
Vol.:(0123456789)1 3

Bioprocess and Biosystems Engineering (2018) 41:781–791 
https://doi.org/10.1007/s00449-018-1911-6

RESEARCH PAPER

Influence of Zn(II) stress-induction on component variation 
and sorption performance of extracellular polymeric substances (EPS) 
from Bacillus vallismortis

Peifei Ding1 · Weifeng Song1 · Ziheng Yang1 · Jingyi Jian2

Received: 21 December 2017 / Accepted: 11 February 2018 / Published online: 17 February 2018 
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
Bacillus vallismortis (B. vallismortis), an aerobic heterotrophic bacteria, was screened in a laboratory pilot study, to assess 
the interaction between the heavy metal Zn(II) and extracellular polymeric substances (EPS). The influence of Zn(II) 
stress on EPS production, component variation, and sorption performance, was investigated. The characteristics of B. val-
lismortis EPS formed under stress were analyzed using FTIR, 3D-EEM and XPS. EPS was used as an adsorbent and the 
adsorption capacity and adsorption behavior of EPS formed with and without Zn(II) stress, were compared and assessed. 
Results showed that the production of polysaccharides and proteins, the main components of EPS, were promoted under 
Zn(II) stress. The types of EPS functional groups observed remained the same with and without heavy metal stress, but 
their concentrations were increased. Due to stress-induction, the adsorption capacity of Zn-EPS was significantly enhanced 
compared with the control-EPS. Specific EPS produced by B. vallismortis in the presence of Zn(II) stress, could have a 
wide range of potential applications, allowing optimization and improvement of the capacity of EPS to remove heavy met-
als from effluent.
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Introduction

Heavy metals are generally toxic to biological systems 
and non-biodegradable. The uptake and accumulation of 
heavy metals damage the metabolic activity of organisms, 
posing a risk to the natural environment and human health. 
Therefore, the issue of how to efficiently deal with heavy 
metal-containing wastewaters is a significant problem 
in the field of environmental science, that has received 
much research attention. Conventional methods used 
for removing heavy metal ions from wastewater include 
chemical precipitation, filtration, chemical reduction, 
and ion exchange. However, physico-chemical processes 

such as these may be ineffective when initial heavy metal 
concentrations are low [1]. The use of microorganisms in 
biosorption systems has been extensively studied due to 
their potential environmentally friendly and cost-effective 
applications, as well as their high heavy metals removal 
efficiency [2]. In addition, in recent years the huge poten-
tial of extracellular polymeric substances (EPS) produced 
by biomass cell walls, has been established and received 
notable research attention.

EPS comprises polysaccharides, proteins, nucleic 
acids and lipids. It is negatively charged due to the 
dominance of carboxy and hydroxyl functional groups, 
which are also known to be involved in metal binding 
processes and facilitates adsorption [3]. Many researches 
mainly focused on the influence and the mechanism of 
microbial removal of heavy metals by EPS. Deschatre 
et al. [4] proposed that the functional groups involved 
in metal adsorption are –COOH, –NH2, –CH2–, –OH 
and –C=O, with ion exchange and complexation being 
the main adsorption mechanisms. Nevertheless, the 
effects of heavy metals on EPS and its interactions, have 
not received in-depth assessment. Various studies on 
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bacterial EPS under metal stress conditions have been 
reported in recent years [5–7], with the addition of heavy 
metals providing a stress factor as well as a removal tar-
get, with the effects of metal stress on EPS characteristics 
often obscured by physical adsorption. Therefore, inves-
tigating the effects of heavy metal stress on the charac-
teristics and adsorption performance of EPS is essen-
tial, allowing wastewater treatment systems to promote 
microbes that produce specific EPS types and therefore 
improve their biosorption capability.

The refractory organic floatation reagent aniline aero-
float is a widely used collector in zinc containing wastewa-
ter from mining [8], as well as industrial wastewater con-
taining organic contaminants and heavy metals. However, 
it does not break down easily and has a long residual life, 
consequently harming all living creatures and the human 
body. Therefore, the interaction between heavy metals 
and microorganism must be understood and optimized, 
for effective wastewater treatment.

