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ABSTRACT

Biosorption experiments were performed using aerobic granules as bioadsorbent for Cd**,
Cu**, Mn*', Zn®*, Fe**, and Co®". Aerobic granule shows high adsorption capacity
[Qe (mg/g) =189 —232]. Both Langmuir and Freundlich isotherm fitted the adsorption data
well. Especially, the R* value exceeds 0.96 in most cases when Langmuir model was
adopted. In order to look into the distribution of the adsorbed heavy metal in aerobic
granules and to verify metal uptake in surface layer, in middle zone and center of aerobic
granule, energy dispersive X-ray (EDX) spectra were obtained. According to field emission
scanning electron microscope-EDX observation, it was found that whole granule body can
act as an active site for heavy metals uptake because of a lot of pore existed in the inside of
aerobic granule. It is clear that the penetration of dissolved metal solution to the center of
aerobic granule has occurred, which confirms that metal uptake can occur even in the center
of aerobic granule. The analyses by Fourier transform infrared spectroscopy and X-ray
photoelectron spectroscopy showed that functional groups on aerobic granules, such as
alcoholic, carboxylate and ether, would be the main binding sites for biosorption of heavy
metals. The area distributions further reveal that ether and alcoholic would be the dominant
carbon forms in aerobic granules, and the interaction and coordination affinity between the
functional groups and metals would be more complicated than expected.

Keywords: Aerobic granules; Heavy metal biosorption; Adsorption isotherms; FESEM-EDX

analysis; FTIR analysis; XPS analysis

1. Introduction

The disposal of wastewater containing heavy met-
als is related to various industrial activities, such as:
electroplating, chemical manufacture, leather tanning,
oil refining, and especially mining and mineral pro-
cessing [1]. These industrial activities have intensified
environmental pollution with the accumulation of
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heavy metals [2,3]. Commonly used physiochemical
methods for removal of heavy metals from aqueous
solutions include precipitation, ion exchange, electro-
chemical processes, and membrane processes such as
nanofiltration and reverse osmosis [4]. However, con-
ventional methods of metal removal from wastewater
are expensive in terms of energy consumption and not
always effective for metals in low concentrations [5].
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Biosorption of heavy metals from aqueous solution
have emerged as an eco-friendly, efficient, and cost-
effective method [6]. Studies using biosorbents, e.g.
agricultural wastes, fungi, algae, seaweed, and bacteria
have shown that both living and dead microbial cells
are able to adsorb metal ions and offer potential inex-
pensive alternative to conventional adsorbents
[7-15]. Mostly, biosorbents are used in the forms of
bioflocs and suspended aggregates of micro-organisms.
One of the major operational problems associated with
suspended flocs is that a post-separation of biosorbent
from the treated effluent is required [16]. To overcome
this drawback, in process applications, upflow sludge
columns, batch and membrane rector systems, acti-
vated sludge-biofilm process, granular activated car-
bon-sequencing batch reactor (SBR) system, biomass
immobilized system, and fixed-bed column with anaer-
obic biomass are commonly proposed to retain bio-
mass cells in the reactor system, thus enhancing the
operation performance for heavy metal removal
through biosorption [17-23]. Meanwhile, intensive
research has been conducted to understand the mecha-
nism of aerobic granulation in a SBR and its applica-
tion in treating a wide variety of municipal and
industrial wastewater [24]. Recent studies have demon-
strated that aerobic granules having compact, porous
structure, and excellent settling ability can be culti-
vated in SBR [16,24-26]. Such characteristics suggest
that aerobic granules would be a valuable candidate as
biosorbents for heavy metal removal from wastewater
[16]. A few attempts have been made to study the
biosorption characteristics of the aerobic granules
[16,27-31] using model heavy metals such Cd, Cu, Ni,
Cr, and Be, in terms of kinetic model, thermodynamics,
and biosorption mechanisms. These studies indicated
that ion exchange would be the main mechanism
involved in biosorption of Cd, Cu, and Ni, while metal
complexation, chemical precipitation, and ion
exchange were mainly involved in the removal of Cr,
and the functional groups like carboxyl and hydroxyl
played an important role in the biosorption of Be,
respectively. But there is no information about the
effect of aerobic granules porosity except Yu and Hui
[32]. Following to the Yu and Hui using Ni as a model
heavy metal, the energy dispersive X-ray (EDX) analy-
sis indicated that Ni** ion could penetrate into the core
of aerobic granule, and the distribution of the adsorbed
Ni** in the aerobic granule seemed uniform. If these
phenomena could have occurred commonly in aerobic
granules for sorption of heavy metals, aerobic granules
could be competitive and excellent biomaterials for the
removal of heavy metals because whole body of
aerobic granule can be used as an active site for
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biosorption. We, therefore, have investigated whether
other heavy metals, i.e. Cd?*, Cu?*, Mn?*, Zn**, Fe**,
and Co**, can penetrate well into the core of aerobic
granules and how they are distributed in the aerobic
granules in terms of isotherm models such as the sim-
ple Langmuir and Freundlich equations, and field
emission scanning electron microscope-energy disper-
sive X-ray spectroscopy (FESEM-EDX) analysis and
Fourier transform infrared spectroscopy (FTIR) and
X-ray photoelectron spectroscopy (XPS) analysis.

