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Abstract This paper investigated the characteristics of Cu(II)
sorption from aqueous solution by using bioflocculant
MBFR10543 and discussed the mechanism during the sorp-
tion process. Results have demonstrated that the removal
efficiency of Cu(Il) reached 96.9 % by adding MBFR 10543
in two stages, separately, 1.5%107% % (w/w) in the 1.0-min
rapid mixing (180 rpm) and 2.0x 1072 % (w/w) after 2.0-min
slow mixing (80 rpm), with pH value fixed at 6.0. Cu(Il)
sorption process could be described by the pseudo-second-
order kinetic model and the Langmuir isotherms model. The
negative Gibbs free energy change indicated the spontaneous
nature of the sorption. Fourier transform infrared spectra
analysis indicated that functional groups, such as —OH,
—COOH, C=0, and —NH,, were existed in MBFR10543
molecular chains, which had strong capacity for removing
Cu(Il). Furthermore, both charge neutralization and bridging
being the main mechanisms involved in Cu(Il) removal by
MBFR10543.

Keywords Bioflocculant MBFR10543 - Cu(II) sorption -
Kinetics - Isotherms - Thermodynamics - Flocculation
mechanism

Introduction

It is well recognized that heavy metals discharged into the
aquatic environment especially surface water, such as Cu(Il),
Zn(1II), Pb(Il), Cr(VI), and Cd(II), are hazardous to human and
the other living organisms, owing to their accumulation in
living tissues throughout the food chain as non-biodegradable
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pollutants, even if small quantities (Sart et al. 2007). Thus, the
removal of heavy metals from waters and wastewaters is
extremely important. Cu(II) exists in the wastewater of many
industries, like metal cleaning and plating, electrical industry,
chemical catalysis, and the fertilizer industry, is known to be
one of the heavy metals most toxic to living organisms, whose
pollution is of major concern (Ghaed et al. 2013). The pres-
ence of Cu(Il) in drinking water in high concentrations can
cause several physiological and health problems or even death
(Han et al. 2006). Thus, the removal of excess Cu(Il) from
wastewater is of great significance for protecting human
health as well as the environment.

The commonly used processes to remove excessive Cu(Il)
from wastewater are precipitation, ion exchange, electrolysis,
adsorption on activated carbon, and membrane processes
(Benaissa and Elouchdi 2011). For example, the maximum
adsorption capacity of the activated carbon with zinc chloride
activation at 973 K in nitrogen atmosphere for Cu(Il) was
found to be 6.6 mg g ' (Immamuglu and Tekir 2008). Cu(II)
removal from lithium bromide refrigerant was successfully
achieved by pretreatment with Ba(OH), solution followed
by electrocoagulation using carbon steel plates as electrodes,
and the residual Cu(II) concentration was 2.1 mg L™ under
the optimal electrocoagulation conditions (Cheng 2006).
However, these methods are either inefficient or expensive
when Cu(Il) exist in low concentrations especially less than
100 ppm (Ahluwalia and Goyal 2007). As a result of this
problem with the aforementioned solutions, it has in recent
years led to a growing interest in the application of biological
materials and technology for removal of trace amounts of
toxic metals from dilute aqueous wastes, due to their advan-
tages of minimization of chemical and/or biological sludge
volumes and high efficiencies of detoxifying effluents
(Blazquez et al. 2011).

Biosorption, which utilizes the ability of biological mate-
rials to bind and sequester heavy metals from aqueous
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solutions, is currently considered one of the most promising
technologies that can be used in the recovery of precious
metals that are mostly regarded as toxic pollutants
(Velmurugan et al. 2010). Biological materials including al-
gae, bacteria, fungi, plants, and products derived from these
organisms. Some of them such as fungus Aspergillus niger
and seaweeds have shown potential for the removal of heavy
metal (Vilar et al. 2008). Microbial bioflocculants (MBFs),
secreted by microorganisms during their active secretion and
cell lysis, is a kind of environment friendly material with the
character of harmless and biodegradable, which has been
considered as a potential solution to the toxicity to aquatic life
and environment pollution in recent years (Liu et al. 2010;
Sun et al. 2012). Broadly, due to the special properties (ad-
sorption capability and degradability), MBFs have attracted
wide attention in wastewater treatment, drinking water purifi-
cation and downstream processes in biotechnology, and so on
(You et al. 2008). Depending on the chemical composition
and structure of the MBFs that are complex mixtures of
macromolecular polyelectrolytes, they exhibit ability to bind
with metal ions. Therefore, it is interesting to investigate the
possible application of MBFs to remove metal ions. For
example, removal of Cu(Il) from aqueous solutions by
Bacillus and Aspergillus species (Ghaed et al. 2013),
biosorption of Cu(Il) and Cd(II) from aqueous solutions using
Botrytis cinerea fungal byproducts (Akar et al. 2005).

Based on the aforementioned facts, the bioflocculant
MBFR10543, a product secreted by Rhodococcus
erythropolis using alkaline-thermal (ALT) pretreated sludge
as nutrients, was applied in the Cu(II) removal from aqueous
solution. The main objective was to investigate the effective-
ness of MBFR10543 in Cu(Il) sorption and to explore the
mechanism involved. Cu(Il) removal potential was evaluated
as functions of MBFR10543 dose, CaCl, dose, solution pH,
and contact time. Following the Cu(Il) sorption experiment,
kinetics, isotherms, and thermodynamics were described, and
the interactions between MBFR10543 and Cu(Il) were inves-
tigated by Fourier transform infrared spectra (FT-IR) and
environmental scanning electron microscope (ESEM) analy-
sis to determine the sorption characteristics. Bonding mecha-
nism was detected by adding 20 mL EDTA (3.0 mol L™") or
CH4N,O (3.0 mol L") into the stable Cu(Il)-loaded
MBFR10543 systems. Further, the zeta potential during the
sorption process was also monitored to propose the sorption
mechanism.