In the current study, an aniline aerofloat strain, Bacillus 
vallismortis was applied. The production of EPS under 
Zn(II) stress and its adsorption capacities for heavy met-
als, were investigated. EPS was characterized in the pres-
ence or absence of Zn(II), using 3D-EEM, FTIR and XPS. 
The results provide new insights into the mechanism of 
interaction between EPS and heavy metals such as Zn(II). 
In addition, a feasible scheme for heavy metal removal is 
proposed, using specific EPS produced under heavy metal 
stress conditions.

Materials and methods

Bacterial activation and stress cultivation

The bacterial strain B. vallismortis was obtained from 
the School of Environmental Science and Engineering, 
Guangdong University of Technology (China). It was 
selected and isolated from flotation wastewater due to its 
capacity to degrade aniline aerofloat.

The strain B. vallismortis was activated from the ani-
line aerofloat culture by inoculating 250 mL flasks con-
taining 0.1 g L−1 aniline aerofloat, 1.6 g L−1 KH2PO4, 
0.4 g L−1 K2HPO4, 0.06 g L−1 MgSO4, 0.001 g L−1 CaCl2 
and 1.0 g L−1 NH4Cl. It was cultivated at 35 °C in a tem-
perature-controlled THZ-98C shaking incubator (Shanghai 
Yihen Scientific Instruments Co. Ltd., Shanghai, China) at 
a shaking speed of 150 rpm for 48 h.

Zn(II) in form of ZnSO4 was added to Luria broth 
medium (10.0 g L−1 peptone, 5.0 g L−1 yeast extract, 
10.0 g L−1 NaCl) to the desired concentrations (depend-
ing on the strength of the stress), with a culture prepared 

without the addition of heavy metals as the control. After 
activation, seed cultures were grown in 250 mL flasks con-
taining Luria–Bertani medium with or without the addi-
tion of Zn(II) at 35 °C, with continual agitation at 150 rpm 
for 24 h.

EPS extraction and analysis

EPS production was monitored in a Luria–Bertani medium in 
the presence or absence of zinc sulfate, at varying concentra-
tions, to assess the stress effect of zinc on EPS production. 
When cultures reached the stationary growth phase, they 
were harvested separately at 4000 rpm at 4 °C for 15 min. 
Supernatants were discarded, with the precipitate dissolved 
in sterile distilled water (prepared in the laboratory). This 
process was performed three times, with the final precipitate 
resuspended in a solution of 2% (V/V) disodium ethylenedi-
aminetetraacetic acid (EDTA)-NaCl and then heated at 50 °C 
for 3 min. The EPS fraction was harvested at 10,000 rpm for 
15 min at 4 °C, with the supernatant then filtered through a 
0.22 µm cellulose nitrate filter, with the crude EPS filtrate 
then dialyzed for 24 h using distilled water to obtain pure 
EPS.

Polysaccharides and proteins were measured using the 
Anthrone colorimetric method [9] and Coomassie light blue 
method [10], while nucleic acids were measured using the 
diphenylamine method [11]. Total EPS was calculated as the 
sum of the three components and all tests were conducted in 
triplicate.

Zn(II) adsorption experiments

An adsorption experiment was designed to provide a quan-
titative characterization of Zn(II) binding by EPS, in the 
presence and absence of stress induced by varying metal ion 
concentrations. Bio-adsorption experiments were performed 
in a rotary shaker, with continual agitation at 150 rpm and 
at 35 °C sing 250 mL flasks containing 20 mL ZnSO4 solu-
tion (20 mg L−1). The initial pH value of the solution was 
adjusted with 0.5 M H2SO4 and 0.5 M NaOH to pH 5. Differ-
ent amounts of EPS formed in the presence or absence of stress 
was added to each flask. After shaking the flasks for 4 h, the 
reaction mixture was dialyzed for 12 h, with metal ions in the 
dialysate then measured using atomic adsorption spectrometry 
(HITACHI Z2000, Hitachi Limited, Tokyo, Japan). An equal 
volume of distilled water was used as the control, instead of 
EPS. Each exposure was performed in triplicate, with mean 
values used in the analysis of data.

