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Abstract Our previous findings have indicated that
Bacillus mucilaginosus might be a promising biosorbent.
However, up to now, few studies have been performed to
examine the use of B. mucilaginosus as a sorbent, espe-
cially as a sorbent for Hg(II). The aim of the current study
was to investigate the adsorption of Hg(Il) by B. muci-
laginosus and the underlying mechanism involved. The
results showed that B. mucilaginosus exhibited effective
adsorption of Hg(II), and the experimental data were well
fitted by the Langmuir model with equilibrium constant of
332 x 10* M~! and maximum adsorption capacity of
393 mg(Hg)/I(bacterial culture). The average saturated
adsorption amount of Hg(Il) by each cell was 9.83 x 10°
atoms, with time to reach adsorption equilibrium less than
10 min. The adsorption efficiency was mainly dependent
on pH. Surface adsorption of capsules was identified to be
the major mechanism for the biosorption of Hg(II) by
B. mucilaginosus, which might be associated with the cell
products on the surface of capsules of B. mucilaginosus.
Differences observed in adsorption behaviors at different
concentrations of Hg(Il) were well explained using the
Visual minTEQ software. Our findings might shed some
lights on the application of B. mucilaginosus as an adsor-
bent for Hg(Il) and other heavy metals.
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Introduction

The application of biosorption to treat polluted water con-
taining heavy metals has become a hot research topic in
recent years. Most biosorption studies have been focused on
the adsorption of metals and related substances using
microbial systems (Gadd 2009; Ledin 2000). These studies
have shown that using of biosorption to remove toxic heavy
metals from wastewater has unique advantages (Demirbas
2008; Gadd 2009). Microorganisms have complex struc-
tures and diverse cell products, this result the complexity of
adsorption processes and diversity of mechanisms, and
make the biosorption of heavy metals quite different from
conventional physical-chemical adsorption. The studies
regarding adsorption of heavy metals by microorganisms
have been conducted in the areas of strain screening (Pal
et al. 2006; Pumpel et al. 1995; Tsuruta 2006), adsorption
efficiency (Gabr et al. 2009; Lopez et al. 2002; Mamba
et al. 2009), adsorption mechanisms and models (Gabr et al.
2009; Kularatne et al. 2009), effect factors (Guine et al.
2007; Takenaka et al. 2007; Willow and Cohen 2003),
adsorbent immobilization (Gabr et al. 2009; Lopez et al.
2002; Zhou et al. 2009), etc. However, detailed mechanisms
for heavy metals adsorption by microorganisms have not
been fully studied (Gadd 2009). A variety of models have
been used to characterize biosorption of heavy metals,
among which the Langmuir and Freundlich models have
been widely accepted (Ozdemir et al. 2004; Zhou et al.
2009). The complicated structures and various cell products
of microorganisms make their mechanisms and behaviors
for adsorption of heavy metals more complex. Moreover,

@ Springer



1064

World J Microbiol Biotechnol (2011) 27:1063—-1070

there were marked differences in the biosorption behaviors
among different species of microorganisms (Al-Garni 2005;
Ginn and Fein 2009), and the functional groups on cell
surface involved in biosorption were also diverse (Fowle
et al. 2000; Mishra et al. 2009). Many studies have been
performed to explore the quantitative and/or qualitative
relationships between adsorption efficiency and various
factors (Dias et al. 2000; Gorman-Lewis et al. 2005; Kazy
et al. 2006; Naeem et al. 2006). However, the quantitative
description and interpretation for adsorption parameters are
far from perfect.

The elevated Hg(II) level in environment has raised more
and more concerns (Johnels and Westermark 1969; Feng
and Qiu 2008). However, compared with other toxic heavy
metals, not many studies have been carried out regarding
Hg removal by microorganisms. Daughney et al. (2002)
studied Hg(II) adsorption by Bacillus subtilis and found that
the bacterium showed good adsorption of Hg(I) at 20 ppb
in solution, which could be described using surface com-
plexation model (SCM). In addition, effects of various
factors including bacteria-to-metal ratio, pH, chloride con-
centration, bacteria growth phase, reaction time, etc., on the
adsorption of Hg(Il) by B. subtilis were explored.