2. Materials and methods

2.1. Aerobic granules and preparation of heavy metal ion
solution for biosorption

The aerobic granules used in this study were culti-
vated in a SBR with a working volume of 5L. The SBR
was operated in a time sequence of 5 min feeding, 240
min of aeration, 5min settling, and 1min of effluent
withdrawal. The treated wastewater was discharged
from the middle port of the SBR reactor. Synthetic
wastewater used in this study was mainly composed
of sodium acetate as sole carbon source, while its
detail compositions can be found elsewhere [33].
Mature granules were nearly spherical in shape and
had a compact and integrated structure. Mature aero-
bic granules were freeze-dried for biosorption tests.

Heavy metal ion solutions were obtained by dilut-
ing 1.0g/1 of stock heavy metal ion solutions which
was prepared by dissolving MnCl,-4H,0, CuCl,-2H,0,
CoCl,-6H,0O, CdCl,-2.5H,0, ZnSO,7H,0, FeCl, into
de-ionized water, respectively. In this study, the initial
heavy metal ion concentration was varied from 20 to
500mg/1, and the initial pH of each solution was in
the range of 5.5-6.2, except Fe** solution (pH value
was 2.4-3.4). pH played a major role in the biosorp-
tion and possibly affected the activity of the functional
groups of aerobic granules [34]. The experimental
results of maximum biosorption capacity of heavy
metals, by aerobic granules, at different initial pH val-
ues implied that the biosorption of heavy metals
would be pH-dependent, i.e. with the increase of pH,
the amount of heavy metal uptake by granules tended
to increase and a sharp increase of Qmax (Mmaximum
metal uptake) was observed in between pH 3 and 6.
At about pH 6 a plateau was reached, e.g. there was
no significant difference between the maximum heavy
metal biosorption capacity at pH 6 and 7 [27,29]. In
this study, initial pH was kept at 6.0+0.2 for model
heavy metals, except Fe** solution. For the case of
Fe’*, pH was adjusted to 3.0+0.2 because precipita-
tion occurred as pH increased.
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2.2. Batch biosorption experiments

In batch test, each 1g of freeze-dried aerobic gran-
ules were placed in Jar-tester bottle (1,000ml) to
directly contact with 500 ml of metal-bearing solutions
(Cd**, Cu?*, Mn**, Zn**, Fe**, and Co?"), already fixed
at pH mentioned above, of 500, 350, 200, 100, 50, and
20mg/1 of initial metal concentrations, to determine
heavy-metal removal capacity of aerobic granules,
respectively. All the experiments were conducted at
20°C. The metal bearing solutions in which aerobic
granules were placed were agitated on a Jar-tester at
150rpm for 2h, which is sufficient to reach sorption
equilibrium of each heavy metal (data not shown).
After 2h, aerobic granules were removed from the
solution and freeze-dried again for the analysis of
heavy metal adsorbed on aerobic granules, and the
supernatant fraction was taken using a syringe. The
supernatant filtered with 0.45um of membrane filter
was analyzed for the soluble heavy metal concentra-
tion. Soluble Cd?*, Cu®*, Mn?*, Zn?**, Fe**, and Co**
concentrations in solution were analyzed by ICP-AES
(Prodigy, Leeman Labs Inc.).

