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Introduction

Gelatine processing is one of the most polluting 
industries worldwide; one ton of processed gelatine 
can generate 1500 m3 of wastewater, which is rich in 
calcium, nitrogen, and phosphorus (Awasthi et al. 
2016; Wang et al. 2018; Tawfik et al. 2021). Although 
calcium is traditionally considered a non-toxic metal, 
high concentrations (> 5 g/l) can be severely toxic to 
living cells (Hansda et al. 2016; Wang et al. 2018). High 
calcium ion concentrations in wastewater can lead to 
catastrophic problems, such as pipe blockages and cor-
rosion (Li et al. 2022). They can also affect biological 
treatment efficiency because calcium precipitates on 
granular sludge and reduces the biological activity of 
microorganisms (Liu et al. 2011).

Generally, heavy metals exist in insoluble forms that 
the body cannot absorb; however, those produced by 
anthropogenic sources are highly bioavailable because 

of their mobile, soluble active forms (Priya et al. 2022). 
The calcium concentration in gelatine wastewater pol-
luted by acidification can reach 20 g/l, indicating that few 
microorganisms can survive sewage disposal in harmful 
environments (Wang et al. 2018). If untreated gelatine 
wastewater is discharged directly into receiving waters, 
serious environmental problems can occur. There is no 
cost-effective method for high-calcium wastewater pre-
treatment; it is usually transported directly into a bio-
treatment unit. Therefore, it is important to identify 
microorganisms with superior calcium resistance and 
calcium absorption abilities in wastewater.

To date, various chemical, physical, and biological 
technologies have been used to eliminate pollutants 
from wastewater (Elsayed et al. 2023), but these have 
limitations (Razzak et al. 2022). Traditional physical 
and chemical methods, such as neutralization, chemical 
precipitation, and coagulation, are inefficient and prone 
to secondary pollution and other problems. Other 
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A b s t r a c t

Gelatine-processing wastewater contains much residual sludge due to its high calcium ion concentration and chemical oxygen demand. In 
this study, N3-4, a microbial strain with excellent calcium tolerance capacity, was screened and identified as Virgibacillus pantothenticus 
using morphological observation, physiological and biochemical testing, and 16S rRNA sequence analysis. Its growth characteristics were 
investigated, and the maximum adsorption of calcium reached 572.43 µg/g under the optimal conditions (contact time, 72.68 min; biomass 
dosage, 1.3 g/l; initial calcium concentration, 142.01 mg/l). Conditions were optimized using response surface methodology and structural 
characterization. The structure of the bacterial pellets was altered from flat to rough, accompanied by bulges and sediments after Ca2+ 
treatment, according to structural characterization. Energy-dispersive X-ray spectroscopy of the bacterial precipitates under calcium(II) 
treatment revealed the immobilization of Ca2+ species on the bacterial cell surface. The results indicate that −OH, −NH2, C≡C, C=O, −CH2, 
−C−O−, and −C−N groups play a significant role in calcium dispersion on the surface of V. pantothenticus.
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adsorption or ion exchange methods are effective for 
low-concentration heavy metal wastewater but are une-
conomical and have low metal resource recovery values 
(Shi et al. 2023). Sodium addition can effectively pro-
mote calcium ion precipitation by generating calcium 
carbonate sediment. This method introduces sodium 
ions into the wastewater, leading to detrimental envi-
ronmental effects. It is crucial to develop cost-effective, 
efficient, and environmentally friendly techniques for 
effectively removing calcium ions from gelatin-process-
ing wastewater (Xu et al. 2017).

Biosorption is a simple, low-cost, and environmen-
tally friendly wastewater treatment process (Razzak 
et al. 2022; Karnwal 2024). Its advantages over tradi-
tional treatment methods include low cost, less chemi-
cal and biological sludge, no demand for extra nutrients, 
high removal efficiency for less concentrated solu-
tions, and biosorbent regeneration and metal recovery 
(Jiao et al. 2024).

According to previous studies, most metals adsorbed 
by microorganisms are copper, lead, cadmium, and 
nickel, but not calcium (He et al. 2022). Unlike other 
toxic heavy metals, biosorption rarely eliminates cal-
cium, even though calcium-ion-rich wastewater must 
be treated urgently.

This study screened the calcium-tolerant microbial 
strain N3-4 from gelatine-processing wastewater, fol-
lowed by morphological observation, physiological 
and biochemical tests, and 16S rRNA sequence analy-
sis. Its growth characteristics were also investigated. 
Its growth characteristics were also investigated. The 
optimal adsorption conditions for strain N3-4 in gela-
tine wastewater were determined using a unidirectional 
test and response surface methodology (RSM), to pro-
vide theoretical references for the remediation of high- 
calcium-containing water pollution.

