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ABSTRACT

Pretreated steel slag was used to enhance sludge dewatering and the potential risk posed by heavy
metals (HMs) was discussed in this study. Specific resistance to filtration and capillary suction time
decreased by 98.8% and 78.6%, respectively, when 40 mg/g of dry sludge steel slag were added.
The zeta potential showed that the steel slag addition considerably affected sludge with small
particle. New fluorescence peaks indicated that the extracellular polymeric substance (EPS) struc-
ture was damaged and partially dissolved into solution EPS (S-EPS). The floc surface charge was
reduced, and the small particles were enlarged owing to the flocculation of a small amount of S—EPS.
Microstructure analysis showed that the inorganic components in the steel slag provided skeletal
support during mechanical dewatering and ensured the outlet channel. Analysis of the HMs indi-
cated that the Cu and Mn concentrations decreased by 60% and 85.2% in the liquid phase, respec-
tively, and the Zn concentration increased 2.2 times. Moreover, the results of the toxicity characteristic
leaching procedure showed that the Cu, Mn, and Zn concentrations in the sludge cakes decreased
by 93.5%, 27.1%, and 22.1%, respectively. Therefore, the addition of steel slag reduced the risk and
enhanced the immobilization of HMs.

Keywords: Sewage sludge; Dewatering; Steel slag; Heavy metals; Particle size

1. Introduction

Sludge treatment and disposal are urgent environmental
problems in various countries. In China, more than 9.2 mil-
lion tons of dry sewage sludge were produced in 2017 [1].
In Europe, the annual production of dry sewage sludge is
estimated to exceed 10 million tons in 2020 [2]. Wastewater
treatment plants are facing huge challenges with regard
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to the management of waste activated sludge owing to its
increased production. The water content of sludge generally
ranges from 95% to 99%, and reaches 75%-80% even after
mechanical dewatering [3]. Therefore, dewatering is a key
process in sludge volume reduction, transport, and ultimate
disposal. Various methods, such as ultrasonication, thermal
treatment, oxidation, flocculence, electrodewatering, freez-
ing, and thawing, have been developed to improve sludge
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dewaterability [4-10]. Extracellular polymers are important
in the bioflocculation, settling, and dewatering of activated
sludge. Extracellular polymeric substance (EPS), which is a
polymer secreted by microorganisms during the metabolic
process, surrounds the cell wall in a certain environment.
The components of EPS include several polymers, such as
protein, polysaccharide, nucleic acid, and humic acid [11].
Yu et al. [12] analyzed the structure and distribution of EPS
and found that it is composed of supernatants, slime, loosely
bound EPS, tightly bound EPS, and pellets. The zeta poten-
tial is highly related to extracellular polymers, and a strong
correlation between specific resistance to filtration (SRF) and
the zeta potential has been demonstrated in a previous study
[13]. Moreover, the oxidation-reduction potential is posi-
tively correlated to SRF (r = 0.89, p < 0.05) [14]. Physical con-
ditioners or skeletal builders such as gypsum [15], red mud
[16], cement [17], lignite, and polyelectrolytes [18] have been
utilized to enhance sludge dewaterability because they can
decrease sludge compressibility and provide a flow channel
for free water.

Steel slag is a major byproduct of steel production.
More than 100 million tons of steel slag are discharged
in China annually [19]. European and other developed
countries utilize up to 70%-80% of the slag they generate,
whereas slag utilization in China is only 22% [20]. In the
past decade, steel slag has been used to remove phosphate
[21] and dyes [22] from contaminated water. Steel slag-based
materials can also be effectively used for sludge stabilization
[23]. However, studies on steel slag that focus on improving
the dewatering performance of sludge in conditioning are
rare. The chemical composition of steel slag varies with the
mineral composition of raw materials, such as iron ore and
limestone, and f-CaO is the main mineral phase in steel slag.

Raw sewage sludge (RS) is conditioned with pretreated
steel slag in this study, and samples are measured for SRF
and capillary suction time (CST). The zeta potential, parti-
cle size distribution, and 3D fluorescence of the conditioned
sludge are examined to reveal possible mechanisms. The
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of HMs in the filtrate and leaching liquid of sludge cake are
measured, and the chemical species distribution of HMs is
analyzed.