2.3. FESEM-EDX, FT-IR, and XPS analysis

The surface morphologies and elemental composi-
tions of aerobic granules before and after heavy metal
biosorption were examined by field emission scanning
electron microscope (FESEM, Hitachi S-4100) coupled
with EDX (Horiba EMAX 6853-H). The freeze-dried
granule samples were mixed with spectroscopic qual-
ity KBr in the ratio of 1:100 for the measurement of
FT-IR (Perkin Elmer Spotlight 200 microscope system)
spectroscopy to identify and evaluate the functional
groups that can be involved in the sorption process.
FT-IR spectra of aerobic granules before and after
adsorption were recorded in the range of 500-4,000
cm™'. The background absorbance was measured
using pure KBr pellets. XPS measurement was per-
formed for more insights into the mechanisms of bio-
sorption of aerobic granules. XPS spectra were
recorded on a PHI 5000 VersaProbe (ULVAC-PHI)
using a monochromated Al Ka X-ray source (1486.6 eV
of photons) operated at 15kV and 25W. For calibra-
tion, the binding energy (BE) of the spectra was stan-
dardized with the Cls peak at 284.6 eV.

2.4. Data evaluation

The amount of metal ion adsorbed by aerobic
granules was calculated using the mass balance equa-
tion:
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QeM = V(Co - Ce) (1)

where Q. is the loading capacity of the adsorbent (mg
adsorbate/g adsorbent); V is the solution volume in
the vessel (1); C,, C. are the initial and final concentra-
tion of the metal ion, respectively (mg/1); and M is
dry mass of the adsorbent (g).

Two of the most common sorption models were
used to fit the experimental data. The Langmuir
model which assumes that equilibrium is attained
when a monolayer of the adsorbate molecules satu-
rates the adsorbent [14,27]. This mode can be written
as:

Qe = Qmaxbce/(1 + bCe) (2)

where Qnax is the maximum metal uptake under the
given conditions; b is a constant related to the affinity
between the adsorbent and the adsorbate [14,34]. The
linear form of Langmuir model is:

1/Qe:1/Qmax(1/bCe+1) (3)

The second model is Freundlich model which can be
written as:

Qe _ kc‘(el/n) (4)

where k and n are Freundlich constants, which are
correlated to the maximum adsorption capacity and
adsorption intensity, respectively [14]. The linear form
of this model takes the form:

log Q. = logk + 1/nlog C, )

3. Results and discussion
3.1. Adsorption isotherms

The mean size of the granules was about 1.0 mm.
It can be seen that a considerably different pore size
distribution (maximum 300 um) existed inside the aer-
obic granules. The sphere type of particle observed in
aerobic granules was identified as a calcium lump
which fed to the reactor for producing aerobic gran-
ules (Fig. 1).

Fig. 2 shows the adsorption isotherm of Cd**,
Cu®", Mn?*, Zn**, Fe?*, and Co*" ions using aerobic
granules at 20°C. The analysis of the experimental
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Fig. 1. Freeze-dried type of aerobic granules used in this experiment and the morphology of aerobic granules obtained

using FESEM.
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Fig2. 2. Adsorption
Zn**, Fe**, and Co®" ions using aerobic granules at 20°C
(plzi 6 for Cd**, Cu**, Mn?*, Zn**, and Co*; pH 3 for
Fe™™).

results of Cd**, Cu®**, Mn**, Zn**, and Co** biosorp-
tion at the same equilibrium pH (pH 6.0) shows that
adsorbent affinity follows the order: Cd(Q. (mg/g)=
215.4)>Mn(Q. (mg/g) =202.5)>Zn(Q. (mg/g)=199)
> Cu(Q. (mg/g) =198.2) > Co(Q. (mg/g) =189).
Compared with activated sludge [Q. (mg/g)=30-
90] for Cd** and Cu®' [14], aerobic granules show
higher adsorption efficiency [Q. (mg/g)=189-215.4].
Previous research showed that the adsorption capacity
of Cd** by aerobic granules was 200 mg Cd**/g dry
weight of granules [16], while 215.4 mg Cd**/g weight
of granules was obtained in our study. Factors like
pH, concentration of metal present in the wastewater,
composition, and characteristics of wastewater and
sludge may influence the biosorption process [3].
Metal removal by sludge is a consequence of interac-
tion between metals in the solution and the bacterial