Experimental

Materials and Methods

Bacterial strain and chemical reagents. Calcium-
tolerant strain N3-4 was previously isolated from gela-
tine wastewater at Amin Biological Gelatin Co. (Gansu, 
China). The solid medium contained 3 g beef paste, 10 g 
peptone, and 5 g NaCl dissolved in 1,000 ml distilled 
water at a final pH of 7.4.

Identification of N3-4. Morphological identifica-
tion. After plate culture, the colonies’ shape, size, color, 
concentration, transparency, margins, and elevation on 
the medium were observed under a light microscope.

Physiological and biochemical identification. Phys-
iological and biochemical identification of the strain 
was carried out according to the “Manual of Identifica-

tion of Common Bacterial Systems”, “Berger’s Manual 
of Bacteriological Identification”, and “Common Iden-
tification Methods of General Bacteria”.

16S rRNA identification. Bacterial 16S rRNA was 
amplified by PCR (27F: 5’‑AGAGTTTGATCCTGGC 
TCAG‑3’, 1492R: 5’‑GGTTACCTTGTTACGACTT‑3’). 
The 16S rRNA amplified fragments were detected 
by agarose electrophoresis and the PCR amplified 
products were sent for sequencing at Lanzhou Tianqi 
Gene Biotechnology Co., Ltd (China). The 16S rRNA 
sequences were uploaded to the NCBI database, and 
the strain was analyzed and compared with the known 
16S rRNA sequences in GenBank using BLAST. 
A phylogenetic tree was constructed using MEGA 5.0 
(Sedlakova-Kadukova et al. 2019). The 16S rRNA gene 
sequence of N3-4 was deposited in GenBank under the 
accession number OP895700.

Growth curve determination. Strains were picked 
and inoculated in 30 ml beef paste peptone liquid 
medium, incubated at 37°C and 120 rpm for 18 h, and 
then connected to sterilized conical flasks containing 
30 ml beef paste peptone liquid medium at 5% inocu-
lum. The culture was incubated at 37°C and 120 rpm 
on a shaker with constant temperature oscillation using 
a time gradient (0, 3, 6, 9, 12 h). Next, 4 ml bacterial 
solution was aspirated from the conical flask with 
a pipette on a sterile bench, and the OD600 values of the 
bacterial suspensions at different incubation times were 
determined using a UV spectrophotometer.

Single factor testing of Ca2+ biosorption. The opti-
mum biosorption conditions for strain N3-4 were pre-
liminarily identified using one-way experiments. Fac-
tors affecting N3-4 biosorption, including the amount 
of N3-4, temperature, pH, contact time, and initial 
Ca2+ concentration, were analyzed separately. N3-4 was 
added into beef paste peptone liquid medium at a 5% 
ratio and incubated with shaking at 30°C and 140 rpm 
for 48 h. The cells were then centrifuged at 8000 × g 
for 10 min. The obtained cell precipitates were washed 
twice with sterilized ultrapure water, collected, and 
stored at 4°C for further use.

Different amounts of N3-4 cell precipitates were 
added to 50 ml CaCl2 solution (100 mg/l Ca2+, pH 
6.7 ± 0.1) for incubation, and the final cell concentra-
tions were 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 g/l (wet weight), 
respectively. The samples were shaken at 30°C for 
60 min at 140 rpm and then centrifuged at 8000 × g for 
10 min. The Ca2+ concentration in the supernatant was 
measured using an atomic absorption spectrophoto
meter (AA 6880; Shimadzu, Japan).

To test temperature, the final cell concentration 
of N3-4 cell sedimentation was 2.0 g/l (wet weight) 
and the samples were incubated at 20, 25, 30, 35, and 
40°C. All the other conditions were identical to those 
described above. Similarly, the pH (4, 5, 6, 7, 8, and 9), 
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contact time (20, 40, 60, 80, 100, and 120 min), and 
initial Ca2+ concentration (50, 100, 150, 200, 250, and 
300 mg/l) were determined separately.

The biosorption capacity of N3-4 was calculated as 
follows (Long et al. 2019):

where q is the biosorption capacity (µg/g), C0 is the ini-
tial Ca2+concentration (mg/l), Ce is the final Ca2+ con-
centration in equilibrium (mg/l), V is the CaCl2 solu-
tion volume (l), and M is the bacterial mass of N3-4 (g).

Ca2+ biosorption optimization via RSM. The Ca2+ 
biosorption conditions using strain N3-4 were further 
optimized using the Box-Behnken design, which uses 
three factors and three levels.

Single-factor experiments were conducted based 
on Choińska-Pulit et al. (2018) with slight modifica-
tions. The key factors selected affecting the biosorption 
capacity of N3-4 included the initial Ca2+ concentration 
(A: 50, 100, 150 mg/l), contact time (B: 40, 60, 80 min), 
and N3-4 dosage level (C: 1, 1.5, 2 g/l).

