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�� was identified as the dominant
radical by radical quenching
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a b s t r a c t

High water affinity of extracellular polymeric substances (EPS) and high compressibility of sewage sludge
solids have negative impacts on sludge dewatering. In this study, a composite conditioner, Fe2+–activated
sodium persulfate (denoted as Fe2+/SPS) combined with thermal–pretreated phosphogypsum (PG), was
used to improve the sludge dewaterability. The mechanism of the composite conditioning of sewage
sludge was elucidated: the proteins in tightly bound EPS were transferred into the filtrate and loosely
bound EPS, and the polysaccharides in loosely and tightly bound EPS were transferred into the filtrate;
the bound water was released and reduced from 2.60 g/g DS (dry solid) initially to 0.81 g/g DS; specific
resistance to filtration and capillary suction time were reduced by 91.6% and 88.4%, respectively.
Radical quenching experiment indicated that sulfate radical (SO4

��) is the dominant free radical and plays
an important role in determining the oxidation–reduction potential during conditioning. Moreover, both
the XRD and SEM results clearly showed that Fe2+/SPS combined with PG promoted the generation of col-
umn–shaped dihydrate gypsum in the conditioned sludge. Thus, the dihydrate gypsum crystals could act
as skeleton builders, which create a more permeable and rigid lattice structure of the sludge cake. The
improvement of sludge dewatering was confirmed by diaphragm filter press dewatering process, which
yielded 45.7 wt% cake moisture content and 91.7% dewatering efficiency.

� 2015 Elsevier B.V. All rights reserved.
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Fig. 1. The schematic of the study.
1. Introduction

Sewage sludge is a by–product produced in wastewater treat-
ment facilities, and the treatment and disposal of sewage sludge
introduces significant costs to the operation of these facilities [1].
Dewatering is an important process for sludge treatment and dis-
posal. Commonly, difficulties in sludge dewatering can be attribut-
ed to its highly compressible nature, high organic content, and
abundance of colloids [2,3]. In order to reduce the compressibility
of the sludge solids or rupturing extracellular polymeric sub-
stances (EPS), numerous researches on conditioning processes
have been illustrated to improve sludge dewaterability, such as
physical [4], chemical [2,4], thermal [5], and biological [6] process-
es. Advanced oxidation processes (AOPs) are considered to be
effective pretreatment for sludge conditioning. Fenton and
Fenton–like processes, as part of the AOPs family, are commonly
used for sludge dewatering [7–10]. Mustranta and Viikari [11]
reported that H2O2 with a concentration of 15–30 mmol/L was
effective to decrease the specific resistance to filtration (SRF) val-
ues to a low level at 70 �C with a reaction time of 1–2 h at pH of
3. Unfortunately, the drawbacks of the classic Fenton oxidation is
limited by drawbacks including potential safety hazards associated
with the use of H2O2 and requirement of pH lowering to 2.5–3, fol-
lowed by a subsequent neutralization [12].

In recent years, activated persulfate receives much attention as
an alternative oxidant (E� = 2.01 V) with its non–selective reac-
tivity and good chemical stability under room temperatures. It
can initiate a free radical pathway through the formation of sulfate
radicals (E� = 2.6 V) activated by heat, UV or transition metal. The
reactions between persulfate and Fe2+ are shown in the following
equations [13]:

S2O2�
8 þ 2Fe2þ ! 2Fe3þ þ 2SO2�

4 ðk ¼ 3:1� 104 M�1 s�1Þ ð1Þ

through the following steps:

S2O2�
8 þFe2þ ! Fe3þ þSO��4 þSO2�

4 ðk¼2:0�101 M�1 s�1; 22 �CÞ
ð1-1Þ

SO��4 þFe2þ ! SO2�
4 þFe3þ ðk¼4:6�109 M�1 s�1; 22 �C; pH¼3—5Þ

ð1-2Þ

when SO4
�� serves as an oxidant and results in the formation of

sulfate anion:

SO��4 þ e� ! SO2�
4 ðE� ¼ 2:6 VÞ ð2Þ

all pHs : SO��4 þH2O! SO2�
4 þHO�þHþ ðkðH2OÞ<2�103 M�1 s�1Þ

ð3Þ

alkaline pH : SO��4 þOH� ! SO2�
4 þHO� ðk¼1:4—7:3�107 M�1 s�1Þ

ð4Þ

Interestingly, Fe2+/S2O8
2� has a good oxidant effect in a wider

range of pH from 2 to 10, which makes it applicable in sludge con-
ditioning. A couple of studies reported that the Fe2+/S2O8

