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Abstract :   
 
Biosorption of silver ions by several exopolysaccharides (EPS) differing from each other in their chemical 
composition and functional groups was investigated. EPS were characterized before and after Ag(I) 
biosorption by comprehensively using X-ray photoelectron spectroscopy (XPS), Fourier transform infrared 
spectroscopy (FTIR), X-ray diffraction, transmission electron microscopy (TEM). The role of the different 
functional groups in the biosorption process was observed. In particular, sulfate groups were seen playing 
a major role. XPS and FTIR methods showed that the composition of lowest efficient EPS changed after 
Ag(I) biosorption with a relative increase of the carboxylate ions content. This change was accompanied 
by the formation of mainly silver oxide nanoparticles. As the consequence, the reducing character of the 
EPS is expected to influence the silver sorption capability of the EPS. 
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Graphical abstract 
 

 
 

Highlights 

► Ag+ biosorption by four EPS differing from each other in their chemical composition. ► XPS, FTIR, 
XRD, TEM were applied to characterize the EPS before and after sorption. ► The role of sulphate groups 
in the biosorption is highlighted. ► Silver and silver oxide nanoparticles were observed. 
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1. Introduction  
During the last decades, silver ions were extensively used in many industrial activities 

such as in electronics, jewellery, photography or electroplating domains, resulting in increasing 

contamination of waste water, especially in aquatic environment [1]. Actually silver is one of the 

most toxic metal, in particular in its ionic form [2,3,4] and its absorption by humans can cause 

severe dysfunction of kidney, reproduction system, liver, brain and central nervous systems. 

Considering the serious environmental problems and the damage to human health caused by this 

toxic metal, great attention has been paid in its removal from water. Furthermore, recovery of 

silver is of economic interest due to its high commercial value. Different methods do exist to 

recover metal ions including conventional ones such as electrolysis [5], precipitation [6], flotation 

[7], ion-exchange [8] or adsorption [9,10]. Among these methods, biosorption of silver ions by 

biomaterials is becoming an emerging technique due to its simplicity, low cost and efficiency. 

Recently, a number of biosorbents were developed and tested for removal and recovery of Ag+, 

such as fungi Cladosporium cladosporides 1 [11], bacteria Myxococcus xanthus [12], persimmon 

tannin [13] or chitosan resin [10]. 

Bacterial exopolysaccharides (EPS) are high molecular weight polymers excreted by 

numerous bacteria into the surrounding environment, and are considered as promising 

biosorbents because of their diversity of structures and properties along with the ease of 

production and biodegradability. Actually, EPS present ionisable functional groups such as 

carboxyl, acetate, hydroxyl, amine, phosphate or sulfate groups which may act as active sites for 

ionic biosorption [14]. They have been successfully used in the past for heavy metal ions removal 

from aqueous solutions [15-18]. However, only recently, Deschatre et al. [19] focused on 

sorption of silver ions by EPS. In this study, authors investigated sorption capacity of four EPS 

differing from each other in their chemical composition, and compared their efficiency for silver 
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and copper ions capture. Metal biosorption experiments were conducted in batch process and 

showed the influence of factors such as initial metal concentration, EPS concentration or pH, on 

the retention capacity. Maximal metal sorption capacities were 333 mg Ag/g EPS M3 and 400 

mg Cu/g EPS M1, thus highlighting differences in the selectivity of each EPS. Such selectivity 

could be explained, at least partially, by the nature of functional groups within each EPS, as 

suggested by Fourier Transform Infrared Spectroscopy (FTIR) analyses performed on EPS before 

and after metal sorption. However, mechanisms involved in the sorption mechanism of silver 

remain unclear. The aim of the present study was to identify EPS functional groups involved in 

silver sorption to better understand sorption mechanisms to predict and improve silver ions 

recovery. Thus, chemical structure of four EPS was studied before and after silver sorption, using 

X-ray Photoelectrons (XPS), X-ray diffraction (XRD), FTIR and Transmission Electron 

Microscope (TEM). Only the use of such complementary techniques enables one to get a good 

understanding of the sorption mechanism. 

