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Abstract
The difficulties in dewatering waste-activated sludge (WAS) using mechanical devices have caused great problems in sludge trans-
portation and disposal. Herein, coagulation and flocculation are combined with the use of a magnetic field as a clean and low-energy
physical treatment method to enhance the dewaterability of municipal and citric acid–processing WAS. It is shown that the use of the
magnetic field had a significant effect on the capillary suction time (CST) of municipalWAS but not on the specific resistance filtration
(SRF) andCSTof the citric acidWAS. The differences in themagnetic field effectswere due to differences in the sludge properties. For
municipal WAS, the particle size decreased, the zeta potential remained unchanged, and the viscosity decreased, whereas in the citric
acid WAS, the particle size increased, the absolute value of the zeta potential decreased, and the viscosity increased. In addition, these
effects were also confirmed with studies of the water state and micro-morphology analyses. It is shown that the acidification of the
municipal WAS and coagulation of citric acid WAS were likely the reasons for the enhancement of their dewaterability, respectively.
This study confirmed that the use of a magnetic field combined with coagulation/flocculation may serve as an effective sludge
conditioning method; however, the treatment conditions may vary with the sludge type.

Keywords Specific resistance filtration . Capillary suction time . Extracellular polymeric substances . Sludge types . Zeta
potential . Particle size

Introduction

Waste-activated sludge (WAS) is the by-product of activated
sludge processes in wastewater treatment. Its moisture content
is usually more than 98% by mass (Mowla et al. 2013). Along

with the increasing generation of wastewater, large amounts
ofWAS are produced in wastewater treatment plants daily and
are causing issues in the wastewater and solid waste disposal
industries. Reducing the moisture content (MC) in WAS to
less than 60% is key for cost-effectively decreasing the WAS
volume, and thus further reducing the handling, storage, and
transportation cost (Mowla et al. 2013). Mechanical
dewatering is the most widely used method for reducing MC
inWAS inwastewater treatment plants; however, the mechan-
ical dewatering method without any pretreatment of the WAS
can only achieve MC of 80–98% (Wang et al. 2010).
Considering the economic and efficiency benefits,
coagulation/flocculation is one of the most commonly used
conditioning approaches prior to mechanical dewatering of
WAS (Wei et al. 2018). During coagulation/flocculation,
small colloidal particles in the sludge form larger flocs or
compact cakes that facilitate sedimentation and are easily cen-
trifuged or compressed during the mechanical dewatering.
However, even when the WAS is pretreated using coagula-
tion/flocculation, the MC reduction may not be enough. WAS
conditioned using traditional polyacrylamide still retains a

Responsible Editor: Ta Yeong Wu

* Ning Ding
dingning@btbu.edu.cn

1 State Environmental Protection Key Laboratory of Food Chain
Pollution Control, Beijing Technology and Business University,
Beijing, China

2 School of Ecology and Environment, Beijing Technology and
Business University, Fucheng Road No.11, Haidian District,
Beijing 100048, China

3 Key Laboratory of Cleaner Production and Comprehensive
Utilization of Resources, China National Light Industry, Beijing
Technology and Business University, Beijing, China

4 School of Environmental Science and Engineering, Suzhou
University of Science and Technology, Jiangsu Province, China

https://doi.org/10.1007/s11356-021-13278-x

/ Published online: 6 March 2021

Environmental Science and Pollution Research (2021) 28:35728–35737

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-021-13278-x&domain=pdf
http://orcid.org/0000-0001-9195-0615
mailto:dingning@btbu.edu.cn


MC higher than 80% after mechanical dewatering in many
wastewater treatment plants in China (Xia et al. 2016).

