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ABSTRACT

Beneficiation production wastewater is a kind of wastewater generated from exploiting miner-
als, where the main pollutants are heavy metals and organic agents. In this study, living B350
biomass (a mixture of various micro-organisms) was used to remove Pb(II) and Zn(Il) from
aqueous solutions. The effects of pH, biomass dosage and contact time on removal ratios of
Pb(I) and Zn(Il) were studied. Two kinetic models, pseudo-first-order and pseudo-second-
order, were used to fit the experimental results. The chemical changes of B350 biomass before
and after adsorption were monitored by Energy Dispersion X-ray (EDX) spectroscopy and
Fourier Transform Infrared (FTIR) spectroscopy. In addition, the feasibility of B350 to remove
heavy metals and m-cresol simultaneously was investigated. The results showed that the
removal ratios of heavy metals increased with increasing dosage of biosorbent. When B350
dosage was 1.0 g/L, 84.88% of Pb(Il) and 38.06% of Zn(II) can be removed after 2 h of adsorp-
tion at 25°C. The adsorption of Pb(II) and Zn(II) on B350 was coincident with Langmuir and
Freundlich isotherms, respectively. Pseudo-second-order model can best describe the
adsorption process. EDX and FTIR results indicated that ion exchange and complexation
might exist during the adsorption of Pb(Il) and Zn(II). The living B350 biomass can not only
adsorb heavy metal ions, but also biodegrade organic pollutants through metabolizing itself.
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1. Introduction

Beneficiation production wastewater is a kind of
wastewater generated from exploiting minerals, the
main pollutants of which are heavy metals and organic
agents. Heavy metals, such as lead and zinc, are diffi-
cult to biodegrade and can travel through the food
chain by bioaccumulation, which will result in serious
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environmental pollution if it is discharged without
effective treatment. In the last decades, various physico-
chemical methods, such as filtration [1-3], chemical pre-
cipitation [4], solvent extraction [5], ion exchange [6]
and adsorption [7], have been investigated for remov-
ing heavy metals from wastewaters. However, these
methods have the disadvantages of low efficiencies and
high cost [8,9]. So it is necessary to find an alternative
technique, which is efficient and cost effective.
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Biosorption, based on living or non-living micro-
organisms or plants, could be such an alternative
method, which can be used to treat high-volume
wastewater containing low concentrations of heavy
metals [10]. Metal ions uptake is complex and may
involve the contribution of ion exchange, micro-pre-
cipitation, physical adsorption, electrostatic attraction
and chelation [11,12]. In recent years, various kinds of
microbial biomass were investigated as biosorbents to
remove heavy metals, such as Microsphaeropsis [13], R.
opacus [14], Bacillus subtilis [15] and Geobacillus thermo-
leovorans [16], most of which were dead microbial bio-
mass, which were dried, ground and sieved before
use. It is expected that whether living biomass can be
used as biosorbent because it can biodegrade organics
at the same time. To our knowledge, there are still
few studies focused on biosorption with living
biomass.

B350 is a mixture of various micro-organisms
which has been used to remove organic pollutants
from oil-field wastewater [17] and landfill leachate
[18]. The objective of the present work was to investi-
gate its feasibility of adsorbing Pb(II) and Zn(II) from
aqueous solution. Effects of pH, biomass dosage and
contact time on removal ratios of Pb(Il) and Zn(I)
were studied. Two kinetic models, pseudo-first-order
and pseudo-second-order, were used to fit the experi-
mental results. The chemical changes of B350 biomass
before and after adsorption were monitored by Energy
Dispersion X-ray (EDX) spectroscopy and Fourier
Transform Infrared (FTIR) spectroscopy. In addition,
the feasibility of B350 to remove heavy metals and
m-cresol simultaneously was investigated.

2. Materials and methods
2.1. Micro-organism and its culture conditions

The micro-organisms used in this study were B350,
which were purchased from Bio-Systems Corporation
(USA). It contains several kinds of enzymes, such as
cellulase, amylase, lipase and hydrolase with the bulk
density of 0.6-0.8 g/cm’.

The culture medium is composed of beef extract
(3.0 g/L), peptone (10.0 g/L), sodium chloride (5.0 g/L)
and glucose (2.0 g/L), the pH of which was adjusted to
7.2-74.

