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In general, majority of biomaterials have shown good biosorption capacities towards certain of metal
ions. In this work, microbial flocculant GA1 (MBFGA1) compound with PAC was used to control the
residual aluminum in flocculation water treatment. The fluorescence spectrophotometry combined with
different pretreatment methods was employed to divide the species of aluminum and determine their
concentration. The results indicated that non-labile monomeric aluminum was the dominant specie in
residual aluminum and addition of MBFGAT1 could efficiently eliminate them. Two quadratic polynomial
models with the response variables of flocculating rate and labile monomeric aluminum concentration
were established by response surface methodology, respectively. The optimal flocculating conditions
were MBFGA1 at 109.37 mg/L, PAC at 81.87 mg/L, initial pH at 8.5, time duration of stir 72.5 min and
ambient temperature at 24.3 °C. Fourier transform-infrared spectra and environmental scanning electron
microscope analysis indicated that MBFGAT1 holded a large number of functional groups, which had strong
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capacity on binding aluminum and reducing its residual level during coagulation—flocculation.
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1. Introduction

Some aluminum-based compounds and polymers such as alum,
aluminum chloride and poly aluminum chloride (PAC) are widely
employed as reactants for coagulation—-flocculation in water treat-
ment to reduce turbidity, color, organic matter and microorganism
levels by forming aggregates and flocs from finely divided par-
ticles or dissolved substances [1]. However, it was reported that
aluminum coagulants could complex with residual natural organic
matter (NOM) during water treatment and notably increase the
residual level of aluminum [2,3]. Despite its high efficiency in water
treatment, the residual aluminum in drinking water supplied from
the plant reduced efficiency of disinfection and decreased carrying
capacity of water distribution systems due to post precipitation
on the wall of water supply network [4,5]. Furthermore, it has
been reported in numerous studies that the aluminum substances
remained in the outlet water was always associated with various
health problems such as Alzheimer’s disease [6].

In response, many countries and regions have promulgated var-
ious regulations to control the maximum concentration level of
residual aluminum in water treatment at 0.2 mg/L as guided by
World Health Organization (WHO). Although this value is not based
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on any assessment of risks to health, it provides a compromise
between the use of aluminum-based salts in water treatment and
discoloration of distributed water [7]. Fortunately, under appropri-
ate operating conditions, concentrations of aluminum at 0.2 mg/L
or less are achievable in large water treatment plants. But small-
scale treatment might experience some difficulties in attaining this
level, because small size of the coagulation-flocculation device pro-
vides little buffering for fluctuation in operation, which would have
a negative effect on the removal of residual aluminum [8]. Con-
sequently, a positive method should be developed to reduce the
residual aluminum concentration, besides controlling the operat-
ing conditions.

MBFGAT is a kind of microbial flocculant harvested from the
fermentation liquid of Paenibacillus polymyxa GA1. In our previous
studies, we had optimized its coagulation—flocculation conditions
when it was composited with PAC to enhance flocculating activ-
ity and reduce costs [9]. In addition, MBFGA1 belongs to a kind
of extracellular polymeric substances (EPS) that are complex mix-
tures of macromolecular polyelectrolytes with variable molecular
mass and structural properties including polysaccharides, proteins
and nucleic acids [10]. Depending on the chemical composition and
structure, EPS exhibit ability for complex-binding with metal ions,
and this is also a fundamental extracellular mechanism for protec-
tion of the cells [11,12]. Therefore, it is interesting to investigate the
influence of composite flocculant of MBFGA1 and PAC on residual
aluminum in water.
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Nomenclature

a optical density of the sample at 550 nm
Al, total monomeric aluminum

Al; labile monomeric aluminum

Al non-labile monomeric aluminum

Al; acid-soluble aluminum

Alp total aluminum

b optical density of the control at 550 nm
BSE backscatter electron

CCD central composite design

EDS energy dispersive spectrometer

EPS extracellular polymeric substances
ESEM  environmental scanning electron microscope
FR flocculating rate (%)