2�might be
an energy–efficient alternative oxidant for sludge conditioning.
Zhen et al. [14,15] have shown an improved dewatering perfor-
mance using Fe2+/S2O8

2� at higher dosages (i.e., S2O8
2� 1.2 mmol/g

volatile suspended solids (VSS) and Fe2+ 1.5 mmol/g VSS). Our pre-
vious study has shown Fe2+/S2O8

2� to be effective in improving the
dewaterability with a 89.0% reduction in SRF and 84.1% in capillary
suction time (CST), and achieving 52.6 wt% cake moisture content
with a diaphragm filter press [16]. Although Fe2+/S2O8

2� yields a
high dewatering efficiency, the high operating cost limits its prac-
tical application.
Physical conditioners, often referred to as skeleton builders, are
effective to reduce the compressibility of sludge, because they
could form a permeable and rigid lattice structure in sludge cake
under high pressures. Some cheaper and easily available solid
materials have been investigated as skeleton builders, such as fly
ash, lime [17], wood chips and wheat dregs [18], gypsum [19], lig-
nite [20], and tannery sludge incineration slag [21]. However,
according to previous researches, very high dosages of skeleton
builders could increase sludge volume and weight, which exerts
significant adverse influence on the subsequent sludge transporta-
tion and disposal (e.g., landfill or incineration).

Either Fe2+/S2O8
2� reagents as AOPs reagents or physical condition-

ers as skeleton builders have been separately investigated in sewage
sludge conditioning. Separate applications of two conditioners have
been limited because of the shortcomings mentioned previously.
Synergetic conditioning of sewage sludge with Fe2+/S2O8

2� and skele-
ton builder has not been reported in the literature. In this study, ther-
mal–pretreated phosphogypsum (PG) was used as a novel skeleton
builder since it has a different mineral phase of hemihydrate gypsum
(CaSO4�0.5H2O) when compared with natural gypsum with dihydrate
phase (CaSO4�2H2O) used in the literature [19]. Moreover, waste PG is
a by–product in phosphorus chemical industry. In China, reuse of
waste PG only accounts for less than 10% of total production, so PG
is a cheap and readily available inorganic material which can be used
as skeleton builder in most of the provinces of China. The schematic of
this study is depicted in Fig. 1. After the conditioning of sewage
sludge with Fe2+/S2O8

2� combined with thermal–pretreated PG, the
effect of Fe2+/S2O8

2�–PG conditioning on dewatering by a diaphragm
filter press process was investigated.
2. Material and methods

2.1. Materials

Waste sewage sludge sample was a mixture of primary and sec-
ondary sludge taken from the Longwangzui wastewater treatment
plant, Wuhan, China. Municipal wastewater of 150,000 m3/d was
treated by an anaerobic–anoxic–oxic process in this plant. The sam-
ple contains 96.65 wt% water with pH of 7.1 and soluble chemical
oxygen demand of 831.1 mg/L. Table 1 presents some characteristics
of this raw sludge (RS). To obtain a good reproducibility, all the tests
were completed within 3 d and the sludge was stored at 4 �C.

Sodium persulfate (SPS) (Na2S2O8, purity >99.9%) and ferrous
sulfate (FeSO4�7H2O, purity >99.9%) were analytical reagents



Table 1
Characteristics of the RS sample.

pH Water
content (wt%)

SCOD
(mg/L)

TSS
(g/L)

VSS/
TSS (%)

SRF
(�1013 m/
kg)

CST (s L/
g TSS)

7.1 96.65 831.1 35.0 50.8 1.62 5.2

Table 2
Chemical compositions of raw PG (wt%).

SiO2 Al2O3 Fe2O3 CaO MgO SO3 F P2O5
aLOI

6.25 0.43 0.13 28.64 0.17 40.21 0.23 1.84 21.69

a LOI = loss of ignition at 1200 �C.
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(Sinopharm company, Shanghai, China). The dissolved Fe2+ solu-
tions were prepared from FeSO4�7H2O in ultrapure water. Raw
PG was collected from a phosphate fertilizer company in
Guangxi, China. Prior to being used as the skeleton builder, the
thermal–pretreated PG was sieved with a mesh size of 0.08 mm
after 150 �C for 2 h. The chemical compositions of the waste PG
are given in Table 2.

