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Abstract
Resource reuse of waste-activated sludge (WAS) from a municipal wastewater treatment plant (WWTP)
was introduced as raw material of microbial flocculant (MBF) preparation. With WAS samples of three concentrations, MBF preparation by various methods – including cation exchange resin (CER), CER-ultrasonication, CER-ultrasonication-CER, ultrasonication, ultrasonication-CER, and ultrasonication-CER-ultrasonication methods – were comparatively investigated. According to the results of chemical compositions, concentrations, and flocculating activities of the prepared MBFs, the compound methods excelled the sole methods,
and the CER-ultrasonication method was the best. Major compositions of the prepared MBFs contained polysaccharides, proteins, and nucleic acids. Improving sludge concentration was beneficial to extract MBF in high
concentrations using the above methods. Appropriate MBF mass dosage was crucial its flocculating activity
because less or more dosage would deteriorate the flocculation. The mechanism analysis indicated that CER
treatment could provide a good pretreatment for ultrasonication, but became useless when it was set after ultrasonication.
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Introduction
As a concomitant of wastewater biological treatment,
waste activated sludge (WAS) from a wastewater treatment
plant (WWTP) has become a current problem and has been
focused on for decades due to its huge production and
potential environmental pollution [1, 2]. Minimization of
sludge production coupled with recovery of valuable
*e-mail: siqingxia@tongji.edu.cn

byproducts and bioenergy is becoming increasingly critical
for sustainable sludge management [3].
Microbial flocculants (MBFs) are microorganism-produced organic macromolecule substances that can flocculate suspended solids, cells, colloidal solids, etc. [4]. With
the advantages of high efficiency, innocuity, and
biodegradability, MBFs recently have been given more
attention [5]. However, the general method of MBF
preparation is carried out by aerobic fermentation of a
purified strain in a specific culture medium. The complex
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process of screening, conservation, and culture of the
purified strains usually causes a high cost of MBF preparation, which has become the bottleneck of the MBF
application [6].
With regard to the reported strains producing MBFs,
most of them were screened out from activated sludge [6].
The strains in activated sludge can produce natural organic
macromolecule substances with flocculating activity during
the biodegradation process of organic substances in wastewater, which play a key role in both sludge-floc formation
and sludge sedimentation [6]. Tyagi et al. isolated 25 extracellular polymeric substances (EPS) producing bacterial
strains from municipal wastewater sludge, and evaluated
the bioflocculability of the obtained EPSs by measuring
their flocculating activities to kaolin suspension [7, 8]. After
treating waste sludge using hydrochloric acid (HCl) as a
solubilizing reagent, Nomura et al. found that the supernatant could function in a similar manner to commercial
flocculant in aggregating solid particles under gravity [9].
Liu et al. prepared EPS from the backwashed sludge of a
laboratory biologically aerated filter (BAF) treating cassava wastewater by low frequency ultrasonic at 80 W for 10
min in an ice bath, and utilized it as a bioflocculant for
dying wastewater treatment [10]. Yu et al. prepared the
tightly bound EPS (TB-EPS) fraction from excess sludge
by using ultrasound at 20 kHz and 480 W for 10 min, and
found its flocculating activity to kaolin suspension [11].
Thus it can be seen that WAS might become a good raw
material used to produce cheap MBFs. However, the
reported methods preparing bioflocculants from sludge are
rarely applied because they need largely consume either
hydrochloric acid (HCl) or energy.
The structural component of activated sludge flocs can
be categorized as microorganisms, organic matter (in addition to microbial cells), and inorganic cations and anions
[12, 13]. Both cation exchange resin (CER) [12, 14-17]
and ultrasonication [3, 18] are the most common and simple methods to break up the sludge flocs, which can cause
subsequent release of extracellular organic macromolecule
substances from sludge. CER can efficiently remove the
cations from the sludge matrix, leading to breakup of the
flocs and subsequent release of extracellular organic
macromolecule substances [12, 14-17]. Ultrasonication
can generate a repeating pattern of compressions and rarefactions by ultrasound wave propagating, which can
arouse cavitation in the WAS [3, 18]. The sudden and violent collapse of huge numbers of micro-bubbles generates
powerful hydromechanical shear forces in the bulk liquid
surrounding the bubbles [18]. The extreme shear forces
produced by the collapsing bubbles disrupted the sludge
matrix and released extracellular organic macromolecule
substances [7, 19]. As a matter of fact, most attention was
paid to the dewaterability or the biodegradability of the
disintegrated sludge. There are few reports about the two
methods or their compound methods directly applied to
MBF preparation from WAS.
In this paper, the resource reuse of WAS from municipal WWTP was introduced as raw material of MBF preparation. With the WAS samples of three concentrations (3.5,
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6.4 and 9.3 g/L), MBF preparation by various methods,
including CER, CER-ultrasonication, CER-ultrasonicationCER, ultrasonication, ultrasonication-CER, and ultrasonication-CER-ultrasonication methods, were comparatively
investigated. The key parameters, like chemical compositions, concentrations, and flocculating activities of the prepared MBFs, were used to compare the preparation methods. The mechanisms of MBF preparation from WAS by
these methods also were analyzed.