FT-IR Fourier transform-infrared spectrometer

MBFGA1 microbial flocculant GA1

NOM natural organic matter

oD optical density

PAC poly aluminum chloride

RCF relative centrifugal force (g)

RSM response surface methodology

SE secondary electron

WHO  World Health Organization

X1 initial pH

Xo dosage of MBFGA1 (mg/L)

X3 dosage of PAC (mg/L)

X4 time duration of stir (min)

X5 ambient temperature (°C)

Xi, X;j independent variables

V1 response variable of flocculating rate
V2 response variable of Al; concentration
Bo offset term

Bi i linear coefficient

Bii i quadratic coefficient

Bij interaction term between x; and x;

Aluminum exists in natural solutions with various chemical
species, which are found to be the most important indicator for its
toxicity. For example, the organically bound aluminum is less toxic
than the inorganic aluminum, and polynuclear aluminum, such
as Aly304(0H),4(H,0)1,7*, is the most toxic form for its unstable
chemical properties [13-16]. According to the popular classifica-
tion method [17,18], in this study, aluminum was divided into
five operationally defined species: total Al (Alr), total monomeric
Al (Aly), labile monomeric Al (Al;), non-labile monomeric Al (Aly)
and acid-soluble Al (Al;), by respective pretreatment based on the
fluorescence spectrophotometry [19]. For one thing this classifi-
cation provided further information on the relationship between
MBFGAT1 and the toxicity of residual aluminum; for another it
contributed to a better understanding of the effect of MBFGA1
on the distribution of aluminum species. Moreover, the response
surface methodology (RSM), an effective tool for building a multi-
variable equation and determination of their optimal values [20],
was employed to optimize the conditions of coflocculation process
and to investigate the interactive effects of experimental factors.
Meanwhile, the flocculating rate and concentration of Al;, consid-
ered as a representative form in harmfulness, were defined as the
response variables, and the optimal conditions were their compro-
mised results.

2. Materials and methods
2.1. Bacterium strain and fermentation

GA1, flocculant-producing strain CCTCC M206017 which was
identified as P. polymyxa by 16S rDNA sequence and its biochemical
and physiological characteristics, was originally isolated from the
soil sample collected in the Yuelu Mountain of Changsha, China. The
composition of the seed medium was as follows: peptone 10.0 g,
beef extract 3.0g and NaCl 5.0¢g in 1L distilled water adjusted to
pH 7.0. The fermentation medium consisted of sucrose 40.0 g, yeast
extract4.0g,K;HPO4 5.0 g, KH,PO4 2.0 g,NaCl 0.1 gand MgS040.2 g
dissolved in 1L distilled water adjusted to pH 7.0. After 72 h of cul-
tivation, the fermentation liquid with the effective components of
17.5 g/L was stored in 4°C, and it will be utilized directly in further
flocculation [21].

2.2. Flocculation experiment

Kaolin was chemically pure grade (Damao Chemicals, China)
and its suspension was prepared at the concentration of 3g/L
with average particle size and Zeta potential at 23.75 um and
—11.4mV, respectively (Zetasizer 2000 Malvern Instruments). The
upper phase was used for the flocculating experiment after 1 h of
stir at 300 rpm and 2 h of gravity settlement.

Three kinds of flocculants, PAC, MBFGA1 and their composi-
tion, were employed in the flocculation experiment to explore the
influence of MBFGA1 on residual aluminum species distribution.
The optimum dosage of PAC and MBFGA1 were 125.00 mg/L and
131.25 mg/L, respectively, according to previous study [9]. In order
to achieve accurate and comparable results, the composite floccu-
lant was consisted of 125.00 mg/L PAC and 131.25 mg/L MBFGA1.
Furthermore, the flocculating rates (FRs), calculated by Eq. (1) in
which a and b are the optical densities (ODs) of the sample and
control, respectively, at 550 nm [22,23], were maintained beyond
98%.