Bacillus mucilaginosus, namely silicate bacteria, is one
of the common soil bacteria, which has been used as a
model strain in the research of silicate mineral weathering
(Basak and Biswas 2009; Hu et al. 2006; Kupriyanova-
Ashina et al. 1998; Malinovskaya et al. 1990). Extensive
studies regarding this bacterium have been mainly focused
on potassium releasing from soil minerals and its applica-
tion as a bacterial bio-fertilizer like PGPR (plant growth
promoting rhizobacteria) (Basak and Biswas 2009; Lian
et al. 2002). In recent years, it has been found that
B. mucilaginosus can be used in wastewater treatment to
remove various contaminants (Lian et al. 2008; Ye and Bin
2005; Zhao et al. 2008). Existing studies have demon-
strated that, as a biosorbent, each species of microorgan-
isms has its own specific adsorption characteristics and
mechanism, and the impact of environmental factors, e.g.,
temperature and pH, on adsorption efficiency, might be
quite different. Existing studies showed that B. mucilagi-
nosus was an excellent bacterium strain with good
adsorption effect and application prospect in wastewater
treatment (Lian et al. 2008; Ye and Bin 2005; Zhao et al.
2008). However, the adsorption mechanism and effects of
various environmental factors regarding the adsorption of
heavy metals, especially Hg(Il), by B. mucilaginosus
still need further investigation. In this study, biomass of
B. mucilaginosus was used as the biosorbent and HgCl,
was used as the adsorbate to simulate Hg wastewater.
The adsorption of Hg(Il) by this bacterium was examined,
and the adsorption equilibrium constant as well as the
adsorption capacity of Langmuir equation under the current
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experimental conditions were calculated. Further the
adsorption mechanism and relevant impact factors on the
adsorption were determined.

Materials and methods
Bacterial culture

Bacteria strain (B. mucilaginosus K02, GenBank database
accession number: HM579819, stored at Environmental
Biological Science and Technology Research Center,
Institute of Geochemistry, Chinese Academy of Sciences)
was inoculated into 500 ml sterile medium (per 1,000 ml
medium containing 5 g sucrose, 5 g Na,HPO,-12H,0,
0.5 g MgS0,4-7H,0, 0.1 g calcium carbonate, 1.0 mg ferric
chloride, and 0.2 g yeast extract in secondary deionized
water) and incubated on a rotary shaker at 150 rpm and 28
°C for 5 days before use.

Adsorption of Hg(Il) by B. mucilaginosus

Adsorption of different concentrations of Hg(Il) by given
volume of bacterial culture

5 ml of bacterial culture and certain amounts HgCl, (AR)
were added to 250 ml-flasks, followed by adding second-
ary deionized water to make up the final volume to 100 ml.
The initial concentrations of Hg(Il) were 0.5, 1, 2, 5, 10,
20, 50, 100, 200, 500 and 1,000 ppm. After 10 min of
shaking, the pH values of the solutions were measured
(each concentration was studied at its own pH, around 6)
using a pH meter (PHS-3C). After standing at 10°C for
24 h (24 h after, pH values were measured again, and the
differences were not more than 0.02), the reaction mixtures
were centrifuged at 5,000 rpm for 20 min (TDL-5-A cen-
trifuge), and the concentrations of Hg in the supernatants
were measured. The experiments of 5 ml sterile medium
(free of bacteria) adsorbing Hg (1, 2, 5, 10, 20, 50, 100,
ppm, respectively) in 100 ml reaction system were per-
formed as control experiments.

