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Some groups such as carboxyl, phosphate, and hydroxyl on the surface of adsorbents were considered very vital 
to recovery rare earth elements (REEs) from wastewater by adsorption, and the main adsorption groups vary with 
the vary of pH value. The adsorption performance and the groups of Serratia marcescens adsorption yttrium 
(Y(III)) at pH 2.0, 3.5, and 5.5 were studied in the present study. The adsorption capacity of Serratia marcescens 
for Y(III) increased from 26.83 mg/g to 69.19 mg/g with the increase of pH from 2.0 to 5.5. Field emission 
transmission electron microscope (FETEM) confirmed that Y(III) was adsorbed on the Serratia marcescens cell 
surface, and the adsorption amount increased with the increases of the pH value. Fourier transform infrared 
spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS) results confirmed carboxylate and hydroxy 
groups mainly complexation with Y(III) at pH 2.0. Y(III) was captured on the Serratia marcescens surface under the 
combined actions of carboxylate and hydroxy and amine groups at pH 3.5 and 5.5, and amine became main 
adsorption groups at higher pH. The results showed amine, carboxylate, and hydroxy should be the groups of 
Serratia marcescens adsorption for yttrium. The results provided theory foundation for the preparation of high 
efficiency adsorbents by enhancing the adsorption groups of adsorbents surface through directive chemical 
modification.    
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Introduction 
 
Rare earth elements (REEs) was termed as the 
“industrial vitamin” mainly for their excellent 
optical, electric, and magnetic properties. 
Wastewater from the addition of REEs in the 
industrial activities and the production of REEs 
increase greatly with the growing usage and 
demand of REEs [1]. REEs has been considered as 
the hazardous substances in wastewater [2]. 
Water pollution from REEs wastewater has 

become a global concern. Some studies found 
that the exposure to REE caused some diseases 
such as nephrogenic systemic fibrosis and severe 
damage on the nephrological system [3-5], 
dysfunctional neurological disorders [6], and 
bioaccumulation in brain [7]. Therefore, recovery 
REEs from the wastewater is urgent for the 
elimination of its harm to environmental and 
human health and can resolve the shortness of 
REEs supply. Currently, the recovery of REEs from 
wastewater mainly relies the traditional 

mailto:lclwind@163.com


Journal of Biotech Research [ISSN: 1944-3285] 2024; 16:141-155 

 

142 

 

wastewater treatment methods such as chemical 
precipitation [8], ultra filtration [9], solvent 
extraction [10], electrostatic pseudo liquid 
membrane [11], and adsorption [12]. 
Biosorption, the adsorption process using 
biomaterial or biopolymer as adsorbents, mainly 
includes fungi, bacteria, yeasts, algae, and plant-
derived materials [13, 14]. In comparison with 
traditional methods, biosorption with the 
advantages of efficient, high selectivity, 
renewability, low cost, and suitable for treating 
low concentrations wastewater [15-18]. 
Biosorption has been considered as one 
promising method to recover REEs from 
wastewater. 
  
Some studies showed that the functional groups 
such as carboxyl, hydroxyl, amine, and 
phosphoryl on the biosorbents surface were vital 
to the adsorption capacity of biosorbents 
adsorption of REEs from wastewater [19, 20]. 
Kazak et al. analyzed adsorption functional 
groups of Bacillus subtilis for europium (Eu(III) ) 
at different pH and found that Eu(III) was mainly 
complexed with carboxylic groups at pH 5, while 
Eu(III) mainly complexed with phosphoryl and 
carboxylic groups at the pH higher than 5 [21]. 
Ngwenya identified the lanthanides sorption 
sites on the bacterial surface by analyzing the X-
ray absorption spectroscopic (XAS) spectra and 
found that phosphoryl mainly complexed with 
light and mostly middle lanthanides (lanthanum 
to Gdolinium), while some middle and heavy 
lanthanides (Terbium to Ytterbium) complexed 
with carboxylate and phosphoryl [22]. Liu et al. 
reported carboxyl, amino, sulfate, and hydroxyl 
were the adsorption functional groups of 
Laminaria ochroleuca and Porphyra haitanensis 
for REEs [23]. Hosomomi et al. found the 
modification of E. coli by diglycolic amic acid 
increased the maximum adsorption capacity for 
neodymium (Nd (III)), dysprosium (Dy (III)), and 
lutecium (Lu (III)) about 2.63, 2.15, and 1.65 
times, respectively [24]. Previous studies showed 
that the adsorption functional groups of 
biosorbents were mainly responsible for the 
adsorption capacity of REEs from water and were 

various with the different adsorption solution 
pHs. 
 