(b—a)
b

In general, most of the cell surfaces are anionic [24], and many
studies showed that soluble metal ions in the environment could be
captured by cell wall because of negative charged groups attached
within its fabric [25]. Therefore, cells of GA1 existing in the fermen-
tation liquid may help to reduce the residual aluminum. In order to
distinguish that effect made by the molecule of MBFGAT1 from the
cell of GA1, the flocculation experiment was divided into two steps.
Firstly, cells in fermentation liquid were isolated by spinning at a
relative centrifugal force (RCF) of 2000 for 30 min at 4°C, and the
supernatant was applied to the composite flocculant in the floccula-
tion. Secondly, the isolated cells were dispersed in the sterile water
with the same volume of the fermentation liquid, and then this cell
solution was added in the upper phase of the kaolin suspension
flocculated in the first step.

FR — x 100% (1)

2.3. Measurements of aluminum species

The water sample was pretreated according to the process
showed in Fig. 1. In the filtration step, the mixed cellulose esters
membrane (MF-Millipore, Millipore Corp., USA) with 0.45 pwm
micropore was employed to remove colloidal and particulate mate-
rials. In the digestion step, the water sample was acidified to pH 1.0
for 24 h by addition of concentrated nitric acid. And in the measure-
ment step, methods of 8-HQ and morin were applied to determine
the concentration of Alr, Al; and Al;, respectively [20]. Last, [Alo]
was obtained by difference as [Al;] — [Al;]; [Al;] was obtained by
difference as [Alr] — [Al].
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Fig. 1. Pretreatment process for determination of different aluminum species.

2.4. RSM experimental design

The central composite design (CCD), a standard RSM, was
selected for the optimization of the factors which affected the floc-
culating activity. In this design, five factors were initial pH (x1),
dosage of MBFGA1 (x;) and PAC (x3), time duration of stir (x4) and
ambient temperature (x5 ), respectively. All factors were controlled
at five levels. The response variable (y) that represented flocculat-
ing rate or concentration of Al; was fitted by a second-order model
in the form of quadratic polynomial equation:

y=Pp+ Z,Bixi + Zﬂijxixj + Z,Biisz (2)
i—1 i—1

i<j

where y is the response variable to be modeled, x; and x; are inde-
pendent variables which determine y, 8o, B; and B;; are the offset
term, the i linear coefficient and the quadratic coefficient, respec-
tively. B is the term that reflects the interaction between x; and x;
[26]. The actual design ran by the statistic software, Design-expert
7.1.3 (Stat-Ease Inc, USA), is presented in Table 1.

2.5. Characterization of aluminum biosorption

The crude product of MBFGA1 was extracted from the cen-
trifuged fermentation liquid by precipitation with double volumes
of ice-cold acetone at 4°C for 24 h, washed with 95% (v/v) ethanol
and vacuum dried to remove residual acetone. To eliminate the
interference brought by the salts and other small molecules, crude
MBFGA1 was re-dissolved into deionized water with water bath
heating, and was dialyzed against ultrapure water using dialysis
tubing (MD34, Solarbio, PRC). After 72 h of dialysis, the internal
fluid was lyophilized, and the dried fraction was used as purified
MBFGAT1 for the further analysis.

Since MBFGAT1 is a kind of extracellular polymers and difficult
to dissolve in water at room temperature, the biosorption experi-
ments were conducted by agitating 0.5 g of purified MBFGA1 with
200 ml of AICl3 solution at pH 4.0. A magnetic stirrer was employed
to stir the mixed solution at 200 rpm for 2h to ensure that the

adsorption reached equilibrium quickly. The undissolved material,
as the role of sorbent, was collected by centrifugation, and followed
by vacuum freeze-drying.

In order to qualitatively analyze the major roles of residual alu-
minum uptake, Fourier transform-infrared spectrometer (Nexus
870, Nicolet, USA) was used to detect vibration frequency changes
in the functional groups on MBFGA1 before and after exposed to
AICI5 solution.