2. Material and methods  

Chemicals  

All chemicals used in this study were of analytical grade. Stock solutions of Ag(I) (500 

mg. L-1) was prepared by dissolving (AgNO3) from Sigma Aldrich in ultrapure water. Bacterial 

production of exopolysaccharides along with the associated extraction and purification protocols 

have been previously described [20]. 

Metal biosorption experiments 

Biosorption experiments were performed in a flask by dissolving 50 mg of dry EPS in 100 

ml of silver solution at initial concentration of 500 mg.L-1. Experiments were performed in the 
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dark due to the photosensitivity of silver nitrate. Solutions were prepared in triplicate and were 

gently shaken during 3 hours. During experiments, pH was regularly checked. At the end of the 

experiment, solutions were ultrafiltered using Pellicon Tangential Flow Filtration Cassettes with 

a nominal molecular weight cutoff of 100 kDa to eliminate all free silver ions remaining in the 

solution. Permeates were analyzed by inductive coupled plasma atomic emission spectroscopy 

(ICP AES; Horiba Jobin Yvon ULTIMA 2) to determine silver ions concentration, while 

retentates were freeze-dried prior to further analyses by XRD, XPS FTIR and TEM.  

Analytical techniques  

Crystalline structure of four EPS (M1, M2, M3, M4) was analysed by X-ray diffraction 

(XRD) with an Empyrean Panalytical apparatus using the CuKα radiation. Composition of EPS 

polymers was determined by X-Ray photoelectron spectroscopy (XPS) before and after sorption. 

Briefly, the experimental apparatus consisted of an Mg-Kα X-ray source (Thermo VG) and a 

cylindrical mirror analyser from RIBER. The fitting procedure was made by CasaXPS software 

and by considering linear and Shirley backgrounds [21]. FTIR spectra of dried EPS were 

recorded on Thermo Scientific Nicolet iS10 FTIR spectrometer, equipped with a universal 

attenuated total reflectance sampling device containing diamond Zn/Se crystal. Spectra were 

scanned at room temperature in transmission mode over the wave number range of 4,000-600 cm-

1, with a resolution of 4 cm-1. The TEM microscope used for the observation of silver 

nanoparticles created by precipitation was a JEOL JEM 1400. 

 

3. Results and discussion 

3.1 X-Ray Photoelectron spectroscopy 
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It is well admitted that biosorption of metals ions by biosorbents is due to the presence of 

ionisable functional groups such as carboxyl, acetate, hydroxyl, amine, phosphate, and sulfate 

groups [14], which are considered as potential binding sites for metal ions sequestration [22]. 

Metal biosorption occurs by interactions between metallic cations and EPS functional groups 

through complex mechanisms such as ion exchange, precipitation, adsorption or complexation 

[22]. To investigate the influence of functional groups involved in silver biosorption mechanism 

by EPS, XPS analyses were carried out on EPS before and after silver biosorption experiment. As 

shown by Table 1, neutral sugars and uronic acids appeared in the four studied EPS. XPS C(1s) 

and O(1s) spectra were thus systematically recorded. One should note that EPS M2 differs from 

other EPS since it is mainly composed of neutral sugar and shows a high polydispersity index 

(Ip=4.2) and a relatively low (870 kDa) molecular mass [19]. Since EPS M1 and EPS M4 contain 

sulfate and hexosamine content, respectively, N(1s) and S(2p) spectra are also considered in the 

following. 