Materials and methods
Reagents

Cu (NOj3),"4H,0O (Tianjin Hengxing Chemical Preparation
Co., Ltd., China) was prepared by dilution of 1.0 g L ™" stock
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solution, and the fresh diluents were used in each experiment.
CaCl, (Tianjin Hengxing Chemical Preparation Co., Ltd.,
China) was prepared at the concentration of 5.0 g L™".
NaOH and HCI (Shanxi Sanpu Chemicals Reagent Co.,
Ltd., China) were prepared at the concentration of
1.0 mol L™!. EDTA and CH,N,O (Tianjin Fuchen Chemical
Reagent Co., Ltd., China) were prepared at the concentration
of 3.0 mol L™". Unless otherwise stated, all reagents used were
analytically pure.

Bacteria strain and bioflocculant MBFR 10543

Bioflocculant-production strain, R. erythropolis, was deposit-
ed in China Center for Type Culture Collection (CCTCC)
(No. ACCC.10543). Bioflocculant MBFR10543, a kind of
microbial flocculant, was harvested from alkaline-thermal
(ALT) pretreated sludge with suspended sludge solids con-
centration of 25 g L™ by R. ervthropolis; this sludge was
collected from biofiltration unit at a swine wastewater treat-
ment plant located in Fuhua pig farm, Hunan Province, China
(Guo et al. 2014). Sludge treatments disintegrated the organic
fractions and released soluble carbon into the sludge medium,
which further changed bioflocculants secretion pattern and
yields. Thus, before bioflocculant production, the sludge sus-
pensions were treated by sterilization (ST), alkaline-thermal
(ALT) and acid-thermal (ACT) treatments, respectively.
Sterilization was carried out by autoclaving (steam steriliza-
tion) at 121 °C for 30 min. In ALT treatment, first, pH value of
the sludge was raised to 10 using 1.0 mol L™' NaOH at room
temperature (25 °C) and then autoclaved in the same proce-
dure. In ACT treatment, first, pH value was reduced to 2.0
using 1.0 mol L™" HCI at room temperature (25 °C) and then
autoclaved in the same procedure. After autoclaving, pH value
of all the sludge samples were adjusted to 7.0 using
1.0 mol L' HCI or NaOH. In our previous study, it is clearly
that the three pretreatments could disintegrate the sludge and
the effectiveness of alkaline treatment was the maximum, due
to the maximum solubilization chemical oxygen demand
(SCOD) release (Table 1). Besides this, the suspended solids
(SS) and volatile suspended solids (VSS) of sludge were
decreased by the treatments and the effectiveness of alkaline
treatment was the best and that of acid treatment was the worst
(Table 1). Maximum bioflocculant of 2.9, 4.1, and 1.8 g L
were harvested from fermented broths of ST, ALT, and ACT
sludge, while the control sample (without inoculating) had a
very low bioflocculant concentration of less than 0.15 g L.
Thus, the specific carbon and nutrients content released in the
ALT sludge medium was more favorable to bioflocculants
secretion as compared to that of ST and ACT sludge, and the
bioflocculant from ALT pretreated sludge was utilized directly
in the sorption of Cu(Il). The thermal and enzymatic stability
results indicated that the main backbones of the bioflocculant
from ALT pretreated sludge were protein rather than
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Table 1 Characteristics of different pretreated (ST, ALT, and ACT) sludge

Pretreated Suspended Volatile suspended Total chemical oxygen Solubilization chemical Total nitrogen Carbohydrates

methods solids (SS) solids (VSS) (g L™ demand (TCOD) (g L") oxygen demand (SCOD) substances (TN) (gL™
€L €L €L

Control 25 14.5 16.5 0.25 0.17 0.22

ST 12.7 6.4 16.5 83 0.23 0.26

ALT 10.2 5.1 16.5 8.7 0.26 0.29

ACT 139 72 16.5 7.4 0.19 0.24

polysaccharide. In addition, chemical analysis of the
bioflocculant also revealed that the activity ingredients were
protein (Guo et al. 2014).

Flocculation tests

A standard Jar Tester was used for the flocculation tests in
Cu(NO3), solution dosed with MBFR10543. CaCl, and
MBFR 10543 (prepared as liquid of 1.0 g L™" using the puri-
fied MBFR10543) were added into 1.0 L of Cu(II) solution at
concentration of 100 mg L ™" in 1.0 L beaker in turn and then
fixed on the floc-tester (ET-720, Lovibond, Germany) (Gao
et al. 2011; Guo and Yu 2014). The pH of the mixture was
adjusted using 1.0 mol L™' NaOH or HCl. MBFR10543 was
added in two stage into the Cu(II) solution, separately, before
rapid mixing (first stage) and after 2-min slow mixing (second
stage). Flocculation was the first stage, began with 1.0-min
rapid mixing at 180 rpm and ended with 2.0-min slow mixing
at 80 rpm, and at last, the mixture was allowed to stand for
60 min to establish its equilibrium. The slow mixing after the
first stage was the second stage, about sorption. After the two-
stage stirring, the mixture was allowed to stand to establish its
equilibrium. The influence of the flocculation parameters,
including solution pH, doses of MBFR10543, and CaCl,,
were investigated by analyzing the removal efficiency of
Cu(ll) and the zeta potentials of the flocculation systems.
The concentrations of Cu(Il) were determined by flame atom-
ic absorption spectrometry (Modle Analyst 700, PerkinElmer,
USA) after being filtered by 0.45-sum filter membrane. The
experiments were performed at room temperature (25 °C).
The removal efficiency (RE) and removal capacity of Cu(Il)
was calculated as follows:

RE(%) = (Co — Ce)/Co x 100 (1)

Removal capacity = (Co — C.)V / WmBFr10543 (2)

where Cy and C. (mg L") are the initial and equilibrium
Cu(Il) concentrations, respectively. V' (L) is the volume of
the Cu(Il) solution and Wygrriosaz (g) is the weight of
MBFR10543 used.