The stock strain was prepared by cultivating 0.5g
B350 in a DDHZ-300 shaker (Taicang, China) at 30°C
and 200 rpm for 72h in a 1,500 mL conical flask con-
taining 500 mL sterilized culture medium. The strain
was transferred weekly and stored at 2°C. Each time
5mL strain was inoculated into a new sterilized med-
ium. After the micro-organism multiplied, it was
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transferred to the centrifugal tube and centrifuged at
5000rpm for 10min (Eppendorf 5804R, Germany).
The supernatant was removed and the micro-organ-
ism was washed twice by deionized water to remove
residual growth medium. The washed living biomass
was immediately re-suspended in deionized water to
prepare B350 suspension for later uses. Biomass con-
centration in suspension was determined by drying an
aliquot to a constant weight at 80°C in a pre-weighed
glass container.

2.2. Metal solutions

The stock solutions of lead and zinc (1,000 mg/L)
were prepared using a 500 mL volumetric flask by dis-
solving 2.2754g Zn(NOs3);:6H,O and 0.7993g Pb
(NO3), (GR grade) in deionized water, respectively.
Working solutions were obtained by diluting stock
solutions in a desired ratio with deionized water
before experiment. The pH value was adjusted using
0.1N NaOH and 0.1 N HCL

2.3. Batch adsorption test

The batch adsorption test was used to investigate
the influence of pH, B350 biomass dosage and contact
time on removal of Pb(I) and Zn(Il). The pre-weighed
amount of pre-treated B350 (25mg) was put into a
100 mL flask containing 25 mL water samples with cer-
tain pH value. The flasks were sealed and shaken at
constant speed in a constant temperature oscillator
(Taicang Laboratory Equipment Factory, Jiangsu Prov-
ince, China). After the adsorption system reached
equilibrium, the suspension was centrifuged at 10,000
rpm for 10min, and then the concentrations of Pb(II)
and Zn(Il) in the supernatant were determined using
a flame atomic absorption spectrophotometer (Jena
AAS vario 6, Germany). The heavy metal removal R%
was used to evaluate the adsorption efficiency, which
can be calculated by the equation:

Co—C;

R =
% S

x 100 ¢))

where C; (mgL™") represents metal concentration at
contact time t and Co (mgL™") represents the initial
metal concentration.

The following equation was used to calculate the
adsorption capacity of B350:

e = (CO ;Vce)v (2)
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where g, (mgg™') represents the adsorption capacity
of B350 at equilibrium time, Cy and C, represent the
initial and equilibrium metal concentration, respec-
tively. W (mg) represents the B350 mass and V (mL)
represents the volume of water sample.

2.4. Adsorption kinetics

For the adsorption kinetics test, 25 mg of pre-treated
B350 biomass was added to a 100 mL flask containing
25 mL water sample. At different time intervals, certain
amount of solution was withdrawn and centrifuged,
and the metal concentration of the supernatant was
determined.

2.5. Adsorption isotherm

For the adsorption isotherm determination, 25 mL
water sample with different initial concentrations (10,
20, 50, 100, 150 and ZOOmgLfl) was added to six
flasks, each of which containing 25mg pre-treated
B350 biomass. After the adsorption equilibrium had
been achieved, the solution was withdrawn and
centrifuged, and then the metal concentration was
determined.

2.6. EDX analysis

The change of B350s elemental composition before
and after adsorption was studied by an EDX
spectrometer accompanied with a Quanta 200F
Environmental Scanning Electron Microscope (FEI, the
Netherlands), with the accelerating voltage of 15kV.

2.7. FTIR analysis

The chemical changes of B350 samples before and
after adsorption were monitored by FTIR spectroscopy
analysis using a Tensor 27 spectrometer (Bruker,

Germany) with a resolution of 1cm™.

2.8. Simultaneous biosorption and biodegradation study

In order to investigate the feasibility of B350 to bio-
sorb heavy metal and biodegrade organics simulta-
neously, it was used to treat four synthetic water
samples: (i) m-cresol 5mg/L; (ii) m-cresol 5mg/L +Pb
(I) 10mg/L; (iii) m-cresol 5mg/L +Zn(l) 10mg/L;
@{iv) m-cresol 5mg/L + Pb(I) 10mg/L + Zn(1D)
10mg/L, which contained the same basal ingredients
(NH4C1 0.04g/L, NaH,PO,4 0.01 g/L and glucose 0.2
g/L). The pH value was controlled at 7.0. After the
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adsorption system reached equilibrium, the suspen-
sion was filtered through a 0.45pum pore size filter,
and then the metal concentrations were determined
by AAS and the m-cresol concentration was
determined by High-Performance Liquid Chromatog-
raphy (HPLC).