Materials and Methods
Waste-Activated Sludge
The WAS samples were collected from the secondary
settling tank of a full-scale municipal WWTP in Shanghai,
China. This plant treats about 60,000 m3/d of wastewater
using the anaerobic–anoxic-oxic process. The main parameters of the sludge are listed as follows: pH 6.8-7.5, TSS
7.0±1.5 g/L, and VSS/TSS 65±8%. The collected samples
were transported to the laboratory within 30 min, and subsequently stored at 4ºC and analyzed within 2 days. Then fresh
WAS would be sampled from the municipal WWTP. The
low concentration WAS (about 3.5 g/L) was obtained by
diluting the collected WAS sample by using deionized water.
The high concentration WAS (about 9.3 g/L) was obtained
by gravity thickening of the collected WAS sample.

Reagents
Kaolin clay was purchased from Sinopharm Chemical
Reagent Co., Ltd., China, and the average diameter of
Kaolin clay particles was about 45 µm. Cation exchange
resin (strong acidic styrene 001×7) was purchased from
Shanghai Huizhu Resin Co., Ltd., China. Other reagents
were of analytical grade.

MBF Preparation
According to the previous study, the optimal treatment
conditions of WAS by CER method for MBF preparation
from WAS is as follows: resin dosage 60 g/g VSS, agitation
speed 650 rpm, neutral pH, and treatment time 3 h [20].
Then the treated sludge samples were centrifuged at 12,000
rpm for 10 min at 4ºC. The bulk solutions were used as the
crude liquid MBFs for the following flocculation experiments.
The optimal treatment conditions of WAS by ultrasonication method for MBF preparation from WAS is as follows: frequency 20 kHz, pulse style 4 s, power density 2.7
kW/L, neutral pH, and treatment time 2 min [21]. Then the
treated sludge samples were centrifuged at 12,000 rpm for
10 min at 4ºC. The bulk solutions were used as the crude
liquid MBFs for the following flocculation experiments.
For simplification, the CER treatment is denoted as R,
the ultrasonication as U, and the centrifugation as C. With
centrifugation (C) as a control, various methods – including
the CER method (R-C), the ultrasonication method (U-C),
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Flocculating activity (FA) of prepared MBF was measured using a previous method in which Kaolin clay was
chosen as the suspended solid [22, 23]. 4 g Kaolin clay, 3.0
ml of CaCl2 (1%, w/v), and 2.0 ml of MBF, were added into
95 ml distilled water in 100-ml test tubes in turn. Then the
mixture was vigorously stirred and allowed to stand for 5
min. The optical density (OD) of the clarifying solution was
measured with a spectrophotometer (HACH, DR 2800) at
550 nm. A control experiment was prepared using the same
method, but the MBF was replaced by distilled water. The
flocculating activity was calculated according to Eq. (1).
All experiments were performed in triplicate for the mean
calculation.

FA = ((B-A)/B) × 100%

(1)

...where FA is flocculating activity, A the optical density of
the sample experiment at 550 nm, and B the optical density of control experiment at 550 nm.