Physical conditioning has been used in combination with
coagulation/flocculation to improve the pretreatment perfor-
mance. In recent years, the use of magnetic fields in sludge
conditioning has gained interest because of its ability to
change the metabolisms of microorganisms in sludge and
thereby affect the characteristics of the extracellular polymeric
substances (EPS) (Cai et al. 2017) and modify the structure
and polarization of sludge molecules (Krzemieniewski et al.
2004). It was suggested that the factors that reflect the
dewaterability of sludge, such as the specific resistance of
filtration (SRF), the water content of the sludge cake (Wsc),
and the capillary suction time (CST), all decreased after plac-
ing the WAS in magnetic fields; however, these changes were
limited (Krzemieniewski et al. 2003; Xue and Chen 2014;
Zielinski et al. 2018). In combination with coagulation, the
application of magnetic fields may affect the colloidal stability
of the particles by altering the structure of water molecules and
ions adsorbed on their particle surface or in the medium, and
consequently enhance the coagulation and sedimentation
(Okada et al. 1991; Higashitani 1996). Despite these potential
enhancements in coagulation, the application of magnetic
fields to sludge conditioning combined with coagulation/
flocculation has rarely been studied (Zielinski et al. 2018).
In addition, the optimization of the magnetic field strength,
together with types and doses of coagulants and flocculants,
has hardly been reported. Consequently, the use of magnetic
fields in combination with coagulation/flocculation on the
conditioning of different types of sludge has never been
discussed and compared. This leaves a significant gap in re-
search on sludge conditioning.

Municipal wastewater sludge is the exclusive majority of
sludge produced in the world (Bennamoun 2012); hence, re-
search on improving its dewaterability has frequently been re-
ported (Pambou et al. 2016;Wang et al. 2018; Liang et al. 2019).
Citric acid is a widely used organic acid in a variety of industries
(Angumeenal and Venkappayya 2013). It is produced through
fermentation processes of crops such as corns and yams, which
results in a high volume of WAS during treatment of the pro-
cessing wastewater (Ding et al. 2018). As it has a high organic
content, citric acid WAS is considered difficult to dewater
(Skinner et al. 2015). In this study, both municipal and citric
acid–processing WAS were conditioned for dewaterability im-
provement, and the effect and mechanisms were compared and
discussed in terms of the sludge types.

The objectives of this study were to (a) investigate the
optimal conditions to enhance the dewaterability of two dif-
ferent types of sludge using a magnetic field combined with
coagulation/flocculation; (b) examine the changes on the
sludge properties at their respective optimal condition; and
(c) analyze the conditioning mechanisms of two different
sludge types.

Material and methods

Sludge samples and chemicals

Municipal WAS samples were collected from the secondary
sedimentation tank at a municipal wastewater treatment plant
in Beijing, China. Citric acid–processing wastewater WAS
were collected from the secondary sedimentation tank at a
citric acid production company in Shandong province,
China. Samples were stored at 4 °C before use. Raw WAS
were completely mixed before taking samples for experi-
ments. The properties of the WAS samples are listed in
Table 1. The pH was measured using a digital pH meter
(HQ440d, Hach, USA). CST, Wsc, and SV30 were analyzed
as described in section “Sludge dewaterability analysis.” The
measurements of the MC, volatile suspended solids (VSS),
and total suspended solids (TSS) were conducted in accor-
dance with the standard methods for the examination of water
and wastewater (American Public Health Association 2005).
Ferric chloride (FeCl3, analytical grade) was purchased from
Fuchen (Tianjin) Chemical Reagent Company (Tianjin,
China), and cationic polyacrylamide (PAM) with a molecular
weight (MW) 4,000,000 was purchased from Haoyu
Chemical Ltd. of city of Renqiu (Hebei province, China).

Experimental procedures

Single-factor experiment

The effects of the respective doses of FeCl3 and PAM on the
SRF and CST of the municipal and citric acid WAS were
evaluated. FeCl3 is a traditional coagulant that causes the
sludge to compact and settle, while PAM is a polymeric floc-
culant that enhances coagulation at minimal added concentra-
tions. For economic considerations, FeCl3 doses of 1.0–6.0 g/
L and PAM doses of 1–20 mg/L were applied to both types of
WAS. FeCl3 and PAMwere dissolved inMilli-Q water before
use. The predetermined volume of the FeCl3 solution was
added to 150 mL of sludge sample, followed by rapid mixing
at 200 r/min for 1 min, or the predetermined volume of the

Table 1 Properties of WAS samples

Sludge properties Municipal WAS Citric acid WAS

pH 7.51 ± 0.16 6.85 ± 0.13

CST (s) 12.9 ± 0.8 38.5 ± 0.7

SRF (m/kg) (16.1 ± 0.6) × 1011 (15.4 ± 0.5) × 1012

MC (%) 96.80 ± 0.88 98.43 ± 0.69

Wsc (%) 86.38 ± 0.85 96.02 ± 0.77

SV30 (mL/L) 965 ± 2 990 ± 2

VSS/TSS (%) 58.94 ± 1.10 63.05 ± 0.97
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PAM solution was added to 150 mL sludge, followed by slow
mixing at 30 r/min for 10 min. The CST and SRF were ana-
lyzed subsequently. The detailed procedures were described
in section “Sludge dewaterability analysis.”