2.2. Conditioning test

Jar tests for the sludge conditioning experiment were conducted
using a programmable jar test apparatus. Table 3 tabulates the
details of the experimental procedures of individual or combined
conditioning. The Fe2+/S2O8

2�–PG (denoted as SFP) conditioning
was conducted as follows. First, SPS was added at a dose of
100 mg/g DS (dry solid) to a 300–mL sludge sample in a 500–mL
beaker and stirred at 300 rpm for 10 min. Afterwards, 23.5 mg
Fe2+/g DS was sequentially added and stirred at 150 rpm for
15 min. It is necessary to slow down or control the reaction to avoid
the rapid conversion of Fe2+ to Fe3+ by the SO4

�� as shown in Eqs. (1-1)
and (1-2). Last, thermal–treated PG of 300 mg/g DS was added and
the mixture was stirred at 150 rpm for 5 min. SPS (denoted as S),
Fe2+ (denoted as F), PG (denoted as P), or Fe2+/SPS (denoted as SF)
was also added to sludge as the control in Table 3. All the condition-
ing processes were conducted at the identical stirring speed for iden-
tical time to ensure identical mechanical mixing effect.

After conditioning, 100 mL conditioned sludge sample was
poured into a 9–cm standard Buchner funnel fitted with pre–wet-
ted 0.45 lm filter paper, and then a constant vacuum pressure of
80 kPa was applied until no filtrate coming out. Both the filtrate
volume and the sludge cake weight were recorded. The sludge cake
samples were used in X–ray powder diffraction (XRD), scanning
electron microscopy–energy dispersive X–ray spectroscopy
(SEM–EDX), and mercury intrusion porosimetry (MIP) analyses.

2.3. Radical quenching experiment

To evaluate the contributions of free radicals generated during
the conditioning, quenching studies were conducted by adding
Table 3
Details of the experimental procedures of single and composite conditionings.

Symbol RS and conditioned sludge Dosage (mg/g DS) Conditioning procedures

SPS aFe2+ PG

RS RS 0 0 0 300 rpm for 10 min ? 15
S SPS 100 0 0 Add SPS ? 300 rpm for10
F Fe2+ 0 23.5 0 300 rpm for 10 min ? ad
P PG 0 0 300 300 rpm for 10 min ? 15
SF Fe2+/SPS 100 23.5 0 Add SPS ? 300 rpm for 1
SFP Fe2+/SPS–PG 100 23.5 300 Add SPS ? 300 rpm for 10

a Sequential dosing of Fe2+ solution with a 1/3 increment of total dosage per 5 min.
ethanol or tert–butyl alcohol (TBA) to identify the dominant effec-
tive radicals. The reaction rate constant of ethanol with HO� is
approximately (1.2–2.8) � 109 mol/L s, which is about 15–140
times higher than with SO4

��, about (1.6–7.7) � 107 mol/L s. In con-
trast, the reaction rate constant of TBA with HO� is approximately
(3.8–7.6) � 108 mol/L s, which is about 400–1900 times higher than
with SO4

��, about (4.0–9.1) � 105 mol/L s. In general, the reaction
rate constant of SO4

�� with ethanol is about 1000 times higher than
with TBA. Therefore, ethanol and TBA were used to quench the rele-
vant radicals in this experiment. These radical quenching experi-
ments were designed to identify whether sulfate radical (SO4

��) or
hydroxyl radical (HO�) is the dominant free radical in Fe2+/S2O8

2�-
PG conditioning of sewage sludge. Three sets of quenching experi-
ments were conducted: (1) addition of ethanol followed by SFP con-
ditioning, denoted as ethanol–SFP; (2) addition of TBA followed by
SFP conditioning, denoted as TBA–SFP; (3) addition of both ethanol
and TBA followed by SFP conditioning, denoted as ethanol–TBA–
SFP. The molar ratio of the radical quenching agents to SPS was
50:1. The conditioning parameters were the same as described pre-
viously in Section 2.2. The CST values were measured before and
after each addition. Moreover, the oxidation–reduction potential
(ORP) was determined by using an online ORP–2096–meter
(Shanghai Boqu Instrument Co., Shanghai, China).