Adsorption of Hg(Il) at given concentration by different
volumes of bacterial culture

Different volumes of the culture (0.5, 1, 2, 5, 10, 20, 50 and
99.5 ml, respectively) and certain amounts of HgCI,(AR)
were added to 250 ml-flasks. The total volume was made
up to 100 ml using water with initial Hg(II) concentration
of 10 ppm. After 10 min of shaking, the pH values of the
solutions were measured (each was studied at its own pH,
around 6). Then the solutions were -centrifuged at
5,000 rpm for 20 min after standing at 10°C for 24 h
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(24 h after, pH values were measured again, and the dif-
ferences were not more than 0.02), and the concentrations
of Hg in the supernatants were measured. The experiments
of sterile medium (free of bacteria) (1, 2, 5, 10, 20 ml,
respectively) adsorbing Hg (10 ppm) in 100 ml reaction
system were performed as control experiments.

Effect of adsorptive time on Hg(Il) adsorption

Certain amounts of the culture and HgCl, were added to
250 ml-flasks, resulting in initial Hg(I) concentration of
10 ppm and the culture content of 5% (v/v) in a 100 ml
reaction system. After 10 min of shaking, and standing at
10°C for certain time (0, 50 min, 4 h 50 min, and 23 h
50 min, total adsorptive time 10 min, 1, 5, and 24 h,
respectively), the solutions were centrifuged at 5,000 rpm
for 20 min and the concentrations of Hg in the supernatants
were measured.

Measurement of Hg concentration
Hg concentration-absorbance relationship equation

Standard Hg solution was diluted to 0, 2, 4, 6, 8, and
10 ppb, respectively, using potassium dichromate(AR)-
nitric acid(GR) solution. The absorbance of each standard
solution was measured according to Luo et al.’s method
(2005) using F732-S mercury analyzer with SnCl, (10%)
solution as reducing agent, with repeated measurements for
samples of 0, 2, 4, 8 and 10 ppb and seven times of mea-
surements for sample of 6 ppb according to the instrument
manual. The Hg concentration-absorbance relationship
equation was obtained.

Measurement of Hg concentration in the supernatants

The samples were diluted with potassium dichromate(AR)-
nitric acid(GR) solution to result in Hg concentrations in the
range of 2—10 ppb, and the absorbances were measured twice
for each sample. Hg concentrations (C, equilibrium concen-
trations in the supernatants) were calculated according to the
Hg concentration-absorbance relationship equation, and then
the adsorbed Hg concentrations were calculated as Cy-C, here
C, were the initial Hg concentrations.

Effect of pH on adsorption

Hg(Il) Adsorption ratios at different pH values

Certain amounts of the culture and HgCl, were added to
250 ml-flasks, resulting in initial Hg(Il) concentration of

10 ppm and the culture content of 5% (v/v) in a 100 ml
reaction system. The pH was adjusted to 3, 5,7, 9, and 11,

respectively using HCI(AR)(0.185 M) or KOH(AR)(0.20 M)
solution, and was monitored till pH value remained constant at
given value. After 10 min of shaking, and standing at 10°C for
24 h (24 h after, pH values were measured again, and the
differences were not more than 0.05), the solutions were
centrifuged at 5,000 rpm for 20 min and the concentrations of
Hg in the supernatants were measured.

pH of HgCl, solutions at different concentrations

Two groups of HgCl, solutions with different Hg concen-
trations (0.5, 1, 2, 5, 10, 20, 50, 100, 200, 500, and
1,000 ppm) were prepared. One group contained 5% (v/v)
the culture while the other did not. The pH values of the
solutions were measured.

Acid-base titration curve of the culture

5 ml culture was mixed with 95 ml secondary deionized
water, followed by the addition of HCI(AR) solution
(0.185 M) or KOH(AR) solution (0.2 M) solution drop by
drop. The resulting pH values were monitored.

GC-MS analysis of volatile components in the culture

Volatile components in the culture were extracted with
ether and analyzed using HP6890/HP5973 GC/MS (Hewlett
Packard, USA) (Zhou et al. 2004). The contents of different
volatile compounds were calculated by the method of peak
area normalization.

Bacterial concentration in the culture
Direct counting method under a microscope (PH2000-type,
Fenghuang, China) was used to determine bacterial con-

centration in the culture.

Proportion of complexes distribution of Hg(II)
at different concentrations

Visual minTEQ water chemistry calculation software was

used to calculate the proportion of various forms of Hg(II)
complexes at different concentrations.