cell surface, and follows complex mechanisms, mainly
ion exchange, chelation, and adsorption by physical
forces [6]. The adsorption of heavy metals on the
sludge surface is usually attributed to the formation of
complexes between metals and carboxyl, hydroxyl,
and phenolic surface functional groups of the extracel-
lular polymeric substances (EPS). These biopolymers
which can be produced by many different species of
bacteria isolated from activated sludge have been
shown to be involved in the adsorption of metal ions
from solution [3,35]. EPS has been found in almost all
forms of microbial aggregates, including bioflocs, bio-
film, anaerobic, and aerobic granules. However, the
content of EPS in aerobic granules was found to be
much higher than that in conventional bioflocs and
biofilms [36]. Wang et al. [37] reported that along with
aerobic granulation in an SBR, both biomass and EPS
concentrations tended to increase, and a decreased
sludge volume index was found accordingly. For
example, the EPS content in the mature aerobic gran-
ules was about 47 mg/g MLSS (mixed liquor sus-
pended solids), whereas it was only 17 mg/g MLSS in
the seed activated sludge [37]. Even if it is not clear
that higher EPS content is the major factor of higher
metal uptake capacity of aerobic granules than acti-
vated sludge, Liu et al. [16] seems to imply that
aerobic granules would be associated with an increase
in the EPS content. Meanwhile, for the case of Fe?",
the highest metal uptake capacity was shown as 232
mg of Fe*"/g of granules in the range of pH 2.4-3.4.
Normally, at low values of pH the decrease in the
removal efficiency could be referred to the fact that
the mobility of the hydrogen ions is higher than that
of the metal ions and it reacts with active sites before
adsorbing the metal ions [14]. At low pH value, cell
wall functional groups are closely associated with
hydrogen ion and restricted the approach of metal
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cations as a result of the repulsive force [38,39]. As the
pH increases, more functional groups on the cell sur-
face would be exposed, and result in an increase of
negative charges with sequent attraction of metallic
ions with positive charge. According to Xu et al. [27],
at pH 2, the aerobic granules have a positive charge
associated with an extremely low biosorption capacity
for the Ni**. However, at pH 3-5, the amount of Ni*
removed by aerobic granules increased sharply due to
the steep decrease of the zeta potential of aerobic
granules. There is no significant change in the Ni**
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biosorption capacity of aerobic granules. In our result,
the highest metal uptake capacity for Fe** in the range
of pH 2.4-3.4 might indicate that, possibly, factors
other than electrostatic attraction are involved in the
mechanism of Fe** biosorption by aerobic granules.

3.2. Adsorption isotherm models

Many sorption isotherm models are usually used
to fit the adsorption isotherm data in order to obtain a
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Fig. 3. Langmuir isotherms for the bioadsorption of Cd?*, Cu?*, Mn?*, Zn?*, Fe®*, and Co** by aerobic granules at 20°C,
pH 6 for Cd**, Cu**, Mn?*, Zn?*, and Co**; pH 3 for Fe?* (a: Cd%*, b: Cu?", c: Mn?*, d: Zn?*, e: Fe?*, and f: Co*").
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linear regression data to predict the maximum adsorp-
tion capacity of the adsorbent. Langmuir and
Freundlich models are the most widely used models
in the case of the adsorption of metal ions with
bioadsorbents even though the metal uptake may not
exactly follow the monolayer adsorption mechanism
assumed in the former model [14].

Fig. 3 shows plots of Langmuir isotherms for the
biosorption of Cd?*, Cu®*, Mn?*, Zn?*, Fe**, and Co*"
by aerobic granules, respectively. The linear plots of
1/Q. against 1/C. show that the adsorption of six
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different heavy metals ions by aerobic granules fits
very well to Langmuir model.

The same data is plotted using Freundlich models
as shown in Fig. 4. Compared to the Langmuir model,
the metal ions adsorption by the aerobic granules does
not obey well with the Freundlich model, except for
Fe®" ions. For the case of Fe** ions, the adsorption of
Fe>* ions by aerobic granules fits very well to
Freundlich model.