Response surface methodology (RSM) design

The Box-Behnken design (BBD) (Montgomery 1991) was
selected to evaluate the combined effects of the strength of
static magnetic field, the dose of FeCl3, and the dose of
PAM during conditioning. The magnetic field was provided
by two static magnets. The SRF and CST were examined as
the response values. Fifteen runs were conducted for each
experiment. The optimal conditions were determined by min-
imizing SRF and CST, giving SRF a weight of 5 and CST a
weight of 3.

Sludge dewaterability analysis

The sludge dewaterability was evaluated based on the mea-
sured SRF and CST. The SRF was measured using the vacu-
um filtration method. One hundred milliliters of sludge sam-
ple was poured into a standard Buchner funnel with a filter.
The sample was filtered under gravity for 1 min before vacu-
um filtration, and the pressure was controlled at 0.07 MPa.
The volume and time of the sample passing through the funnel
were recorded. Filtration was terminated at 20 min or until the
pressure uncontrollably dropped, whichever came first. The
SRF was determined according to Eqs. 1 and 2.

r ¼ 2PA2b
μC

ð1Þ

C ¼ Cb � C0

Cb−C0
ð2Þ

where r is the SRF (m/kg), P is pressure during filtration (Pa),
A is the surface area of filter (m2), b is slope of filtration
equation –dt/dV = bV+a, μ is kinetic viscosity (kg s m−2), C
is the dry solid weight per unit volume sludge on the filtrate
media (kg m−3), Cb is the solid particle concentration of the
cake (dried weight of filtered cake/volume of cake before
drying) (g/mL), and C0 is the solid particle concentration of
the sludge (dried weight of sludge/volume of sludge) (g/mL).

The CST was measured using a standard CST apparatus
(TR04-304M, Triton Electronics Ltd., UK). Detailed proce-
dures were described in Ding et al. (2018).

Sludge properties’ characterization

The composition of the EPS was evaluated. A modified heat
extraction method was performed to extract slime EPS (S-
EPS), loosely bound EPS (LB-EPS), and tightly bound EPS
(TB-EPS) from the sludge samples. The concentrations of the

extracted proteins and the polysaccharides were determined as
described in Ding et al. (2018).

The excitation emissionmatrix (EEM) fluorescence spectra
of S-EPS, LB-EPS, and TB-EPSwere analyzed. The extracted
S-EPS, LB-EPS, and TB-EPS samples were filtered through
0.22-μm glass fibers, followed by EEM measurements using
an F-7000 fluorescence spectrophotometer (Hitachi, Japan).
Excitation wavelengths were incrementally increased from
220 to 450 nm at 5 nm intervals, and the emission wave-
lengths were increased from 240 to 600 nm at 1-nm intervals.
The detailed procedure was as described in Yang et al. (2017).

The zeta potential of the supernatant of the sludge samples
was measured at 25 °C using a Zetasizer Nano ZS (Malvern
Instruments Ltd., Malvern, UK). The particle size in the
sludge samples was analyzed at 25 °C using a Microtrac
S3500 particle size analyzer (Microtrac, Germany). The diam-
eters of 10%, 50%, and 90% particles less than the indicated
diameters are designated as d25, d50, d75, and d90, respectively.

The viscosity of a 300 mL sludge sample was evaluated
using a digital rotational viscometer (NJD-8S, Shanghai
Yueping Scientific Instrument Ltd., China). The detection
range was 10–200,000 mPa s.

The microstructure of the sludge samples was investigated
using a scanning electron microscope (SEM) (Tescan Vega II,
Tescans.r.o, Czech). The procedures were detailed by Ding
et al. (2018).

The water state in the sludge samples was differentiated by
low-field nuclear magnetic resonance (NMR). Sludge samples
were vacuum filtered at 0.07 MPa to remove the supernatant
to increase the relative percentage of water states potentially
linked to the solid phase. The cake (pellet) obtained from the
filtration was subject to the T2 measurement using low-field
NMR (NIUSTEL-2, MINI20-015V-I System, Niumag
Technology Ltd., China). For the measurement, 1–2 mL of
the sludge sample was placed in an 18-mm diameter
polytetrafluoroethylene cylindrical tube, and the tube was
placed in the radio frequency coil to collect CMPG decay
signals with 90° and 180° pulses of 8 and 40μm, respectively,
and an s-value of 0.125 s. The data from 8000 echoes were
acquired as 16 scan repetitions.