Design-Expert v12 (Stat-Ease Inc., USA) was used 
to statistically analyze the experimental data, which 
were fitted using a linear regression model (Eq. 2) 
(Mathew and Krishnamurthy 2018):

where Y represents the predicted response (biosorption 
capacity), β0 is the model constant, while, βi, βii and βij 
represent the linear, quadratic, and interaction coef-
ficients, respectively. X1, X2, and X3 correspond to the 
independent variables (calcium ions, contact time, and 
N3-4 dosage level).

This model evaluates the effects of each variable 
and their interactions on the responses. Fisher’s test 
(F = 95% confidence level) and p-values (p < 0.05) were 
used to evaluate the significance of each term. Finally, 
the RSM was used to visualize the interactions between 
the operating parameters in 3D graphs and contour 
plots. Analysis of variance (ANOVA) was used to test 
the model’s adequacy and the regression coefficients’ 
statistical significance. Response surface contour plots 
were used to analyze interactions among the variables 
and their corresponding effects (Wang et al. 2015). 
Additional experiments were conducted to verify the 
optimal conditions.

Scanning electron microscopy and energy dis‑
persive X-ray spectroscopy (SEM-EDS) analysis. 
The surface characteristics and element types of bacte-
rial adsorbent N3-4 were investigated before and after 
Ca2+ biosorption using a scanning electron microscope 
(SEM, JSM-5600LV; JEOL Ltd., Japan) equipped with 
an X-ray energy chromatograph.

Biosorption was completed under the optimal con-
ditions, as described above. In the control group, the 
CaCl2 solution was replaced with sterilized ultrapure 
water. Cells were obtained by centrifugation at 8000 × g 
for 10 min and then dried at 30°C.

Before microscope observations, the dried cell pow-
der was dispersed on double-sided conductive adhe-
sive tape, coated with carbon using the arc discharge 
method, and sputtered with gold for 40 s (Muñoz 
et al. 2016). The samples were scanned to determine 
the morphology of the secondary electrons under an 
accelerating voltage of 20 kV.

Fourier transform infrared (FTIR) analysis. The 
chemical composition of N3-4 cells was analyzed 
before and after Ca2+ biosorption using a Nexus 670 
FTIR spectrometer, which has a spectral resolution of 
4 cm−1. The dried cell samples were embedded in KBr 
pellets for detection. In total, 32 spectral scans were 
recorded in the transmittance band mode between 
500–4,000 cm−1 to achieve an acceptable signal-to-noise 
ratio (Banerjee et al. 2019).

Statistical analysis. ANOVA and Duncan’s test 
were conducted to analyze statistical significance using 
IBM® SPSS® Statistics for Windows (IBM Corp., USA). 
Curves were plotted using Origin v2021 (OriginLab 
Corporation, USA). Design-Expert v12 (Stat-Ease Inc., 
USA) software was used to complete multiple linear 
regression.

Results and Discussion

Morphological, physiological, and biochemical 
characterization of N3-4. After the strain was cultured 
on beef paste peptone medium plates at 37°C for 48 h, 
the N3-4 colonies were round with smooth surfaces, 
neat edges, greyish-white, opaque, and metallic luster. 
Light microscopy showed that N3-4 was Gram-positive 
and flagellated.

As shown in Table I, strain N3-4 can utilize gelatine, 
glucose, fructose, xylose, and rhamnose, but not starch 
or raffinose.

Molecular identification and classification of 
N3-4. Traditional methods only identify microorgan-
isms at the morphological level and, therefore, have 
certain limitations and uncertainties. With molecular 
biology’s rapid advancement and PCR technology’s 
maturation, many researchers have applied molecular 
identification (Sedlakova-Kadukova et al. 2019). Com-
parison of the 16S rRNA sequence of this strain with the 
NCBI database and using a phylogenetic tree showed 
that N3-4 had the highest homology and the closest 
affinity with Virgibacillus pantothenticus (Fig. 1). N3-4 
was therefore identified as V. pantothenticus, a soil bac-
terium formerly known as Bacillus pantothenticus. This 

q =                                                  (1)
(C0 – Ce) × V

M
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is a Gram-positive, spore-forming, aerobic, mesophilic, 
and halotolerant bacterium (Kuhlmann et al. 2011).

Effects of different parameters on N3-4 Ca2+ 
biosorption capacity. Contact time. The effect of con-

tact time on adsorption efficacy was examined over 
a time range of 20–120 min. Contact time is a pivotal 
factor during mass transfer processes, such as biosorp-
tion (Rouibah et al. 2023). As shown in Fig. 2a, the Ca2+ 
adsorption capacity of N3-4 increased with time until 
60 min; beyond this, the capacity plateaued, indicat-
ing the limited impact of extending contact time. This 
plateau results from the saturation of available surface 
sites as Ca2+ penetrates further into the biosorbent and 
reduces biosorbent activity due to solute molecule 
repulsion from the bulk phase (Nasrullah et al. 2015). 
Hence, in subsequent studies, 60 min was preliminar-
ily used as the optimal contact time for Ca2+ removal.