Results and discussion
Hg concentrations-absorbances relationship equation
The experimental results showed a good linear relationship

between Hg concentrations (0-10 ppb) and the absor-
bances as follow
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Y = 0.15X — 0.0872, with R* = 0.9996.

Here, Y was measured Hg concentration, and X was
absorbance.

Adsorption of Hg at different concentrations
by the culture of B. mucilaginosus

Adsorption ratio A, the removal efficiency of Hg from the
solutions, was calculated as A = (Cy—C)/Cy x 100% and
adsorption capacities q, the amount of adsorbed Hg(mg)
by 11 bacterial culture, was determined as q = Vj x
(Co—C)/V mg/l, here Vo was the total volume of the
reaction solution (100 ml), V was the volume of the
culture (5 ml), C was the equilibrium Hg concentration,
and (Cy-C) was adsorbed Hg concentration. Figure 1
shows the changed curves of A and q versus initial Hg
concentration (Cy).

The curves in Fig. 1 indicated that when the culture
volume (V) was fixed at 5 ml, A was higher (>98%) and
q was lower at lower concentrations of Hg. In this case, the
bacterial adsorption sites were far more than the amount of
Hg complexes. Thus the majority of Hg complexes were
adsorbed, while the bacterial adsorption sites were far from
being saturated. In contrast, at higher concentrations of Hg,
A was lower and q was higher (374 mg/l, maximum). In
this case, bacterial adsorption sites were far less than the
amount of Hg. Thus the majority of adsorption sites were
occupied by Hg complexes, while a large amount of Hg has
not been adsorbed. The results showed that as Hg(II)
concentration increased q increased; rapidly at lower levels
of Hg(Il), and it tended to be saturated at higher levels of
Hg, which suggested that the adsorption curve was in
accordance with the Langmuir model. Control experiment
showed that sterile medium (free of bacteria) could not
adsorb mercury at various concentrations. pH values of
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Fig. 1 Changes of Hg adsorption ratios A (filled diamond) and
adsorption capacities q (filled square) at different initial Hg concen-
trations (volume of the bacterial culture was 5 ml, total volume was
100 ml, pH were at around 6)
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experimental solutions were at around 6, and decreased
gradually with the increasing concentrations of mercury.

Adsorption of Hg(Il) by different volumes of bacterial
culture

The change trends of A and q with the cultural volume as
showed in Fig. 2 were opposite to the trends observed in
Fig. 1. Control experiment showed that sterile medium of
various concentrations (free of bacteria) could not adsorb
mercury. pH values of experimental solutions were at
around 6, and increased gradually with the increasing
volumes of bacterial culture.

Effect of time on adsorption

The adsorption ratios were close among different adsorp-
tion times (43.9, 44.6, 43.1, and 45.3%, for 10 min, 1, 5,
and 24 h, respectively), which indicated that the bacterium
had a comparatively rapid adsorption of Hg and the
adsorption equilibrium could be reached within 10 min. It
has been reported that adsorption of heavy metals by
microorganisms usually reach equilibrium within 5 min—
4 h (Fan et al. 2007; Green-Ruiz 2006; Lopez et al. 2002;
Zhou et al. 2009). Considering the bacterium had thick
capsules on the cell surfaces, the adsorption rate was very
high, and the basic assumption of Langmuir model is
monolayer adsorption, we propose that the adsorption
might be largely surface adsorption by those capsules.
Compared with other microorganisms, e.g., B. subtilis,
which adsorbs metals by cell walls, adsorption of Hg by
capsules might be a prominent characteristic of B. muci-
laginosus as a biosorbent. Capsules could improve bacterial
adsorption capacity (Al-Garni 2005) and might have higher
tolerance to toxic heavy metals (Malik 2004; Yilmaz 2003).
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Fig. 2 Changes of Hg adsorption ratios A (filled diamond) and
adsorption capacities q (filled square) at different volumes of the
culture (initial Hg concentration was 10 ppm, total volume was
100 ml, pH were at around 6)
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Effect of pH on adsorption
pH of HgCl, solution at different concentrations

To better understand the mechanism for the adsorption, the
pH of HgCl, solutions at different concentrations were
measured. The results showed that the pH of HgCl, solu-
tions decreased with increasing HgCl, concentrations. The
pH values of the HgCl, solutions containing the culture
remained stable when the concentration of Hg was less
than 5 ppm, and then decreased with increasing HgCl,
concentrations. This might be because that HgCl, is a
strong acid-weak base salt, and the bacterial culture pos-
sessed some buffer capacity.