Analytical Techniques
The sludge parameters, including total suspended solid
(TSS) and volatile suspended solid (VSS), was analyzed
following the standard methods [24]. The polysaccharide
contents in the prepared MBFs were determined by the phenol-sulfuric acid method using glucose as the standard solution [25]. The protein contents in the prepared MBFs were
measured by the Bradford method with bovine serum albumin (BSA) as the standard [26]. The nucleic acid contents
in the prepared MBFs were determined by the diphenylamine colorimetric method using calf thymus deoxyribonucleic acid as the standard [27].

Results and Discussion
MBF Preparation from Low Concentration WAS
With the WAS sample of low concentration (about 3.5
g/L), various MBF preparation methods were comparatively investigated. Both the chemical compositions and the
concentrations of the prepared MBFs from the low concentration WAS were analyzed. As shown in Fig. 1, no obvious
effect on the MBF preparation was observed when the low
concentration WAS was simply treated by centrifugation,
meaning that MBF didn’t lie in the supernatant of WAS
[11]. Both the CER method and the ultrasonication method
were effective in MBF preparation. The MBF preparation
efficacy by any compound method was higher than that
solely by the CER method or the ultrasonication method.
The prepared MBFs mainly consisted of polysaccharides

Composition and cocentration of MBF (mg/L)

Flocculation Experiments

(about 30%), proteins (about 40%), and nucleic acids
(about 30%). The highest MBF concentration (about 170
mg/L) was obtained when the CER-ultrasonication method
was used to extract MBF from the low concentration WAS.
The MBF yield was about 47 mg MBF/g TSS, and about 78
mg MBF/g VSS.
With the MBF volume dosage of 2% (v/v), the flocculating activities of the MBFs prepared from the low concentration WAS by various preparation methods were
shown in Fig. 2. The flocculating activity of the MBF prepared by the ultrasonication method was markedly higher
than that of the MBF prepared by the CER method. The
flocculating activity of the MBF prepared by CER-ultrasonication method was over 70% under the MBF volume
dosage of 2% (v/v) (0.84 mg MBF/g Kaolin), which is
higher than that of the MBF prepared by any other method.
The flocculating activities of the prepared MBFs by various
methods were almost consistent with the MBF concentrations.
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Fig. 1. Comparison of various methods in both compositions
and concentrations of the prepared MBFs from the low-concentration WAS (3.5 g/L).
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the CER-ultrasonication method (R-U-C), the CER-ultrasonication-CER method (R-U-R-C), the ultrasonicationCER method (U-R-C), and the ultrasonication-CER-ultrasonication method (U-R-U-C) – were carried out to extract
MBF from WAS.
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Fig. 2. Comparison of various methods in the flocculating
activities of the prepared MBFs from the low-concentration
WAS (3.5 g/L) at the MBF volume dosage of 2% (v/v).
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MBF Preparation from Middle
Concentration WAS
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Fig. 3. Comparison of various methods in both compositions
and concentrations of the prepared MBFs from the middle concentration WAS (6.4 g/L).
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Fig. 5. Comparison of various methods in both compositions
and concentrations of the prepared MBFs from the high concentration WAS (9.3 g/L).
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Composition and cocentration of MBF (mg/L)

With the WAS sample of middle concentration (about
6.4 g/L), various MBF preparation methods were comparatively investigated. As shown in Fig. 3, the prepared MBFs
from the middle concentration WAS were similar with
those from the low concentration WAS in chemical compositions, but showed higher concentrations. The highest
MBF concentration (about 276 mg/L) was obtained when
the CER-ultrasonication method was used to extract MBF
from the high-concentration WAS. The MBF yield of middle concentration WAS was about 43 mg MBF/g TSS, and
about 71 mg MBF/g VSS, a little lower than that of low
concentration WAS.
With the MBF volume dosage of 2% (v/v), the flocculating activities of the MBFs prepared from the middle concentration WAS by various methods were shown in Fig. 4.
Contrary with the results of the low concentration WAS, the
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Fig. 6. Comparison of various methods in the flocculating
activities of the prepared MBFs from the high concentration
WAS (9.3 g/L) at the MBF volume dosages of 2%, 1% and
0.8% (v/v).

flocculating activity of the MBF prepared by CER-ultrasonication method was only about 35% under the MBF volume dosage of 2% (v/v) (1.38 mg MBF/g Kaolin), lower
than those of MBFs prepared by other methods. This might
be caused by superfluous MBF mass dosage deteriorated
by the flocculation effect [30].
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Fig. 4. Comparison of various methods in the flocculating
activities of the prepared MBFs from the middle concentration
WAS (6.4 g/L) at the MBF volume dosages of 2% (v/v).