 

3.1.a. XPS characterization of EPS before biosorption 

C(1s) spectra presented in figure 1(a) displays an important structure at 284.8 eV due to 

the presence of C-C and C-H bonds and an asymmetric tails at high binding energy due to the 

presence of carbon based functional groups. Generally, observed feature can be reproduced by 

considering the four possible Ci (i=0,1,2,3) contributions indicated by arrows in Fig. 1(a) which 

corresponds to non-functionalized carbon (C-C, C-H), carbon singly bounded (i.e. C-O or C-N 

for M4), carbon doubly bounded to oxygen (i.e. acetal carbon O-C-O or C=O) and carbon bounds 

to two oxygens (O=C-O). The relative energies of the three last contributions with respect to the 

first one are 1.7±0.1, 3.1±0.1 and 4.4±0.2 eV [23,24], respectively. To decompose the spectra, 

only the three first components (Ci, i=0, 1, and 2) were considered here due to the weakness of 
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the fourth component. The binding energies and intensities of these components derived from the 

fitting procedure are given in Table 2. As observed, the binding energy of C1 is very close to the 

predicted value of 286.5 eV and indicates the presence of alcohol groups C-OH for EPS M1, M2, 

M3 and M4 and C-N for EPS M4. In contrast, the C2 contribution is clearly shifted toward high 

energy with respect to the expected nominal value of 287.9 eV. This reveals the importance of 

carboxylate ions which lead to contribution at 288.3 eV [25]. However, O-C-O or C=O bonds 

may also be present, in agreement with the expected structure of polysaccharides. Table 2 

displays the total intensity of the carbon based functional groups (C1+C2) and the C1/C2 ratio for 

each EPS. It appears then clearly that there is an important difference in the total quantities of 

available functional groups in the four EPS. Furthermore, the ratio between the amount of 

carboxylate and alcohol groups differs in the EPS leading to a relative enrichment of alcohol for 

EPS M2 and carboxylate for EPS M4.  

The O(1s) spectra are presented in Fig. 1(b). Spectra were deconvoluted by considering 

only one contribution. Positions and intensities of this contribution are reported in Table 2. By 

comparing the intensities of the O(1s) peaks with the total amount of the C1+C2 functional groups 

discussed above, a very good agreement is found except for M1. This evidences that the carbon 

based functional groups dominates for EPS M2, M3 and M4 while the contribution of sulfate 

groups needs to be considered for EPS M1. The chemical nature of this EPS and probably its 

biosorption capability has thus to be discussed separately. For EPS M2, M3, and M4, the O(1s) 

peaks display different binding energies. This behaviour is explained by the composition of the 

EPS already noticed in the analysis of the C(1s) spectra. Indeed, M2 and M3 display peaks 

localized at high binding energies due to similar composition with high content of OH groups and 

lower content of carboxylate ions. For EPS M4, the importance of carboxylate leads to a decrease 

of the binding energy. For EPS M1, as stated above, the O(1s) spectra is more complex due to the 
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presence of hydroxyl, carboxylate and sulfate groups. The N(1s) and S(2p) spectra were 

measured before and after silver uptake for EPS M4 and M1, respectively (Fig 1. from supporting 

material). For EPS M4, the N(1s) line is localized at 399.7 eV, a value attributable to amine 

groups [26]. For EPS M1, before absorption, the S(2p) peak observed at 169 eV is explained by 

the sulfate groups. 

The presented results allow a clear identification of the active functional groups in the 

EPS before sorption. They are in fully agreement with the expected composition of the EPS. 

Indeed, they show i) for EPS M1, the presence of alcohol, carboxylate and sulfates groups, ii) for 

EPS M2, the high contribution of alcohol groups with negligible amount of carboxylate groups, 

iii) for EPS M3, an increase of the amount of carboxylate groups compared with EPS M2 due to 

a higher content of uronic acid, and finally iv) for EPS M4, an enhancement of the carboxylate 

quantities and the presence of amine groups. We note, however, that the main constituent of 

functional groups is the alcohol one. From these results, it appears also clearly that the 

availability of total functional groups including sulfate increases from EPS M4 to M3. This order 

does not correspond to the ranking in order of silver uptake capability observed by Deschatre et 

al. [19], showing either the selectivity of functional groups in sorption or different processes 

which may takes place. 