Effect of pH on the adsorption

The effect of pH on the adsorption of Hg(Il) by the bac-
terium is shown in Fig. 3, the data indicated that pH had a
great impact on the adsorption ratio A, which increased
with increasing pH. This might be due to the occupation of
adsorption sites by protons when pH decreased. No dra-
matic changes were observed for the adsorption ratio when
pH was altered, except that changes were rapid in some
regions while slow in others. This might be related to the
diversity of cell products on the surface of capsules, and
the variety of cell products in properties and contents.

Acid-base titration curve of the culture

Figure 4 indicated that the curve had a rapid change region
when the pH was within 4-6, which might be related to the
effect of acetic acid, which has a pKa of 4.75. The other
region with rapid change was within 8-9, which might be
associated with 1, 3-dihydroxy-2-propanone and acetol.
The contents of the above three components were obvi-
ously higher than other metabolites.
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Fig. 3 Effect of pH on Hg adsorption ratios (volume of the bacterial
culture was 5 ml, initial Hg concentration was 10 ppm, total volume
was 100 ml, using 0.185 M HCI or 0.2 M KOH to adjust the pH)

GC-MS analysis of volatile components in the culture

The results demonstrated that there were numerous organic
acids, alcohols, and ketones in the culture. The volatile
components with relative contents more than 10% included
acetic acid (17.30%), 1, 3-dihydroxy-2-propanone (22.11%)
and acetol (11.67%). In addition, the bacterial culture also
contained large amounts of polysaccharides (Lian et al.
2008), which might play a great role in the adsorption of Hg
by the bacterial biomass. The culture contained large
amount of acetate anion under the current experimental pH
conditions, and acid-base titration curve of the culture had
obvious changes around the pKa (Fig. 4) of acetic acid,
which suggested that the changes of the pH and adsorption
ratios of Hg might be related to the transformation of acetic
acid existence form and the formation of Hg complexes
with acetate. At higher pH, hydrolysis might occur for 1,
3-dihydroxy-2-propanone and acetol, which resulted the
formation of complexes with Hg(II) and further increase
of A. The high content of cell products, e.g., acetic acid, 1,
3-dihydroxy-2-propanone, and acetol, etc., in the culture,
might play a great role in metal adsorption.

Calculation of Langmuir model parameters
and the adsorption capacity by a single cell

Based on the experimental data, Langmuir adsorption
constants were calculated according to the following
formula

0 = q/qy = kC/(1 +kC) (1)

In formula (1), q was adsorption capacity (adsorbed Hg (mg)
by 1 1 the bacterial culture, because of the high viscosity of
the culture, it was difficult to determine dry weight of the
biomass accurately, so we reported the maximum adsorption
capacity in mg(Hg)/l), qo was maximum adsorption

pH

ug&i’\o 4 o ¢ P +

22000 -1500  -1000  -500 0 500 1000 1500 2000
added volumes of acid (-) and base (+) (uL)

Fig. 4 Acid-base titration curve of the culture (filled diamond) and
secondary deionized water (filled square, control) (volume of the
bacterial culture was 5 ml, total volume was 100 ml, 0.185 M HCI or
0.2 M KOH was used to adjust pH values)
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Fig. 5 Comparison of calculated values (filled square) with exper-
imental values (filled diamond)

capacity, k was the adsorption equilibrium constant, and C
was the adsorption equilibrium concentration. The formula
(1) was transformed into:

C/q=1/q0k +C/q (2)

There was a linear relationship between C/q and C, with
the slope of 1/q¢ and the intercept of 1/qek.