2. Materials and methods
2.1. Raw sludge

The RS used in this study was a mixture of primary and
secondary sludge from the Sanjintan Sewage Treatment
Plant in Wuhan, China. The capacity of this municipal waste-
water treatment plant is 3 x 10° m*/d. The RS samples were
collected in polypropylene containers and stored at 4°C in a
refrigerator, and the preservation period should not exceed
4 d [8]. Before the experiment, the RS was removed from
the refrigerator and placed in environmental conditions
until the temperature reached 20°C. The characteristics of
the sludge samples were evaluated using standard meth-
ods (US Environmental Protection Agency [EPA], 1995).
The results are shown in Table 1.

2.2. Total metal concentrations and toxicity characteristic
leaching procedure

Table 2 shows that the total content of Cu and Zn in the
RS exceeded the limit values of the Environmental Quality
Standard for Soils (GB15618-1995, PR China, 1995). Thus,
the RS posed potential risks to the environment. Moreover,
the total content of Mn was high. However, no limit exists
for total Mn content in the soil standard. Aschner et al. [25]
reported that Mn causes strong neurotoxicity in the human
body. Therefore, the environmental risks posed by Cu, Zn,
and Mn were investigated in this study.

Table 1
Basic characteristics of raw sludge

sludge cake produced after conditioning typically contains =~ Parameters Moisture pH Organic CST(s)
pollutants such as pathogens, organic matter dioxins, and (%) content (%)

heavy metals (HMs), which pose a potential risk to the eco-

logical system and human health [24]. Therefore, the contents RS 793£28 7.18£014 4045:021 41245
Table 2
Total content and leaching value of HMs in RS (Mean + SD, n = 3)

Total content (mg/kg) TCLP leaching (mg/L)
RS Limit value* RS Limit value’ Limit value*

Cr 83+5 90 0.14 + 0.001 1.5 4.5

Cu 127 + 4 35 0.52+£0.018 0.5 40

Mn 523 +18 / 13.92 £1.017 2 100

Ni 39+2 40 N.d 1 0.5

Pb 30+4 35 N.d 1 0.25

Zn 503 +12 100 10.48 £ 0.111 2 100

N.d = Not detected.

“Environmental Quality Standard for Soils (first-level standard), GB15618-1995, PR China.

"Integrated Wastewater Discharge Standard, GB8978-2002, PR China.

cStandard for Pollution Control on the Landfill Site of Municipal Solid Waste, GB 16889-2008, PR China.
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Leachability is another important parameter for assess-
ing the toxicity and bioavailability of HMs in sludge. The
US EPA’s Toxicity Characteristic Leaching Procedure (TCLP)
(TCLP, USEPA, 1997) was applied in this study [26].

The leaching concentrations of Mn, Zn, and Cu exceeded
the limit values of the Integrated Wastewater Discharge
Standard (GB8978-2002, PR China). In this study, TCLP
leaching concentrations were used to assess the environmen-
tal risks of Mn, Zn, and Cu.

2.3. Pretreatment of steel slag

The steel slag was obtained from the Wuhan Iron and
Steel Corporation in China. It was crushed to particles
smaller than 80 um by grinding in a laboratory ball mill for
30 min. The main chemical compositions are listed in Table 3.
MgO, ALQO,, SiO,, CaO, and Fe,O, were the main mineral
phases found in the steel slag.

The morphological features of the steel slag treated
through ball milling are shown in Fig. 1. The steel slag was
powdery and resembled cement after being ground and
sifted. Numerous fine particles appeared and their outline
was an irregular polyhedron.

The sieved steel slag was examined using a laser parti-
cle size analyzer. As shown in Fig. 2., the proportion of par-
ticles smaller than 20 um exceeded 60%, and the proportion
of particles smaller than 40 um was approximately 90%. The
steel slag achieved small particle sizes and a large specific
surface area after grinding, which were conducive to rapid
dispersion in sludge.

Table 3

2.4. Experimental procedure

The RS was rapidly stirred for 30 min to ensure that the
sludge particles were evenly mixed with water. Experiments
were conducted in a glass reactor equipped with a thermom-
eter and an electric stirrer. In each experiment, 10, 20, 30,
40, 50, 60, and 70 mg/g of dry sludge (DS) steel slag pow-
der was added to 500 mL of the pretreated sludge (the dos-
age was calculated on the basis of dry solid content). The
sludge was conditioned with steel slag at 300 rpm for 5 min
and at 100 rpm for 5 min. The sample was subsequently
analyzed.