 

3.1.b. XPS characterization of EPS after biosorption 

In table 3, we present the results achieved after the decomposition of the C(1s) and O(1s) 

spectra after biosorption. Spectra are presented in the supporting material part. The positions of 

the C1 and C2 contributions derived from the fitting procedure remain almost identical to those 

observed before biosorption. For EPS M2, M3 and M4, the amount of total carbon based 

functional groups (C1+C2) is reduced by almost the same ratio. However, by considering the 



 9

change of the C1/C2 ratio, it appears that biosorption by EPS M3 is characterized by a similar 

decrease of intensities of both C1 and C2 functional groups. In contrast, for EPS M2 and M4, an 

important decrease of the C1 intensity with respect to C2 is found. This result demonstrates that 

some of the EPS are subjected to a change on their chemical structure during the biosorption and 

highlights that different sorption mechanisms are expected to occur in EPS M3 with respect to 

EPS M2 and M4. EPS M1 differs from the others by the presence of sulfates. For this EPS, the 

biosorption is correlated to a stronger decrease of the total amount of the carbon based functional 

groups. As observed for EPS M3, the same decrease of the intensities of C1 and C2 is observed 

for EPS M2.  

Table 3 displays also the results of the fitting procedure applied to the O(1s) spectra. For 

EPS M2, M3 and M4, as seen in the table, the total intensity of the O(1s) peak is decreasing by 

almost the same factor as the one found by the fitting procedure applied on the C(1s) spectra. 

This is fully explained by the fact that hydroxyl as well as carboxylate groups are contributing 

equally to both spectra. For EPS M1, the O(1s) intensity also decreased but its intensity remained 

higher than these results given by the C(1s) contribution due to the influence of sulfates which 

are observed in the O(1s) but not in the C(1s) spectra, respectively. 

In figure 2, we present Ag(3d) spectra after silver biosorption by the four EPS. Spectra 

were fitted using a linear background and two contributions associated to the two Ag(3d3/2) and 

Ag(3d5/2) components. Results of the fitting are presented in Table 4. The binding energies of the 

Ag(3d5/2) photolines are well above 368.2 eV, the typical value of metallic silver. As discussed 

by Shin et al. [27], such shifts may be attributed to different particle sizes, crystal structures, or 

chemical bondings of the metallic silver particles. We note that the observed energies are very 

close also to that found for silver nanoparticules with size of about 7 nm protected by carboxylate 

ions [28] or decanoate [29]. Due to this supplementary shift, the interpretation of Ag(3d) spectra 
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is not an easy task and an interpretation of the data including the evaluation of the modified 

Auger parameter α is highly desirable. This parameter which is equal to the sum of the kinetic 

energy of an Auger line and the binding energy of the associated photoelectron line provide 

additional chemical information on the species since it is independent of additional shifts created 

for example by charged sample. For that, we measured the M4N45N45 Auger peak spectrum for 

the EPS M3 which presented the higher silver content. Auger parameter was equal to 724.5 eV. 

For comparison, it was found to be 726.3 and 724.5eV in bulk silver and pure Ag2O, 

respectively; indicating here the presence of Ag+ [30]. Presence of silver oxide is not possible 

here due to their lower energies than 368 eV and to the non-observation of the O(1s) contribution 

near 530 eV. From these results, for EPS M2, M3 and M4, we expect thus that silver is present in 

the EPS in the form of Ag+ ions surrounded mainly by hydroxyl and carboxylate bonds. This 

result is in agreement with several studies made on the biosorption of metals [11,31]. In the 

literature, it is indeed frequently proposed that metal ions carboxylate complexes of different 

types are formed such as anionic or uncoordinated form, via unidentate coordination, via 

bidentate chelating coordination or via bidentate bridging coordination [32]. To explain the 

interaction between silver ions and hydroxyl groups, we expect that weak intra-molecular 

hydrogen bonding with hydroxyl groups may play a significant role. For EPS M1, as discussed 

above, the amount of sulfate groups is not negligible compared to hydroxyl and carboxylate 

functional groups. In this case, Ag+ ions should then be stabilized in the EPS throughout 

interactions between these three groups. This scenario is fully validated by the S(2p) sulfate peak 

(supporting material) which displays a shift in energy after silver biosorption toward high energy, 

indicating the bonding between Ag+ and sulfate groups. For EPS M4, after biosorption, no 

difference was observed in the N(1s) spectrum, leading to the conclusion that nitrogen is not 
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active during the process. 