Initial calcium concentration. Initial concentra-
tion is pivotal for addressing the metal mass-transfer 
resistance between aquatic and solid phases (Long 
et al. 2019). As illustrated in Fig. 2b, biosorption capac-
ity increased with initial concentration, peaking at 
148.20 µg/g with a calcium content of up to 100 mg/l. 
Elevated initial concentrations drive metal ions to 

Table I
Physiological and biochemical tests and sugar fermentation tests 

results of strain N3–4.

+ – positive; − – negative

Indole test	 +	 Glucose	 +
Citrate salt test	 −	 Fructose	 +
Methyl Red test	 +	 Xylose	 +
V-P test	 +	 Rhamnose	 +
Gelatin hydrolysis test	 +	 Sucrose	 +
Starch hydrolysis test	 −	 Arabinose	 +
/	 /	 Marshmallow	 −
/	 /	 Mannitol	 +

Physiological and biochemical
characterization experiments Sugar fermentation test

Fig 1. Phylogenetic tree of strain N3-4 based on 16S rRNA sequence.
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engage with binding sites, enhancing their adsorption 
(Kazy et al. 2009). However, the adsorption capacity of 
the biosorbent approaches saturation with increasing 
initial calcium concentration, given the finite availabil-
ity of binding sites (Xu et al. 2015).

Biomass dosage. Assessing the dose effect is crucial 
for gauging biosorption capabilities (Tangestani et al. 
2021). The correlation between biomass dosage and 
Ca2+ adsorption is shown in Fig. 2c. Adsorption capac-
ity increased with increasing biomass dosage up to 
1.5 g/l, peaking at 195.33 µg/g. Beyond 1.5 g/l, adsorp-
tion efficacy decreased. The reduction in adsorption 
capacity with higher biosorbent dosage is primarily due 
to increased unsaturated adsorption sites during the 
biosorption process. Another plausible factor is particle 
interaction and aggregation, which can reduce the total 
active surface area of the biosorbent (Long et al. 2019).

Temperature. As shown in Fig. 2d, as the tempera-
ture increased from 20 to 30°C, the biosorption capacity 
of N3-4 continued to increase from 149 to 173 µg/g. 
However, a precipitous drop was observed at 35°C, 
followed by a subtle increment post-35°C. Elevated 
temperatures induce alterations in the microbial cell 
surface architecture, functional group distribution, and 
membrane fluidity, leading to diminished adsorptive 
capacity (Yang et al. 2017).

pH. pH significantly impacts biosorption efficacy, 
given the presence of key binding sites on the adsorbent 
surface and metal ion hydrolysis (Afraz et al. 2020). pH 
alterations affect the surface charge of cells, the pro-
tonation or deprotonation states of functional groups, 
and membrane permeability (Yuan et al. 2019). Ca2+ 
adsorption by the bacteria was evaluated across a pH 
range of 4–9. As illustrated in Fig. 2e, pH significantly 

Fig. 2. Effect of different parameters on biosorption 
capacity a) contact time; b) initial calcium concentra-

tion; c) biomass dosage; d) temperature, e) pH. 
Different lowercase letters indicate significant differ-

ences (p < 0.05).
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affected calcium ion uptake. Adsorption capacity was 
positively correlated with pH values < 6, with an apex 
of 186.76 µg/g observed at pH 6. Adsorption efficacy 
declined sharply at pH values > 6 and moderately 
increased beyond 7.

Ca2+ biosorption parameter optimization by RSM. 
RSM is a compilation of statistical and mathematical 
techniques built on fitting polynomial equations to 
experimental data (Luong et al. 2023). When multi-
ple factors are involved, their interactions cannot be 
measured with single-factor experiments, even if they 
are dominant and many experiments are needed. How-
ever, using a reduced number of runs, RSM can evalu-
ate independent variables and their interactions with 
dependent variables (Bhateria and Dhaka 2019). Mul-
tiple factors influence biosorption efficiency; therefore, 
RSM was employed.

In previous experiments, the initial concentration 
of calcium ions, biomass dosage, and contact time of 
bacteria significantly affected calcium ion biosorption. 
These adsorption experiments were carried out at room 
temperature and in alkaline wastewater. The one-way 
experiments clearly show that a temperature of 25–30°C 
has little effect on adsorption, and the maximum metal 
ion adsorbed was at pH 6. Therefore, the adsorption of 
metal ions with this strain was carried out at pH 6 and 
28°C using the Box-Behnken model. The initial calcium 
concentration, contact time, and biomass dosage were 
selected for a three-factor, three-level response surface 

test using biosorption capacity as an indicator. Seven-
teen experiments were performed for three independ-
ent process parameters, and their interactions were 
studied. The experimental designs, as well as observed 
and predicted values are presented in Table II.