Data evaluation

The quantity of metal ions adsorbed by EPS was calcu-
lated according to the initial concentration and equilibrium 
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concentration of metal ions, the volume of solution and EPS 
mass, using Eq. (1) as follows:

where Q (mg g−1) represents the metal adsorption quantity; 
C0 and Ct (mg L−1) are the initial and equilibrium concen-
trations of metallic ions, respectively; V0 and Vt (L) are the 
initial and final volumes of solution, respectively; and m (g) 
is the mass of EPS.

Fluorescence EEM determination

Fluorescence EEM spectra were obtained using a HITACHI 
F4600 (Hitachi Limited, Tokyo, Japan) fluorescence spec-
trometer in scan mode, with a 700-V xenon lamp at room 
temperature. EEM spectra were established using scanning 
emission (Em), by varying the excitation (Ex) wavelength 
from 200 to 500 nm using 5 nm increments, with spectra 
recorded at a scan rate of 1200 nm min−1, using Ex and Em 
slit widths of 5 nm. 3D-EEM data were processed using 
Origin 8.0 software.

Preparation of EPS samples

Cold ethanol was added to the EPS samples formed in the 
presence or absence of zinc stress at a volumetric ratio of 5:1 
to precipitate the EPS content. The mixture was then stored 
at − 18 °C for 12 h and the final precipitate was separated 
from suspension in ethanol. EPS samples used for FTIR and 
XPS analysis were freeze–dried.

FTIR spectroscopy

FTIR spectra (Nicolet Avatar 380, Thermo Fisher Scientific, 
Waltham, MA, USA) using the KBr pressed disk technique 
were obtained using EPS produced by B. vallismortis in 
either presence or absence of Zn(II) stress.

XPS of EPS

XPS measurements were performed using an AXIS-ULTRA 
DLD (Shimadzu, Kyoto, Japan) Photoelectron Spectrom-
eter with Al Kα radiation. Survey spectra (0–1200 eV) were 
recorded at a pass energy of 100 eV, with 40 eV used for the 
detailed scans in the C 1 s, O 1 s and N 1 s regions. Bind-
ing energies were calibrated according to the C 1 s peak 
(284.8 eV). The software package XPSPEAK (4.01) was 
used to fit the XPS spectral peaks.

(1)Q=
C0V0 − CtVt

m
,

Adsorption isotherms

The adsorption capacity of the adsorbent mainly depends 
on the equilibrium concentration of metal adsorbates in 
solution. And the correlation between them is described 
by adsorption isotherms at a given temperature. There are 
several models for predicting the equilibrium distribution. 
However, the most commonly used isotherms for the appli-
cation of heavy metal biosorption by EPS in solution are the 
Freundlich and Langmuir isotherms.

A.	 Langmuir model

The basic assumptions of Langmuir isotherm are as 
follows:

1.	 Monomolecular layer adsorption.
2.	 The surface is homogeneous.
3.	 Adsorption at one site does not affect the adjacent site.

To determine the maximum adsorption capacity for single 
metal solution, following equation is employed:

(Non-linear form)

(Linear form)

where Ce is the equilibrium concentration (mg L−1), Qe 
is the amount adsorbed per unit mass of adsorbent at equi-
librium (mg g−1). The Qm and b are the Langmuir constants 
related to the adsorptioncapacity and energy of adsorption, 
respectively.

B.	 Freundlich model

This model is an empirical equation which considers the 
heterogeneity of the adsorbent surface:

Freundlich constants k and n related to adsorption capac-
ity and intensity, respectively.