The surface morphology of original and aluminum adsorbed
MBFGA1 were also studied using an environmental scanning
electron microscope (ESEM) (Quanta 200 FEG, FEI, USA) in low
vacuum mode at an acceleration potential of 20 kV. Furthermore,
microanalysis of the aluminum adsorbed MBFGA1 was carried out
with an energy dispersive spectrometer (EDS) equipped on the
Quanta 200.

3. Results and discussion
3.1. Distribution of the residual aluminum species

The concentrations of residual aluminum in different species
were determined after coagulation-flocculation using different
flocculants and treatment methods. The results are shown in Fig. 2.
According to concentration comparison in the group of Aly, PAC
alone leads to the highest residual aluminum level of 9.012 mg/L.
However, when PAC was composited with MBFGA1, this value
decreased to 5.327 mg/L at the same dosage of PAC addition. Obvi-
ously, MBFGAT1 exhibited a strong ability to eliminate the residual
aluminum mainly originated from the aluminum-based compo-
nents of PAC. Correspondingly, residual aluminum in the sample of
kaolin suspension without the application of PAC still reached up to
7.076 mg/L, which indicated that turbidity could elevate the prob-
ability of residual aluminum, especially when the kaolin belongs
to a kind of hydrated aluminum silicate [27]. For that reason, the
flocculating rates in this part were maintained beyond 98% and
minimized the influence brought by the suspended kaolin. In addi-
tion, compared with the basic standard of 0.2 mg/L, concentrations
of Alt generally improved more than one order of magnitude except
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Table 1

Coded levels for 5 variables framed by CCD.
Factors Codes Coded levels

-2.38 -1 0 1 2.38

Initial pH X1 7.00 7.87 8.50 9.13 10.00
MBFGAT1 (mg/L) X2 50.00 78.98 100.00 121.02 150.00
PAC (mg/L) X3 50.00 78.98 100.00 121.02 150.00
Time (min) X4 0.0 52.2 90.0 127.8 180.0
Temperature (°C) X5 10.0 18.7 25.0 313 40.0

the sample using MBFGAT1 only. This phenomenon could be due to
the coagulation-flocculation jar test in small-scale, which had a
negative effect on the removing of residual aluminum.

Comparing Al; with Al,, it is obvious that Al; dominates the
species of residual aluminum because Al; mainly included partic-
ulates and extremely non-labile organic complexes [17], and most
of them were removed from water by the coagulation-flocculation.
Moreover, the significantly increased Al; of the kaolin suspension
also demonstrated that the coagulation-flocculation process was
an overwhelming factor on the decreasing of residual Al;. Accord-
ingly the negative value of Al; removing rate might derive from the
fluctuation of flocculating rates between PAC and PAC + MBFGAL.

Similarly, comparing Al; with Al,, it is obvious that Al, dom-
inates the species of residual aluminum in Al; and Al; removing
rate reaches the maximum value as 55.4% compared with the oth-
ers. Because Al; was mainly composed of aquo aluminum as well
as inorganic complexes of aluminum such as Al3*, AI-OH, Al-F
and Al-SO4, which were chemically labile forms and could easily
adsorb on the functional groups of organic substances by means
of chelation. Besides, the electrostatic charge might be another
important factor affecting the adsorption behavior of Al; due to
their strong polarity [28]. Altogether, Aly, including monomeric
alumino-organic complexes, is the dominant species of the residual
aluminum after the coagulation-flocculation.

According to the values in the group of Alr, Al; and Al,, it is
obvious that the concentration of residual aluminum decreased
successively, which suggested that both MBFGA1 and GA1 cells
have certain metal-binding capacity to eliminate the residual alu-
minum. However, it is interesting that the value in the group of Al;
increased to 0.214 mg/L after the upper phase of the kaolin sus-
pension had been treated by GA1 bacteria liquid. For one thing

10

—@— Al removing rate
F . PAC 60
= I PAC+MBFGAI(no cell)
I PAC+MBFGAI(no cell)