2.4. Dewatering test

Dewatering tests were performed using a laboratory–scale dia-
phragm filter press with six diaphragm plates (250 mm � 250 mm,
10 mm depression). Two different conditioning agents were used:
(1) SF: 23.5 mg Fe2+/g DS, and 100.0 mg SPS/g DS; (2) SFP:
23.5 mg Fe2+/g DS, 100.0 mg SPS/g DS, and 259.0 mg PG/g DS. In
addition, the raw sludge without any conditioning agents served
as a control. The dewatering process is divided into two stages, feed
and compression stage respectively. Detailed descriptions of the
procedure are provided in Supplementary material. The moisture
content of filter cake was measured and dewatering efficiency
was calculated according to Eq. (5):

Dewatering efficiency ð%Þ ¼ Mfiltrate �Mconditioners

Mconditioned sludge
� 100 ð5Þ

where Mfiltrate is the mass of water in filtrate, Mconditioners is the mass
of water in the conditioners, and Mconditioned sludge is the total mass
of water in conditioned sludge used for dewatering.

2.5. Analytical methods

2.5.1. CST and SRF
Both CST and SRF values were measured to evaluate the sludge

dewaterability in this study. The CST was measured using a 304M
CST instrument (Triton, UK) equipped with a 10 mm diameter fun-
nel. The CST values were normalized by dividing them with the ini-
tial TSS concentration and then expressed in units of seconds liter
per gram TSS (s L/g TSS) [22]. The SRF values were obtained using
0 rpm for 15 min
min ? 150 rpm for 15 min

d Fe2+ solutions ? 150 rpm for 15 min
0 rpm for 10 min ? add PG ? 150 rpm for 5 min
0 min ? add Fe2+ solutions ? 150 rpm for 15 min

min ? add Fe2+ solutions ? 150 rpm for 10 min ? add PG ? 150 rpm for 5 min
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the method described by Liu et al. [10]. The SRF reduction efficien-
cy and CST reduction efficiency were also calculated.
2.5.2. Extraction and determination of EPS
A two–layer model for the structure of bound EPS was used to

evaluate the effects of conditioning on EPS, namely as tightly
bound EPS (TB–EPS) and loosely bound EPS (LB–EPS). The first layer
consists of TB–EPS, which is bound tightly and stably to the cell
surface. The second layer consists of LB–EPS, which is a loose slim
layer without an obvious edge [3]. A modified heat extraction
method was used to extract the LB–EPS and TB–EPS from the
sludge, typically following by the procedures of Li et al. [23]. The
proteins (PN) was analyzed by the modified Lowry method using
bovine serum albumin as the standard [24]. The polysaccharides
(PS) content was tested with the anthrone method by using glu-
cose as the standard [25]. All of these batch experiments were car-
ried out in duplicate.
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2.5.3. Bound water content
A differential scanning calorimetry (DSC) method was

employed to measure the bound water content [26,27]. The appa-
ratus used in this study was a Diamond DSC analyzer (PerkinElmer
Inc., USA) equipped with a liquid nitrogen cooling system. To
achieve uniform sample, the sludge was first centrifuged at
1000 rpm for 10 min to remove most of the free water.
Approximately 20 mg sample was first subjected to a temperature
of �25 �C, assuming that all free water was converted to ice under
this condition, and then heated back to 25 �C at a heating rate of
2 �C/min. After that, the sample was frozen back to �25 �C at a
freezing rate of �2 �C/min. The thermograms of the raw and condi-
tioned sludge are provided in Supplementary material. Thus, the
amount of free water could be determined by the respective areas
of the endothermic curve and the exothermic curve as in Eq. (6):

FW ¼ K � A ð6Þ

where FW is the mass of free water (mg), A is the area of the
exothermic curve (mJ), and K is the conversion factor (mg/mJ),
determined from obtaining the thermograms of pure water of
known mass. K was calculated to be 0.0031 mg/mJ for pure water
with four different masses by Zhang et al. [28].