3. Results and discussion
3.1. Effect of pH on removal of Pb(II) and Zn(Il)

The solution pH can affect the chemical state of
metal ions, which has important effect on the
adsorption of heavy metals. Fig. 1 shows the effect of
pH on removal of Pb(Il) and Zn(II). The initial metal
concentration was 20mg/L. It can be seen that the
influence of pH on Pb(Il) removal is greater than that
on Zn(Il) removal. The removal ratio of Zn(Il)
increased continuously from 7.8 to 53.8% when pH
increased from 2 to 7, while that of Pb(II) increased
quickly from 1.5 to 84.9% when pH increased from 2
to 5, and then levelled off. This is because when pH
increases, the amount of H* and H;0" that would
compete with heavy metal ions for adsorption sites
decreases, resulting in the increase of Zn(II) and Pb(II)
removal. It can also be noted that the removal ratio of
Pb(Il) decreased a little when the solution pH further
increased from 5 to 7. This may be attributed to the
formation of lead hydroxide, which would deposit on
the micro-organism’s surface and hence decrease
adsorption of Pb(I). In the later study, pH 5 was
selected as the optimum pH value.
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Fig. 1. Effect of pH on removal of Pb(II) and Zn(II) (condi-

tions: initial metal concentration 20 mg Lfl, temperature
25°C, contact time 2 h and biomass dosage 1.0gL").
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3.2. Effect of biomass dosage on removal of Pb(Il) and
Zn(ID)

Fig. 2 illustrates the effect of B350 dosage on
removal of Pb(Il) and Zn(I). The removal ratios of Pb
(II) and Zn(I) increased with increasing B350 dosage.
When B350 dosage increased from 0.08 to 1.2 g/L, the
removal ratios of Pb(Il) and Zn(Il) increased gradually
from 23.0 and 5.4% to 87.50 and 42.2%, respectively.
This is attributed to the increasing number of active
sites on the biosorbent and exchangeable ions avail-
able for biosorption. It can also be observed that the
removal ratio of Pb(Il) is much higher than that of Zn
(I), meaning that Pb(Il) is easier to be removed by
B350.

3.3. Effect of contact time on removal of Pb(II) and Zn(Il)

Fig. 3 shows the effect of contact time on removal
of Pb(Il) and Zn(Il). It can be obviously observed that
the removal ratio of Pb(Il) is greater than that of Zn
(D). In the first 5min, the removal ratio of Pb(I)
increased quickly from 0 to 71.1%, and then changed
a little in the following times. The change of Zn(II)
removal is similar to Pb(II) removal. It increased from
0 to 36.3% in the first 5min and then kept almost
unchanged in the following times. This result is attrib-
uted to biosorption, whereby metal ions are bound
passively to the surface of bacterial cell wall by
physical/chemical processes. This process occurs rap-
idly, and subsequently the metal ions are slowly trans-
ferred to the interior of the cell by microbial energy
systems [19].
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Fig. 2. Effect of B350 dosage on removal of Pb(Il) and Zn
(I) (conditions: initial metal concentration 20 mg LY, tem-
perature 25°C, pH 5 and contact time 2 h).
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Fig. 3. Effect of contact time on removal of Pb(Il) and Zn
(II) (conditions: initial metal concentration 20mg L
temperature 25°C, pH 5 and biomass dosage 1.0gL™).

3.4. Adsorption isotherm

In our study, Langmuir and Freundlich isotherm
models were used to fit the experimental data. The
saturated monolayer isotherm can be represented as
Langmuir isotherm [20]:

[/ImKLCe
e = 1+ K.C, ©)
where C, (mgL™") is the equilibrium concentration, g,
(mgg™") is the amount of metal ions adsorbed at equi-
librium, g,, (mgg™") is g, for a complete monolayer
and K; (Lmg ") is the Langmuir adsorption constant.
It can be linearized into the following form:

C 1 1
= C,+ “)
qe Gm KLQm

Freundlich equation is an empirical formula that
describes a multilayer adsorption [21], which can be
expressed as:

ge = KpCl/™ (5)

where g, and Ce are the same parameters as in Eq. (3),
K is the Freundlich constant (L mg """ mgg™!) and
1/n is an empirical constant. It can be linearized into
the following form:

1
Ing, = InKr + Eln C, (6)
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Table 1 lists the Langmuir and Freundlich isotherm
parameters for the adsorption of Pb(II) and Zn(II) onto
B350 at different temperatures. For Pb(l), the
correlation coefficients for Langmuir isotherm model
are higher than 0.99, which are much higher than that
of Freundlich isotherm, meaning that Langmuir iso-
therm can be used to describe the adsorption of Pb(I)
onto B350. The adsorption constant K; decreased with
increasing  temperatures, suggesting that the
adsorption of Pb(II) onto B350 maybe exothermic. For
Zn(Il), the correlation coefficients for both Langmuir
and Freundlich isotherm models are higher than 0.93,
meaning that these two models can be used to
describe its adsorption. It can also be noted that the
correlation coefficient R* for Freundlich model is a lit-
tle higher than that for Langmuir model, suggesting
that the adsorption of Zn(II) is more likely to be
described by Freundlich model.