+bacteria liquid
N PAC+MBFGAI
I MBFGAI 40
Kaolin suspension

20

Concentration (mg/L)
Removing rate (%)

5]

Alr Ala Ali Alo Alr

Aluminum species

Fig. 2. Comparison of residual aluminum concentrations and removing rates in dif-
ferent species after finishing the coagulation-flocculation process using different
flocculants and treatment methods. (The number on the bar represents the mean
value of concentration derive from parallel test. The straight line represents the
variation of removing rates which were calculated by the difference of residual
aluminum concentration between PAC and PAC+MBFGAT1 in 5 kinds of species,
respectively.)

it was almost impossible to introduce fresh aluminum species by
the addition of cell solution; for another it was generally agreed
that the microbial cell walls were mainly responsible for the metal
biosorption [29,30], thus the residual aluminum, especially in the
chemically labile form of Al;, was liable to interact with the active
binding cites on the cell walls and turned into another forms.
In addition, morin (3,5,7,2’,4’-pentahydroxy flavone) is a pheno-
lic compound derived from hydroxyl substitution on the flavone
chromophore and itis only weakly fluorescent in nature [31]. By flu-
orescence microscope analysis (BX61, Olympus, Japan), as shownin
Fig. 3, florescence intensity is increased at cell wall and cytoplasm
of GA1 cells when they are treated with morin. This increase indi-
cates that morin may chelate with other non-paramagnetic ions
[32] and form fluorescent complexes. Consequently, the increased
fluorescence intensity is independent of the residual aluminum.
Considering the maximum removing rate of Al;, this phenomenon
indirectly demonstrates that MBFGA1 has a strong metal-binding
capacity to eliminate Al;, which makes sense for reducing the tox-
icity of residual aluminum.

3.2. Experimental results of RSM

The response variables of flocculating rate and Al; concentra-
tion were obtained from 50 groups of experiments which were
summarized in Table 2.

3.2.1. Data analysis of flocculating rate as the response variable
Eq.(3) represents empirical relationship in the form of quadratic

polynomial between the flocculating rate (y) and the other 5 fac-
tors (x1-Xs).

y1 = 99.16 — 0.47x1 — 1.18x; + 0.65x3 — 4.55x4 + 3.86x5
—0.61x1x3 + 0.15x1x3 — 0.40x1x4 + 0.88x1x5 — 0.40x5X3
—0.71x3x4 + 1.07x3x5 + 2.13x3x4 — 1.43X3X5 + 5.05X4X5
~1.11x3 — 0.50x3 — 0.61x3 — 2.07x2 — 0.91x2 (3)

Fig. 3. Fluorescence micrograph of GA1 cells by 100x oil objective lens.



J. Huang et al. / Chemical Engineering Journal 191 (2012) 269-277

273

Table 2
CCD design and response values.
Run Coded values Real values Response
X1 X2 X3 X4 X5 X1 X2 (mg/L) X3 (mg/L) X4 (min) x5 (°C) Flocculating rate (%) Al; (mg/L)
1 -1 1 1 -1 1 7.87 121.02 121.02 52.2 313 90.83 0.444
2 1 -1 1 -1 1 9.13 78.98 121.02 52.2 31.3 98.27 0.450
3 2.38 0 0 0 10.00 100.00 100.00 90.0 25.0 95.58 0.330
48 0 0 0 0 0 8.50 100.00 100.00 90.0 25.0 99.40 0.154
49 -1 1 -1 -1 7.87 121.02 78.98 127.8 18.7 71.71 0.427
50 1 1 -1 -1 -1 9.13 121.02 78.98 522 18.7 99.69 0.226

The statistical testing of this model was performed with
Fisher’s statistical method for analysis of variance (ANOVA).
The results indicated that the second-order equation fitted
well, for model F-value of 8.12 was greater than Fyg1(20,
29)=2.57, value of ‘Prob>F <0.0001 was less than 0.05, and
the total determination coefficient R reached 0.85. The sig-
nificance testing for the coefficient in Eq. (3) are listed in
Table 3.