Results and discussion

Single-factor experiment

Single-factor experiments were carried out on the two types of
WAS to determine the range of FeCl3 and PAM doses in the
RSM design. The dose response curves of FeCl3 on the
dewaterability of municipal and citric acidWAS are presented
in Fig. 1a and b, respectively. The CST of both the municipal
and citric acid WAS gradually decreased as the concentration
of FeCl3 increased, but plateaued at 3 and 2 g/L of FeCl3,
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respectively. The SRF of the municipalWASwas reduced to a
minimum at a FeCl3 concentration of 4 g/L, and SRF of the
citric acid WAS was reduced to a minimum at an FeCl3 con-
centration of 3 g/L. The SRF of both theWAS types increased
as the FeCl3 concentration was further increased to 6 mg/L
(Fig. 1).

The dose response curves of PAM on the dewaterability of
municipal and citric acid WAS are presented in Fig. 2a and b,
respectively. As the PAMdose increased, both the SRF and CST
of the municipal WAS decreased and reached a minimum at a
PAM concentration of 10 mg/L, followed by an increase as the
PAM dose further increased to 20 mg/L. Both the SRF and CST
of the citric acid wastewater decreased as the PAM dose in-
creased to 20 mg/L (Fig. 2). The effects of PAM on the munic-
ipal wastewater and citric acid wastewater were quite different.
This difference was most likely due to the differences in sludge
properties (Wu et al. 2019b). Comparing the basic properties of
both types of WAS (Table 1) shows that the MC of municipal
WAS was higher than that of the citric acid WAS, and more
detailed analyses on the sludge properties are described in the
following sections.

RSM design experiment

Taking into consideration the results of the single-factor ex-
periments described in section “Single-factor experiment” as
well as the economic use of the coagulants and flocculants, the

factors and levels of the three variables of each type of WAS
were defined as listed in Table 2. The RSM was designed this
way to explore the optimal condition to maximize the reduc-
tion of SRF and CST at the lowest cost. A magnetic field up to
80 mT was applied to represent low strength magnetic field.
The results for the municipal and citric acid WAS are shown
in Tables S1 and S2 in the supplementary materials.

The optimized treatment conditions for the municipal
WAS used FeCl3 4 g/L, PAM 5.32 mg/L, and a magnetic field
80 mT, and the modeled output of the SRF and CST was 2.75
× 1011 m/kg and CST was 7.3 s, which decreased by 82.9%
and 43.4%, respectively. The model results were confirmed
by conducting experiments at the optimal conditions in tripli-
cate, and the resulting SRFwas (3.09 ± 0.57) × 1011 m/kg, and
CST was 7.5 ± 0.2 s, which were close to the modeled values.
At these conditions, the pH of the treated WAS was measured
to be 4.50 ± 0.23.

The optimized conditions for citric acid WAS used were
FeCl3 3 g/L, PAM 20 mg/L, and a magnetic field strength of
80mT, and the modeled output for the SRF and CSTwas 4.56
× 1012 m/kg and 12.2 s, which decreased by 70.4% and
68.3%, respectively. The model results were confirmed by
conducting the experiments at optimal conditions in triplicate,
and the resulting SRFwas (4.90 ± 0.54) × 1012 m/kg, and CST
was 12.0 ± 0.4 s, which were also close to the modeled values.
At these conditions, the pH of the treated WAS was measured
to be 6.33 ± 0.10.
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Fig. 1 The effect of the dose of FeCl3 concentration on the SRF and CST of municipal (a) and citric acid (b) WAS
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Fig. 2 The effect of PAM concentration on the SRF and CST of municipal (a) and citric acid (b) WAS
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In this study, the optimum FeCl3 dose for the combined
conditioning of municipal WAS was 4 g/L (approximately
125 mg/g dry solid (DS)), which was higher than the dose of
100 mg/g DS reported in Niu et al. (2013) that only used
FeCl3. However, the solid contents in the municipal WAS
used in this study was approximately 3.20% and was much
higher than the 1.21% content in Niu et al. (2013). In another
study of a sewage sludge with comparable solid contents to
the present result, using only cationic PAM at 20 mg/g DS
barely changed the SRF (Lu et al. 2017). Therefore, the con-
ditioning results using a magnetic field combined with
coagulation/flocculation obtained in this study was promising.