Following Cu(II) sorption experiments, kinetics, isotherms,
and thermodynamics were described, and the bonding mech-
anism was detected by adding 20 mL EDTA (3.0 mol L") or
CH4N,O (3.0 mol L") into the stable Cu(Il)-loaded
MBFR10543 systems. The variation of zeta potential during
the process of flocculation was monitored by Zetasizer 2000
(Malvern Instruments Ltd., Company, England). Samples
were carried out at different time points: Cu(Il) solution at
pH 6.0, after adding MBFR10543, after adding CaCl,, and
during flocculation process. All experiments were performed
in triplicates for the mean calculation.

Kinetics, isotherms, and thermodynamics studies

Kinetic models were always used to investigate the character-
istics of sorption and its potential rate-controlling steps that
include mass transport and chemical reaction processes
(Yahaya et al. 2009). In addition to clarifying the sorption
kinetics of Cu(Il) onto MBFR10543, two kinetic models,
pseudo-first-order and pseudo-second-order were applied,
and the equations were determined by Egs. (3) and (4).

k
log(¢, = 4.) = logg — 53531 (3)

L L @)

q; B k2q32 9

where g, and ¢, (mg g ") are the equilibrium sorption capacity
of Cu(Il) and the amount of adsorbed Cu(Il) at time 7. k;
(min"") and &, (g mg ' min"") are the rate constants of the
pseudo-first-order and pseudo-second-order models,
respectively.

Kinetic studies were conducted by contacting 1.5x10 %+
2.0x107% % (w/w) MBFR10543 into 1.0 L Cu(II) solution at
different initial concentrations (80, 100, and 120 mg L") with
the samples stirring for designated time. The experiments
were performed at temperature of 25 °C and were carried
out in triplicate and the average values were presented (with
standard error less than 5 % of the mean).
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Isotherm fitting with model equations is a key issue
to explore flocculation mechanisms, and the Langmuir
and Freundlich models were applied to understand the
sorption behavior of Cu(ll) during Cu(ll) sorption pro-
cess (Sar1 and Tuzen, 2008; Sar1 et al. 2008). The
Langmuir isotherm assumes that adsorption occurs at
specific homogeneous sites within the adsorbent and
can be saturated as Eq. (5).

Ce 1 C.

qe B qum 9m

(5)

where ¢, (mg g ") is the maximum sorption capacity of
Cu(Il). k. (L mg ") is the Langmuir constant which is related
to the affinity of the binding sites.

The essential feature of the Langmuir isotherm can be
expressed by means of a separation factor or equilibrium
parameter Ry, which is calculated by the Eq. (6). There are
four probabilities for the Ry value: (i) for favorable exchange,
0< Ry <1; (ii) for unfavorable exchange, R; >1; (iii) for linear
exchange, Ry =1; and (iv) for irreversible exchange, R; =0
(Riahi et al. 2009).

1

S 6
1+kLCe ()

Ry

The Freundlich isotherm is based on multilayer sorp-
tion by assuming that the adsorbent has a heterogeneous
surface with nonuniform distribution of sorption sites,
and the liner form of the Freundlich isotherm equation
is normally given as Eq. (7).

1
logg, = logk, + ;logCe (7)

where krand 1/n represent the Freundlich capacity coefficient
and the Freundlich intensity parameter, respectively, and 1/n is
also known as the heterogeneity factor.

Isotherm studies were conducted by contacting 1.5x 10 2+
2.0x102 % (w/w) MBFR10543 into 1.0 L Cu(II) solution at
concentration of 100 mg L™ with the solution stirring in two
stages. The experiments were performed at different temper-
atures (25, 35, and 45 °C) by water bath. Sorption isotherms
are plots of the equilibrium sorption capacity (¢.) (according
to Eq. (2)) versus the equilibrium concentration of the residual
Cu(Il) in the solution (C,). The equilibrium uptake was cal-
culated by Egs. (8) and (9).

q. = (Co = C)V /W (8)

W = (Co— Cy)V + Wnprrioss ©)
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where C;(mg L") is the concentration of Cu(II) after the first
stage. W (g) is the weight of adsorbent. All the batch experi-
ments were carried out in triplicate, and the average values
were presented (with standard error less than 5 % of the
mean).

Effects of sorption temperature on the flocculation of
Cu(Il) were given from the calculated thermodynamic param-
eters, and the thermodynamic data such as enthalpy (AH®),
free energy change (AG®), and entropy (AS®) can be calcu-
lated by Eqgs. (10)—(12).

AG = —RTInkK (10)
dIink AH'
=— 11
aCly) " P ”
AG = AH -TAS (12)

where K is the equilibrium constant (L g '). R is the
universal gas constant (8.314 J mol™' K™') and T is the
temperature (K).