In the linear terms, time duration of stir and ambient temper-
ature were significant. Undoubtedly, sustained stir for a long time
could destroy the structure of formed flocs and release kaolin par-
ticles back to the suspension. For ambient temperature, Patience’s
study [33] had demonstrated that temperature induced the change
of conformation and polymer structure type, and it played an
important role in flocculation of kaolin dispersions. Among the
higher order effects, the quadratic term of time duration was sig-
nificant. Moreover, it was different from the previous study [9] that
initial pH was not a significant factor to determine the flocculating
rate anymore. This phenomenon might result from the compressed
variation range of initial pH value, which ensured the flocculating
effect and the comparability of residual aluminum. The interac-
tion terms with significant effect are shown in Fig. 4(a) and (b),
respectively.

Fig. 4(a) shows the change of flocculating rate with the variation
of time duration of stir and ambient temperature in the experi-
mental ranges, while initial pH, dosage of MBFGA1 and PAC are
kept at central level. The curved surface and the curvature of con-
tour on the bottom indicate that, at low temperature, the value of
flocculating rate decreases sharply with increasing the time dura-
tion. While this phenomenon is not significant at high temperature,
which might attribute to the decreased turbulent shear stress one
of the critical factors affecting the flocculating rate [34]. In addition,
the curved surface dropping with the decreased temperature also
demonstrates that the variation of turbulent shear stress does exist
especially for a long duration.

Fig. 4(b) shows the change of flocculating rate with the varia-
tion of time duration of stir and dosage of PAC in the experimental
ranges, while initial pH, dosage of MBFGA1 and ambient temper-
ature are kept at central level. This figure also indicates that time
duration of stiris always an important factor to influence the floccu-
lating rate. While, different from general flocculation experiments,
the effect of the flocculant dosage is not significant, especially for
a short duration. This might attribute to the compressed variation

range of PAC dosage for the sake of the comparability of residual
aluminum.

3.2.2. Data analysis of Al; concentration as the response variable

Eq. (4) represents empirical relationship in the form of quadratic
polynomial between the Al; concentration (y;) and the other 5 fac-
tors (x1-Xs).

y2 = 0.16 +5.17 x 1073x; — 0.012x3 + 0.033x3 + 0.014x,4
—3.81 x 1073x5 — 6.19 x 107 3x1x3 — 1.85 x 10 >x;x3
—7.92 x 1073x1X4 + 5.83 x 1073x1x5 + 1.54 x 10 3x5x3
+0.019x3x4 + 0.015x3x5 — 0.035x3x4 + 9.09 x 10’3x3x5
—0.022x4x5 + 0.029x7 + 0.029x3 + 0.029x% + 0.047x3

+0.053x2 (4)

The ANOVA results indicated that the second-order equation
fitted well, for model F-value of 5.24 was greater than Fy (20,
29)=2.57, value of ‘Prob>F <0.0001 was less than 0.05, and R?
reached 0.78. The significance testing for the coefficient in Eq. (4)
are listed in Table 4.

In the linear terms, dosage of PAC was significant and unique,
which played a decisive role in residual Al; concentration because
majority of residual aluminum originated from this part. Among
the higher order effects, all of the quadratic terms were signifi-
cant. One possible reason is that initial pH, time duration of stir
and dosage of MBFGA1 and PAC might affect the variation of floc-
culating rate hence the level of residual aluminum. In addition,
the significant quadratic effect of ambient temperature might be
related to potential biosorption of MBFGA1. On the one hand the
increased temperature could accelerate the diffusion rate of metal
ions from bulk solution to the surface of biosorbent, hence increase
the adsorption during the same time [35]; on the other hand, this
increase was only reasonably in a rather narrow temperature range,
for high temperatures could change the structure of the biomass
and destroy the active sites to some extent [36]. The interaction
terms with significant effect are shown in Fig. 4(c). According to the
contour lines on the bottom, it is obvious that both time duration
of stir and dosage of PAC have quadratic effects on the residual Al;.
Furthermore, they had similar interactions that one of the quadratic
effects would be weaken when the other was kept at higher level.
For stir, long time of stir had a negative effect on flocculating rate