To further examine the effect of WAS concentrations
on MBF preparation methods, various MBF preparation
methods with the WAS sample (about 9.3 g/L) were comparatively investigated. As shown in Fig. 5, the prepared
MBFs from the high-concentration WAS also were similar to those from the low and the middle concentration
WAS in composition, but showed highest concentrations.
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Mechanism Analysis of MBF Preparation
by Compound Methods
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Fig. 7. Relationships between MBF mass dosage and its flocculating activity.

For each of the compound methods, the concentration of
the MBF from the high concentration WAS is 2 to 3 times
that of the MBF from the low concentration WAS. It indicates that all the prepared MBFs are of similar flocculation performance, and their flocculating activities might
be mainly influenced by the MBF mass dosages. The
highest MBF concentration (about 370 mg/L) also was
obtained when the CER-ultrasonication method was used.
Accordingly, improving sludge concentration was beneficial to extract high concentration MBF by the above methods. The MBF yield of high concentration WAS was about
40 mg MBF/g TSS, and 66 mg MBF/g VSS, lower than
those of low concentration WAS and middle concentration
WAS. Mass transferring efficiency in WAS was reduced
little by little with rising sludge concentration, which
might cause the decreasing MBF yield with rising WAS
concentration.
Considering the effect of MBF mass dosage on the
flocculation effect, with three MBF volume dosages (2%,
1%, and 0.8%, v/v), the flocculating activities of the
MBFs prepared from the high concentration WAS by various preparation methods were shown in Fig. 6. The flocculating activities varied with the MBF volume dosage,
and no obvious rules can be found. To clarify the phenomena, the mass dosage was calculated and presented in
terms of mg MBF/g kaolin. Based on the results of Figs.
2, 4, and 6, the relationship between MBF mass dosage
and flocculating activity was obtained and shown in Fig.
7. It can be found that appropriate MBF mass dosage is
crucial to its flocculating activity because less or more
dosage would deteriorate the flocculation, just like other
flocculating agents [28, 29]. Less MBF mass dosage
means not enough MBF molecules to adsorb the suspended Kaolin clay particles, and to bridge between them [30].
On the other hand, more MBF mass dosage would inhibit
small flocs growing into big ones caused by the stronger
repulsion force between them [30]. From Fig. 7, the optimal MBF mass dosage for its flocculating activity is about
0.84 mg MBF/g Kaolin.

From Figs. 1, 3, and 5, the MBF concentrations were
markedly improved when various compound methods of
the CER method and the ultrasonication method were used
to extract MBF from WAS. For WAS samples of various
concentrations, all the highest MBF concentrations were
obtained by the CER-ultrasonication method, which
exceeded the sum of the MBF concentrations obtained solely by the CER method and the ultrasonication method. This
means that the CER method not only released the extracellular organic macromolecule substances, but also provided
a good pretreatment for the subsequent ultrasonication
method by breaking up the sludge matrix [14]. The reversal
sequence treatment of this method is the ultrasonicationCER method. The MBF concentration obtained by the latter method is close to that obtained solely by the ultrasonication method, indicating that the subsequent CER treatment was nearly idle or even negative for the MBF preparation after ultrasonication disrupted the sludge matrix. This
phenomenon also appeared when the CER-ultrasonicationCER method was used for MBF preparation from WAS. As
for the ultrasonication-CER-ultrasonication method, it was
equal to the addition of the ultrasonication treatment after
the ultrasonication-CER method, the MBF concentration
also increased because of the last ultrasonication after the
CER treatment.

Conclusions
Resource reuse of WAS from municipal WWTP was
achieved by the CER method, the ultrasonication method,
or their compound methods. Among these methods, the
CER-ultrasonication method excelled at the MBF concentration. Containing polysaccharides, proteins, and nucleic
acids, the major compositions of the MBFs prepared from
WAS of various concentrations were similar. The MBF
concentration increased with rising sludge concentration.
The mechanism analysis indicated that CER treatment
could provide a good pretreatment for ultrasonication, but
became useless when it was set after ultrasonication.
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