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Abstract

Previous studies showed that Bacillus subtilis possessed high physiological activity in industrial waste treatment as a biosorb-
ent for recovery metals, and in this study, the sorption capacity for both La*" and Sm** was demonstrated. The effects of
lanthanide concentration and contact time were tested to acid and alkali pre-treated cells. Very high levels of removal, reach-
ing up to 99% were obtained for both lanthanide ions. Langmuir isotherm model was applied to describe the adsorption
isotherm and indicated a better correlation with experimental data R*=0.84 for La** using sodium hydroxide pre-treated free
cells and R*=0.73 for Sm>* to acid pre-treated B. subtilis cells as biosorbents. Results of this study indicated that chemically
modified B. subtilis cells are a very good candidate for the removal of light rare-earth elements from aquatic environments.

The process is feasible, reliable, and eco-friendly.
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Introduction

Biosorption is a new emerging biotechnology that has the
potential to be more effective, inexpensive, and environmen-
tal-friendly than conventional methods utilized in industrial
waste treatment. Because of their high sorption capaci-
ties and low production costs, all kinds of microbial cells,
including yeast, bacteria, algae, fungi, and protozoa, have
been used as biosorbent materials (Volesky 2007; Gupta
et al. 2018).

The biosorption mechanisms include adsorption, uptake,
reduction, methylation, and oxidation. In this way, biosorp-
tion is similar to an ion-exchange mechanism; the rare-earth
elements can bind to oxygen donor atom groups present in
the cell wall (cells) of microbial species (Palmieri et al.
2000), such as carboxylic or phosphoric groups. The dif-
ferent affinities between all kind of biosorbents and the
lanthanides species can provide the basis for the separation
and purification of rare-earth elements using this bioprocess
(Diniz and Volesky 2005; Giese et al. 2019).
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Recovery of the rare-earth elements is interesting due
to the high economic value along with various industrial
applications (Table 1); however, conventional technologies
as precipitation, liquid-liquid extraction, solid—liquid extrac-
tion, and ion exchange present high processing costs and
difficulties associated with separating and obtaining a high
purity of these elements. In this way, the biosorption repre-
sents a biotechnological innovation as well as an excellent
cost-effective tool for the recovery of rare-earth metals from
aqueous solutions (Das and Das 2013).

In recent years, several scientists have employed Bacillus
subtilis bacteria for the removal of different heavy metals
from aqueous solutions. For instance, Sukumar et al. (2014)
used free B. subtilis cells for the adsorption of chromium
ions from aiming application on soils around the electroplat-
ing industry that are often polluted with metals. Hossain
and Anantharaman (2006) employed the suspension free B.
subtilis cells for the biosorption of lead ions from aqueous
solutions. The ability of Bacillus subtilis immobilized into
chitosan beads to remove copper ions from aqueous solu-
tion was studied due to a high cells density to provide a
greater opportunity for reuse and recovery (Liu et al. 2013).
Recently, Coimbra et al. (2019) have described that B. subti-
lis immobilized on calcium alginate gel is capable to biosorb
light rare-earth elements. All studies recommended using B.
subtilis cells as biosorbent for heavy metal removal.
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Table 1 Main industrial

Symbol

Application

T REE

applications of rare-earth

elements (Charalampides et al. Scandium Sc

2015; Giese 2018) Yitrium v
Lanthanum La
Cerium Ce
Praseodymium Pr
Neodymium Nd
Samarium Sm
Europium Eu
Terbium Tb
Dysprosium Dy
Holmium Ho
Erbium Er
Ytterbium Yb
Lutecium Lu
Thulium Tm
Gadolinium Gd

Al-Sc alloys, magnetic resonance image
Capacitors, phosphors, radars, lasers, superconductors
Glasses, ceramics, car catalysts, phosphors
Polishing powders, ceramics, catalysts, phosphors
Ceramics, glasses, pigments

Permanent magnets, catalysts, lasers

Permanent magnets, nuclear industry

Phosphors, nanoprobes

Phosphors, targeted cancer therapy

Phosphors, ceramics, nuclear industry

Lasers, ceramics, nuclear industry

Lasers for medical and dental practice

Metallurgy, chemical industry

Single crystal scintillators

Electron bean tubes, X-ray devices

Optical detection, intravenous radio-contrast agents

Bacillus subtilis cell wall structure is well known and
consists primarily of peptidoglycan and teichoic acid. Pep-
tidoglycan is a polymer of acetylmuramic and acetylglu-
cosamine acids that display mainly carboxylic and hydroxyl
functional groups. Teichoic acid is a polymer of copyra-
nosyl glycerol phosphate that comprises mainly phosphate
and hydroxyl groups (Liu et al. 2013). A single binding site
was found for rare-earth elements on B. subtilis at low pH,
which is responsible by a preferential biosorption of heavy
rare-earth elements (Tm, Yb, Lu). The modeling sorption
suggested carboxylic groups as active adsorption groups to
this species (Martinez et al. 2014).