(2)Qe =
Qm bCe

1+bCe

,

(3)
Ce

Qe

=
1

Qmb
+

Ce

Qm

,

(4)Qe=kCe

1

n
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Results and discussion

Effects of Zn(II) stress/induction intensity on EPS 
production and components

EPS production and component variation in response to 
varying Zn(II) concentrations are shown in Fig. 1, where 
it can be seen that Zn(II) had a significant effect on EPS 
produced by B. vallismortis. In the absence of Zn(II) 
(control-EPS), EPS concentrations were 48.65 mg g−1 
VSS and consisted of 76.77% polysaccharides and 19.11% 
proteins, showing polysaccharides and proteins to be the 
major components of EPS. The production of EPS signifi-
cantly increased with increasing concentrations of Zn(II). 
When the concentration of Zn(II) in the culture reached 
12 mg L−1, the production of the EPS reached its maxi-
mum concentration of 100.84 mg g−1 VSS, twofold that of 
the control-EPS. As shown in Fig. 1, the effect of Zn(II) 
on EPS production was significant within a certain Zn(II) 
concentration range. It is of note, that the concentration of 
polysaccharides and proteins did not increase in proportion 
with Zn(II) concentrations. When Zn(II) levels increased 
from 0 to 8 mg L−1, the production of polysaccharides 
increased from 37.55 to 86.16 mg g−1 VSS, increasing the 
proportion of polysaccharides in total EPS from 76.77 to 
85.44%. Similarly, with the increase in Zn(II), protein pro-
duction increased from 9.30 to 18.29 mg g−1 VSS, show-
ing an increase in the proportion of proteins in total EPS 
from 19.11 to 23.67%. These results show that the addition 
of Zn(II) to culture media, caused varying effects in EPS 
component abundance, with the changes in the polysac-
charide fraction being more significant than the protein and 
nucleic acid fractions. This finding indicates that Zn(II) 

exposure has a significant effect on the production of EPS 
polysaccharides, potentially due to Zn induced increases 
in the activity of glycogen synthase, promoting the polym-
erization of monosaccharides into polysaccharides due to 
glycosidic bond formation [12].

EPS is produced by bacteria for the purpose of adapting 
itself to varying external environments, such as increasing 
intensity of heavy metals, which induces adverse effects 
on bacteria. However, bacteria can increase their EPS 
production as a defense mechanism, in the presence of 
toxic metals, effectively increasing the viability of cells 
exposed to aqueous heavy metals [13]. EPS is a polymer 
which is synthesized and secreted due to various active 
enzymes and metabolic activities. Zinc is a necessary 
trace element for microbes, existing in the form of metal-
containing enzyme proteins and having various significant 
roles in cell activities. Therefore, Zn exposure can improve 
the efficiency of enzymatic reactions and indirectly pro-
mote cell metabolism. Conversely, when Zn ions increase 
to higher concentrations, the production of EPS may 
decrease rapidly in bacteria, with bio-toxicity pathways 
being activated. The uptake and accumulation of heavy 
metals such as Zn, can cause various harmful effects at 
the cellular, physiological and molecular levels, including 
protein and DNA oxidation [14]. Heavy metal exposure 
can induce reactive oxygen species generation in cells [15, 
16], with excess reactive oxygen species accumulating and 
resulting in enzyme inactivation and decreased EPS pro-
duction [17, 18].

Metal adsorption of EPS

It is well established that heavy metals can easily bind 
to some functional groups such as carboxyl, amino and 
hydroxy groups. The different changes observed in the 

Fig. 1   EPS production by B. vallismortis and relative proportion of 
components, in response to exposure to varying concentrations of 
Zn(II)

Fig. 2   Adsorption ability of EPS produced by B. vallismortis in 
response to varying concentrations of Zn(II)
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production of specific EPS components, due to the addition 
of Zn(II), may result in different relative concentrations of 
functional groups, which may affect Zn(II) adsorption by 
EPS. To confirm the absorption performance of EPS pro-
duced in the presence and absence of Zn(II) stress, batch 
adsorption tests were performed and the results are shown 
in Fig. 2. Metal adsorption capacities of EPS showed no 
significant difference when the concentration of Zn(II) was 
below 8 mg L−1, but increased from 430 to 555.27 mg g−1 
EPS when Zn(II) concentrations increased to 12 mg L−1, 
followed by a decrease in adsorption with further increases 
in concentration. The trends observed for both Zn adsorp-
tion and polysaccharides production showed high similar-
ity over a wide range of Zn(II) concentrations. Naik et al. 
[19] found that EPS produced by E. cloacae strain P2B 
in the presence of lead nitrate, contained high concen-
trations of sugars containing hydroxyl groups, enabling 
EPS to become hydrated, swell and yield more viscous 
solutions, which can bind high levels of lead. Zinc has 
been reported to have a good binding affinity for hydroxyl 
groups of EPS polysaccharides [6], suggesting that the 
adsorption of Zn(II) is associated with EPS polysaccha-
rides. Therefore, Zn(II) may stimulate B. vallismortis to 