In table 4, the intensity of Ag(3d) peak is representative of the amount of silver biosorbed 

by the EPS. The ranking EPS in order of silver uptake capability is thus the following: EPS 

M3(1), M1(0.55), M4(0.48) and M2(0.29), in agreement with the determination of silver 

concentration made by ICP AES [19]. As stated above, such order is not correlated to the ranking 

of the amount of total functional groups available before biosorption indicating different 

efficiencies of the hydroxyl, carboxylate and sulfate functional groups. The low efficiency of the 

EPS M2 may indicate thus that hydroxyl groups which are in majority in this EPS are not 

efficient with respect to carboxylate groups. However, this consideration does not explain the 

important difference in sorption capability observed between EPS M3 and EPS M4, this latter 

being enriched in carboxylate ions. The change of the polymer composition observed on EPS M2 

and M4 after sorption remain also unclear and should affect the sorption capabilities. 

 

3.2 FTIR  

To further investigate the role of EPS functional groups during sorption, FTIR spectra of 

EPS before and after biosorption are given in figure 3. FTIR spectra of native EPS showed an 

intense band in the 1200/1000 cm-1 region that can be assigned to ring vibrations overlapping 

with stretching vibrations of (C-OH) side groups and the (C-O-C) glycosidic bond vibration. As 

shown by M. Kacurakova et al. [33], positions of the observed maxima are explained by the 

backbone of the polysaccharide and by the chain constituents. Relative positions of axial and 

equatorial OH groups also influence positions of main peaks. For all EPS, bands attributable to 

symmetric stretching vibration near 1400 cm-1 and asymmetric stretching band at about 1600 cm-

1 of carboxylate ions are observed [32]. EPS M1 displays additional doublet at about 1250 cm-1 

attributed to the presence of sulfates.  
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As seen in the figure 3, composition of EPS M1 and M3 remains almost identical before 

and after biosorption. In contrast, for EPS M2 and M4, a strong increase of the intensity of the 

asymmetric carboxylate line is clearly observed. Such behaviour is in very good agreement with 

the results obtained by the XPS measurements and demonstrates that different mechanisms occur 

during biosorption by these EPS. The increase of the carboxylate contribution is definitely higher 

in the FTIR spectra than in XPS. This difference may be explained by the different regions in 

depth probed by the two techniques and also reveals the heterogeneity of the polymer under 

investigation.  

 

3.3 X-Ray Diffraction characterization and Transmission Electron Microscopy analysis 

Additional information on the status of silver ions trapped onto the EPS was obtained by 

X-Ray diffraction analyses. Before exposition, no pattern was reported due to the non-

crystallinity of the EPS. Figure 4 shows XRD patterns of EPS M1, M2, M3 M4 after Ag 

biosorption. XRD pattern of EPS M1 is very different from the others and displays numerous 

lines attributed to Ag2SO4. As stated above, this finding highlights the particular behaviour of 

EPS M1 due to the presence of sulfate groups. XRD patterns of EPS M2, M3 and M4 are very 

close and show the presence of Ag, Ag3O4 and Ag2O nanoparticles in the EPS. This result is in 

agreement with a recent study on the Ag+ biosorption by Saccharomyces cerevisiae cell walls 

[34] which proposes the formation of micro-precipitates as a possible mechanism for biosorption. 

In figure 4, EPS M3 is highly dominated by metallic Ag particles compared to EPS M2 and M4. 