Table 3

Significance of quadratic model coefficient of flocculating rate.
Independent variables Regression coefficients Degrees of freedom Standard error Prob>F
X4 —4.55 1 0.66 <0.0001
X5 3.86 1 0.66 <0.0001
X3X4 2.13 1 0.77 0.0094
X4Xs 5.05 1 0.77 <0.0001
x2 -2.07 1 0.58 0.0013

4
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Table 4

Significance of quadratic model coefficient of Al;.
Independent variables Regression coefficients Degrees of freedom Standard error Prob>F
X3 0.033 1 9.75x 1073 0.0022
X3X4 —0.035 1 0.011 0.0042
xf 0.029 1 8.61x 1073 0.0022
x5 0.029 1 8.61x 1073 0.0020
x§ 0.029 1 8.61x 1073 0.0021
xi 0.047 1 8.61x 1073 <0.0001
x2 0.053 1 8.61x 1073 <0.0001

and then raised the residual level of Al;. Nevertheless, it was helpful
for the sufficient biosorption of the residual aluminum. Similarly,
high concentration of PAC could elevate the residual aluminum
level directly, worse still when PAC concentration exceeded the
optimal amount, it leaded to the re-stabilization of the colloidal
system [37]. However, insufficient PAC could not sustain the floccu-
lation process. Consequently, there is an equilibrium point between
flocculating rate and Al; concentration.

According to the target value of the two individual responses,
flocculating rate 100% and Al; concentration 0 mg/L, the optimal
condition calculated from the regression equations were MBFGA1
at 109.37 mg/L, PAC at 81.87 mg/L, initial pH at 8.5, time duration
of stir for 72.5 min and ambient temperature at 24.3 °C. The values
of flocculating rate and Al; concentration in verification test oper-
ated under optimal condition were greater than 99% and lower than
0.136 mg/L, respectively.
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3.3. Fourier transform-infrared spectra analysis

The functional groups involved in aluminum biosorption by
MBFGA1 were elucidated using FT-IR spectroscopy. Fig. 5 shows the
FT-IR comparison between virgin and aluminum loaded MBFGA1
in the range of 4000-400 cm~. The spectra of virgin MBFGA1 (solid
line) displayed a number of absorption peaks indicating the com-
plex nature of the biomass examined. The broad bands in the range
of 3600-3200 cm~! were attributed to the stretching vibrations of
O—H and N—H groups. The absorption bands at 2935, 1651, 1268,
1134 and 1022 cm~! represented the stretching vibrations of C—H,
C=0, C—N, C—0—C and C—0, respectively. The absorption bands at
1459 and 1365 cm™! represented the asymmetric and symmetric
bending of -CH,- and ~CH3. The latter absorption band at 926 cm™!
was likely attributed to the glycosidic ring vibration. In conclusion,
the main functional groups present on MBFGA1 were carboxyl,
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Fig. 4. Surface graphs of flocculating rate and Al; concentration showing the effect of variables: (a) temperature-time, (b) time-PAC and (c) time-PAC, respectively.
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Fig. 5. Fourier transform-infrared spectra of virgin MBFGA1 (solid line) and alu-
minum loaded MBFGA1 (dotted line). (The values in black and gray represent the
wavenumbers of absorption peak, transmittance percent less than 60%, in virgin and
aluminum loaded MBFGAT1, respectively.)

amine and hydroxyl, which always played vital roles in biosorp-
tion of metal cations [38]. According to the spectra of aluminum
loaded MBFGAT1 (dotted line), the wavenumber and intensity of
some absorption peaks were shifted or changed obviously, suggest-
ing the functional groups in the binding of aluminum. In addition,
in order to eliminate the interference brought by aluminum

-
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PM|2000kV| SE 11.0mm|200x| 3.5 |ETD