The interactions between the variables and response 
were evaluated using a second-order polynomial equa-
tion. The observed relationship between the biosorp-
tion capacity and input test variables in coded terms 
can be expressed as follows:
Biosorption capacity
(µg/g) = 515.13 + 70.16A + 58.45B − 47.52C − 6.16AB + 
4.35AC + 5.62BC − 38.43A2 −40.25B2 − 51.55C2               (3)
where A, B, and C are independent singular factors, AB, 
AC, and BC are interaction factors, and A2, B2, and C2 

are the quadratic terms. The theoretical optimum value 
calculated from Eq. 3 was 572.43 µg/g and the actual 
optimum adsorption rate under optimum conditions 
was 561.95 µg/g.

A good model for calcium biosorption was estab-
lished via ANOVA using V. pantothenticus biomass as 
an adsorbent. Statistical testing of the regression equa-
tions was performed using F-tests, and ANOVA for the 
fitted quadratic polynomial model of removal efficiency 
is shown in Table III. ANOVA was performed using 
Fisher’s F-test. p-Values < 0.05 indicated that the model 
terms were significant. In this case, A, B, C, A2, B2, and 
C2 were significant model terms. Values > 0.1 indicated 
that the model terms were not significant. An F-value 
of 236.49 implies the model was significant (p < 0.01). 
There was only a 0.01% chance that this large F-value 
could have been caused by noise. R2 was used to deter-
mine the quality of the proposed model (Ni’mah et al. 
2022). When the correlation coefficient approached 1, 
the prediction precision of the model improved. The 
R2 and adjusted R2 were close to 1 (0.9968 and 0.9928, 
respectively), indicating a strong correlation between 
the observed and predicted values (Garg et al. 2014). The 
R2 and adjusted R2 values indicate that the structure of 
the model reflects the variation in the calcium biosorp-
tion capacity relative to changes in the initial calcium 
concentration, biomass dosage, and contact time.

A lack-of-fit was applied to measure the adequacy 
of the model. A lack-of-fit test will not be significant 
if the model matches the data well (Shabanizadeh and 
Taghavijeloudar 2023). An F-value of 0.14 implies that 
the lack-of-fit was not significant relative to pure error; 
there was a 93.40% chance that the lack-of-fit F-value 
occurred due to noise. The accuracy of the model (Adeq) 
measures the model noise (ratio of information to error) 
(Ding et al. 2023). A ratio > 4 is desirable. The adequate 
precision ratio was 46.205, which indicated an adequate 
signal. This model can be used to navigate design space.

Response surface analysis. Under pH 6 and 
a  temperature of 28°C, the optimal calcium adsorp-

  1	 150	 60	 1.0	 540.47
  2	 100	 60	 1.5	 506.53
  3	 100	 60	 1.5	 507.36
  4	 50	 60	 1.0	 407.77
  5	 100	 60	 1.5	 517.87
  6	 50	 40	 1.5	 300.87
  7	 50	 80	 1.5	 432.80
  8	 50	 60	 2.0	 301.13
  9	 150	 60	 2.0	 451.23
10	 150	 40	 1.5	 452.42
11	 100	 80	 1.0	 520.87
12	 100	 60	 1.5	 514.87
13	 100	 40	 2.0	 314.55
14	 150	 80	 1.5	 559.02
15	 100	 60	 1.5	 529.02
16	 100	 80	 2.0	 439.98
17	 100	 40	 1.0	 417.93

Table II
Experimental and predicted response for calcium biosorption

using Virgibacillus pantothenticus.

Run
order

A
Initial calcium
concentration

B
Contact

time

C
Biomass
dosage

Biosorption
capacity
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tion parameters for strain N3-4 were determined to 
be a  contact time of 72.70 minutes, an initial Ca2+ 
concentration of 141.98 mg/l, and a biomass dosage of 
1.30 g/l. The theoretical maximum calcium adsorption 
was found to be 572.43 µg/g. Five parallel experiments 
were conducted under the same conditions to validate 
these findings, resulting in an error margin of only 
1.83% compared to the theoretical value.

3D surface plots are graphical diagrams of regres-
sion equations showing two factors; all other factors 
were maintained at fixed levels (Hadiani et al. 2018). 
The impacts of the interactions between factors were 
examined using 3D surface plots (Kamani et al. 2018), 
which represented both the main and interaction effects 
of the variables well. 

The response value of the response surface plot is 
composed of two interactions of each test factor, A, B, 
and C, as well as the interaction between the optimal 
parameters and each other parameter; the more com-
plex and steep the surface, the more significant the influ-
ence of each factor on the response value. Each point 
on the same contour represents the same value, and the 
contour shape reflects the significance of the interac-
tion between the factors. In the case of an elliptical con-
tour, the corresponding contour line will also exhibit an 
elliptical shape, indicating that the interactions among 
the factors are significantly different. Conversely, if the 
contour is circular, this suggests that the differences in 
interactions among the factors are not significant.