produce specific extracellular polysaccharides, containing 
active functional groups which could easily bind Zn(II), 
improving the adsorption capacity of EPS.

Effects of metal stress on EPS components

The results of 3D-EEM analysis of EPS produced in the 
presence (Zn-EPS) and absence (control-EPS) of stress are 
presented in Fig. 3. Four peaks can be observed in control-
EPS, A, B, C and D, located at Ex/Em wavelengths of 
280/335, 255/320–320, 441/525 and 365/520 nm, respec-
tively. These peaks indicate that control-EPS was mainly 
composed of tryptophan—(peak A), tyrosine—(peak B), 
fulvic acid—(peak C) and humic acid-like substances—
(peak D) [20, 21]. The fluorescence peak positions and EPS 
content were independent of each other, as shown in Fig. 3, 
although a close relationship was observed between fluores-
cent signal intensity and EPS content. The fluorescence peak 
positions of EPS produced in the presence and absence of 
stress, as well as the maximum fluorescence intensities, are 
presented in Table 1.

According to the results presented in Table 1 and Fig. 3, 
it may be concluded that the fluorescence intensity of peak 

Fig. 3   3D-EEM of EPS produced by B. vallismortis in the presence or absence of Zn(II). a Control-EPS, b Zn-EPS

Table 1   Fluorescence spectra 
characteristics of EPS produced 
by B. vallismortis in the 
presence or absence of Zn(II)

Peak Spectral peak information (Ex/Em, intensity) Existing substances References

Control-EPS Zn-EPS

A 280/335, 1177 280/335, 2020 Tryptophan-like [20]
B 225/320, 2372 225/325, 3394 Tyrosine-like
C 441/525, 70.34 – Fulvic-like [22]
D 365/520,106.4 – Humus-like [21]
E – 250/401,182.8 Humus-like [23]
F – 345/435, 321.2 Fulvic-like [24]
G – 275/446, 487.3 Fulvic-like [21]
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A and peak B increased under the stress of Zn(II), although 
their relative amplification was different. Peak A and peak 
B represent two kinds of proteins, which play important 
roles in the formation of aggregates and stabilizing struc-
tures, indicating that B. vallismortis could produce extra-
cellular proteins containing tryptophan- and tyrosine-like 
substances. The presence of these proteins may help avoid 
heavy metal intracellular absorption, due to the binding and 
stabilization of metal ions, therefore, reducing toxicity to 
cells. In addition, peak E (Ex/Em of 250/401 nm), peak F 
(Ex/Em of 345/435 nm) and peak G (Ex/Em of 275/446 nm) 
were observed in Zn-EPS. Peak E and peak G represent 
humic acid- and fulvic acid-like substances, respectively 
[23], while peak F represents fulvic acid-like substances that 
are associated with carboxyl and carbonyl EPS groups. It is 
of note, that peak C and peak D disappeared under Zn(II) 
stress, showing that the stress of Zn(II) exposure altered EPS 
components produced, increasing the contents of protein-
like substances which are essential in the binding of heavy 
metals [25].

Compared with control-EPS, peak B in Zn-EPS red-
shifted due to the increasing content of functional groups 
such as carboxyl, hydroxyl, amino and carbonyl groups [26, 
27]. It has been established that a large number of nega-
tively charged functional groups are key for effective bind-
ing of EPS to metal ions. The redshifting of Zn-EPS from 
the perspective of spectroscopy indicates that the chemi-
cal structures contained in EPS produced by B. vallismor-
tis, changed according to Zn(II) stress. The abundance of 
negatively charged functional groups increased, resulting 
in enhancement of the capacity of binding of EPS and 
metal ions, therefore reducing the toxicity of Zn(II) to B. 
vallismortis.