Fourier transform-infrared spectra and environmental
scanning electron microscope analysis

To investigate the characteristics of the flocculation
process including the mechanism involved, the FT-IR
and ESEM profiles were studied. Fourier transform-
infrared spectrometer (EQUINOX 55, Bruker Company,
Germany) was employed to examine the interactions
between the Cu(Il) and functional groups on
MBFR10543. Original samples and flocs which
MBFR10543 flocculated Cu(Il) under the optimal exper-
imental conditions were collected, followed by vacuum
freeze-drying. The samples were ground well to make
KBr pellets under hydraulic pressure of 400 kg cm?,
and spectra were recorded in the range of 400-
4000 cm '. In each scan, the amounts of the sample
and KBr were kept constant in order to know the
changes in the intensities of characteristic peaks with
respect to the structural changes. ESEM (Quanta 200
FEG, FEI, USA) was applied to analyze the surface
morphology of original and Cu(Il)-loaded MBFR10543
in low vacuum mode at an acceleration potential of
20 keV. Furthermore, microanalysis of the Cu(Il)-loaded
MBFR10543 was carried out with an energy dispersive
spectrometer (EDS) equipped on the Quanta 200.



Appl Microbiol Biotechnol (2015) 99:229-240

233

Results

Removal efficiency and sorption capacity in different
experiment conditions

Effects of MBFR10543 and CaCl, doses on the flocculation
behavior

The effects of MBFR 10543 dose on the flocculation of Cu(II)
was investigated by adding different mass fraction of
MBFR 10543 and 4.0 10~ % (w/w) CaCl, into 1.0 L Cu(Il)
solution (100 mg L™") with pH value fixed at 6.0.
MBFR10543 was added before rapid mixing (first stage)
and after 2-min slow mixing (second stage). As can be seen
from Fig. 1a, at the first stage, the removal efficiency of Cu(Il)
increased to 64.7 % when 1.5x10% % (w/w) MBFR10543
was added and then decreased with increasing addition of
MBFR10543. Less dose of MBFR10543 meant less
MBFR10543 molecules adsorbed Cu(Il), and fewer bridges
were developed between them. Further increase of
MBFR 10543 led to a drastic decrease of the removal efficien-
cy of Cu(Il), for the reason that more doses of MBFR10543
would inhibit small flocs to grow into big ones. As a result of
stronger repulsion force between flocs, they could be de-
flocculated. After the first stage, the residential concentration
of Cu(Il) was still high (35.3 mg L"), so MBFR10543 is
needed to be added continuously based on the preliminary
tests. At the second stage, the removal efficiency of Cu(Il)
reached about 96.8 % when the addition MBFR10543 was
adjusted to 2.0x 1072 % (w/w). The removal capacity showed
the same tendency to removal efficiency after the second
stage, and a maximum value of 276.6 mg g~ was achieved.
Like the sorption of Pb(Il), the dose of MBFR 10543 should be
optimized because more or less dose would be unfavorable to
the flocculation (Guo and Yu 2014).

The effect of CaCl, on the flocculating efficiency of Cu(Il)
was investigated by adding different volume of CaCl, and 1.5%
107242.0% 10 % (w/A) MBFR10543 into 1.0 L Cu(II) solution
(100 mg L") with pH value fixed at 6.0. Figure 1b indicated that
the removal efficiency of Cu(Il) was low without adding CaCl,.
With further addition of CaCl,, the removal efficiency of Cu(Il)
increased, and the maximum value of 276.9 mg g ' was
achieved after 4.0x10> % (wAw) CaCl, added. Thus, during
the flocculating process, as a kind of coagulant aid, Ca>* in-
creased the initial sorption capacity of MBFR10543.

Effect of solution pH on the flocculation behavior

pH value was an important factor on the flocculation of Cu(I)
for both solution chemistry of Cu(Il) and surface characteris-
tics of biosorbent. Firstly, since metal ions can have different
speciation forms at different pH. The distribution diagrams of
copper species as a function of pH show that only cationic
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Fig. 1 Effect of a MBFR10543 dose, b CaCl, dose, ¢ solution pH, and d
contact time on Cu(II) removal
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species (Cu®*, Cu(OH)") are present in solution over the range
0f 3.0-6.0. Secondly, the surface of the biosorbent consists of
biopolymers with many functional groups, and the net charge
on biosorbent, is also pH dependent (Zhu et al. 2008). So the
removal of Cu(Il) was highly dependent on the pH value of
aqueous solution. The pH optimization study of Cu(Il) sorp-
tion onto MBFR 10543 was carried out by adding 4.0x 107> %
(w/w) CaCl, and 1.5x10 24+2.0x10 2 % (w/w) MBFR10543
into 1.0 L Cu(II) solution (100 mg L"), and the results were
presented in Fig. lc. In order to avoid the precipitation in
alkaline condition, the sorption of Cu(ll) was carried out in
acid condition (pH 2.0-7.0) in this study. As shown in Fig. Ic,
the Cu(Il) removal is positively correlated with the increase of
pH value in the solution, reaching a maximum sorption of
96.9 % (276.9 mg g ') at pH 6.0. Similar values of optimum
pH (5.0) for Cu(Il) sorption are reported in the literature using
dried activated sludge (Benaissa and Elouchdi 2011).
Additionally, the removal capacity of MBFR10543 for
Cu(Il) (276.9 mg g ') was higher than those of some other
sorbent that have been reported (2.8-146.3 mg g ') previously
(Table 2). Therefore, it could be noteworthy that MBFR10543
has important potential for the removal of Cu(Il) from aque-
ous solution.

Additionally, a slight decrease in the pH value (ApH=pH,
—pH.=0.22 unit) of the solution between the initial and equi-
librium time was observed during Cu(II) sorption process by
MBFR10543. In order to investigate the reason, experiments
were performed with MBFR10543 tested in distilled water
under the same conditions in absence of Cu(Il), and the pH
value of solution exhibited an increase (ApH=pH.—pHo=
0.64 unit) that can be interpreted as a possible fixation of
H;0" by the negative groups present on the surface of
MBFR10543. Concerning the decrease in the pH value in
the presence of Cu(lIl), it can be interpreted as a possible
release of H;O" into the solution due to Cu(II) sorption. The
same tendencies were observed with other sorbent-metal ions
system (Benaissa 2000).