The ANOVA analysis of the BBD experiments on both
WAS types are shown in Tables S3 and S4. The SRF of both
WAS types and the CST of the citric acid WAS were signif-
icantly affected by the FeCl3 dose. The effect of PAM dose on

both types of WAS was insignificant. The influence of the
magnetic field strength on the CST of the municipal WAS
was significant. It has been reported that the enhancement of
coagulation by a static magnetic field depended on the coag-
ulant, and iron-based coagulants may not be affected
(Zielinski et al. 2018). The variation of the effects of the mag-
netic field strength combined with coagulation on the
dewaterability of both WAS types also revealed the differ-
ences in their properties. Therefore, detailed analysis of the
WAS properties was conducted subsequently.

EPS analysis

Figure 3 shows the changes of the protein and polysaccharide
contents in the EPS of the two types ofWAS after treatment at
their respective optimal condition. It was clear that the com-
positions of the two WAS types were quite different. The
polysaccharide and protein contents in the EPS of the munic-
ipalWASwere much lower than those of the citric acidWAS.
This was because citric acid production uses crops as raw
material, which results in high concentrations of organics in
the wastewater andWAS. In municipal WAS, the polysaccha-
ride and protein contents were predominantly in TB-EPS,
while in the citric acid WAS, the polysaccharide and protein
were predominantly in S-EPS. Protein was the major compo-
nent in the EPS. The protein concentration increased in the S-
EPS but decreased in TB-EPS in both treated WAS types.
This suggested that at the optimal treatment conditions, the
TB-EPS or/and the intracellular material of both types of

Table 2 Factors and levels of the variables in Box-Behnken experiment
design

Type of WAS Factor Code Level
− 1 0 +1

Municipal FeCl3 (g/L) A 1 2.5 4

PAM (mg/L) B 2 6 10

Magnetic field (mT) C 0 40 80

Citric acid FeCl3 (g/L) A 1 2 3

PAM (mg/L) B 2 11 20

Magnetic field (mT) C 0 40 80

Fig. 3 Effect of conditioning treatment on the a polysaccharide and b protein content of the EPS in municipal WAS, and c polysaccharide and d protein
content of the EPS in citric acid WAS under the optimal conditions

35732 Environ Sci Pollut Res  (2021) 28:35728–35737



WAS had been disrupted. By treating the waste at the optimal
conditions, the pH of municipal and citric acid WAS de-
creased from 7.51 to 4.50 and from 6.85 to 6.33, respectively.
This result supported that the addition of FeCl3 decreased the
pH (Oriekhova and Stoll 2014). The disruption of EPS may
have been caused by the hydrolysis of the FeCl3, which has
also been seen in previous studies where lowering the pH
reduced the bounded EPS and intracellular material contents
(Wang et al. 2017; Wang et al. 2018; Wu et al. 2019b).

The EEM contours of the EPS layers of the two WAS are
shown in Figs. S1 and S2. Consistent with the protein analysis
results, the EEM contours showed that the fluorescence inten-
sity of the proteinaceous substances in the S-EPS of both types
of WAS increased after treatment. In the S-EPS of the munic-
ipal WAS, the intensity in region III decreased while the in-
tensity in region IV increased after treatment, suggesting that
fulvic acid was likely degraded into soluble microbial
byproducts by the acidification (Fig. S1). The intensity of
the proteinaceous substances in the TB-EPS of both types of
WAS decreased, which aligned with the results of the protein
analysis in EPS.