The bound water was determined as the difference between the
known total water of the sludge sample and the mass of free water.
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2.5.4. Mercury intrusion porosimetry of sludge cake
Mercury intrusion porosimetry (MIP) tests were performed on

the filter cakes of RS, SF, P and SFP conditioned sludge to determine
the average cake porosity by using a commercial mercury
porosimeter (AutoPore IV 9500, Micromeritics Instrument Co.,
USA). The cakes were dried in an oven at 45 �C for 24 h prior to
the porosimetry tests. The maximum pressure applied in the high–
pressure cycle was 228 MPa.
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Fig. 2. Effects of different conditionings on the dewaterability: (a) SRF, and (b) CST.
2.5.5. Mineral phases and microstructural characteristics of sludge
cake

Mineral phases of sludge cakes were analyzed by XRD tech-
niques (X’Pert Pro, PANalytical B.V., Holland) with 40 kV accel-
eration voltage with Ni–filtered Cu Ka radiation. XRD spectra
were acquired with scanning rate of 0.2785�/s for 2h in the range
from 5� to 75�. Microstructural characteristics analyses of freeze–
dried sludge were carried out with a SEM–EDX (Nova NanoSEM
450, FEI, Netherlands) operated at 10 kV of acceleration voltage,
and the samples were coated with Au prior to the characterization.
3. Results and discussion

3.1. Effects of single and composite conditioning on sludge
characteristics

3.1.1. Dewaterability
There were notable differences in SRF and CST under various

conditioning experiments shown in Fig. 2.
As shown in Fig. 2a and b, the individual addition of SPS, Fe2+,

and PG could hardly improve the performance of sludge dewater-
ing. Interestingly, SPS could result in higher reduction of SRF and
CST than those of Fe2+ or PG only. It is most likely due to the SPS
self–decomposition or being activated by other substances present
in the aqueous sludge solution. This result is in accordance with
the results of Liang et al. [29], who demonstrated that the decom-
position of persulfate was partially induced by soil minerals rather
than by ferrous ions in the soil slurry mixture.

Moreover, a synergetic effect was observed, in which the reduc-
tions of SRF and CST of SF conditioning are higher than the sum of
the individual ones. As shown in Fig. 2, the SRF values of sludge
samples conditioned with SF were rapidly decreased from initial
1.67 � 1013 to 0.15 � 1013 m/kg and the CST values also decreased
from 5.2 to 0.8 s L/g TSS. On the other hand, SFP conditioning fur-
ther reduced the SRF and CST to 0.14 � 1013 m/kg and 0.6 s L/
g TSS, respectively. This improvement is plausibly resulted from
the breakdown of sludge flocs and the formation of skeleton struc-
tures that are more prone to quick dewatering.
3.1.2. EPS and bound water content
Proteins and polysaccharides are the principal component of

the EPS matrix in the activated sludge. Fig. 3 shows the changes
of protein and polysaccharide contents in the filtrate, LB–EPS,
and TB–EPS, respectively.

Considerable solubilization of proteins and polysaccharides was
found in filtrate after conditioning and is probably attributable to
the cell disruption. As shown in Fig. 3a, after SF and SFP
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conditioning, the proteins in both filtrate and LB–EPS were
increased; however, it in TB–EPS was decreased. It indicated that
the proteins in TB–EPS were transferred into the filtrate and LB–
EPS. Furthermore, Fig. 3b indicates that the polysaccharides in fil-
trate significantly increased when compared with RS, while the
polysaccharides in both LB– and TB–EPS significantly decreased
after SF and SFP conditioning. It indicated that the polysaccharides
in LB– and TB–EPS were transferred into the filtrate. For example,
compared with RS, the proteins in LB–EPS and TB–EPS decreased
by 13.4% and 48.3% after the SF conditioning, respectively, while
increased by 28.3% in the filtrate. In contrast, the polysaccharides
in LB–EPS and TB–EPS decreased accordingly by 18.8% and 19.9%,
while increased by 11.4% in the filtrate. In general, SFP conditioning
caused more proteins in the LB–EPS and more polysaccharides in
the filtrate than those after SF conditioning. The proteins increased
by 53.4% in LB–EPS, while the proteins and polysaccharides
decreased by 21.3% and 20.4%, in TB–EPS, respectively.