Effects of contact time on the flocculation behavior

Figure 1d showed the effects of contact time on the sorption of
Cu(Il) onto the bioflocculant MBFR10543 by adding 4.0

107 % (w/w) CaCl, and 1.5x1072+2.0x1072 % (w/w)
MBFR10543 into 1.0 L Cu(Il) solution (100 mg L™") with
pH value fixed at 6.0. It can be seen that the sorption yield of
Cu(Il) increased with rise in contact time up to 60 min within
the studied temperature range (25, 35, and 45 °C). Maximum
sorption of 96.9 % was attained when the contact time was up
to 60 min at 25 °C, and afterwards, there was almost no
significant increase in Cu(Il) sorption. Thus, this time value
was selected as optimum contact time for Cu(Il) sorption from
the aqueous solution by the bioflocculant MBFR10543. The
almost same contact time was reported in earlier works which
related with the sorption of metal ions on various biomasses
(Sart et al. 2007; Saygideger et al. 2005).

Kinetics, isotherms, and thermodynamics parameters

The model rate constants, correlation coefficients, and calcu-
lated g values of the two kinetics models for the sorption of
Cu(IT) onto MBFR10543 at various initial concentrations
were tabulated in Table 3. It was found that correlation coef-
ficients values of pseudo-first-order equation were relatively
low within the studied Cu(II) concentrations’ range, indicating
the bad linearization, yet these of pseudo-second-order equa-
tion were extremely high and all greater than 0.99. Besides,
the calculated ¢. values of pseudo-second-order equation
matched very well with the experimental data (Table 3).
These results suggested that the sorption of Cu(Il) onto
MBFR10543 followed well the pseudo-second-order model.
Thus, experiment results supported the assumption that the
rate limiting step in sorption of heavy metals are chemisorp-
tion involving valence forces through the sharing or exchange
of electrons between adsorbent and metal ions (Feng et al.
2013). Additionally, it is worthwhile to note that &, and k,
have higher values at a higher initial Cu(II) concentration,
which leads to a higher driving force for the sorption of
Cu(II) hence a higher sorption capacity.

The isotherms data were obtained by linear regression
method and were summarized in Table 4. Within the studied
temperature range (25, 35, and 45 °C), it appears that the
Langmuir model acceptably fits the experimental results over
the experimental range with good coefficients of regression
(based on the higher correlation coefficient, i.e., R* values).

Table 2 Comparison of Cu(II)

removal capacity of different Biosorbents Removal capacity References

biosorbents (mg g
Dried activated sludge 62.5 Benaissa and Elouchdi (2011)
Cells of Pycnoporus sanguineus 2.8 Yahaya et al. (2009)
Neem leaf powder 146.3 Ang et al. (2013)
Penicillium brevicompactum 253 Tsekova et al. (2007)
Aspergillus niger 17.6 Tsekova et al. (2010)
MBFR10543 276.9 This work
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Table 3 Pseudo-first-order and pseudo-second-order parameters for Cu(ll) removal by MBFR10543
Pseudo-first-order Pseudo-second-order
Co(mg L) ki (min ") ge (mg g R’ k> (g mg™' min") ¢, obtained from the Experimental data R’
fitting (mg g ) of g (mg g ')

80 0.087 48.3 0.8927 0.010 178.6 176.1 0.9994
100 0.092 54.5 0.9043 0.008 250.1 2525 0.9995
120 0.095 67.1 0.9147 0.007 256.4 256.8 0.9995

From Langmuir model, the ¢, values decreased with
the rising temperature; this suggested the affinity be-
tween the active sites of the MBFR10543 and Cu(Il),
and also between the adjacent molecules of the
adsorbed phase would be stronger at higher temperature
in comparison to lower temperature (Feng et al. 2013;
Ghorai et al., 2012). Additionally, all Ry values obtain-
ed were between 0 and 1 indicated the removal of
Cu(Il) by MBFR10543 was propitious; this implied that
the Langmuir equation was able to properly describe the
equilibrium isotherm of Cu(Il) adsorbed onto
MBFR10543. The fact that the data did not fit well
with the Freundlich isotherm indicates that Cu(Il) re-
moval is more like a monolayer surface sorption process
with finite number of identical sites, which were homo-
geneously distributed on MBFR10543 surface (Guo and
Yu 2014).

The effects of temperature on the sorption of Cu(Il) onto
MBFR10543 was given from the calculated thermodynamic
parameters (Table 5). It is clearly that the values of AG® were
negative at various temperatures (—9.08, —9.38, and
—10.53 kJ mol ' at 25, 35, and 45 °C, respectively) with
Cu(Il) concentration of 100 mg L™', confirming that the
sorption of Cu(Il) onto MBFR10543 was spontaneous in
nature and thermodynamically favorable, and no energy input
to the system is required. It is worth noting that AG® values
became more negative as temperature increased, the increase
in AG® values with increase temperature showed an increase
in driving force for Cu(II) sorption at higher temperature. The
positive values of AH°® indicated that the sorption was an
endothermic process in the temperature range from 25 to
45 °C. The positive values of AS°® confirmed the increased
randomness at solid/solution interface during the flocculation
process (Feng et al. 2013; Guo and Yu 2014).