Serratia marcescens is the biosorbent isolated 
from the wastewater of a heavy yttrium rare 
earth mining area in Ganzhou, Jiangxi, China. It 
demonstrated well adsorption capacities for 
yttrium and europium in our previous studies [25, 
26]. However, the influence of pH on the 
adsorption functional groups of S. marcescens for 
yttrium was not revealed in the previous studies. 
The revelation of the adsorption functional 
groups of Serratia marcescens at different pH can 
provide guidance for the design of Serratia 
marcescens rich in effective adsorption 
functional groups of yttrium to adapt to the 
recovery of yttrium in wastewater with different 
pH. The aim of the present work was to 
characterize the adsorption functional groups of 
S. marcescens for yttrium at different pH. The 
adsorption functional groups at different pH 
were characterized by using Field emission 
transmission electron microscope (FETEM), 
Fourier transform infrared spectroscopy (FTIR), 
and X-ray photoelectron spectroscopy (XPS) 
spectrum. The results of this study would provide 
theoretical and technological guidance for the 
design of efficient biosorbents through directive 
chemical modification to enhance the 
biosorbents surface adsorption groups amounts, 
which could be used in the adsorption recovery 
yttrium from wastewater. 
 
 

Materials and Methods 
 
Preparation of S. marcescens 
S. marcescens used in the work was the same as 
described in our previous study [25] and 
domesticated in Y(III) solution. S. marcescens 
were cultured in the liquid beef extract peptone 
medium and stirred in a rotary shaker at 150 rpm, 
37°C for about 48 hours. S. marcescens biomass 
was harvested by centrifuging at 8,000 rpm at 
4℃ for 20 minutes. The biomass was then 
washed three times using deionized water before 
freezing-dried for future use as biosorbents. 
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Synthetic yttrium wastewater 
Synthetic yttrium solution was prepared by 
dissolving 0.1 g Y2O3 (Bioengineering, Shanghai, 
China) in 100 mL deionized water and adding 2 
mL of 0.1M H2SO4. The solution was heated and 
stirred until completely dissolved. Once the 
solution was cooled down to room temperature, 
deionized water was added to bring the total 
volume to 250 mL. Y(III) solution concentration 
was measured by using iCAP 7000 Inductively 
coupled plasma optical emission spectroscopy 
(ICP-OES) (Thermo Fisher Scientific, Waltham, 
Massachusetts, USA). Stock Y(III) solutions was 
stored at 4℃. 
 
Biosorption experiments 
Biosorption experiments were conducted by 
adding 100 mg/L S. marcescens into 150 mL 
Erlenmeyer flask contained 100 mL of 100 mg/L 
Y(III) solution adjusted to different pH values with 
0.1M H2SO4 or NaOH solution to 2, 3.5, and 5.5, 
respectively. The solution was shocked at 150 
rpm for 2 h in NHWY-100B constant-temperature 
oscillator (Baidianyiqi, Shanghai, China) at room 
temperature. The adsorption capacity of S. 
marcescens for yttrium was calculated as below. 
 

Adsorption capacity = (𝐶0 − 𝐶𝑒) ×
𝑉

𝑚
             (1) 

 
where C0 and Ce were the initial and equilibrium 
concentrations of Y(III) (mg/L), respectively. m 
was the mass of the adsorbent (g). V was the 
volume of Y(III) solution (L). All experiments were 
conducted in independent triplicates.  
 
Characterization 
Biomass analyzed by FETEM was mainly prepared 
through the following procedures. Briefly, S. 
marcescens before and after Y(III) biosorption 
were fixed with glutaraldehyde before washed 
with cacodylate. The samples were dehydrated 
with graded ethanol and then resin embedded. 
Samples were analyzed using Tecnai G2 F30 
FETEM (FEI Company, Hillsboro, Oregon, USA) 
equipped with Xplore 30 Energy dispersion 
spectrometer (EDS) (Oxford instruments, Oxford, 
UK). Infrared spectra of S. marcescens before and 

after adsorption Y (III) were recorded in the range 
of 4,000 – 800/cm using Nicolet 5 Fourier 
transform infrared spectrophotometer (Thermo 
Fisher Scientific, Waltham, Massachusetts, USA). 
High-resolution C 1s, N 1s, O 1s P 2p and Y 3d XPS 
spectra of S. marcescens before and after Y (III) 
biosorption were recorded using Escalab 250XI X-
ray photoelectron spectrometer (Thermo Fisher 
Scientific, Waltham, Massachusetts, USA). 
Spectra were fitted and analyzed using Thermo 
Advantage11 software (Thermo Fisher Scientific, 
Waltham, Massachusetts, USA). 
 