2.5. 3D excitation—emission matrix (EEM)

EEM spectra are a collection of emission spectra over a
range of excitation wavelengths and can be used to identify
fluorescent compounds present in complex mixtures. The
peak locations, peak intensities, and ratios of different peaks
in the EEM spectra of the EPS samples were not substan-
tially influenced by ionic strength. 3D EEM spectra were
measured with a Hitachi F-4500 fluorescence spectropho-
tometer with excitation and emission ranges of 200-400 nm
and 220-550 nm, respectively, at 5 nm sampling intervals.
The spectra were recorded at a scan rate of 12,000 nm/min
using excitation and emission slit bandwidths of 3 nm. Each
scan exhibited 67 emission and 41 excitation wavelengths.
Origin 8.0 (OriginLab Inc., USA) was used to process the
EEM data.

Main inorganic chemical compositions of raw sludge and steel slag (wt%)

Constituents MgO ALO, SiO, PO, SO, CaO K,0 Fe,O,
RS 1.42 11.04 30.73 5.12 1.95 3.62 1.69 10.97
Steel slag 5.28 3.19 18.67 1.26 0.53 40.77 1.37 12.01

Fig. 1. SEM of steel slag.
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2.6. Analysis of other items

SRF is an essential indicator of sludge dewatering per-
formance and has been described in previous studies [27,28].
CST was measured with a 304M CST equipment (Triton,
UK) at 25°C. A sufficient amount of sludge was poured into
a funnel with a 1.8 cm inner diameter, and the time was
recorded automatically. The zeta potential was determined
with a Malvern Zetasizer Nano ZS (Malvern Instruments
Ltd., UK) by collecting the supernatant of the sludge after
centrifugation at 4,500 rpm for 5 min. The supernatant was
then mixed with the sludge at a ratio of 9:1. Particle size
distribution was determined with a Mastersizer 2000 laser
particle size analyzer (Malvern, UK) at a stirring rate of
1,000 rpm after the sludge was dispersed in an aqueous solu-
tion. The chemical speciation of HMs was conducted using
the Tessier sequential extraction procedure [29]. Each test
was conducted in triplicate, and the results were expressed
as mean values * SD.

3. Results and discussion
3.1. Sludge dewaterability

As shown in Fig. 3, CST and SRF values remarkably
decreased with increased slag dosage. Moreover, CST and
SRF curves considerably decreased as dosage increased from
0 to 20 mg/g DS. The curves slowly decreased when the dos-
age exceeded 30 mg/g DS. The changes in CST and SRF were
small when the dosage was more than 50 mg/g DS. the water
content of the mud cake decreased with increased steel slag
dosage (Fig. 4). In addition, the moisture content of mud
cake decreased when steel slag dosage exceeded 20 mg/g
DS. In general, the dewatering performance of sludge can be
remarkably improved when the dosage of steel slag exceeds
20 mg/g DS. However, steel slag is an inorganic material,
and several of its components are difficult to dissolve in
water. Excessive steel slag dosage will increase the dry
base of sludge and the treatment cost. This analysis showed
that steel slag dosage of 20-50 mg/g DS was suitable.
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Fig. 2. Particle size distribution evolution.
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3.2. Possible mechanism of improved sludge dewaterability

A particle size classification method reported in a pre-
vious study [30] was used to investigate the mechanism of
the steel slag in improving sludge dewatering performance.
RS passed through 0.5, 0.25, 0.1, and 0.075 mm sieves was
denoted as S, S, S,, and S,, respectively. The characteristics
of the sludge samples are shown in Table 4. In accordance
with the abovementioned experimental results, 40 mg/g
DS steel slag was used in the subsequent experiment. The
mechanism of the steel slag in improving sludge dewatering
performance was evaluated with the addition of steel slag
to pretreated samples combined with zeta potential, parti-
cle size distribution, 3D fluorescence spectrum, and SEM
analysis.

The results in Table 4 show that the moisture content and
pH values of the samples after grading and the content of
organic matter decreased because large particles of fibers and
domestic refuse were trapped in the sludge during grading.
Table 5 demonstrates that the chemical composition of the
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Fig. 3. SRF and CST evolution of sludge as a function of steel
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Table 4

Basic characteristics of the sludge samples
Parameter Value

RS S, S,

Moisture (%) 95.02 95.11 96.50
pH 718+014 720+011 7.21+0.10
Organic content (%) 39.10+0.31 36.07+0.25 35.18+0.22
CST(s) 1419+78 1487+93 359.1+£9.8

sludge changed slightly after grading, and inorganic sili-
con content in sample S, (with the smallest particle sizes)
increased slightly. This change was consistent with that in
organic matter content. In general, the physical and chemical
properties as well as the composition of the samples changed
only slightly after grading.