3.5. Adsorption kinetics

The adsorption kinetics was investigated using two
models, pseudo-first-order and pseudo-second-order.
Pseudo-first-order kinetic model can be expressed as
[22]:

log(qe — q:) = logg. — k1t/2.303 @)

where g, (mg g™') is the adsorption capacity at equilib-
rium, g, (mg g~ ') is adsorption capacity at contact time
t (min) and k;(min"") is the rate constant of pseudo-
first-order kinetic model. The values of g, and k; can
be obtained by plotting log (g.— g, vs. t.

Pseudo-second-order kinetic model can be written
as [23]:

t 1 t

t_1 .t ®)
g kag?  ge
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where k; (gmg ' min™") is the rate constant of pseudo-
second-order kinetic model. The values of g, and k»
can be obtained by plotting t/g; vs. t.

Table 2 lists the kinetics fitting results of these
two models. For Pb(II) and Zn(II), the correlation
coefficients of pseudo-second-order model (R*>0.99)
are higher than that of pseudo-first-order model, sug-
gesting that the adsorption of Pb(Il) and Zn(l) is a
pseudo-second-order adsorption. It can also be noted
that k, for Zn(II) (O.l612gmg_] min ) is higher than
that for Pb(Il) (0.0315gmg 'min~'), indicating that
Zn(Il) can be adsorbed on B350 more rapidly that Pb
(ID.

3.6. EDX analysis

Fig. 4 shows the EDX spectra of B350 before and
after adsorption. The raw B350 biomass consists of C,
O, P, Na and Ca. After biosorption, the peak of Pb or
Zn appeared, suggesting the existence of Pb or Zn
after adsorption. Moreover, the intensity of Na and Ca
peaks decreased after biosorption, inferring that Na
and Ca participate in the biosorption process. The
result indicates that biosorption may involve an ion-
exchange process [24], where Na(I) and Ca(ll) com-
bined by cellular material are replaced by Pb(Il) or Zn
(I), resulting in partly removal of Pb(I) or Zn(II) from
aqueous solution.

3.7. FTIR analysis

Fig. 5 shows the FTIR spectra of B350 biomass
before and after biosorption. Several adsorption peaks
can be observed in the spectrum of raw B350. The
peak at 3,302cm ™" is assigned to stretching vibration
of hydroxyl or amino [25], while the peak at
2,928 cm ™' is attributed to methylene [26]. The peak at
1,725cm™" is characteristic absorption of stretching
vibration of carbonyl in acid. The peaks at 1,653 and

Table 1
Langmuir and Freundlich isotherm parameters for the adsorption of Pb(II) and Zn(II) on B350 at different temperatures
Langmuir Freundlich

Metal ions Temperature (°C) Gm (Mg gfl) K; (L mgfl) R? Kr n R?

PbI) 25 55.1876 0.1200 0.9954 9.5553 2.6174 0.7456
35 63.8978 0.1055 0.9932 10.3811 2.5381 0.7441
45 62.0347 0.07197 0.9803 9.7971 2.6295 0.5491

Zn(II) 25 22.9043 0.03405 0.9547 3.4627 2.9888 0.9817
35 29.3255 0.02511 0.9322 2.7510 2.3684 0.9777
45 19.9283 0.03071 0.9547 2.6776 2.8147 0.9793
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Table 2
Kinetics fitting results of the adsorption data
Metal ions Kinetic model Parameters R?
Pb(I) Pseudo-first-order k1=0.0486, g.=6.3183 0.8111
Pseudo-second-order k,=0.0315, g,=16.9492 0.9986
Zn(II) Pseudo-first-order k1=0.0594, g,=1.9661 0.8019
Pseudo-second-order k,=0.1612, g,=7.6104 0.9998
characteristic of carboxyl in uronic acid. The band at
¢ Ezg Sg;voi?g Or adsorbing Pb 1,292cm™" is assigned to C—Nilstretching vibration of
(c) B350 after adsorbing Zn amide. The peak at 1,235cm ™ is assigned to C-O
stretching vibration of carbohydrates and alcohols,
along with the stretching bands of POO™ and P(OH),
from phosphates [27]. The peak at 1,081cm™ is
=) assigned to C-O stretching vibration of sugar. The
s|[? peak at 1,057 cm ™" is associated with different stretch-
= ing vibrations of C-O bonds of the cyclic structure of
Zn (c) polysaccharides [28].
Pb ®) After adsorption of Pb (II) and Zn (II), the bands
corresponded to hydroxyl or amino red shifted to
Na R Ca @) 3,290 and 3,289 cm™', the peak at 1,725cm™' disap-
T, s T s e T s o  peared or weakened. The peak at 1,292cm™' disap-