Statistical analysis 
Origin 8 (OriginLab Corporation, Northampton, 
Massachusetts, USA) was employed for the 
statistical analysis of this study. The results were 
presented as the mean values of triplicated 
experiments under identical conditions.  
 
 

Results and discussion 
 
Adsorption behaviors 
The adsorption capacity of S. marcescens for Y(III) 
increased with the increase of pH in the three 
studied pH values. The adsorption capacities at 
pH 2.0, 3.5, and 5.5 were 26.83, 40.23, and 69.19 
mg/g, respectively (Figure 1). The influence of pH 
on the adsorption capacity was consistent with 
some studies [27-29]. Palmieri et al. also found 
that the adsorption capacity of Sargassum 
fluitans for lanthanum kept increasing with the 
increase of pH, and the qmax increased from 0.049 
mmol/g to 0.53 mmol/g with the pH increased 
from 2 to 5. The poor adsorption performance of 
S. marcescens for Y(III) at pH 2.0 and 3.5 should 
mainly be resulted from the competing for the H+ 

with Y(III) on the surface of cell and the positive 
charge because the pH lower than its isoelectric 
point 4.47 [28].  
 
Characterization of adsorption sites by FETEM  
Biosorbents can adsorb REEs on their surface, 
and/or bioaccumulate them inside the cell. The 
morphology and elemental composition of S. 
marcescens before and after adsorbed Y(III) 
under different  pHs  were analyzed  using  FETEM 
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Table1. Elemental composition of raw S. marcescens and S. marcescens adsorbed Y(III) under different pH values by using EDS. 
 

Elemental composition（%） C N O P Y 

Raw S. marcescens 83.43 6.41 9.84 0.32  
Adsorption Y(III) at pH 2.0  84.43 5.43 9.44 0.47 0.23 
Adsorption Y(III) at pH 3.5  84.67 4.19 10.21 0.5 0.43 
Adsorption Y(III) at pH 5.5  80.09 6.94 10.43 1.57 0.97 

 
 

 
 
Figure 1. Influence of pH on the adsorption capacity of S. 
marcescens for Y(III). 

 
 
equipped with EDS to determine the sites that 
Y(III) was adsorbed on the S. marcescens cell. The 
raw S. marcescens demonstrated distinct cell 
borders and some inclusion particles inside the 
cells. There were no distinct differences being 
observed among the cell micrographs of S. 
marcescens before and after adsorption of Y(III) 
(Figure 2). However, some black particles were 
found at the outside of the cell borders in the 
FITEM micrographs of adsorbed yttrium, and the 
amounts of them increased with the increase of 
pH. The elemental composition of S. marcescens 
before and after adsorption of Y(III) was shown in 
Table 1. The results confirmed the yttrium on the 
cell surface of S. marcescens, and yttrium 
elemental content on the cell surface increased 
from 0.23% to 0.97% with the pH increased from 
2.0 to 5.5. The EDS analysis was consistent with 
the adsorption behaviors of S. marcescens for 
Y(III) under different pH. 
 