FTIR analysis of EPS

Identifying the functional groups present is one of the keys 
to understanding the mechanisms of EPS metal binding. Fig-
ure 4 shows FTIR spectra of EPS produced in the presence 
and absence of Zn(II) stress. Absorption peaks between 800 
and 4000 cm−1 reveal that the components of EPS were com-
plex and maintained the common microbial EPS composition, 
mainly including proteins and carbohydrates. According to 
published literature [28, 29], the bands observed at 3500–3400, 
2960 and 1631 cm−1 corresponded to the hydroxyl group, 
–CH2– group and C=O component of Amide I, respectively; 
the peak at 1552 cm−1 corresponded to the N–H/C–H compo-
nent of Amide II; the peaks observed at 1402 and 1240 cm−1 
corresponded to carboxyl C=O and C–O, respectively. Poly-
saccharides groups (–OH and C–O–C) were identified by 
vibrations at 1062 cm−1, while bending at less than 1000 cm−1 
represented fingerprint regions, mainly associated with sulphur 
and phosphorus groups of nucleic acids.

As can be seen from the infrared spectrogram (Fig. 4), 
the functional groups present in control-EPS and Zn-EPS 
showed no significant difference, containing hydroxyl, car-
boxyl and amide groups, C–O–C and lipids. This finding 
shows that metal stress did not affect the types of EPS func-
tional groups observed, however, the shape and intensity of 
several characteristic peaks changed following Zn(II) stress. 
Jiang et al. [30] proposed a close relationship between peak 
intensity and the concentration of EPS functional groups. Xu 
et al. [31] studied the EPS of B. cereus using infrared spectra 
analysis, concluding that absorption peak intensity is posi-
tively correlated with the relative concentration of functional 
groups present. In the present study, the Zn-EPS absorption 
peak intensity was higher than that of control-EPS, indi-
cating that the concentration of EPS functional groups was 
increased following Zn(II) stress, including C=O, C–O and 
–OH in polysaccharides and C=O in proteins.

XPS analysis

Atomic fraction concentrations were examined by XPS, for 
both elements and functional groups present in EPS pro-
duced in the presence and absence of Zn(II). XPS spectra 
plot the number of electrons detected per unit of time versus 
the binding energy of electrons from the elements present in 
EPS. Each XPS spectrum peak corresponds to electrons with 
a characteristic binding energy from a particular element, 
with the peak intensity being proportional to the relative 
elemental abundance [32]. The examined EPS consisted of 
C, N and O, with these findings being consistent with results 
of infrared spectrum analysis. Compared with control-EPS, 
the relative content of C and N in Zn-EPS decreased by 
4.46 and 1.23%, respectively, while the relative content of Fig. 4   FTIR spectrum of EPS produced by B. vallismortis in the pres-

ence or absence of Zn(II)



787Bioprocess and Biosystems Engineering (2018) 41:781–791	

1 3

O increased by 5.69%. This finding indicates that B. val-
lismortis altered the produced EPS component under the 
stress of Zn(II) exposure, resulting in alteration to the rela-
tive elemental content.

The total EPS concentrations were estimated based on 
the three basic constituents, polysaccharides (PSs), proteins 
(PNs) and hydrocarbon-like products (Hc), using Eqs. (5), 
(6) and (7) as follows [33, 34]:

where O/C and N/C are the observed atomic concentration 
ratios of oxygen to carbon, or nitrogen to carbon, respec-
tively, in the analyzed sample; while CPSs, CPNs and CHc are 
the atomic concentrations of carbon present in polysaccha-
rides, proteins and hydrocarbon-like products, respectively.