The two model constants for six different ions in
addition to R* values for each line are summarized in
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Fig. 4. Freundlich isotherms for the bioadsorption of Cd?, Cu®*, Mn?*, Zn%*, Fe?*, and Co** by aerobic granules at 20°C,
pH 6 for Cd?*, Cu®*, Mn?*, Zn?*, and Co**; pH 3 for Fe?* (a: Cd?*, b: Cu?", c: Mn?*, d: Zn?*, e: Fe?*, and f: Co*").
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Table 1

Linear regression data for Langmuir and Freundlich iso-
therms for the bioadsorption of the heavy metal ions with
aerobic granular sludge

Freundlich

Ion Langmuir parameters parameters
Omax  b(x100) R? k n R?

cda* 181.72  4.88 0.9873 8.81 1.23  0.9635
cu?t 117.83  113.79 09632 1279 148 0.8907
Mn?* 31114 1.89 09952 17.04 123 0.9452
Zn%* 349.65 1.95 0.9903 8.98 1.29  0.9000
Fe?* 83.89 50 09392 19.72 152 09713
Co** 70126 091 0.9948 9.68 1.38 0.8756

Table 1. In the Langmuir model, Qmax of Co** is
701.26 mg/g and Qpay of Cu®* is 117.83 mg/g by aero-
bic granules, respectively. On the other hand, b value
of Co** with aerobic granules is lower than that of
Cu”* and their values are 0.91 and 113.79, respectively.
As the constant b is a function of the affinity of the
adsorbent to the adsorbate, this means that as the b
value increase the affinity increases [14]. The affinity of
the adsorbent for the six different ions is in the order
as follows: Cu®*>Fe®*>Cd* >Zn*">Mn*">Co>".
Meanwhile, in the Freundlich model, the maximum
adsorption capacity of Cu®* (k=12.79) is higher than
that of Co™* (k=9.68) and adsorption intensity of Cu®*
(n=1.48) is also higher than that of Co** (n=1.38),
respectively. In the Freundlich model, the affinity of
the adsorbent for the six different ions is in the order
as follows: Fe?* > Cu®*>Co”* >Zn** >Mn** = Cd*".

3.3. Distribution of the adsorbed heavy metals in aerobic
granules

Even if the adsorption of metal ions with aerobic
granules follow the monolayer adsorption mechanism
assumed in Langmuir model, it is necessary to
explain the phenomena that metal adsorption for
Co®" estimated having low affinity in model show
high metal uptake value [Q.(mg/g) =189] and unreal-
istically high value of Qmax (701.26 mg/g) in the
Langmuir model, respectively. As the aerobic granule
has pores within the sludge body, it is assumed that
metal adsorption by aerobic granule can occur inside
the aerobic granule. During the experiment, it is
observed that the color change of aerobic granule has
occurred within whole granule body as the metal
uptake is taking place. To analyze metal adsorption
within whole body of aerobic granules, EDX spectra
were obtained using FESEM. For this analysis, the
aerobic granules were roughly crushed to expose the
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interior surface. For the fresh granule, C, O, and Ca
constituted the three major elements of the aerobic
granule and Mg, Cl, S, and Si were detected as
minor elements (data not shown). This result was
consistent with a previous report showing that C, O,
and Ca constituted the three major elements of the
aerobic granule [32].

As shown in Fig. 5(a), aerobic granule has a large
number of pores, so the metal-dissolved solution pen-
etrates well through the pore into the center of aerobic
granule and result in whole body of aerobic granule
acting as an active site for metal uptake. In order to
look into the distribution of the adsorbed heavy metal
in aerobic granules and to verify metal uptake in sur-
face layer, in middle zone, and center of aerobic gran-
ule, EDX spectra were obtained. As shown in Fig. 5(a),
number 2, 3, 4, and 5 spots were checked for the aero-
bic granule used for Cu®* adsorption, respectively. As
shown in Fig. 5(b)—(e), sphere type of particle in num-
ber 2 spot is mainly constituted of calcium lump
already mentioned above. Compared to weight % of
Cu element observed in number 3 (6.06%), 4 (30.34%),
and 5 (29.16%) spots, it indicates that Cu®* ion uptake
has occurred even in the middle zone and in the cen-
ter of aerobic granule.