3.2.1. CST analysis

The enhancement of steel slag dewaterability was
assessed through the CST/zeta potential reduction percent-
age R (%), which is calculated as follows:

CST, - CST,

R (%)= x100% )

0

Zeta, - Zeta,

x100% ()
Zetao

R.(%)-

where CST is the CST of the RS (s), CST, is the CST of the
sample after conditioning (s), Zeta, is the zeta potential of
the RS (mV), and Zeta, is the zeta potential of the sample
after conditioning (mV).

The dewatering performance of the sludge samples with
different particle sizes improved remarkably with the addi-
tion of the steel slag modifier. As shown in Fig. 5, the CST
value remarkably decreased. The CST value increased with
the decrease in particle size. However, the smaller the parti-
cle size of the experimental group, the greater the CST reduc-
tion rate. The addition of the steel slag modifier noticeably
affected the sludge with small particle sizes.

3.2.2. Effect of zeta potential on dewaterability

The zeta potential of each experimental group consider-
ably decreased with the addition of the steel slag modifier
(Fig. 6). However, the reduction rate differed with particle
size. The reduction rate of the zeta potential increased with
decreased particle size, and this finding was contrary to the

situation in ferric chloride conditioning. The effect of the
steel slag addition on the sludge with small particle sizes
was remarkable owing to the dispersive and uniform steel
slag in sludge flocs with small particle sizes. This finding was
consistent with the CST results. Although the zeta potential
reduction rate in the S, group was slightly lower than that
in the S, group, the zeta potential in the S, group reached
a small value, and the continuous decrease in the potential
value had no remarkable influence on sludge dehydration
performance.

3.2.3. Variation in particle size distribution

The size distributions of sludge with different sizes after
steel slag conditioning are shown in Fig. 7. Sludge sizes with
different particle sizes changed slightly after conditioning.
The particle sizes of S, S, and S, increased slightly com-
pared with the values in the blank group, and those in the
S, group increased slightly compared with the values in the
blank group. Moreover, the steel slag showed no floccula-
tion effect. The increase in sludge floc size may be due to the
coagulation of particles with surface charge neutralization.
In addition, several insoluble inorganic particles in the steel
slag affected particle size. On the basis of the above analysis,
this study concluded that the surface charge of sludge flocs
was neutralized, and several particles aggregated to form
large flocs, thereby reducing the adsorption capacity of the
water molecules. However, the decrease in the zeta potential
was related to charge neutralization and sludge EPS content.
The impact of the steel slag on EPS during conditioning was
investigated further.
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Fig. 5. CST reduction percentage evolution after steel condi-
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Table 5

Main inorganic chemical compositions of raw sludge sample (wt%)
Constituents MgO AlLO, SiO, PO, SO, CaO K,0 Fe,O,
RS 1.42 11.04 30.73 5.12 1.95 3.62 1.69 10.97
S, 1.48 10.98 29.93 5.61 1.99 3.78 1.73 10.97
S 1.42 11.36 34.29 417 1.80 3.74 1.75 9.70
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slag

3.2.4. EEM fluorescence analysis

The 3D fluorescence spectra of the sludge samples after
steel slag conditioning were obtained; the data were pro-
cessed in Origin 8.0, and the findings were as follows (Fig. 8).
The main peaks of the RS were located at the excitation/
emission wavelengths Peak A (Aex/em = 370-390/440-470)
and Peak B (Aex/em = 340-350/435-445). Peak A reflected
humic acid substances [31], and Peak B was related to humic
acid. Similar conclusions were obtained in studies on natural
dissolved organic matter [32] and activated sludge cells [33].

New fluorescence peaks, namely, Peak C (Aex/em =
280/350-360) and Peak D (Aex/em = 245/450), appeared after
steel slag pretreatment. Peak C was associated with humic
acid-like fluorescence, and Peak D was a tryptophan pro-
tein-like substance [34]. The original fluorescence peak posi-
tion shifted compared with the fluorescence spectra of the
original sludge, and the peak intensity remarkably increased.
The new fluorescence peaks indicated that the EPS struc-
ture was damaged and partially dissolved into solution
EPS (S-EPS). The intensity of the main fluorescence peaks

EX wavelength (mv)
EX wavelength (mv)

250 300 350 400 450 500 550 250 300 350 400 450 500 550

EM wavelength (mv) EM wavelength (mv)

EX wavelength (mv)
EX wavelength (mv)

250 300 350 400 450 500 550 250 300 350 400 430 500 550

EM wavelength (mv) EM wavelength (mv)

EX wavelength (nm)

300 350 400 450 s00 550
EM wavelength (nm)

250 300 350 400 450 500 550
EM wavelength (nm)

EX wavelength (nm)
EX wavelength (nm)

- 5 EMvavUnvelen‘gofh (nm;’“ it & - EM 3::velen::: (nm)‘so = =
Fig. 8. EEM fluorescence spectra of soluble EPS fractions
before and after treatment by steel with different particle size
distributions (S,, S,, S,, and S ).

decreased with particle size. Meanwhile, the surface charge
of the flocs decreased with S-EPS content, and this change
was consistent with that of the zeta potential.