Based on these equations, the proportion of carbon asso-
ciated with each molecular constituent of control-EPS and 
Zn-EPS were converted to weight fractions and are listed in 
Table 2. The results show that polysaccharides represent the 
largest proportion of the three components in control-EPS, 
with the relative abundance of 62.69%. The observed protein 
content was less, with a relative abundance of 22.27%; while 
only a small proportion of hydrocarbons was observed. Fol-
lowing Zn(II) stress, the proportion of polysaccharides 
increased by more than 20%, while the proportion of pro-
teins decreased by 6.11%. This finding indicates that the 
stress of Zn(II) exposure changed the elemental content and 
characteristics of EPS.

Carbon is one of the main elements contained in EPS and 
as presented in Table 3, the carbon peak can be deconvoluted 

(5)N∕C = 0.279
(

CPNs∕C
)

,

(6)O∕C = 0.325
(

CPNs∕C
)

+ 0.833
(

CPSs∕C
)

,

(7)C∕C =
(

CPNs∕C
)

+
(

CPSs∕C
)

+
(

CHc∕C
)

,

into four spectral regions [33, 35–37]. (1) Aliphatic C–C 
and C–H bonds (C–C, C–H); (2) carbon with a single bond 
to either oxygen or nitrogen (C–O, C–N), in the form of 
ether, ethanol or amine; (3) carbon with double bonds to 
oxygen, such as in ketones, esters or carboxyl groups (C=O, 
O=C–O); and (4) O–C–O or O=C–N bonds as observed in 
acetyl and amide groups. Compared with control-EPS, the C 
fraction of Zn-EPS belonging to C–C or C–H carbon bonds 
(peak 1) decreased by 16.35% and C–O or C–N carbon 
bonds decreased by 8.93%, whereas C=O or O=C–O car-
bon bonds and O–C–O or O=C–N carbon bonds increased 
by 3.05 and 22.23%, respectively. These results show that B. 
vallismortis combined C, O and N with oxygen to produce 
more carbon double bonds and amides, when under Zn(II) 
stress, allowing easier binding to metal ions. The decrease 
in C–C and C–H bonds, as well as the increase in oxygen-
containing functional groups, indicates that B. vallismortis 
might have produced more functional groups with a better 
degree of coordination.

The N1s spectra of Zn-EPS samples were fitted with 
four peaks while the control-EPS could only be fitted with 
two peaks (Fig. 5). In the N1s spectra of control-EPS, 
the peak at 399.8 eV represents amino nitrogen (R-NH2/
R2-NH), while the peak at 401.3 eV indicates protonated 
nitrogen (R-NH3

+). The relative content of amino nitrogen 
of Zn-EPS was observed to decrease distinctly (Table 4). 
In addition, the peak observed at 403.0 eV was identi-
fied as quaternary ammonium (R4-N+) and the peak at 
405.0 eV represents nitryl (–NO2) [38]. Therefore, it could 
be speculated that amino groups were partially protonated 
under the induction of Zn and the appearance of nitryl may 
be the result of nitrogen oxidation. The presence of heavy 
metals results in the generation of intracellular reactive 
oxygen species, which can potentially pass through the 
cell wall or remain extracellular, causing an external oxi-
dizing environment, although this phenomenon requires 
further research.

The O1s peaks observed for both control-EPS and Zn-
EPS, showed two peaks 531.2 and 532.5 eV (Table 5) 
which were assigned to O=C/C–OH and C–O, respec-
tively [33, 36]. When comparing the two kinds of EPS, 

Table 2   Content of three main 
components of EPS produced 
by B. vallismortis 

Content EPS Zn-EPS

CPSs/C 62.69 82.99
CPNs/C 22.27 16.16
CHc/C 15.04 0.85

Table 3   Analysis of XPS high-
resolution C1s spectra of EPS 
produced by B. vallismortis 
in the presence or absence of 
Zn(II)

Peak Binding energy(eV) Atomic (%) Assignments

Control-EPS Zn-EPS

1 284.56–284.80 53.60 37.25 C–C/C–H
2 286.05–286.10 26.83 17.90 C–O/C–N
3 287.20 7.90 10.95

4 288.00-289.2 11.67 33.90
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Fig. 5   XPS high-resolution C1s (a control-EPS, b Zn-EPS); N1s (c control-EPS, d Zn-EPS); and O1s (e control-EPS, f. Zn-EPS) spectra of EPS 
produced by B. vallismortis in the presence or absence of Zn(II)
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the relative content of O=C/C–OH of Zn-EPS increased, 
while the relative contents of C–O decreased. This finding 
implies that a fraction of C–O was transformed to carbon 
double bonds or a hydroxyl group following Zn(II) stress, 

helping to improve the ability of EPS to complex with 
metals.