As shown in Fig. 6(a)-(c), EDX spectra were
obtained in surface layer (no. 16 spot), in middle
zone (no. 17 spot), and in the center (no. 18 spot) of
aerobic granule used in Co®* adsorption, respectively.
Compared to weight % of Co element observed in
number 16 (3.11%), 17 (4.26%), and 18 (2.52%) spots,
it reveals that Co”* ion uptake has occurred in the
whole body of aerobic granule. This result also can
explain the phenomena that Co®* adsorption having
low affinity in Langmuir model shows high metal
uptake value because the whole body can act as an
active site for Co®* ion adsorption, even if the affinity
for Co uptake is low. Even if the linear plots of 1/Q,
against 1/C, show that the adsorption of six different
heavy metals ions by aerobic granules fits very well
to Langmuir model (Fig. 3), it is not clear that
Langmuir model can be recommended to analyze
biosorption by granules, because the EDX result
showing the whole body of granules can act as an
active site for heavy metal sorption which was not
corresponded to the Langmuir model’s assumption
that equilibrium is attained when a monolayer of the
adsorbate molecules saturates the adsorbent. It is also
verified that there is little difference of the affinity of
the adsorbent for the six different ions (1 =1.23-1.52)
in Freundlich model.

As shown in Fig. 7(a)-(c), EDX spectra were
observed for Fe** ions in surface layer (no. 19 spot),
in middle zone (no. 20 spot), and in the center
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Fig. 5. EDX spectra at specific spots of aerobic granular sludge for Cu®* adsorption [(a): FESEM projection of aerobic
granular sludge with scattered spots labeled, (b): EDX spectrum at point 2, (c): EDX spectrum at point 3, (d): EDX spec-

trum at point 4, and (e): EDX spectrum at point 5].

(mo. 21 spot) of aerobic granule used in Fe®*
adsorption, respectively, because the highest metal
uptake capacity (232mg of Fe**/g of granules) was
obtained in this experiment. Compared to weight %
of Fe element observed in number 19 (21.20%), 20
(24.73%), and 21 (40.78%) spots, it is clear that the
penetration of dissolved metal solution to the center
of aerobic granule has occurred, which confirms that
metal uptake can occur even in the center of aerobic
granule. The similar result was also observed in Cu
uptake.

The atomic mass percentages of the elements
obtained from the EDX analysis are summarized in
Table 2. It has been shown that aerobic granules have
a porous microbial structure with water channels [40].
Definitely, the porous structure would favor the diffu-
sion of Co%", Fe?*, and Cu®' to the center of the
aerobic granule, as observed in this study. EDX pat-
terns for the other metal case (Cd**, Mn?*, Zn?*) also
showed the similar result (data not shown). The distri-
bution pattern of the adsorbed Ni** in the aerobic
granule revealed that the binding sites for Ni**
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Fig. 6. EDX spectra at specific spots of aerobic granular sludge for Co** adsorption [(a): FESEM projection of aerobic
granular sludge with scattered spots labeled, (b): EDX spectrum at point 16, (c): EDX spectrum at point 17, and (d): EDX

spectrum at point 18].

adsorption would be available both on the surface and
inside of the aerobic granule [32], in this study, using
more various heavy metals, it is verified that the
whole body of aerobic granule acted as an active site
for metal uptake.

3.4. Contribution of granule functional groups to metal
biosorption

3.4.1. Evidence from FTIR analysis

The FTIR spectra of aerobic granules before and
after heavy metals biosorption are shown in Fig. 8.
These spectra were obtained from scanning in the
range of 500-4,000 cm™ L. Table 3 lists the main func-
tional groups corresponding to the peaks observed
on IR spectra of fresh aerobic granules. The band at
3274cm™! represented O-H stretching of polymeric
compounds in fresh aerobic granule, and the band at
2,933cm™! would be due to an asymmetric vibration
of CH,. The bands at 1,735 and 1,382cm ™! could be

attributed to the stretching vibration and deformation
vibration of C=0O of carboxylic acids, respectively. A
1,632cm ! band was the result of the stretching
vibration of C=O and C-N(amide I) peptide bond of
protein, while a 1,545 cm™! band would show stretch-
ing vibration of C-N and deformation vibration of
N-H (amide II) peptide bond of protein. The bands
at 1,183 and 1,050 cm ™! could be attributed to stretch-
ing of C-O-C and OH of polysaccharides, respec-
tively. Some bands observed in the “fingerprint”
zone could be attributed to the phosphate or sulphur
groups. Compare to Hui and Yu [29], the band, at
2,852 cm” !, that resulted from a symmetric vibration
of CH, was not observed in fresh aerobic granule in
this study.