FTIR characterization 

It has been reported that some groups on the 
surface of biosorbents are very vital to their 
adsorption capacity for heavy metals from 
wastewater, and the adsorption functional 
groups vary with the various of the pH of 
adsorption solution [28, 29]. To characterize the 
adsorption functional groups of S. marcescens for 
Y(III) at different pH values, the FTIR spectra of S. 
marcescens before and after adsorbed Y(III) at 
different pHs, and the spectra of raw S. 
marcescens at three pH values were recorded 
(Figure 3). The results showed that the broad 
peak centered in the range of 3,426 to 3,443/cm. 
A shoulder peak at 3,295/cm could be allocated 
to the overlapped stretching vibrations in the 
hydroxyl (–OH) and amine (–NH2) groups derived 
from the sugars and amino acids [19, 30, 31]. The 
peak neared 1,650/cm could be attributed to the 
overlapping of the asymmetric stretching 
vibration of carboxylate and amine I [27, 32, 33]. 
The peak near 1,540/cm should be attributed to 
the stretching vibration of carboxylate anion [34]. 
The double peaks near 1,455/cm and 1,400/cm 
should be resulted from the stretching vibrations 
of carboxyl anion and C–O and the deformation 
vibration of the O–H in the carboxyl groups [27, 
35]. In addition, the asymmetric stretching of 
phosphodiester P=O and stretching vibrations of 
C–OH were recorded at about 1,237/cm and 
1,074/cm, respectively [36, 37]. The FTIR spectra 
of raw S. marcescens at different pHs were shown 
in Figure 3a. There were some distinct 
differences among the FTIR spectra of pH 2.0, 3.5, 
and 5.5. In the FTIR spectra of pH 5.5, the amine 
shoulder peak negatively shifted to 3,282/cm and 
the amine peak positively shifted to 1,647/cm. 
The differences of the amine peaks at pH 5.5 
should be resulted from the weakening of 
protonation of –NH2 to –NH3

+ because pH 5.5 was 
higher than the isoelectric point of S. marcescens 
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Figure 2. FITEM micrographs of S. marcescens. a: raw S. marcescens. b, c, and d: S. marcescens adsorption of Y(III) at pH 2, 3.5, and 5.5, respectively. 

 
 

 
 
Figure 3. FTIR spectra of raw S. marcescens at different pH (a) and S. marcescens before and after adsorbed Y(III) at pH 2.0 (b), 3.5(c), and 5.5(d). 
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[28, 38, 39]. The stretching vibrations peak of C–
OH at 1,077/cm was found broaden at pH 5.5 in 
comparison with that of pH 2.0 and 3.5, which 
indicated the different dissociation of 
phosphodiester P=O. The analysis of the FTIR 
spectra of raw S. marcescens at three pH values 
confirmed that the dissociation of surface groups 
varies with the various of pH [38]. Slight 
differences were found between the FTIR 
spectrum of S. marcescens before and after 
adsorbed Y(III) at pH 2.0. No distinct differences 
were found at the shoulder peak of –NH3

+ group 
at 3,295/cm and the amine groups at 1,652/cm 
after adsorbed Y(III). The peak of hydroxyl groups 
shifted from 3,443.04/cm to 3,418.24/cm after 
adsorbed Y(III) indicated the involvement of 
hydroxyl groups in the adsorption. The analysis of 
the FTIR spectrum of S. marcescens before and 
after adsorbed Y(III) at pH 2.0 indicated that the 
hydroxy of alcohol and/or carboxy groups on the 
surface of S. marcescens should mainly be 
responsible for the adsorption of Y(III). The peaks 
of hydroxyl and amine groups negatively shifted 
from 3,426/cm to 3,418/cm along with the 
flatten of amine shoulder peak after adsorbed 
Y(III) at pH 3.5, which indicated that the 
involvement of -NH2 was enhanced because the 
weaken of amine groups protonation when the 
pH increased to 3.5. The peak at 1,545/cm shifted 
to 1,540/cm and the peak intensity was 
strengthened after adsorbed Y(III), indicated the 
complexation of carboxyl group with Y(III). The 
strength of phosphodiester groups at 1,076/cm 
resulted from the complexation of PO4

-3 with 
Y(III). The analysis of the FTIR spectra of S. 
marcescens before and after adsorbed Y(III) 
confirmed the carboxyl, phosphodiester, 
hydroxyl, and amine groups complexation with 
Y(III) at pH 3.5. Some distinct differences were 
observed in the spectra of S. marcescens before 
and after adsorbed Y(III) (Figure 3d). The negative 
shift of the peak for hydroxyl and amine groups 
from 3,442/cm to 3,424/cm and some changes of 
the shoulder peak were observed after 
adsorption, which indicated the interactions of 
Y(III) with hydroxy and amine groups. The peak at 
1,647/cm positively shifted to 1,654/cm and the 
enhancement of peak intensity indicated the 

complexation of amine group with Y(III). The 
peak at 1,541/cm positively shifted to 1,546/cm 
along with the increase of the peak intensity, 
which should be resulted from the complexation 
of the carboxylate anion group with Y(III) [34]. 
The peaks appeared at 1,243/cm and 1,077/cm 
were both enhanced after adsorbed Y(III), which 
indicated the phosphodiester and C–OH groups 
interacting with Y(III). The analysis of the FTIR 
spectra of S. marcescens adsorption of Y(III) at pH 
5.5 indicated that the carboxylate, hydroxy, 
phosphodiester, and amine groups should be 
responsible for the adsorption of Y(III), and the 
contribution of amine was enhanced. The 
analysis of the FTIR spectra of S. marcescens 
before and after adsorbed Y(III) at different pH 
confirmed that the groups involvement in the 
adsorption varied with the different pH values 
[28, 29, 38].  
 