The main objective of this investigation was to spotlight
on the biosorption of lanthanum and samarium ions (La>*
and Sm**) from aqueous solutions by pre-treated suspension
free B. subtilis cells and to evaluate the effects of different
parameters on the adsorption process aiming to evaluate the
preferences between light and medium rare-earth elements.

Experimental
Materials

Stock solutions of La** and Sm** (1 mol/L) were prepared
by dissolving lanthanum and samarium oxides (Pacific
Industrial Development Corporation, Weihai, China) in a
solution of deionized water—nitric acid, and diluted to the
concentrations required for the experiments outlined below.
The initial pH of each working solution was adjusted with
HNO; and NaOH (1 mol/L) solutions at the start of the
experiment.
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Microorganism and media

Bacillus subtilis screened from soil and belonging to Insti-
tuto de Microbiologia Paulo Gées (IMPG/UFRIJ) was stored
at TSA at 4 °C. The microorganism was transferred to
500 mL shake flasks, containing 200 mL of basal medium
(TSB 30 g/L and yeast extract 5 g/L). The culture was incu-
bated at 30 °C for 48 h at 150 rpm. Cells were harvested by
centrifugation (15 min; 1500g) at room temperature. The
cells were washed with deionized water and were pre-treated
with 50 mL sodium hydroxide (SH) solution (1.0 mol/L) or
chloridric acid (CA) solution (1.0 mol/L) for 30 min at room
temperature in 125-mL Erlenmeyer flasks in a rotary shaker
at 100 rpm at 30 °C. After centrifugation (1500g/15 min),
the sedimented pre-treated cells recovered were used as the
biosorbent material.

Biosorption experiments

The effect of contact time on the biosorption of the lantha-
nides was studied on the pre-treated B. subtilis cells [1.0 g
(dry wt. cell)/L] added to 50 mL of ionic solutions of La**
(10 mg/L) or Sm** (10 mg/L) at pH 3.0 in 125 mL Erlen-
meyer flasks. The flasks were kept at contact times of 5,
10, 20, 30, 40, 50, and 60 min. For the studies on the initial
concentration and Langmuir adsorption isotherm model
(Langmuir 1918), the following initial concentrations of the
rare-earth elements ([REE] initial) were separately evalu-
ated: 10, 25, 40, 50, and 75 mg/L, at contact time of 20 min.
The biosorption experiments were carried out in duplicate,
in single or binary systems, and the average results are pre-
sented. The samples were centrifuged (15 min; 1500g),
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and the clear supernatant was analyzed for the lanthanide
ions concentration. The La** and Sm>* were determined by
inductively coupled plasma atomic emission spectrometry
(ICP-OES Perkin Elmer, OPTIMA3000, USA).

The percentage of biosorption, corresponded to lan-
thanide ions removed (%), was estimated as described in

Eq. (1).

(lanthanide 1= lanthanidez)
x 100

Biosorption(%) = H

lanthanide,

where lanthanide, and lanthanide, stand for the initial and
final lanthanide concentration, respectively, expressed in
mg/L.

Langmuir isotherm model

The Langmuir (1918) isotherm is used for monolayer sorp-
tion on the surface of the particle. The linear expression of
the Langmuir model is given by Eq. (2):

QmaXKaCe
Q=7 +K,C, 2)
where Q, and Q.. are the equilibrium and maximum rare-

earth elements biosorption capacity, respectively, C, is the
equilibrium solution concentrations, and K, is the equilib-
rium constant.

Results and discussion

Bacillus subtilis has a well-studied gram-positive cell wall.
The studies have shown that most metal binding occurs
after initial metal complexation and neutralization of the
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chemically active sites, mainly by a first stoichiometric inter-
action of metal and chemical groups following by deposi-
tion of more metal by chemical precipitation (Hossain and
Anantharaman 2006; Al-Homaidan et al. 2014). The oxy-
gen-containing (—COOH, —OH) and (-NH,) were the main
functional groups related metal biosorption in Bacillus spe-
cies (Liu et al. 2019). Metal sorption capacity of biosorbent
can be altered by pre-treatment, which could modify the
surface characteristics either by removing or masking the
groups or by exposing more metal-binding sites (Singh et al.
2014). The acid or alkali treatment contributes to removing
some leachable materials (organic compounds, carbonate-
based materials) that could influence acid-base properties
(Oliveira et al. 2011).