By comparing experiment data with calculated values
repeatedly, basing on six sets of experimental data at high
concentrations, the calculated results were consistent with
the experimental data as follows (Fig. 5):

1/qy = 2.5443 x 1073, q, = 393 (mg/1) (11the culture)
1/qok = 1.538 x 1072, k = 0.16541/mg,
k=332x10*M"!

The bacterial concentration in the culture was 1.2 x 10"
cells/, and the theoretical calculation value q¢ was
393 mg(Hg)/I(the culture). Thus, according to the Avoga-
dro constant and the atomic weight of Hg, each cell could
adsorb 9.83 x 10° Hg atoms.

The results indicated that B. mucilaginosus was an
effective biosorbent for Hg(Il) at comparatively higher Hg
levels, and the adsorption behavior was well fitted with the
Langmuir model. Equilibrium adsorption constant was

Table 1 Distribution of Hg(IT) complexes in the HgCl, solution

3.32 x 10* M™!, and maximum adsorption capacity could
reach 393 mg(Hg)/l (the bacterial culture), i.e., averagely
each bacterial cell could maximumly adsorb 9.83 x 10°
Hg atoms. The dominated existence forms of Hg(Il) in the
solution were neutral complexes of Hg(OH),(aq) and
HgCl,(aq), which were likely to affect bacterial adsorption.
The bacterium might have even better adsorption efficiency
for other heavy metals existing as ionic forms, since there
would be stronger electrostatic forces between metal ions
and polar functional groups.

Analysis of differences between experimental data
and calculated values at lower Hg levels

We found that the calculated values of q were well con-
sistent with the experimental values at higher concentra-
tions, but not at lower concentrations. The reason might be
that the concentration of HgCl, exhibited some effects on
the adsorption ratio of Hg such as: (1) the pH of HgCl,
solutions were higher at lower concentrations, (2) there
were significant differences in the distribution of Hg(I)
complexes (Table 1).

In this study, Langmuir adsorption constant and maxi-
mum adsorption capacity were obtained basing on experi-
mental values at higher concentrations, so the calculated
values were well consistent with experimental data at higher
concentrations. The changes of distribution of Hg(II) com-
plexes and comparatively higher pH at lower concentrations
resulted in higher experimental values than the calculated
ones. How to modify Langmuir equation obtained at higher
concentrations to fit the adsorption at lower concentrations
still needs to be further studied.

Conclusions
Our study showed that B. mucilaginosus was an effective

biosorbent for Hg(Il), and the adsorption behavior was
fitted well using the Langmuir model. The adsorption of

C ppm 0.5 1 2 5 10 20 50 100 200 500 1,000
Hg(OH),(aq) 66.21 40.84 21.01 7.367 3.119 1.275 0.381 0.151 0.059 0.017 -
HgCIOH (aq) 30.65 47.56 52.26 42.57 31.68 22.00 12.81 8.276 5.266 2.844 1.763
HgOH* 0.158 0.155 0.117 0.062 0.035 0.019 N - N - N
HgCl™* 0.139 0.343 0.551 0.683 0.674 0.610 0.497 0.413 0.339 0.259 0.213
HgCl, (aq) 2.844 11.10 26.05 49.31 64.48 76.08 86.28 91.12 94.28 96.81 97.93
HeCl3'! - - - - 0.012 0.019 0.030 0.041 0.053 0.074 0.092
pH 5.389 5.189 5.025 4.842 472 4.605 4.46 4.351 4.242 4.091 3.969

C is Hg concentration (ppm, calculate by mercury)

@

indicates concentrations less than 0.001 ppm
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metals by B. mucilaginosus was mainly attributed to the
capsules on cell surface, which could improve bacterial
adsorption capacity, and enable the bacteria to have a
higher tolerance to toxic heavy metals. The adsorption
equilibrium could be reached within 10 min. The pH had a
major impact on the adsorption ratio and the concentration
of HgCl, also had some effects on the adsorption due to the
differences in the distribution of Hg(II) complexes and the
changes of pH values. The adsorption mechanism was
largely surface adsorption, and might be closely related to
the high content of cell products.
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