———— 200 pr ———

Quanta
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precipitation, the biosorption pH was adjusted to 4.0 which might
also influence the structure of MBFGA1. For example, the vanishing
of the peaks at 1134 and 926 cm~! might derive from the hydroly-
sis of glycosidic, which could explain why the intensity of O—H and
C=0 increased. In general, increasing the pH increased the over-
all negative charge on the surface of biomass until all the relevant
functional groups were deprotonated, which favored the electro-
chemical attraction and adsorption of cations [30]. However, the
new generated absorption peaks on the spectra of dotted line in
the range of 800-400cm~! demonstrated its strong capacity on
binding of aluminum at low level of pH, which might attribute
to carboxylic groups available for the mechanism of ion exchange
[39].

3.4. Environmental scanning electron microscope analysis

Fig. 6 shows ESEM micrographs of virgin and aluminum loaded
MBFGAT1 at different scan modes, respectively. In secondary elec-
tron (SE) mode, virgin MBFGA1 prepared by vacuum freeze drying
had the flaky texture and smooth surface morphology. On con-
trast, aluminum loaded MBFGA1 became fibrous texture and rough
surface morphology. In backscatter electron (BSE) mode, strongly
related to the atomic number, the aluminum loaded MBFGA1
clearly showed the distribution of metal atoms in the form of high-
lighted spot, which might due to aluminum uptake and crystalloid
deposition.

Furthermore, EDS analysis also provided the evidence that the
aluminum had been bound on the surface of MBFGA1. As shown
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Fig. 6. Environmental scanning electron microscope graphs: (1) SE mode of virgin MBFG1 at 200x, (2) BSE mode of virgin MBFG1 at 200x, (3) SE mode of Al loaded MBFG1

at 200x and (4) BSE mode of Al loaded MBFG1 at 200x.



276 J. Huang et al. / Chemical Engineering Journal 191 (2012) 269-277

12.0-
96 -
(
7.2 -
KCnt 0
4.8 - Al Element Wi% At%
‘ CK 61.41 60,64
oK 3171 27,00
2.4 AK 05 66 0236
SiK 0034 00.16
. ci
JL L,J si . CIK 00 28 0034
0.0 T T T T

T L] T
1.00 2.00 3.00 4.00

T T
5.00 6.00 7.00 8.00 9.00

Energy - keV

Fig. 7. Energy dispersive spectrometer analysis of aluminum loaded MBFGA1. (For interpretation of the references to color in the text, the reader is referred to the web

version of the article.)

in Fig. 7, the shadow, in blue, visualized the aluminum atoms dis-
tribution which almost coincided with the shape and position of
aluminum loaded MBFGA1 fragments exhibited on the left. Mean-
while, the table and curve show the aluminum content of 5.66% in
the detection area. These clearly demonstrated a strong coordina-
tion linkage between the aluminum and the functional groups on
MBFGAT1.

4. Conclusions

Application of PAC significantly elevated the residual alu-
minum in the outlet water after small-scale treatment of
coagulation-flocculation. According to the classification method,
Al; was the dominant species in residual total aluminum and Al,
was the dominant species in residual monomeric aluminum. The
removing of the species in Al mainly depended on flocculating effi-
ciency. The biosorption behavior of MBFGA1 had a positive effect
on removing of monomeric aluminum in particular the form of Al;,
which was meaningful for reducing the toxicity of residual alu-
minum.

According to response surface methonolody, the optimal oper-
ation conditions calculated from the regression equations were
MBFGAT1 at 109.37 mg/L, PAC at 81.87 mg/L, initial pH at 8.5, time
duration of stir for 72.5 min and ambient temperature at 24.3 °C,
which maintained flocculating rate greater than 99% and Al; con-
centration lower than 0.136 mg/L.

FT-IR spectroscopy and ESEM further demonstrated that the
main functional groups present on MBFGA1 were carboxyl, amine
and hydroxyl, which played vital roles in biosorption of resid-
ual aluminum by means of surface complex reaction or ion
exchange.
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