The enhanced dewaterability by SFP conditioning could be
attributed to the fact that sulfate radical first breaks up the outer
region of flocs and then consumes its release of organic substances.
The breakup of outer region also help to destroy the inner flocs,
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which induced the rise of protein and polysaccharides in filtrate.
This is a synchronized process of ‘‘degradation’’ and ‘‘generation’’.
As a result, a large quantity of EPS–bound water and interstitial
water was released into the free water. The bound water content
decreased from initial 2.60 g/g DS of raw sludge to 1.01 g/g DS after
SF conditioning, and further decreased to 0.81 g/g DS by SFP condi-
tioning. A large number of bound water in the flocs resulted in dif-
ficulty of solid–liquid separation; however, after SF conditioning,
61.1% of the bound water was released. With the addition of pre-
treated PG, the bound water content was further reduced by
68.9%. It is concluded that bound water can be released from the
destructed EPS after the Fe2+/SPS oxidation. In addition, osmotic
effect might also contribute to the release of bond water [2]. The
existence of cations (Na+, Fe2+, Fe3+, and Ca2+) increases the ionic
strength of the bulk solution and thus decreases the chemical
potential of water in the inter–floc region [30].
3.1.3. ORP and radical identification
To identify the dominant radical species formed in SFP condi-

tioning, the variations of the ORP and corresponding CST were
investigated in the presence of ethanol or TBA as shown in Fig. 4.
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Fig. 7. Mercury intrusion porosity acted as a function of void volume per mass of
total solids: (a) pore diameter versus incremental intrusion, (b) pore diameter
versus incremental pore area.
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Variations in ORP values under four different experimental condi-
tions are presented in Fig. 4a. It was observed that the ORP values are
significantly reduced in the presence of ethanol or ethanol–TBA after
Fe2+ addition. The ORP curve of ethanol–SFP is close to the ORP curve
of ethanol–TBA–SFP. However, the ORP values of ethanol–SFP and
ethanol–TBA–SFP are apparently less than those of SFP and TBA–SFP.

As it can be seen in Fig. 4b, significant drop in CST reduction
efficiency was observed when ethanol or TBA was present. It has
been found that the CST reduction efficiency of SFP (94.0%) and
TBA–SFP (87.7%) changes to 42.0% and 31.7% in the ethanol–SFP
and ethanol–TBA–SFP systems, respectively. CST reduction effi-
ciency in ethanol–SFP is close to that of ethanol–TBA–SFP, and
CST reduction efficiency in SFP is closer to that of TBA–SFP.
However, CST reduction efficiency in ethanol–SFP and ethanol–
TBA–SFP are apparently less than those of SFP and TBA–SFP, which
is consistent with the influence on ORP in Fig. 4a.

From Eqs. (1)–(4), both SO4
�� and HO� possibly exist in the Fe2+/

SPS system. In literature, there is no report on the dominant radical
species in the sewage sludge conditioning system with Fe2+/SPS. As
shown in Fig. 4b, CST reduction efficiency in SFP is close to that of
TBA–SFP. It implies that hydroxyl radical is not the dominant radi-
cal in SFP conditioning system since TBA mainly reacts with
hydroxyl radical. Furthermore, CST reduction efficiency in etha-
nol–SFP and ethanol–TBA–SFP are apparently less than those of
TBA–SFP. It implies that SO4

�� is the dominant radical in SFP condi-
tioning system since previous study have shown that ethanol is a
well–known quenching agent for both hydroxyl and sulfate radi-
cals [31]. Therefore, the results suggest that SO4

�� play a dominant
role in the advanced oxidation in SFP conditioning system for sew-
age sludge at neutral pH. These observations are in agreement with
the results reported by Liang and Su [32].
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3.1.4. Mineral phases and microstructure
The XRD patterns of the raw sludge and the thermal–pretreated PG

are shown in Fig. 5a. As shown in this figure, the dominant mineral
phases of the raw sludge are quartz (SiO2) and mica (K–Mg–Fe–Al–
Si–O–H2O), which originate from the inorganic material in sewage
sludge. The major mineral phase of the thermal–pretreated PG is hemi-
hydrate gypsum (CaSO4�0.5H2O), with small amount of inert impurity
of quartz, which is consistent with the results of Yang et al. [33].