It appears from Fig. 8 that different functional
groups would be responsible for the biosorption of
heavy metals. After the biosorption of heavy metals,
the broad stretching absorption band at 3,274 cm™'
shifted to bands in the range of 3,262-3,290 cm
which indicated that amino and hydroxyl groups were
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Fig. 7. EDX spectra at specific spots of aerobic granular sludge for Fe?* adsorption [(a): FESEM projection of aerobic
granular sludge with scattered spots labeled, (b): EDX spectrum at point 19, (c): EDX spectrum at point 20, and (d): EDX

spectrum at point 21].

Table 2

Elemental analyses of the heavy metal adsorbed aerobic granule at different depths from the granule surface

Surface zone depth

Middle zone depth

Center zone depth

. (0~100 pm) (100-300 pm) (300-500 pum)
Heavy metals Major element
weight % atomic % weight % atomic % weight % atomic %

Cu C 55.87 66.22 - - - -

o 35.12 31.25 47.07 72.86 19.16 40.24

Ca 0.97 0.34 8.15 5.04 43.43 36.40

Cu 6.06 1.36 30.34 11.83 29.16 15.42
Co C 55.52 64.35 55.48 65.29 54.07 62.68

o 39.06 33.99 36.41 32.17 41.27 35.91

Ca 0.36 0.12 1.01 0.36 0.40 0.14

Co 3.11 0.74 4.26 1.02 2.52 0.60
Fe C 39.63 57.69 39.34 56.28 20.50 36.57

o 30.11 32.90 31.78 34.13 32.77 43.90

Ca 0.68 0.30 0.85 0.37 0.27 0.14

Fe 21.20 6.64 24.73 7.61 40.78 15.65
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Fig. 8. FTIR spectra of aerobic granules before and after
Cd?*, Co?*, Cu?*, Fe?*, Mn®", and Zn** biosorption.
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responsible for the heavy metal biosorption with aero-
bic granules, respectively. It is difficult to distinguish
which group causes the shift. However, it was
observed that the bands shifted to a higher wave
number, except Fe’* sorption. After biosorption of
Cu®* and Fe®, the band at 1,735cm ™" disappeared.
Meanwhile, after biosorption of Cd?*, Co**, Mn?*, and
Zn**, the band at 1,735 cm ™" shifted slightly to a lower
wave number. These results suggest that the carboxyl
groups are involved in the binding of heavy metals,
i.e. there would be an interaction of heavy metals with
carboxyl groups [29,30]. There was no significant shift
of the band at 1,632 cm™, ascribed to the amide I band
from proteins. Meanwhile, the peak at 1,545 cam™ ! of
fresh granules, corresponded to the amide II band
from proteins, shifted to lower wave numbers, reveal-
ing the complexation of heavy metals with the func-
tional groups from proteins.

3.4.2. Evidence from XPS analysis

The XPS survey scanning spectra of aerobic gran-
ules before and after Cu®*, Co**, and Fe?* biosorption
are shown in Fig. 9. The elemental peaks detected in
the spectrum of fresh aerobic granules are C 1s, N 1s,
O 1s, Ca 2s, Ca 2p3, Ca 2pl, and Na 1s, while the
peaks of Cu, Fe, and Co were not presented in the
XPS survey scanning spectrum of fresh aerobic gran-
ules (Fig. 9(a)). The peaks of Co 2p1, Co 2p3, and Co
3s appeared after Co®* biosorption (Fig. 9(b)) and the
peaks of Fe 2pl, Fe 2p3, Fe 3s, and Fe 3p appeared
after Fe”* biosorption (Fig. 9(c)), respectively. Mean-
while, Cu 2s, Cu 3s, Cu 2pl, Cu 2p3, and Cu 3p

Main functional groups on fresh aerobic granule detected by the FTIR

Wave Wave number
number Vibration type Functional type [29]
3,274 Overlapping of stretching vibration of OH and NH OH into polymeric compounds  3,200-3,600
and amine
2,933 Asymmetric stretching vibration of CH, 2,928
1,735 Stretching vibration of C=O Carboxylic acids 1,725
1,632 Stretching vibration of C=0 and C-N (amide I) Protein (peptide bond) 1,648
1,545 Stretching vibration of C-N and deformation vibration Protein (peptide bond) 1,520
of N-H (amide II)
1,382 Stretching vibration of C=O Carboxylic acids
1,183 Stretching vibration of C-O-C Polysaccharides 1,130-1,160
1,050 Stretching vibration of OH Polysaccharides 1,056
<1,000 “Fingerprint” zone Phosphate or sulphur functional <1,000

groups
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Fig. 9. XPS survey scanning spectrum of aerobic granules before (a) and after Co** (b), Fe** (c), and Cu** (d) biosorption.

appeared in the wide scanning spectrum of aerobic
granules after Cu** biosorption, which demonstrated
that Cu was really biosorbed on aerobic granules
(Fig. 9(d)). These provide direct evidence that Co, Fe,
and Cu can be adsorbed by aerobic granules.