In the present study, the effect of pre-treatment on lantha-
nide ions uptake capacity of biosorbent for the different pre-
treatment methods used has been studied. Living B. subtilis
cells were chemically modified by acid (HCI 1.0 mol/L) or
alkali pre-treatments (NaOH 1.0 mol/L). The initial con-
centration of lanthanide ions provides an important driving
force to overcome all mass transfer resistance of metal ion
between the aqueous and solid phases. Hence, the effect of
initial La** and Sm** concentration was studied to both pre-
treated cells from B. subtilis in single and binary systems.

The results obtained in Fig. 1 indicated that the initial
concentration of rare-earth elements in the aqueous solu-
tion influenced the rate of adsorption by both pre-treated
B. subtilis cells. In a single system, to alkali pre-treated B.
subtilis cells, it was observed that there was an increase in
the percentage of Sm>* adsorption with increased Sm** con-
centration from 15 to 30 mg/L and maximum Sm** adsorp-
tion (100%) was observed with a concentration of 30 mg/L.
La** biosorption presented higher preference by B. subtilis
cells binding sites in lower initial lanthanide ions concen-
tration (<20 mg/L) and maximum La** adsorption (97%)
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was observed with a concentration of 50 mg/L. Anyway, the
higher biosorption yields in smallest concentrations could be
attributed to the possible higher interaction between lantha-
nide ions and the binding sites on the biosorbent surface and
saturation of all binding sites with metal ions (Al-Homaidan
et al. 2014).

On the other hand, the acid pre-treatment of B. subtilis
cells resulted in a decrease in the percentage of La’* and
Sm** adsorption with increased lanthanides concentration.
The biosorption capacity of La** decreased from 31 to 8%
as well the biosorption capacity of Sm>* decreased from 22
to 17% in the range of initial lanthanides ions concentra-
tions of 15-100 mg/L. The higher initial concentration of
lanthanide ions increased the active groups required by the
adsorbent to promote the biosorption. It appears that acid
pre-treatment decreased the number of binding adsorption
sites in B. subtilis cell wall. To Saccharomyces cerevisiae
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yeast, the esterification of carboxyl and methylation of
amino groups present in the cell wall significantly decreased
the biosorption capacity of copper ions, which suggests that
both carboxylic and amine groups play an important role in
biosorption of copper (Jianlong 2002).

Martinez et al. (2014) evaluated the rare-earth element
binding constants for untreated B. subtilis cells. A single
binding site for the pH range of 2.5-4.5 was found, which
showed to have a lower affinity for light elements (e.g., La,
Ce, Pr, Nd) and a higher affinity for heavy elements (e.g.,
Tm, Yb, Lu). This finding was confirmed in the present
work, where either B. subtilis biomass pre-treated with acid
or base showed the preference in biosorption of La** over
Sm3*.

The batch biosorption of binary system La>*—Sm>* was
also evaluated. The biosorption capacity behavior was
similar to single systems reported previously. According
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Fig.4 Langmuir adsorption 1.20 4
isotherm for La>* by pre-treated (A)
Bacillus subtilis cells. a NaOH
pre-treated cells, b HCI pre-
treated cells
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to Fig. 2, in the lowest concentrations (15 mg/L), the
La* (92%) was preferably biosorbed than Sm>* (71%)
by sodium hydroxide pre-treated B. subtilis cells. The
increase in lanthanide ions concentration caused an
increase in biosorption, which reached 99% at 85 mg/L
(La** 4+ Sm>*). The acid pre-treatment of B. subtilis cells
resulted in a decrease in the percentage of La** and Sm>*
adsorption. However, this percentage had increased with
the increase in initial lanthanide ions concentrations.
The sorption studies at different contact times help in
determining the sorption capacities of biosorbent at vary-
ing time intervals. The effect of contact time was evaluated
as one of the important parameters affecting the biosorp-
tion efficiency. Figure 3 shows the biosorption efficiency
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0.025 0.030 0.035 0.040 0.045 0.050
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of Bacillus sp. at concentrations of 15 mg/L as a function
of contact time. In the first 20 min, La** < Sm3* uptake
preference was observed; and after that Sm>* < La3*
uptake increases with a rise in contact time up to 60 min,
with values of biosorption in the range of 50-100% to La**
and 76-82% to Sm>*. The fast initial metal biosorption
rate was attributed to the surface binding, and the follow-
ing slower sorption was attributed to the interior penetra-
tion. Garcia et al. (2016) have observed this behavior for
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Fig.5 Langmuir adsorption 0.16 -
isotherm for Sm>* by pre- (A)
treated Bacillus subtilis cells. a 0.14 - '3
NaOH pre-treated cells, b HCI
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the biosorption of heavy metals (Cd, Cr, Mn, and Pb) by
aqueous dead cells of Bacillus sp. (strain C13 and C16)
isolated from the activated sludge.