The XRD patterns of the conditioned sludge with various condi-
tioners (labeled as S, F, SF, P and SFP) are shown in Fig. 5b. As shown
in this figure, quartz and mica are identified in the conditioned sludge
cakes of S, F, and SF. It is interesting to note that CaSO4�0.5H2O is iden-
tified in the conditioned sludge of P and the thermal–pretreated PG.
However, dihydrate phase (CaSO4�2H2O) is identified in the condi-
tioned sludge of SFP, instead of CaSO4�0.5H2O in the thermal–pre-
treated PG. This phenomenon was attributed to the fact that there
are crystal habit modifier and salt, such as Fe3+, Ca2+, and SO4

2� in
the SFP conditioning system, which could promote the formation of
CaSO4�2H2O. These findings were in good agreement with findings
of Abdel–Aal et al. [34] that the higher concentration of Ca2+ and
SO4

2� ions caused higher inter–ionic attractions and accelerated the
nucleation rates, resulting in an increase in crystals and on growth
rate of already formed crystals.

Fig. 6 presents the SEM images of the filter cake after different
conditionings. As shown in Fig. 6a, a relatively dense structure is
Table 4
Pore size distribution of the conditioned sludge and RS.

Sample Total pore volume
(mL/g)

Median pore diameter
(lm)

Porosity
(%)

RS 0.052 0.01 8.1
SF 0.104 0.02 15.2
SFP 0.157 1.29 17.0

0 10 20 30 40 50 60 70
0

5Fi
l

Time (min)

Fig. 8. Results of diaphragm filter pressing test: (a) the plot of the feed pressure
versus time, (b) the plot of the total filtrate mass versus time.
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found in raw sludge. Fig. 6b shows a plate–like structure for the PG
sample pretreated at 150 �C. As shown in Fig. 6c, d, and f, the mor-
phologies of filter cake have no significant changes, when com-
pared to raw sludge after individual conditioners of S, F, or P.
However, the morphology of sludge flocs revealed obviously more
porous or lamellar structure when SF conditioning, as shown in
Fig. 6e. Moreover, numerous column–shaped crystals are observed
in the filter cake when Fe2+/SPS–PG was used for the composite SFP
conditioning, as shown in Fig. 6g. EDX spectra of the column–
shaped crystal showed that the generated crystals were composed
of S, Ca, and O, which are major elements of gypsum. Combined
with the XRD patterns in Fig. 5, it indicated that the column–
shaped crystal in SFP filter cake is CaSO4�2H2O.

In summary, it is reasonable to believe that synergistic effect
has actually occurred in the Fe2+/SPS–PG conditioning system.
With SFP conditioning, a large number of column–shaped crystals
of CaSO4�2H2O generated from plate–shaped CaSO4�0.5H2O in the
thermal–pretreated PG, which fills the sludge flocs and increases
the porosity of the sludge cake.

3.2. Pore size distribution

MIP tests were performed on the dried sludge cakes. The results
are shown in Table 4 and Fig. 7.

As shown in Table 4, the total pore volume, median pore dia-
meter and porosity increased observably after SF and SFP condition-
ing. It is consistent with the morphologies observed in SEM images
in Fig. 7. The total pore volume of raw sludge was 0.052 mL/g, and
its median pore diameter and porosity was 0.01 lm and 8.1%,
(e)

(c)

(a)

Fig. 9. The photos of the dewatered sludge cake: (a) raw sludge without any conditione
sludge cake: (b) raw sludge without any conditioner, (d) SF conditioning, and (f) SFP co
respectively. After SF conditioning, the total pore volume of SF
was 0.104 mL/g, and its median pore diameter and porosity was
0.02 lm and 15.2%, respectively. It can be inferred that some pores
or channels were created in the filtrated cake after Fe2+/SPS oxida-
tion. Furthermore, after SFP conditioning, the total pore volume of
SFP was 0.157 mL/g, and its median pore diameter and porosity
was 1.29 lm and 17.0%, respectively. Moreover, the SFP–sludge
had a higher porosity than the SF–sludge, which further confirmed
that a synergistic effect has actually occurred in the SFP condition-
ing system.

From the results in Fig. 7a, it is apparent that SFP conditioned
sludge shows a broadly distributed pore diameters in the range
of 0.4–6.0 lm, which is classified as macropore. Whereas for SF,
pore diameters are a narrowly distributed in the smaller range of
around 0.01–0.05 lm, which is classified as mesopore. In compar-
ison, pore diameters of RS sample are too small (<0.01 lm, meso-
pore and micropore) to be measured precisely. It can be
concluded the fact that the SFP generates column–shaped dihy-
drate phase, which contributes to a broad distribution of pore sizes,
and thus increases total pore volume and porosity.