Flocculation mechanism
Fourier transform-infrared spectra analysis

The studies so far indicated that MBFR10543 can be success-
fully used for the removal of Cu(Il) from aqueous solution.
An effort was made to identify the components of the
MBFR10543 that are responsible for Cu(Il) removal
by Fourier transform-infrared spectra analysis. The FT-IR
spectrum of Cu(Il)-free form showed several distinct and
sharp peaks at 3382 ¢cm ' (indicative of ~OH and —NH,
functional groups), 2933 c¢m ' (indicative of C—H groups),
1651 cm ™" (indicative of -C=0 groups), 1459 and 1370 cm ™"
(indicative of the bending of —CH3), 1268 cm ' (indicative
of C—N groups in amide band of the protein peptide
bond), 1130 cm™ " (indicative of C-O—C groups), 1056 cm '
(indicative of C-O groups) (Feng et al. 2013; Gao et al.
2011). In conclusion, the FT-IR spectrum of the Cu(Il)-free
MBFR10543 showed the presence of hydroxyl, carboxyl,
acetyl, and amine groups which played important roles in
Cu(Il) removal. The significant shifts of the wave number
and intensity of these specific peaks after Cu(Il) sorption from
the spectra of Cu(Il)-loaded MBFR10543, suggesting the
aforementioned functional groups were mainly involved in
the sorption of Cu(Il) onto MBFR10543 (Sart et al. 2007).
After loading Cu(Il), the significantly enhanced peak intensity
at 3382 cm " after the Cu(II) sorption suggested that chemical
interactions between the Cu(Il) and —OH and/or -NH, oc-
curred on the MBFR10543 surface. The reduced peak inten-
sity between 1267 and 1022 cm ™" after the Cu(II) sorption
suggested the reduction of the electron density of the oxygen-
containing functional groups, further changed their vibration
frequency and intensity. The shifts of C=0 from 1651 to
1655 cm ™' in the Cu(Il)-loaded MBFR 10543 can be assigned

Table 4 Parameters for

Langmuir and Freundlich iso- Temperature (K) ~ Langmuir isotherms Freundlich isotherms

therms for Cu(II) removal by

MBFR10543 gm(mgg') k(Lomg) R R kemgg) 1n R
298 140.8 0.38 0.026  0.99066  338.3 0.219  0.88392
308 132.3 0.27 0.036 097776  311.9 0.191  0.84678
318 128.2 0.23 0.042 097673  293.8 0.146  0.80285
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Table 5 Thermodynamic param-

eters for Cu(Il) removal by Co(mg L") AG® (k] mol ™) AH° (kJ mol ") AS° (kI mol )
MBFR10543
298 K 308 K 318 K

80 —8.74 —8.95 -9.27 22.44 0.104

90 -9.01 -9.14 -9.40 25.08 0.114

100 -9.08 -9.38 -10.53 46.20 0.186

110 —8.94 -9.31 —9.55 25.74 0.116

120 —8.05 —8.46 -9.53 13.86 0.074

to the carboxylate ion (—COQ"). The shifts of C—N and the
emerging of the peak at 1550 cm™' (C=0) implied the in-
volvement of amide groups in the flocculation process of
Cu(Il). All the conspicuous change in the FT-IR spectrum
demonstrated that the chemical interactions, between Cu(Il)
and the amine, carboxyl, and hydroxyl groups of
MBFR10543, were mainly involved in the sorption process
of Cu(Il). The results were in good agreement with those
obtained by other researchers (Yahya et al. 2012), which all
came to the conclusion that functional groups responsible for
Cu(Il) removal were mainly hydroxyl, carboxyl, acetyl, and
amine groups.

Environmental scanning electron microscope analysis

To investigate the flocculation process further, the original and
Cu(Il)-loaded MBFR 10543 were observed under the ESEM
(Fig. 2). Micrographs showed that the surface and the texture
of Cu(Il)-loaded MBFR10543 became rougher and more
compact compared with the Cu(Il)-free MBFR10543 pre-
pared by vacuum freeze drying, which characterized a stron-
ger sorption capacity. Additionally, the surface of Cu(Il)-free
MBFR10543 is of the irregular shape and size, which was
suggested to be an appropriate structure for metal ion adsorp-
tion. The additional bright spots seen in the Cu(Il)-loaded

Fig. 2 ESEM micrographs of original MBFR10543 (b) and Cu(II)-
loaded MBFR10543 (a)
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MBFR10543 are adsorbed Cu(II), which were verified by
the EDX results. EDS analysis provided the evidence that
there were C, O, S, and K in the Cu(Il)-free MBFR10543,
but with no Cu(Il). Content of 48.7 % in the detection area
of Cu(Il)-loaded MBFR10543 and appearance of Cu(Il)
signal at about 1.8, 3.6, and 8.1 keV presented in Table 6
clearly demonstrated the presence of Cu(Il) due to the
sorption onto MBFR 10543 and a strong coordination link-
age between Cu(Il) and functional groups involved in
MBFR10543.

Bonding and flocculation mechanism

MBFR10543 participates in the flocculation mainly through
hydroxyl, carboxyl, and amine groups which induce very high
binding capacity. In general, addition of EDTA and CH4N,O
in the stable Cu(IT-MBFR10543-Ca*" systems could destroy
the ionic bonds or hydrogen bonds in the system, respectively.
In this study, after addition of EDTA (3.0 mol L") into the
stable system, the flocs dissolved gradually and became
cloudy. While there was nothing happened by adding
CH4N,O (3.0 mol L™"). The results indicated that ionic bond
combination was the main way of combining between
MBFR10543 and Cu(Il), whereas the hydrogen bonding in-
teraction was not obvious.