Particle size, zeta potential, and viscosity

The changes in particle size, zeta potential, and viscosity of
the municipal and citric acid WAS after conditioning at their
respective optimal condition are shown in Tables 3, 4, and 5.
After conditioning, the particle size and viscosity decreased
while the absolute value of zeta potential increased in the
municipal WAS, and the trend was opposite for the citric acid
WAS. The strong acidification in the municipal WAS
disrupted the sludge particles into smaller ones (Shao et al.
2009), which did not significantly affect the ionization of the
anionic groups, and slightly decreased the viscosity. In gener-
al, other than the sludge particles, the zeta potential and vis-
cosity of the municipal WAS did not change greatly. These
results suggested that flocculation did not play the primary
role for the enhanced dewaterability of the municipal WAS.
Instead, in accordance with the dramatic decrease in pH from
7.51 to 4.50, the hydrolysis of the FeCl3 that caused the acid-
ification also likely weakened and destroyed the biological
flocs and enhanced the dewaterability (Wang et al. 2019).
Relevant studies showed that the destruction of EPS structure
was conducive to forming smaller particles and denser

flocculent structures in the sludge (Lin et al. 2019).
However, due to the significant differences in properties, the
mechanism of the enhanced dewaterability of the citric acid
WAS was likely different from that seen in the municipal
WAS. The particle size of the citric acid WAS was originally
much smaller than that of municipal WAS and increased after
treatment, which suggested that sludge flocs and small frag-
ments including the dissociated parts of the EPS regrouped.
The zeta potential of the citric acid WAS significantly de-
creased, showing that the extent of ionization of the anionic
groups decreased. Through electron neutralization, the colloi-
dal particles were destabilized and collided with each other to
re-aggregate into large particles, and other colloidal particles
settled together during the process of floc settlement (Xiao
et al. 2017). The viscosity of the citric acid WAS was origi-
nally much higher than that of municipal WAS and further
increased after treatment. Therefore, the enhanced
dewaterability of the citric acid WAS was primarily due to
the coagulation process. In general, the citric acid WAS was
sticky, had smaller particle sizes, had higher organic contents,
and was more likely to flocculate.

Water state analysis

Water exists in sludge in various forms and can be divided
into four states: free water, interstitial water, vicinal water, and
hydration water. The water state in the WAS depends on the
binding strength between the water molecules and the solid
phase. In NMR analysis, a longer T2 generally indicates a
lower binding energy and higher mobility of the water (Rudi
et al. 2008). The release of bound water is generally key to
evaluating the dewatering efficiency of the sludge dewatering
process with different pretreatment methods (Mowla et al.

Table 3 Changes in particle size
of the municipal and citric acid
WAS

Sludge type d25 (μm) d50 (μm) d75 (μm) d95 (μm)

Municipal WAS Raw 1.585 ± 0.241 58.901 ± 4.153 123.300 ± 2.391 217.066 ± 6.810

Treated 1.496 ± 0.202 52.408 ± 4.342 116.239 ± 2.331 206.542 ± 7.318

Citric acid WAS Raw 0.817 ± 0.036 7.280 ± 0.991 28.423 ± 0.971 77.118 ± 4.905

Treated 1.046 ± 0.064 11.835 ± 1.234 34.387 ± 1.002 81.683 ± 4.204

Table 4 Changes in zeta potential of the municipal and citric acidWAS

Sludge type Zeta potential (mV)

Municipal WAS Raw − 5.33 ± 0.13

Treated − 5.46 ± 0.14

Citric acid WAS Raw − 7.47 ± 0.17

Treated − 1.99 ± 0.05
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2013). Reducing the amount of bound water in the sludge is
the key step to achieve deep dewatering of sludge (Vaxelaire
and Cezac 2004; Zhang et al. 2014). Figure 4 shows the T2

distribution of the water spectra in the sludge cake before and
afterWAS conditioning. Compared to other water states in the
sludge, the interstitial water showed the most prominent peak
(Wu et al. 2019a). At the optimal conditions, the T2 peak of
the interstitial water in the municipal WAS decreased from 3–
30 to 1–20 ms, and the T2 peak of the interstitial water in the
citric acid WAS decreased from 4–100 to 0.6–5 ms.
Apparently, after conditioning, the interstitial water peak in
the citric acid WAS left shifted much more than that of the
municipal WAS. As stated earlier, the mechanisms of
dewaterability enhancement were different due to the differ-
ence in sludge properties. It has been reported that the amount
interstitial water is governed by the micro- and macro-
capillary structure of the bio-flocs (Cheng et al. 2018). As
the effects of coagulation and flocculation dominated in the
citric acid WAS conditioning, the flocs became denser and
thus increased the trapping strength of the interstitial water.