Effect of initial Zn(II) concentration on adsorption 
quantity

Initial metal ion concentration of the solution is an impor-
tant factor in determining the metal adsorption capacity of 
a biosorbent [39]. The effect of initial metal concentration 
on Zn(II) adsorption capacity of EPS produced by B. val-
lismortis in the presence or absence of Zn(II), is presented 
in Fig. 6. With increased initial metal ion concentrations 
from 5 to 50 mg L−1, the Zn(II) adsorption capacity (mg g−1 
EPS) increased consistently in both EPS types. However, 
the adsorption capacity of Zn-EPS was notably higher than 
in control-EPS within the experimental range assessed in 
this paper.

Adsorption isotherms

To understand and compare the adsorption processes in 
both EPS types, Langmuir and Freundlich isotherms were 
applied to equilibrium data, with the fitted results depicted 
in Table 6. The higher R2 value observed for both con-
trol- and Zn-EPS types, shows the better applicability of 
the Langmuir isotherm as compared to the Freundlich 
isotherm. The maximum adsorption capacity reflects the 
capacity of adsorbents to bind metal ions using the Lang-
muir isotherm. The equilibrium constant value is relative 
to the nature of the adsorbent and adsorbate, as well as 
the reaction temperature, with the adsorption ability being 
stronger when there is a high value of equilibrium. When 
comparing the two EPS types, the value of Qe and b , rep-
resenting adsorption capacity were found to be higher for 
Zn-EPS than control-EPS, indicating that Zn-EPS has a 
better affinity to Zn(II). Therefore, it may be surmised that 
the adsorption ability of Zn-EPS to Zn(II) was stronger 
due to specific EPS adaptations induced under the stress 
of Zn(II) exposure.

Table 4   Analysis of XPS high-resolution N1s spectra of EPS pro-
duced by B. vallismortis in the presence or absence of Zn(II)

Peak Binding energy 
(eV)

Atomic (%) Assignments

EPS Zn-EPS

1 399.8 88.59 34.77 R-NH2/R2-NH
2 401.3 11.41 26.00 R-NH3

+

3 403.0 – 20.92 R4-N+

4 405.0 – 18.30 –NO2

Table 5   Analysis of XPS high-resolution O1s spectra of EPS pro-
duced by B. vallismortis in the presence or absence of Zn(II)

Peak Binding energy (eV) Atomic (%) Assignments

EPS Zn-EPS Cu-EPS

1 531.2 32.13 35.04 39.76 C=O/C–OH
2 532.45–532.8 67.87 64.96 60.24 C–O

Fig. 6   Effect of initial concentration of Zn(II) on adsorption by EPS 
produced by B. vallismortis in the presence or absence of Zn(II)

Table 6   Adsorption isotherm 
model information for EPS 
produced by B. vallismortis 
in the presence or absence of 
Zn(II)

EPS Langmuir Freundlich

Qe (mg g−1) b (L mg−1) R2 k (g L−1) 1

n
R2

Control-EPS 750.92 0.116 0.996 185.69 0.303 0.960
Zn-EPS 1072.08 0.170 0.995 289.93 0.296 0.975
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Conclusions

Both polysaccharides and protein were found to be influ-
enced by the stress of Zn(II) exposure, with the variation in 
polysaccharides being larger. These findings indicate that B. 
vallismortis could produce specific extracellular polysaccha-
rides in the presence of toxic metals as a defense mechanism, 
improving the adsorption capacity of EPS produced by B. 
vallismortis. The presence of Zn(II) stimulated the strain 
to produce specific EPS components, which protect the 
cell through isolating and immobilizing metal ions. Zn(II) 
exposure did not change the types of EPS functional groups 
present, but increased the relative abundance of surface 
functional groups.
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