Table 6 EDS analysis of original and Cu(Il)-loaded MBFR 10543

Element Original MBFR 10543 Cu(Il)-loaded MBFR10543
Energy (keV) wt% Energy (keV) wt%

C 0.3 58.3 0.3 13.5

(¢} 0.6 234 0.6 16.3

S 2.3 0.5 - -

K 32,3.6 8.7 - -

Ca - - 3.6 3.6

Cu - - 1.8,3.6,8.1 48.7
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Zeta potential and flocculation mechanism

The removal efficiency and zeta potential of Cu(Il) during
flocculation process were shown in Fig. 3. At the first stage,
the removal efficiency of Cu(Il) increased rapidly, and then it
increased steadily and reached equilibrium (96.9 %) after the
second stage. The pH played an important role in the process.
MBFR10543 had a linear long chain molecular structure and
appeared to have a molecular weight of 4.21x10°> Da (Guo
et al. 2014). With the increasing pH value of below 7.0, the
MBFR 10543 molecules stretch form a linear structure so that
more of the active binding sites emerged, and the removal
capacity of Cu(ll) was higher. It was found that the zeta
potential of Cu(Il) solution was about 37.8 mV at pH 6.0
without Ca?" and MBFR10543 additions, which turned to
be 18.4 mV after adding 1.5x107% % MBFR10543 alone
(without Ca®") and then 11.2 mV when 4.0x10> % CaCl,
was added. As shown in Fig. 3, after the first stage, the zeta
potential appeared to be 9.5 mV. The addition of MBFR 10543
aroused a big reduction of about 24.7 mV in the zeta potential
of Cu(Il) solution after the 1-min stirring indicated that
the charge neutralization would not be the main Cu(Il)
removal mechanism in this stage. Ca>" reduced the thick-
ness of the diffuse double layer of adjacent colloids, thus
reducing the inter-particle distance and making
MBFR10543 attract more Cu(Il) around its surface and
small flocs formed. The main Cu(Il) removal mechanism
involved in the second stage was sorption, in which
bridging occurred after Cu(Il) and Ca”*" adsorbed onto
MBFR10543. The fact that bridging played a major role
during the second stage was confirmed by the floccula-
tion happened at a zeta potential of about —22.6 mV.
Many flocs could be adsorbed onto a long molecular
chain; simultaneously, they could be absorbed by other
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Fig.3 Zeta potential and removal efficiency of Cu(II) during the sorption
process

polymer chains. Thus, flocs formed three-dimensional
structure with a better settling capacity.

Discussion

The MBFR10543 appears as an effective and alternative
microbial flocculant to be used for the removal of Cu(Il) from
wastewaters, and the maximum sorption capacity of
276.9 mg g ' can be reached when MBFR10543 was added
in two stages, separately. And the maximum sorption was
attained when the contact time was up to 60 min. For Cu(Il)
sorption by the bioflocculant MBFR10543, Ca®" could in-
crease the sorption capacity by decreasing the negative charge
on the polymer. It has also been reported to develop bridges
between anionic polyelectrolytes and negatively charged col-
loidal particles, thereby enhancing particle flocculation (Lee
etal. 2012). These two mechanisms have been detected in our
previous studies, flocculating activity of kaolin clay suspen-
sion was enhanced to 94.5 % by adding 20 mg of
bioflocculant in presence of 0.5 g Ca®", while a flocculating
activity of 44.7 % was achieved when 20 mg of the
bioflocculant was added into kaolin suspension (1.0 L) alone
and only 17.2 % reached when 0.5 g Ca®" was added alone
(Guo et al. 2014).

The behavior of Cu(ll) as a function of water’s pH can be
explained by considering the change in density of hydrogen
ions (H") and the surface charge of MBFR10543. At pH
values lower than 6.0, the sorption of Cu(Il) was in the range
0f62.8-96.9 % and decreased with the decreasing solution pH
value, which may be attributed to the increased density of H"
corresponding to the decreasing pH value that could strongly
compete with Cu(ll) for the active sites, resulting in less
sorption. With increasing pH from 3.0 to 6.0, electrostatic
repulsions between Cu(Il) and surface sites and the competing
effect of hydrogen ions decrease, and consequently, the Cu(Il)
sorption increases. Furthermore, the activity of the functional
groups present in the MBFR10543 that are responsible for
Cu(Il) sorption. Cu(Il) removal was inhibited because the
functional groups would be protonated at high acidic pH
(low solution pH), thereby the strong resistance against
Cu(Il) binding. In contrast, when pH increases, more func-
tional groups would be exposed (the active sites in
MBFR10543) and efficiently release their protons into the
solution to carry negative charges to enhance the sorption
capacity for Cu(Il). Beyond pH 6.0, insoluble Cu(OH), starts
precipitating resulting in lower amount of Cu(Il) sorbed at
equilibrium. Other authors have found the same trend for
Cu(Il) sorption by other sorbent materials (Ofomaja and
Naidoo 2011). The effects of pH can also be explained in
terms of pHpzc of the MBFR10543 (Yuvaraja et al. 2014).
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The pHpzc is an important characteristic for adsorbents to
determine the pH at which the surface has net electrical
neutrality. Surface charge of MBFR10543 is positive which
results in low Cu(II) removal at water pH lower than pHpzc,
and it is negative at water pH greater than pHpzc for attach-
ment of Cu(Il) to the surface to a greater extent. The pHpzc
value of the MBFR 10543 is found to be 2.5. Meanwhile, the
surface charge of MBFR10543 determined by measuring its
zeta potential at different pH values showed that zeta potential
decreased from +3.93 to —27.80 mV, which was correspond-
ing to the increase in pH from 2.0 to 7.0. This clearly indicated
that at low pH values, surface being positively charged would
not be favorable for the attachment of positively charged
Cu(Il) due to electrostatic repulsion. With the increase of pH
values, the cell surface became more negatively charged,
favorable for Cu(Il) removal. That is, at low pH values,
increased positive charge (protons) density on the sites of
the bioflocculant surfaces restricted the approach of Cu(Il)
as a result of repulsive force. In contrast, as the pH values
increased, bioflocculant surfaces were more negatively
charged and subsequently, sorption of the Cu(Il) with positive
charge was reached maximum around pH 5.0-7.0
(Karthikeyan et al. 2007).