Initial calcium concentration and contact time. 
The combined effects of the adsorbent and initial cal-

cium ion concentrations are illustrated in Fig. 3a and b, 
with the median biomass dosage. The lowest observed 
biosorption capacity was 300.87 µg/g with an initial 
calcium concentration of 50 mg/l and a contact time 
of 40 min. This capacity reached a high of 559.73 µg/g at 
an initial calcium concentration of 150 mg/l and a con-
tact time of 80 min. Adsorption capacity increased with 
initial calcium ion concentration at a fixed contact time. 
Conversely, at a constant initial calcium ion concen-
tration, adsorption capacity increased with increasing 
contact time. Consequently, both initial calcium ion 
concentration and contact duration enhanced Ca2+ 
biosorption efficacy (Ding et al. 2023). Ca2+ ion adsorp-
tion capacity consistently increased with increased ini-
tial calcium concentration and contact time until equi-
librium was reached.

This echoes Samuel et al. (2015), who presented anal-
ogous 3D response plots based on the interplay between 
initial concentration and contact duration. Absorption 
spiked within the first 40 min and reached equilibrium 
at approximately 60 min, with a noticeable increase in 
biosorption capacity with elongated contact periods.

Effect of initial calcium concentration and biomass 
dosage. A holistic view of the impact of the adsorbent 
and initial calcium ion concentration can be drawn 
from Fig. 3c and 3d, while median contact time was 
maintained. Ca2+ extraction rate increased with increas-
ing initial calcium ion concentrations. Peak Ca2+ 
removal (540.47 µg/g) was observed at a biomass dos-
age of 2.5 g/l and an initial calcium ion concentration of 
approximately 100 mg/l. For a specific biomass dosage, 

Model	 1.121E + 005	   9	 12459.59	 236.49	 < 0.0001	 ***
A	 39379.40	   1	 39379.40	 747.46	 < 0.0001	 ***
B	 27332.39	   1	 27332.39	 518.79	 < 0.0001	 ***
C	 18064.25	   1	 18064.25	 342.88	 < 0.0001	 ***
AB	 151.54	   1	 151.54	 2.88	 0.1337	/
AC	 75.69	   1	 75.69	 1.44	 0.2697	/
BC	 126.45	   1	 126.45	 2.40	 0.1653	/
A2	 6217.97	   1	 6217.97	 118.02	 < 0.0001	 ***
B2	 6820.04	   1	 6820.04	 129.45	 < 0.0001	 ***
C2	 11189.61	   1	 11189.61	 212.39	 < 0.0001	 ***
Residual	 368.79	   7	 52.68	 /	 /	 /
Lack of Fit	 33.95	   3	 11.32	 0.14	 0.9340	/
Pure Error	 334.84	   4	 83.71	 /	 /	 /
Cor Total	 1.125E + 005	 16	 /	 /	 /	 /
R2	 0.9968	/	 /	 /	 /	 /
Adj: R2	 0.9928	/	 /	 /	 /	 /

Table III
ANOVA results for calcium biosorption parameters.

*** – the difference is very significant (p < 0.001); ** – the difference height is significant (p < 0.01);
* – the difference was significant (p < 0.05)

Source Sum of squares df Mean square F value p-value Significance
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adsorption capacity spiked dramatically with increas-
ing initial calcium ion concentrations, which is a key 
determinant of Ca2+ removal. The biosorption capacity 
increases at low initial biomass dosages as the initial 
Ca2+ concentration rises. The specific sites crucial for 
low-concentration biosorption become saturated when 
Ca2+ concentrations are elevated. Consequently, at high 
Ca2+ concentrations, further ion uptake did not occur 
with increased calcium ion concentrations because of 
saturation (Bhateria and Dhaka 2019).

Biomass dosage and contact time. Fig. 3e and  3f 
illustrates the interplay between biomass dosage and 
contact time concerning calcium biosorption capacity 
while maintaining median initial calcium concentra-
tion. The lowest recorded biosorption capacity was 
314.55 µg/g with a biomass dosage of 2 g/l and a con-
tact time of 40 min. This capacity surged to 520.87 µg/g 
when the biomass dosage was reduced to 1 g/l and con-
tact time extended to 80 min. The gradient and curva-
ture of the contact time surface are more pronounced 
than those associated with biomass dosage, indicating 

that the duration of the contact is the primary factor 
influencing adsorption capacity (Jiang et al. 2022). 
Each adsorbent has a finite number of adsorption sites 
(Soleimani et al. 2023). In addition, particle aggregation 
and the unsaturation of binding sites lead to a decrease 
in the overall accessible surface area of the adsorbent 
(Shukla and Pai 2005). This diminishes uptake capacity 
at increased biosorbent concentrations.

SEM-EDS analysis of V. pantothenticus. Using 
SEM to characterize biosorbents efficiently provides 
data on their morphology and elemental composi-
tion (Gupta et al. 2019). SEM-EDS provides valuable 
information regarding a sample’s physical structure and 
elemental makeup.. This technique enables the detec-
tion of trace elements within micron-scale specimens 
with a precision that can reach submicron levels (Singh 
et al. 2023). SEM was therefore employed to examine 
surface alterations during adsorption.