XPS characterization  
To further reveal the influence of pH on the 
adsorption groups of S. marcescens for Y(III), S. 
marcescens before and after adsorbed Y(III) at 
the three pH values were analyzed using XPS. The 
C1s XPS peak could be deconvoluted to the peaks 
at 284.5 eV, 285.9 eV, and 287.6 eV, and be 
assigned to -C-C/C-H, -C-O/C-N, and -C=O groups 
which derived from the sugars, alcohols, 
polysaccharides, and protein of S. marcescens, 
respectively [40] (Figure 4a). The peak appeared 
at 399.6 eV and 401.3 eV in the N 1s 
deconvolution spectra of raw S. marcescens 
could be assigned to -N-C=O/NH2 and -NH3

+ 
derived from protein and oxidation states of N 
atoms with positively charged R-NH3

+, 
respectively [30] (Figure 4b). Peaks with binding 
energy of 531.2 eV, 532.4 eV, and 534.1 eV in the 
O 1s deconvolution spectra of raw S. marcescens 
could be respectively allocated to the –OH, 
C=O/C–O, and COO− groups, which were derived 
from sugars, amino acids, and ether [31] (Figure 
4c). The P 2p spectra of raw S. marcescens could 
be fitted to two doublets of PO4

3-
2p3 at 133.1 eV 

and PO4
3-

2p1 at 134.2 eV derived of the spin-orbit 
components, and the ratio of it was about 2:1 
and a separation of 1.1 eV [39] (Figure 4d). 
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Figure 4. XPS spectra of raw S. marcescens at pH 2.0. a. C1s spectra. b. N1s spectra. c. O1s spectra. d. P2p spectra. 

 
 
Table 2. Elemental composition of S. marcescens before and after adsorbed Y(III) at different pH. 
 

Atomic concentration (AC%) C N O P Y 

Control at pH 2.0  65.9 8.06 25.28 0.75  
Adsorption Y(III) at pH 2.0  65.45 7.31 26.47 0.62 0.15 
Control at pH 3.5  65.14 8.03 26.16 0.67  
Adsorption Y(III) at pH 3.5  64.81 7.35 26.84 0.68 0.32 
Control at pH 5.5  65.29 7.38 26.76 0.56  
Adsorption Y(III) at pH 5.5  62.75 7.14 27.79 0.59 1.73 

 
 
The main photoelectron peaks at 132.82 eV, 
284.83 eV, 399.62 eV, and 532.22 eV in the 
survey XPS spectra of raw S. marcescens at pH 2.0 
could be allocated to P(2p), C(1s), N(1s), and 
O(1s), respectively (Figure 5a). In comparation 
with raw S. marcescens, a weak photoelectron 
peak of Y(3d) was observed in the survey 
spectrum of S. marcescens adsorbed Y(III). The 
yttrium accounted for 0.15 AC% of the cell 
surface (Table 2) confirmed that the adsorption 

of Y(III) at pH 2.0 was weak. In comparation of the 
C1s and N 1s spectra of S. marcescens before and 
after adsorbed Y(III), no obvious varies of peak 
shape and binding energy were found between 
before and after adsorption (Figures 4a, 4b, 5b, 
5c). A new peak of -O-H/Y-O was observed at 531 
eV and the binding energy of C=O/C-O peak 
positively shifted for 0.5 eV after adsorption 
(Figure 5d). The formation of Y-O indicated -OH 
groups in the carboxyl and alcohols complexation 
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Figure 5. XPS spectra of S. marcescens adsorption of Y(III) at pH 2.0. Survey spectra of S. marcescens before and after Y(III) biosorption (a), C1s 
spectra (b), N1s spectra (c), O1s spectra (d), P2p spectra (e), and Y3d spectra (f). 

 
 
with Y(III) and the involvement of -OH and C=O/C-
O groups in the adsorption of Y(III). Y 3d spectra 
analysis confirmed that yttrium was adsorbed as 
trivalent ion, and no redox reactions took place 
during the adsorption. The results confirmed that 
S. marcescens adsorption Y(III) at pH 2.0 was 

weak, and -OH groups were the main adsorption 
active groups. 
   
