of the presence or absence of
metal in the sample (Fig. 6). In addition, micro analysis coupled with SEM allows
characterization and quantification of EPS elemental constituents as well as metals sorbed
onto the EPS. The SEM pictures confirmed the presence of metal and micro analysis (Fig. 6,
¢ and f, white arrows) indicated concentrations of metal ions up to 68% (w/w) for copper and
~30% (w/w) for silver. In addition, these pictures showed morphology changes between
native samples and those containing metal (Fig. 6). In particular, the presence of copper or
silver on the EPS gave samples a smoother and less dentate (Fig. 6, b and d) aspect. Similar
SEM observations were reported by other researchers,(36) with bacteria and (37) with green
algae.

3.8. Identification of EPS binding sites by Fourier Transformed InfraRed (FTIR)
spectroscopy

Infrared spectra of EPS M1 and EPS M3 before and after copper or silver binding are shown
in Fig. 7 and in Fig. 8, respectively.

Comparison of FTIR spectra obtained for the Native EPS M1 and EPS M1 + Cu (Fig. 7)
showed significant shifts. Significant differences were observed in stretching vibrations of
hydroxyl groups around 3400 cm™ (+71 cm™ compared to the native polysaccharide). Shifts
were also noted for carboxyl stretching vibrations of C = O at 1640 cm™ (-6 cm™), that
corresponds to uronic acids in the exopolymer. Some discrepancies were also noticed in the
region of sulfate groups SO3 : at the band 1240 cm™ (-6 cm™ compared to the native
polysaccharide). EPS M1 is characterized by high amount of sulfate (28%, Table 1).
Carboxyl or hydroxyl groups are known to be primarily involved in metal binding by forming
coordination bonds that facilitate the stability of the complex(11, 38). According to FTIR
analysis, these experiments support the assumption that sulfate groups seemed to be
involved in the mechanisms of retention of copper despite the controversy on the role of
sulfate in the metal-binding capacity of polysaccharides (9, 39). Sulfate groups are generally
known to be involved in the overall uptake of trivalent ions, such as ferric ions (40).
Confirmation of this could be done by complementary analysis by EXAFS spectroscopy.

In the same way as for copper, significant changes were observed on FTIR spectra of native
EPS M3 and EPS M3 +Ag (Fig. 8).The most striking dissimilarity was again found in bands
intensity of alcohol-OH groups around 3370 cm-1 (-9 cm™ compared to the native EPS M3),
as well as in vibrations of carboxylic acid groups ionized with a first band around 1600 cm -1
(-8 cm-1) of high intensity and a second band around 1400 cm™ (-8 cm™). Differences were
also located for stretching vibrations of primary C-OH to 1000-1080 cm™ (-2 cm™) and
secondary C-OH between 1050 and 1160 cm™ (-2 cm™). Our results are in agreement with
previous studies, in particular those by Lin et al. (41), and Pethkar et al. (42) pointing out the
role of both carboxyl and hydroxyl groups in sorption of silver in various biomasses.

4. Conclusions

In this study, we demonstrated the binding capacities of four bacterial EPS for Ag+ and Cu2+
heavy metals. Maximum uptake capacities as high as 400 mg of Cu(ll))g and 333 mg of
Ag(l)/g were determined for two different EPS. Initial pH, initial Cu(Il) and Ag(l) concentration



and initial EPS concentration highly affects the sorption of heavy metals. These results can
be partly related to the specific chemical composition of EPS and the number of available
binding sites. SEM analysis revealed morphological changes of the EPS before and after
sorption of metallic cations. Fourier transformed infrared spectroscopy (FTIR) analysis
indicated that major functional groups (carboxyl, hydroxyl and sulfates groups) on the EPS
contribute to the uptake of the polysaccharide. These results showed that EPS from bacteria
are very promising in terms of potential copper and silver remediation. With the view of
industrial development of EPS-based metal remediation, studies dealing with immobilization
of EPS onto regenerative matrix and further desorption of metal are in course in our
laboratory. Further development in dynamic and continuous process at the industrial scale
will be next established.
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Figure and table legends

Figure and table legends

Fig. 1 Equilibrium sorption isotherm of copper (100-1000 mg.L™") by M1, M2, M3 and M4 EPS (EPS conc. : 0.5
gL ; pH=6.2) . Error bars represent + standard deviation of triplicate samples.

Fig. 2 Equilibrium sorption isotherm of silver (50-500 mg.L" ) by M1, M2, M3 and M4 EPS (EPS conc. : 0.5
gL ; pH =5.7). Error bars represent + standard deviation of triplicate samples.

Fig. 3 Effect of pH on silver (SOmg.L'l) sorption with M1 EPS (EPS conc. : O.Sg.L'l). Different letters indicate
significant differences according to Tukey’s test (p < 0.05). Error bars represent + standard deviation of triplicate
samples.

Fig. 4 Effect of M1 EPS concentration on silver (50 mg.L™") sorption. Different letters indicate significant
differences according to Tukey’s test (p < 0.05). Error bars represent + standard deviation of triplicate samples.
Fig. 5 Effect of initial Cu(II) and Ag(I) concentrations on sorption capacity (q) of EPS M1 (EPS conc. : 0.5g.L"
Y. Error bars represent + standard deviation of triplicate samples.

Fig. 6 Scanning electron microscopy photography of a: native EPS M1; b: EPS M1+Cu; ¢: zoom and analysis of
EPS M1 Cu; d: native EPS M3; e: EPS M3+Ag; f: zoom and analysis of EPS M3+Ag. White arrows indicate the
area analysed by EDS. All values are in percentage by weight.

Fig. 7 FTIR spectra of EPS M1 before and after copper sorption.

Fig. 8 FTIR spectra of EPS M3 before and after silver sorption.

Table 1 Characteristics and chemical composition of the four studied exopolysaccharides (16.17).
Table 2 Langmuir parameters (Qmax and K) and Gibbs free energy (AG®) for the sorption of Cu and Ag on four
EPS and the correlation coefficient (R?).

Table 3 Comparison of copper and silver uptake capacities (Qmax, mg.g™") and operating conditions of various
natural biosorbents. n.a : not available.

Table 4 pH values of EPS ofr Cu(Il) and Ag(I) during metal sorption. s.d. : standard deviation ; n : number of
values.