Bacteria can adsorb Ca2+ ions through nucleation 
on the cell wall and within extracellular polymers, 
facilitating Ca2+ clearance (Li et al. 2022). Fig. 4 shows 

Fig. 3. The binary interactions of factors of calcium biosorption capacity by response surface and contour a) and b) contact time 
and initial calcium ion concentration interact to affect the contour of bacterial adsorption capacity; c) and d) Biomass dosage and initial 
calcium ion concentration affects contours of bacterial adsorption capacity; e) and f) Biomass dosage and contact time affects contours 

of bacterial adsorption capacity.

Fig. 4. SEM images and EDS spectra of Virgibacillus pantothenticus biomass: a) non-adsorbed biomass, b) Ca(II)-adsorbed biomass,
c) EDS spectrum of non-adsorbed biomass and d) EDS spectrum of Ca(II)-adsorbed biomass.
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SEM-EDS analysis of the interaction mechanisms of 
Ca2+ elimination by V. pantothenticus. Electron micro-
graphs of untreated bacterial cells are shown in Fig. 4a, 
revealing a smooth terrain (Das et al. 2014), which 
indicates a consistent distribution of elements across 
bacterial cell surfaces. This indicates a uniform dis-
tribution of components on the bacterial cell surface. 
Ca2+-treated bacteria formed clusters and large particles 
with dense structures on the surface. This suggests that 
the aggregation of metal ions was facilitated by their 
attachment to the hydrophilic groups of peptides, lead-
ing to the formation of densely packed particles (Qi 
et al. 2023). As shown in Fig. 4b, the surface of Ca2+-
treated bacterial cells was rough, with bulges and sedi-
ments, which may have been caused by extracellular 
polymers that contribute to heavy metal binding (Yang 
et al. 2017). Extracellular polymeric substances react-
ing with calcium form sediments. The appearance of 
irregular bulges in the cells may have been caused by 
the exchange of mechanical forces and metal ions with 
active functional groups on the cell surface (Kazy et al. 
2009; Sharma et al. 2022).

Distinct calcium peaks were discernible in the 
calcium-enriched biomass but absent in its untreated 
counterpart, confirming the presence of calcium on the 
surface, as shown in Fig. 4d. Notably, pronounced car-
bon and oxygen peaks were observed in the EDS spec-
tra of both Ca2+-adsorbed and -unadsorbed biomass, 
suggesting their inherent presence in the biomass and 
their potential involvement in metal biosorption ion 
exchange dynamics (Dixit et al. 2015).

FTIR analysis of V. pantothenticus. FTIR spectros-
copy is a powerful technique that determines the vibra-
tional properties of molecular compounds. By probing 
molecular vibrations, FTIR determines the presence 
of- and changes in functional groups and improves our 
understanding of surface interactions, especially dur-

ing processes such as biosorption (Gupta et al. 2019; 
Mekpan et al. 2025). Shifts in FTIR absorption peaks are 
a reliable indicator of chemical structure modifications 
and indicate the interactions between metal ions and 
organic ligands at the molecular level (Qi et al. 2023). 
Each molecule exhibits a specific vibrational signature 
due to its unique bond vibrations. Distinctive FTIR 
spectra emerge for these unique molecular vibrations 
(Deng et al. 2022).

The FTIR spectra of free and calcium-loaded cells 
were analyzed to identify the functional groups respon-
sible for Ca2+ binding. As shown in Fig. 5, the cell sur-
face exhibited multiple characteristic peaks before 
adsorption, suggesting the intricate nature of the strain 
(Li et al. 2018). In the calcium-loaded bacterial spec-
trum, the broad and intense band at 3,200–3,600 cm−1 
represents the −OH (Nagarajan et al. 2023) and/ −NH2 
symmetric stretching vibrations from hydroxyl or 
amino groups (Long et al. 2019). Meanwhile, the peaks 
at 2,923 cm−1 and 1,639 cm−1 signify aliphatic stretch-
ing and C≡C stretching in aromatic rings (Wang et al. 
2014); these shifted approximately 10 cm−1 and 5 cm−1, 
respectively, compared to the control biomass. The peak 
at 1,537 cm−1 was ascribed to the amide (II) stretching 
of aromatic rings (Isik et al. 2021) is crucial for bacterial 
identification using FTIR spectroscopy.