Indeed, the five major peaks are indexed as face-centered cubic (fcc) structure [35] and indicate a 

polycrystalline structure of metallic silver with an intense (111) preferred orientation. Dimension 

of crystallites can be estimated to about 10 nm according to Scherrer’s formula (see supporting 

material). Additional peaks are also observed at positions corresponding to Ag2O and Ag3O4 [36] 
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with crystallites sizes of about 15 nm. Data of both EPS M2 and M4 shows the same peaks with 

however variations of relative ratios. Peaks assigned to silver oxides are indeed more intense than 

those of metallic Ag. The achieved XRD results allowed us to conclude that silver biosorption 

process is a complex phenomenon in which formation of oxide and metal nanoparticles must be 

taken into account because it directly affects silver ions availability and thus sorption potential. 

Moreover, our results demonstrate that biosorption mechanism is different in EPS M2 and M4 

with respect to M3, leading to the formation of either a majority of oxide or metallic 

nanoparticles. This difference should also be correlated to the FTIR and XPS results discussed 

previously where an increase of the carboxylate contents is observed for EPS M2 and M4 with 

respect to M3.     

The presence of metallic silver nanoparticles can be explained by reduction of silver ions 

into metallic silver. Such process is a well known method to produce silver metallic nanoparticles 

and it was recently shown that chemical reducing agents can be replaced by molecules produced 

by living organisms such as bacteria, fungi, algae or plants [37,38]. In the present study, we 

evidenced that bacterial EPS can also enable reduction of silver ions and can be thus considered 

as potential candidates for elaboration of metallic silver particles. As proposed by Lin et al., 

oxidation of hydroxyl to carboxyl group may explain the presence of metallic silver [31]. In this 

case, reduction of silver is accompanied by the release of H+ ion in the solution leading to a 

reduction of pH [31,39]. We note that such pH variation was also observed by Deschatre et al. 

[19]. However, this scenario does not explain the formation of silver oxide nanoparticles 

observed by XRD measurements. As proposed by Nersisyan et al. [40] on glucose, Ag2O can 

first be created by the reaction between OH- and silver ions in solution and, subsequently be 

reduced to metal with the reducing properties of the polymer [40].  

As expected from XRD results, silver nanoparticles were observed on charged EPS by 
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TEM. Figure 5 presents TEM pictures for the EPS M3 after biosorption. Nanoparticles display 

different shapes such as spheres or triangles with different sizes. Some of them show a core-shell 

structure. We note that the nanoparticles are well dispersed and form a colloidal solution. Indeed, 

EPS is known to stabilize the silver nanoparticles by preventing the aggregation/flocculation 

processes [41]. Similar results were observed for all EPS 

 

4. Conclusion 

In this study, XRD, XPS, FTIR and TEM were used to study mechanisms involved in 

silver sorption by four bacterial EPS (M1, M2, M3, M4) differing in their native chemical 

composition. For EPS M2, M3 and M4, results clearly showed the involvement of hydroxyl and 

carboxyl functional groups in trapping silver ions. Concerning EPS M2 and M4, for which it had 

been demonstrated fewer biosorption capacities, change of EPS composition was observed 

concomitantly to silver sorption, with a relative increase of carboxylate content compared to 

hydroxyl groups. This behaviour was correlated to the formation of silver oxides nanoparticles, 

though it is unclear whether these particles formed before, during, or after the sorption of Ag+ to 

the EPS. After biosorption, the presence of these nanoparticles might impact the physical or 

chemical treatment needed to recover silver from EPS. Further studies are needed to explore this 

possible impact. Moreover, original result of this work is the evidence that sulfates groups of EPS 

M1 play a major role in sorption process of silver. 
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Fig. 1.a) C(1s) and b) O(1s) XPS spectra of EPS before biosorption of silver. 
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Fig. 2. Ag (3d) spectra of EPS 
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Fig. 3. FTIR spectra of EPS before and after biosorption. 
 

 

 

Fig. 4. XRD patterns of M1 – M4 EPS after Ag biosorption
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Fig. 5. TEM images of the EPS M3 after Ag biosorption. 
 
 
 
 