The X-ray photoelectron spectroscopy was used to
obtain the elemental information of aerobic granules
as well as to illustrate the interaction between the
organic functional groups in aerobic granules and the
metals adsorbed.

The functional groups were characterized by the
BE of C 1s, while the metal ions adsorbed on these
functional groups were also analyzed. The changes of
BE of the coordination carbon atom (C 1s) in aerobic
granules before and after metal biosorption are shown
in Fig. 10(a)~(d), and their area ratios are summarized
in Table 4. The C 1s spectra of these samples comprise
four peaks with corresponding BE of 284.6, 286.0,
288.0, and 289.0eV that were identified via the
deconvolution.

Following to the guidelines for XPS analysis, these
peaks are assigned to ether, alcoholic, carboxylate, and
carbonate groups, respectively [41]. As shown in
Table 4, the area distributions show that the dominant
carbon forms in aerobic granules would be ether and
alcoholic, respectively. The decrease of ether carbon
ratio after metal biosorption (Table 4) indicates that
ether-metal species might be formed in aerobic gran-
ules. Meanwhile, the area ratios of alcoholic and car-
boxylate group carbon were also changed, that is, the
alcoholic group ratio increased more after Co>* bio-
sorption and the carboxylate group ratio increased
after Cu®*, Co>", and Fe*" biosorption, respectively.
There was significant difference between the area
ratios before and after Co** biosorption, but, the car-
bonate carbon BE peak was not detected after Fe**
biosorption. These seem to indicate that the interaction
and coordination affinity between the functional
groups and metals would be more complicated than
expected [29].
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Fig. 10. XPS spectra (C 1s) of aerobic granules before (a) and after Co** (b), Fe* (c), and Cu** (d) biosorption.

Table 4
Summary of binding energies and peak ratios of C 1s spec-
tra before and after heavy metals biosorption

Peak area ratio

Peak (eV)

Fresh AG Cu®**-AG Fe**-AG Co*"-AG
284.6 57.5 54.2 50.2 427
286.0 30.4 29.4 30.6 36.7
288.0 10.1 14.9 19.2 14.6
289.0 1.99 1.5 ND 6.0

AG, Aerobic granules; ND, not detected.

4. Conclusions

Aerobic granules showed high capacity of metal
adsorption. The analysis of the experimental results of
Cd?*, Cu?*, Mn?*, Zn?**, and Co** biosorption at the
same equilibrium pH (6.0) showed that adsorbent
affinity followed the order: Cd>Mn >Zn>Cu> Co.
Compared with activated sludge [Q. (mg/g) =30-90]
for Cd** and Cu®* [14], the aerobic granules showed

higher adsorption efficiency [Q. (mg/g)=189-215.4].
For the case of Fe?*, the highest metal uptake capacity
was shown as 232mg of Fe**/g of granules in the
range of pH 2.4-3.4. It was found that both Langmuir
and Freundlich isotherm fit the adsorption data well.
Especially the R* values were larger than 0.96 in most
cases when Langmuir model is adopted. In order to
look into the distribution of the adsorbed heavy metal
in aerobic granules and to verify metal uptake in sur-
face layer, in middle zone, and center of aerobic gran-
ule, EDX spectra were obtained.

Based on FESEM-EDX spectra results, it was found
that whole granule body including the center can act
as an active site for metal uptake because a lot of pore
existed inside the aerobic granule. It is clear that the
penetration of dissolved metal solution to the center
of aerobic granule has occurred, which confirms that
metal uptake can occur even in the center of aerobic
granule.

The analyses by FIIR and XPS showed that func-
tional groups on aerobic granules, such as alcoholic,
carboxylate, and ether, would be the main binding
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sites for biosorption of heavy metals. Factors (tempera-
ture, pH, EPS content of aerobic granular sludge)
affecting the adsorption capacity, competition of heavy
metals for adsorption on aerobic granules, and regen-
eration ability of aerobic granules will be the subject
of further investigations.
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