Energy (eV)

Fig. 4. EDX spectra of B350 before and after adsorbing Pb
(I) and Zn(ID).

(a) B350 before adsorpion
(b) B350 after adsorbing Pb
(c) B350 after adsorbing Zn

Transmittance

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 5. FTIR spectra of B350 before and after adsorption.

1,544cm™" are assigned to C=O stretching vibration
and N-H bending vibration, which are characteristics
of amide. The peak at 1,455cm™" is assigned to bend-

ing vibration of methyl. The peak at 1,394cm™ is

peared. The bands at 1,394 cm™! blue shifted to 1,404
and 1,400 cm}, respectively. The peak at 1,235 cm!
shifted to 1,231 cm™'. The band at 1,057 cm ™ shifted to
1,068 and 1,055 cm ™', respectively. These changes sug-
gested that Pb(I) and Zn(II) might react with hydro-
xyl, amino, carboxyl and phosphate groups in the
adsorption process.

3.8. Simultaneous biosorption and biodegradation

In our previous study [18], B350 showed an excel-
lent capability of biodegrading refractory organic pol-
lutants in landfill leachate. 98.3% of chemical oxygen
demand (COD) could be removed when the influent
COD was 5,550mg/L. In this study, we investigated
its feasibility of removing heavy metal ions (Pb** or
Zn*") and organic pollutants simultaneously, where
m-cresol was used as model organic pollutant, which
was typical organic pollutant in beneficiation produc-
tion wastewater.

Table 3 lists the removal ratios of m-cresol, heavy
metals and total organic carbon (TOC) in different
water samples. It can be seen that the removal ratio
of TOC is higher than 90% (92.81-96.06%), meaning
that B350 is bioactive for biodegrade organics. When
Pb(I) or Zn(l) is present in water sample, the
removal of m-cresol decreases from 93.35 to 82.36 or
80.24%, and the removal of Pb(II) or Zn(Il) is 68.36 or
54.65%, respectively. When Pb(Il) and Zn(I) coexist
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Table 3
Removal ratios of m-cresol, heavy metals and TOC in different water samples (%)

m-cresol Pb(II) Zn(1D) TOC
m-cresol 93.35 96.02
m-cresol + Pb(II) 82.36 68.36 93.43
m-cresol + Zn(II) 80.24 54.65 94.65
m-cresol + Pb(I) + Zn(II) 78.42 63.62 50.35 92.81

in the solution, m-cresol removal further decreases to
78.42% and the removal ratios of Pb(Il) and Zn(I) are
63.62 and 50.35%, respectively. This result indicated
that the micro-organisms not only adsorbed heavy
metal ions, but also biodegraded organic pollutants
through metabolizing itself. Pb(II) and Zn(I) ions
have some inhibition effect on biodegradation of
m-cresol by B350. It can also be noted that the
removal ratios of m-cresol, Pb(Il) and Zn(II) are lower
when they coexist in solution than that when each of
them is in the solution separately, which inferred that
competition might exist between biosorption of heavy
metals and biodegradation of organics.

4. Conclusions

B350 biomass can be used as an effective biosor-
bent to remove Pb(Il) and Zn(I) from aqueous solu-
tion. When B350 dosage was 1.0 g/L, 84.88% of Pb(II)
and 38.06% of Zn(Il) can be removed after 2h of
adsorption at 25°C. The adsorption of Pb(II) and Zn(II)
on B350 was coincident with Langmuir and Freund-
lich isotherms, respectively. Pseudo-second-order
model can best describe the adsorption process. EDX
and FTIR results indicated that ion exchange and com-
plexation might exist during the adsorption of Pb(II)
and Zn(Il). The micro-organisms can not only adsorb
heavy metal ions, but also biodegrade organic pollu-
tants through metabolizing itself.
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