Compared to pH 2.0, the contents of C, N, and P 
all decreased, and the content of O increased at 
pH 3.5 (Table 2). The differences of the elemental 
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Figure 6. XPS spectra of raw S. marcescens at pH 3.5. C1s spectra (a), N1s spectra (b), O1s spectra (c), and P2p spectra (d). 

 
 
composition of raw S. marcescens cell surface at 
different pH should be resulted from the 
dissociation of cell surface groups various with 
the different pHs [30]. Some distinct differences 
of peaks shape were found between the C 1s 
high-resolution spectra of S. marcescens before 
and after adsorbed Y(III) at pH 3.5 (Figures 6a and 
7b). The platform at 287.7 to 287.3 eV and 285.8 
to 285.3 eV became more distinct along with the 
enhanced peak intensity (Figure 7d). The content 
of -NH3

+ on the surface of raw S. marcescens 
decreased from 17.04 AC% to 15.87 AC% with the 
pH increased from 2.0 to 3.5, which might be due 
to the weakening of protonation of –NH2 to –
NH3

+ with the increase of pH [28]. In the N 1s 
spectra, a new peak appeared at 401.7 eV, 
indicating the complexation of Y(III) with –NH2 
group. The increase of binding energy of N–Y(III) 
should be resulted from the reduction of the 
electron cloud density of nitrogen atoms for 
complexation with yttrium atoms [41]. One 

distinct characteristic peak of yttrium was 
observed at 158.12 eV in the survey spectra of S. 
marcescens adsorbed Y(III) at pH 3.5 (Figure 7a), 
which accounted for 0.32 AC% of the cell surface 
(Table 2). The results confirmed that the 
adsorption of Y(III) at pH 3.5 was enhanced 
compared to that of pH 2.0. O 1s deconvolution 
spectra of S. marcescens adsorbed Y(III) at pH 3.5 
contained –O–H/Y–O, –C=O/C–O, and –COO- 
groups at 530.9 eV, 532.3 eV, and 533.2 eV, 
respectively. The increase of oxygen AC% from 
26.16% to 28.84% and the arisen of –Y–O peak 
resulted from the complexation of Y(III) with –
C=O and –OH groups [42] (Figure 7e). P 2p 
spectra showed that there were no obvious 
changes of binding energy and peak shapes after 
adsorption (Figures 6c and 7e), and phosphorus 
atoms remained existed as PO4

3-. The appearance 
of –Y–O 3d/2-5d/2 double peaks after adsorption 
confirmed the complexation of –OH with Y(III) at 
pH 3.5 (Figure 7f). The analysis of the XPS spectra 
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Figure 7. XPS spectra of S. marcescens adsorption of Y(III) at pH 3.5. Survey spectra of S. marcescens before and after Y(III) biosorption (a), C1s 
spectra (b), N1s spectra (c), O1s spectra (d), P2p spectra (e), and Y3d spectra (f). 

 
 
of S. marcescens before and after adsorbed Y(III) 
at pH 3.5 indicated that the –C=O and –OH 
groups derived from alcohol and carboxyl acid 
and nitrogen groups –NH2 derived from the 
protein should complex with Y(III) during the 

adsorption. Some obvious differences were 
found between the C1s spectra of S. marcescens 
before and after adsorbed Y(III) at pH 5.5 along 
with the increase of the peak intensity (Figures 8a 
and  9b).  The  adsorption  peak  with  the  binding 



Journal of Biotech Research [ISSN: 1944-3285] 2024; 16:141-155 

 

151 

 

 
 
Figure 8. XPS spectra of raw S. marcescens at pH 5.5. C1s spectra (a), N1s spectra (b), O1s spectra (c), and P2p spectra (d). 