To further investigate the reason for pH dependence
of removal of Cu(Il) by MBFR10543, FT-IR studies on
the basis of the surface charge density at different pH
values were performed for the original (Cu(Il)-free
form) and Cu(ll)-loaded MBFR10543. Results have
demonstrated that carboxyl, hydroxyl, and amine groups
were mainly responsible for Cu(Il) removal. The nega-
tive charge between pH 3.0 and 4.0 could develop due
to the carboxyl group, whereas hydroxyl group was
responsible for negative charges at pH values of 4.0—
7.0. The positive charge at low pH (<3.0) might be
attributed to the amine group on the MBFR10543. As
the acidity decreased in the solution, the deprotonation
of acid functional groups are strengthened, and in con-
sequence, the numbers of attractions will increase be-
tween negative charge on MBFR10543 and Cu(ll).
Dissociation of the hydroxyl and carboxylic acid groups
was at pK, of 8.0-12.0 for hydroxyl and 3.8-5.0 for
carboxylic groups (Pehlivan et al. 2009). Protonation of
NH, to form NH;" was at lower pH. At pH greater than
4.0, the carboxylic acid group is converted to the —
COO  and Cu(Il) is adsorbed. The involvement of car-
boxylic acid groups in the flocculation process explains
the effect of pH on Cu(ll) removal (Section “Effect of
solution pH on the flocculation behavior”). With the
decreasing pH of below 4.0, majority of the carboxylate
ions are converted to carboxylic acid groups (—COOH)
and hence the removal efficiency decreases (Gupta and
Rastogi 2008). As more NH, groups were protonated to
NH;" form, there were only fewer NH, binding sites on
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the surface of MBFR10543 for Cu(Il) sorption (Hao
et al. 2010). The functional groups such as —OH,
—COOH, and —NH, groups interaction with Cu(Il) are
shown as follows (Gao et al. 2011; Guo and Yu 2014):

2MBFR10543-OH + Cu®"—(MBFR10543-0),Cu + 2H" (13)
2MBFR10543-COOH + Cu**—(MBFR10543-C00),Cu + 2H" (14)
MBFR10543-OH + CuOH"—(MBFR10543-0)CuOH + H*  (15)
MBFR10543-COOH + CuOH* —(MBFR10543-COO)CuOH + H* (16)
2MBFR10543-OH + Cu(OH),—(MBFR10543-0OH),Cu(OH), (17)

2MBFR10543-COOH + Cu(OH),—(MBFR10543~COOH),Cu(OH),

(18)

MBFR10543-OHCOOH + Cu?* + CuOH" + Cu(OH),—(MBFR10543-0),Cu-+
(MBFR10543-0)CuOH + (MBFR10543-C00),Cu + (MBFR10543-COO)CuOH+
(MBFR10543-0OH),Cu(OH), + (MBFR10543-COOH),Cu(OH),

(19)

MBFR10543-NH; " + Cu** -MBFR10543-NH,Cuv*" + H" (20)

MBFR10543-NH; " + CuOH" —»MBFR10543-NH,CuOH" + H* (21)

According to the studies of kinetics, isotherms, and ther-
modynamics, Cu(Il) sorption process could be described by
the pseudo-second-order kinetic model and the Langmuir
isotherms model based on the higher correlation coefficient,
i.c., R? values. Moreover, the negative Gibbs free energy
change indicated the spontaneous nature of the sorption, and
the increase in AG® values with increase temperature showed
an increase in driving force for Cu(Il) sorption at higher
temperature.

EDTA (3.0 mol L") should be able to compress the
electrical double layer of the colloidal particles, and
bridging occurred between EDTA and MBFR10543,
and thereby, the cloudy Cu(II)-MBFR10543-Ca®" sys-
tems could be restabilized. However, the experiment
results showed that the cloudy systems did not settle
in 30 min, indicating Ca®" played a binding role of the
bridging in the flocculation process. After addition of
the EDTA, the ionic bonds in the bridging were
destroyed and the stable system became cloudy due to
the strong coordination between EDTA and Ca®*
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(complex stability constant log3; as high as 11.0). If
there were hydrogen bonds in the bridging, they could
be destroyed in the CH4N,O solution, and new hydro-
gen bonds formed, and thereby, the stable system be-
came cloudy. After addition of 3.0 mol L' CH4N,O,
there was no significant de-flocculation phenomenon,
indicating that the hydrogen bonding interactions was
not obvious.

All in all, the MBFR10543 appears as an effective and
alternative microbial flocculant to be used for the removal of
Cu(Il) from wastewaters by adding in two stages, separately,
and the maximum Cu(Il) sorption capacity of 276.9 mg g '
can be reached. The flocculation of Cu(Il) was completed by
charge neutralization and bridging mechanism, in which
MBFR 10543 attract Cu(II) around its surface firstly by reduc-
ing the thickness of the diffuse double layer of adjacent
colloids and thus reducing inter-particle distance by addition
of Ca®". And then slow mixing allowed the aggregates to
combine two or more flocs to form larger floc particles, and
precipitate as evidenced in the jar tests. Further, the FT-IR
analysis illustrated that chemical reaction with carboxyl, hy-
droxyl, and amine functional groups also happened during
flocculation process. Based on the results, MBFR10543 could
be used as an efficient source of biomaterial to solve the
serious problems caused by heavy metal ions pollution.
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