The FTIR spectrum of calcium-loaded V. pantothen-
ticus featured a characteristic amide bond at 1,537 cm−1. 
The 1,434 cm−1 peak can be linked to the C−O bond of 
the carboxyl group, accompanied by S = O stretching 
(Nagy et al. 2014). Another significant adsorption peak 
at 1,427 cm−1 corresponds to C = O stretching vibrations 
of amide I and −CH2 bending (Banerjee et al. 2019), 
which shifted approximately 5 cm−1 from the control 
biomass. The unique peaks for Ca-loaded V. pantoth-
enticus at 1,228 cm−1 and 1,070 cm−1 suggest that the 
stretching of C = O and −C−N in amino groups plays 
a role in Ca2+ binding (Chakravarty and Banerjee 2012). 
These peaks also shifted approximately 10 cm−1 and 
15 cm−1, respectively, compared with the control cells. 
Lastly, the −C−O− or −C−N group-associated biosorp-
tion peak transitioned from 1,051 cm−1 to 1,074 cm−1, 
denoting the potential interaction between these groups 
and metal ions (Choińska-Pulit et al. 2018).

Ca2+ removal mechanism. Bacteria are formidable 
natural scavengers that eff convert heavy metals into 
less harmful forms or stabilize them in solid structures 
(Chaudhary et al. 2021; Sharma and Shukla 2021; 
Sharma et al. 2022). Microbial communities found near 
industrial dumps and waste sites demonstrate a natu-
ral resilience to heavy metals. The existing literature 
indicates that these microorganisms have undergone 
evolutionary adaptations that enable them to effec-
tively absorb heavy metals (Mejias Carpio et al. 2018). 
Klebsiella sp. AW2 was isolated from the rhizosphere of 

Fig. 5. FTIR spectra of Virgibacillus pantothenticus cells before and 
after calcium biosorption.
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Solanum nigrum and exhibited tolerance to 240 mg/l of 
Cd2+ (Chi et al. 2024). The study focused on removing 
chromium (Cr) from water using biosorbents from live 
and dead Bacillus nitratireducens cells, isolated from 
textile wastewater, which tolerated Cr concentrations 
up to 1,000 mg/l MIC (Imron et al. 2024). The study 
enriched rare earth elements from aqueous solutions 
using Bacillus spp. strain DW015 and the urease-pro-
ducing strain Sporosarcina pasteurii are isolated from 
ion-adsorbed rare earth ores (Bian et al. 2024).

The cell wall is the initial cellular structure that 
encounters metal ions. Metal biosorption by non-living 
biomaterials occurs through the complexation between 
metal ions and various functional groups, including 
carboxyl, phosphate, and hydroxyl groups found on the 
cell surface (Huang et al. 2020). Biosorption of heavy 
metals is a multifaceted process that encompasses vari-
ous mechanisms (Wang et al. 2019; Liu et al. 2023b). 
The adsorption of metal ions onto cell surfaces, facili-
tated by stoichiometric interactions with metal func-
tional groups, is called passive biosorption. This process 
may involve one or several mechanisms, including ion 
exchange, complexation, coordination, adsorption, 
electrostatic interactions, chelation, and micropre-
cipitation (Kumar et al. 2022; Liu et al. 2023a). The 
FT-IR pattern reveals changes in peak broadening and 
contraction during the binding process with calcium, 
indicating interactions between functional groups and 
metal particles. The main functional groups that bind 
calcium ions include −OH, −NH2, C = O, −C−O−, and 

−C−N. The adsorption of calcium ions from gelatin 
wastewater by the strains discussed in the article occurs 
through interactions with surface functional groups.

Conclusions

In this study, a bacterial strain with strong resistance 
to calcium ions was isolated from gelatine wastewater 
and identified as V. pantothenticus based on morpho-
logical characterization, physiological and biochemi-
cal identification, and molecular biology. The optimum 
adsorption conditions for calcium ions by V. panto-
thenticus were as follows: contact time, 72.68 min; 
biomass dosage, 1.3 g/l; initial calcium concentra-
tion, 142.01 mg/l; and maximum calcium adsorption, 
572.43 µg/g. According to structural characterization 
via FTIR and SEM-EDS, the morphology of V. pantoth-
enticus after bioabsorption was severely deformed, with 
a rough surface, protrusions, and sediments. Compared 
with pre-adsorption bacteria, post-adsorption bacte-
ria had calcium, carbon, and nitrogen peaks, indicat-
ing that post-adsorption bacteria contained a certain 
amount of calcium. Functional groups, such as −OH, 
−NH2, C ≡ C, C = O, −CH2, −C−O−, and −C−N, were 
likely involved in Ca2+ adsorption.

Optimization somewhat improved the bacteria’s 
calcium adsorption capacity; however, the amount of 
adsorption remained relatively small. To overcome 
the limitations of studying existing calcium-resistant 

Fig. 6. Schematic diagram of the adsorption mechanism of Virgibacillus pantothenticus.
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strains, future studies should expand the available cal-
cium ion adsorption strains and aim to produce strains 
with higher calcium adsorption capacity. This study of a 
calcium-resistant strain remains at the laboratory stage 
and has not been further applied to gelatine wastewater 
treatment; further investigation is required for practical 
applications.
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