Fig. 7b depicts the relationship between incremental pore area
and pore diameter. The incremental pore area of SFP sludge is mainly
distributed at the pore diameter range of 0.5–6 lm. In contrast, the
incremental pore areas of the conditioned sludge cake of RS and SF
are mainly distributed at the pore diameter of 0.05 lm or less. The
smaller pore diameter, the more incremental pore area is. In the con-
ditioned sludge cakes of RS and SF, large quantities of mesopores and
micropores increase the pore area, which contributes to the
enchantment of moisture adsorption capacity. However, in the
(f)

(d)

(b)

r, (c) SF conditioning, and (e) SFP conditioning; and SEM images of the dewatered
nditioning.
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conditioned sludge cake of SFP, plenty of macropores and through–
holes increase the water pore channel, which contributes to
improvement of dewaterability of the conditioned sludge.

3.3. Dewatering performance

All the diaphragm filter dewatering experiments were carried
out using the same feed pressure procedure, as shown in Fig. 8a.
Both the total filtrate mass and the filtration rate after SFP condi-
tioning are significantly higher than those of SF conditioning, espe-
cially within the first 10 min of the pressing process (Fig. 8b).

As shown in Fig. 9a, it was difficult to obtain a successful dewa-
tered cake if raw sludge was directly fed into the diaphragm filter
without any conditioner, even after a long dewatering time. In
Fig. 9c and e, the dewatered cakes with a good shape were observed
after the SF and SFP conditioning, respectively. The moisture con-
tents of the dewatered sludge cakes after the SF and SFP condition-
ing were low, at 55.8 wt% and 45.7 wt%, respectively. Moreover, the
dewatering efficiencies were high, at 89.5% and 91.7%, respectively,
when compared to the 66.4% in raw sludge dewatering.

The SEM images of the dewatered sludge cake are shown in
Fig. 9b, d and f. As shown in Fig. 9b, the morphology of the dewa-
tered sludge from raw sludge appears as a dense and compact
structure. In Fig. 9d, the morphology of SF dewatered sludge cake
shows a fractal and pore structure. However, many regular col-
umn–shaped crystals is present in the microstructure of the SFP
dewatered cake (Fig. 9f), which could be acted as a more rigid lat-
tice, high porosity and permeability during filtration.

Last, it should be noted that Fe2+/SPS–PG compounds contain
sulfur S and thus the final conditioned sludge would present a high
concentration of sulfur, indicating that although S is not a haz-
ardous element, the dewatered cake is not very suitable for incin-
eration disposal. Instead, landfill disposal or used for saline soil
remediation is recommended.

4. Conclusions

The study developed a Fe2+/SPS–PG method for sludge condi-
tioning and deep dewatering. The individual and combined condi-
tioning processes were compared to investigate the synergetic
effects and mechanism of the composite conditioners. The highest
SRF and CST reduction efficiencies of 88.5% and 91.5%, respectively,
were obtained under the synergetic conditioning of Fe2+/SPS–PG.
The protein contents in LB–EPS and in filtrate increased consider-
ably than that in TB–EPS, while polysaccharides contents
decreased in LB–EPS and TB–EPS. The destruction of EPS resulted
in a decrease of bound water content from 2.60 g/g DS initially to
0.81 g/g DS. Radical quenching experiment suggests that SO4

�� is
the dominant radical and plays a major role in oxidation.

The presence of a large number of ions after Fe2+/SPS oxidation
promoted the rapid generation of column–shaped dihydrate phas-
es of CaSO4�2H2O from the hemihydrate phases of CaSO4�0.5H2O.
Newly generated column–shaped dihydrate phases act as skeleton
builders, and thus improving sludge dewatering. When 23.5 mg
Fe2+/g DS, 100.0 mg SPS/g DS and 259.0 mg PG/g DS were chosen
for diaphragm filter press dewatering, 45.7% filter moisture con-
tent and 91.7% dewatering efficiency were achieved. Overall, the
Fe2+/SPS–PG composite conditioner is a promising candidate to
improve sludge dewaterability.
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