Different kinds of functional groups, with different
affinities to metal ions, are usually present on the cells
surface. After acid or alkali pre-treatment, these functional
groups will be rearranged, and the efficiency of biosorp-
tion can be affected. According to these results, the acid
pre-treatment of B. subtilis have caused a decrease of 1.85-
fold in biosorption capacity of La®*, which was reduced
from 100 to 54% in 60 min. This decrease was in the order
of 3.9-fold to biosorption capacity of Sm**, which was
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reduced from 82 to 21% in 60 min. The equilibrium con-
ditions not been attained with this pre-treated biosorbent.
In comparison, for chromium removal by acid and alkali
pre-treated algal cells, Singh et al. (2014) have observed
that all of the pre-treated samples showed similar trends of
removal. A rapid chromium biosorption took place in the
first 30 min, showing a rapid removal of 65% at 15 min. To
Pleurotus florida fungi biomass, all the pre-treatment meth-
ods improved the biosorption of cadmium in comparison
with live cells (Das et al. 2007). Physical, alkali, acid, and
organical pre-treatments have demonstrated to be effective in
increasing the adsorption capacity by this biosorbent.
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Several kinetic models are available to understand the
behavior of biosorbents and also to examine the rate of the
controlling mechanism of the adsorption process. The Lang-
muir model has been giving a better fit than the other adsorp-
tion models, e.g., the Freundlich model, for the biosorption
of rare-earth elements (Vijayaraghavan and Yun 2008). The
Langmuir adsorption model is based on the assumption that
the maximum adsorption corresponds to a saturated mon-
olayer of solute molecules on the adsorbent surface, with no
lateral interaction between the sorbed molecules (Langmuir
1918).

The plots of linear Langmuir isotherm model describe
the relationship between the adsorbed amounts of La®*
(Fig. 4) and Sm** (Fig. 5) on pre-treated B. subtilis cells
against the concentration of lanthanide ions remaining in the
solution. Langmuir isotherm model fitted the experimental
data appropriately. Langmuir model was also the adsorp-
tion isotherm model fitted for Eu** biosorption by Bacil-
lus thuringiensis biomass, where the adsorption capacity of
Eu’* achieves as high as 160 mg/g (Pan et al. 2017). To U**
biosorption by Bacillus amyloliquefaciens, the maximum
uptake capacity was 179.5 mg/g at pH 6.0 by Langmuir
model (Liu et al. 2019).

By comparing the R? of the Langmuir model for La**
with that obtained from the Sm>*, it can be noted that the
Langmuir isotherm model best fitted the equilibrium data
for La3* adsorption. Also, could be observed that Langmuir
model indicated a better correlation with experimental data
R*=0.84 for La>* using alkali pre-treated living cells as
biosorbent and R?=0.73 for Sm** when the acid pre-treated
B. subtilis cells were used as biosorbent. The results from
Langmuir models also gave the facts that the B. subtilis cells
had homogeneous surface. The same analysis was found
recently to Bacillus badius for Cd** biosorption (Vishan
et al. 2019) and to Bacillus xiamenensis for Pb>* (Mohapa-
tra et al. 2019) where Langmuir isotherm fitting depicted
the monolayer adsorption behavior. Namely, it explains the
adsorption procedure of La** and Sm>* onto the B. subtilis
cells as a homogeneous adsorbent.

Conclusion

Biosorption has received great attention during the last
years, due to the potential use of microorganisms for clean-
ing metal-polluted water or wastewater streams. Biosorp-
tion, utilizing the ability of microbial to recover rare-earth
elements from diluted solutions is considered as a more
competitive, effective and economically attractive treatment
method than hydrometallurgical conventional methods.
According to the results of the present experiment, it is evi-
dent that the biomass of B. subtilis pre-treated chemically was

able to remove lanthanide ions from aqueous solution. It may
be advantageous to use this bacterial biomass after chemical
pre-treatment especially with NaOH. The results from this
study also demonstrated strategies to improve the separation of
lanthanides and highlighted on the biosorption mechanism of
B. subtilis by the two lanthanides studied. Thus, the bacterial
biomass of B. subtilis may be applied as potent biosorbent for
recovery and separate lanthanide ions from leachate liquors.
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