 
 
energy of 286.5 eV to 286 eV became more plate 
after adsorbed Y(III). The deconvoluted peaks of 
C1s spectra showed 4 peaks of carbon atoms 
groups and the contents changed after adsorbed 
of Y(III). The analysis of C1s spectra confirmed the 
involvement of carboxyl in the adsorption of 
Y(III). A more distinct characteristic peak for 
yttrium was observed in the survey spectra of pH 
5.5 (Figure 9a), and it accounted for 1.73 AC% of 
the cell surface (Table 2). The results were 
consistent with the results of adsorption 
experiments, which confirmed that the 
adsorption of S. marcescens for Y(III) at pH 5.5 
was far higher than that of pH 3.5 and 2.0. One 
new peak with binding energy of 400.4 eV was 
found after adsorbed Y(III) (Figures 8b and 9c), 
and it could be allocated to N–Y group. The peaks 
at 399.7 eV and 401.3 eV negatively shifted to 
399.3 eV and 399.9 eV after adsorption, 
respectively. The formation of peak N–Y and the 

shift of –NH2 resulted from the complexation of –
NH2 groups with Y(III). The peak content of N–Y 
of pH 5.5 was far higher than that of pH 3.5 
(Figures 7c and 9c), which indicated that the 
contribution of –NH2 group became more 
important at pH 5.5. The convoluted peaks of O1s 
spectra of S. marcescens adsorbed Y(III) became 
obvious widen (Figures 8c and 9d). Meanwhile, 
the peaks of –C=O and –COO- groups negatively 
shifted after adsorption. The appearance of the 
new peak at 531.3 eV was assigned to the 
formation of Y–O by –OH groups complex with 
Y(III) [42, 43]. The results indicated the -OH in the 
alcohol/carboxyl complex with Y(III). No obvious 
differences on peak shape were observed 
between the P 2p spectra of S. marcescens before 
and after adsorbed Y(III) at pH 5.5. Slightly 
positive shift of binding energy and the increase 
of phosphorus element content on the cell 
surface  (Table 2)  indicated  that  the  phosphate 



Journal of Biotech Research [ISSN: 1944-3285] 2024; 16:141-155 

 

152 

 

 
 
Figure 9. XPS spectra of S. marcescens adsorption of Y(III) at pH 5.5. Survey spectra of S. marcescens before and after Y(III) biosorption (a), C1s 
spectra (b), N1s spectra (c), O1s spectra (d), P2p spectra (e), and Y3d spectra (f). 

 
 
groups might complexation with Y(III). Peaks at 
157.9 eV and 160.1 eV could be allocated to the 
Y 3d5/2–3/2 doublet of Y–OH group [43], which 
accounted for 67.5 AC% of yttrium (Figure 9f). 
The peaks with binding energy of 158.7 eV and 
161.2 eV should be the doublet of Y3d5/2–3/2 of 

Y(III) [42-44], which accounted for 31.5 AC%. The 
results confirmed that the hydroxyl, carboxyl, 
amine, and phosphate groups on the surface of S. 
marcescens should mainly be responsible for the 
adsorption of Y(III) at pH 5.5.  
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The analysis of the high resolution XPS spectra of 
S. marcescens adsorbed Y(III) at pH 2.0, 3.5, and 
5.5 showed that the adsorption groups for 
yttrium ions varied with the different solution 
pHs, where the –OH groups derived from 
hydroxyl and/or carboxyl groups mainly complex 
with Y(III) at pH 2.0, –C=O, –OH, and –NH2 groups 
mainly responsible for the adsorption of Y(III) at 
pH 3.5, while the adsorption of Y(III) were under 
the combine action of –C=O, –OH, PO4

3-, and –
NH2 groups at pH 5.5. 
 
 

Conclusion 
 

The adsorption behaviors of S. marcescens for 
Y(III) at pH 2.0, 3.5, and 5.5 showed that the 
adsorption capacity increased with the increase 
of pH. The poor adsorption performance at lower 
pH should be mainly because the electrostatic 
repulsive action resulted from the protonation of 
–NH3

+ groups for the pH lower than its isoelectric 
point and the competing adsorption of H+ with 
Y(III). FETEM analysis confirmed that the yttrium 
was adsorbed on the cell surface at three pH 
values. FTIR analysis indicated that the 
carboxylate, hydroxy, phosphodiester, and 
amine groups should be responsible for the 
adsorption of Y(III) at pH 5.5, while carboxylate 
and hydroxy were the main groups adsorption 
Y(III) at lower pH value. XPS analysis confirmed 
that hydroxyl and carboxyl groups mainly 
complexed with Y(III) at pH 2.0, while Y(III) was 
adsorbed on the cell surface under the combined 
action of hydroxy, phosphodiester, and amine 
groups at pH 3.5 and 5.5. The results provided 
theory for the development of effectively 
adsorbents for yttrium through directional 
enhancement of the adsorption groups on the 
surface of adsorbents by chemical modification. 
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