Microscopic morphology

In order to further observe the changes in the sludge structure
before and after the combined treatment with a magnetic field

and added reagents for coagulation/flocculation, the micro-
scopic morphology of the sludges was analyzed with SEM
to observe their surface shape. The SEM results are shown
in Fig. 5. For the municipal WAS, the raw sludge was flaky,
but the structure was compact and continuous (Fig. 5a). In Fig.
5b, after conditioning, the sludge became more porous and
loose. The reason could be that due to the acidification effect,
in that as EPS was destroyed, the interstitial water was re-
leased, and the particle size was reduced (Zhang et al. 2019).
As seen in Fig. 5c, the structure of the raw citric acid WAS
was compact with voids and smoother than municipal WAS.
After conditioning, the sludge was even more compacted with
smaller voids (Fig. 5d). Due to the effects of coagulation/floc-
culation, the compression of the electric double layer by the
added conditioner and the bridging adsorption between parti-
cles reduced the electrostatic repulsion, and the sludge parti-
cles were destabilized and coalesced together (Wang et al.
2017; Guo et al. 2018).

The effect of the magnetic field on the sludge
dewaterability was complex. It has been reported that the ap-
plication of a magnetic field affects the stability and wettabil-
ity of solids and leads to accelerated aggregation and precip-
itation of the particles (Krzemieniewski et al. 2004; Kney and
Parsons 2006). However, contradictory results have also been
reported where the coagulation rate was reduced or not affect-
ed by the application of a magnetic field (Higashitani et al.
1992; Zielinski et al. 2018). Research found that the applied
magnetic field may intensify the formation of free radicals,
which may oxidize the organic particles (Krzemieniewski
et al. 2004). As shown in this study, the application of mag-
netic field did not significantly enhance the coagulation in the
citric acid WAS but did affect the CST of municipal WAS.
The variability in behavior was due to many factors, including
types of materials in the particles, the particle size fractions,
types of coagulants, etc. (Zaidi et al. 2013).

Fig. 4 State of water in a raw
municipal, b treated municipal, c
raw citric acid, and d treated citric
acid WAS detected by NMR

Table 5 Changes in viscosity of the municipal and citric acid WAS

Sludge type Viscosity (mPa s) Field angle (%)

Municipal WAS Raw 123 ± 1.70 24.4 ± 0.21

Treated 118 ± 2.62 23.4 ± 0.21

Citric acid WAS Raw 207 ± 3.74 40.9 ± 0.25

Treated 269 ± 2.16 53.2 ± 0.31
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Conclusion

In this study, the combination of an applied magnetic field and
coagulation/flocculation reagent addition was used to enhance
the dewaterability of municipal and citric acid WAS. The doses
of FeCl3, PAM, and the strength of the magnetic field were
optimized. For municipal WAS, at the optimal conditions of
FeCl3 4 g/L, PAM 5.32 mg/L, and a magnetic field strength of
80 mT, the SRF and CST decreased by 82.9% and 43.4%, re-
spectively. For citric acid WAS, at the optimal conditions of
FeCl3 3 g/L, PAM 20 mg/L, and a magnetic field strength of
80 mT, the SRF and CST decreased by 70.4% and 68.3%, re-
spectively. It is shown that the magnetic field significantly affect-
ed the capillary suction time (CST) in municipal WAS but did
not affect the specific resistance filtration (SRF) andCST of citric
acidWAS. By analyzing the EPS composition, particle size, zeta
potential, viscosity, water state in the sludge cake, and micro-
scopic morphology, it was found that the effect of enhanced of
dewaterability in the differentWAS typesmay be due to different
mechanisms. For municipal WAS, both the particle size and
viscosity decreased, whichwas opposite to the effects in the citric

acid WAS. The results indicated that coagulation played the
major role in improving the dewaterability of the citric acid
WAS, and acidification was likely the main cause for the en-
hanced dewaterability of the municipal WAS.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s11356-021-13278-x.

Author contribution ND designed the study and wrote the manuscript;
XW conducted the single-factor and BBD experiments and analyses, and
protein and polysaccharide analyses of EPS; LJ conducted particle size,
zeta potential, and viscosity analyses; JZ conducted including EEM anal-
ysis of EPS; YG conducted SEM analysis; LD provided advice on the
design of the research; and HL conducted the data analysis of NMR. All
authors read and approved the final manuscript.

Funding This work was financially supported by National Natural
Science Foundation of China (41861124004) and China Postdoctoral
Science Foundation (2019M650493).

Data availability All data generated or analyzed during this study are
included in this published article (and its supplementary information
files).

a b

c d
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