3.2.5. Microstructure

As shown in Fig. 9., the original sludge had a compact
layered structure with dense flocs. The inorganic mineral
was encapsulated by large numbers of organic substances in
the sludge. This compact structure made the sludge highly
hydrophilic and difficult to dewater. The RS particles were
fine, and strong capillary forces existed between the particles.

The sludge structure noticeably changed, the dense
layered structure was destroyed, and numerous granular
substances appeared after steel slag conditioning. These
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particles had a loose distribution, with large numbers of
pores between them, and this structure was conducive to
water circulation. Some of the fine particles in the steel slag
were insoluble inorganic components and could ensure the
outlet channel and provide skeletal support during mechan-
ical dewatering.

3.3. Transformation behavior of HMs

Cu, Mn, and Zn content in the filtrate and leaching liquid
of the sludge cake was measured to compare the behavior
of HMs in the sludge before and after conditioning. The
results are shown in Table 6. Cu and Mn concentrations
decreased by 60% and 85.2%, respectively, which may be
related to the pH increase in the liquid phase. The activity
of HMs is negatively correlated with pH, and the stability
of metal is improved by alkaline conditions [35]. However,

Zn concentration in the filtrate increased 2.2 times after steel
slag conditioning but did not exceed the threshold value pre-
scribed by GB8978-2002. TCLP was performed to identify the
leaching characteristics and environmental influence of the
RS and conditioned sludge cakes. The results showed that
Cu, Mn, and Zn concentrations decreased by 93.5%, 27.1%,
and 22.1%, respectively. Thus, the addition of steel slag
reduced the risk and enhanced the immobilization of HMs.
The chemical species distribution of HMs can indicate
the availability and mobility of HMs. As shown in Fig. 10,
Cu was mostly distributed in organic and residual fractions
(74.27%) for RS. This result was consistent with the specia-
tion profile of Cu in many previous studies [36]. The percent-
age of Cu in the organic and residual fractions increased to
78.89% after conditioning possibly because of the increase
in pH. The electronegativity of COO-, O-H, C=0, and other
groups on the surface of organic matter increases with a rise

Fig. 9. SEM of raw sludge (a) and sludge conditioned by steel (b).

Table 6

Concentrations of HMs in the liquid phase TCLP tests (Mean + SD) (mg L)

Liquid phase TCLP tests Limit Limit
RS Conditioned RS Conditioned value® value’
Cu 0.005 + 0.002 0.002 +0.001 0.52+0.018 0.0335 +0.011 0.5 40
Mn 0.115+0.012 0.017 £ 0.002 13.92 +£1.017 10.15 £ 0.988 2 100
Zn 0.026 +0.003 0.058 +0.007 10.48 +0.111 8.16 £ 0.105 2 100

‘Integrated Wastewater Discharge Standard, GB8978-2002, PR China

!Standard for Pollution Control on the Landfill Site of Municipal Solid Waste, GB 168892008, PR China
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in pH after dissociation, thereby enhancing the complexation
capability of metal ions [37].

In the case of Mn, more than 70% of its compounds
were distributed in Fe/Mn-oxide fractions for the RS. The
percentage of Mn in the organic and the residual increased
from 25.79% to 26.11% after steel slag conditioning. Similar
to Mn, Zn was nearly distributed in the Fe/Mn-oxide frac-
tion. The percentage of Fe/Mn-oxide fraction for the RS
exceeded 90%, thereby indicating that Mn and Zn were
mainly associated with mobile forms. The percentage of Zn
in the residual fraction increased from 8.44% to 9.55% after
conditioning for the chemical species distribution of HMs.
This change confirmed the satisfactory stabilization and
low mobility of Zn, and this finding was consistent with the
leaching results.

4. Conclusions

The present study revealed that steel slag remarkably
improved sludge dewaterability (SRF and CST decreased by
98.8% and 78.6%, respectively) at an optimized condition-
ing dosage of 40 mg/g DS. Steel slag conditioning decreased
the sludge negative charge, decomposed EPS, and induced
sludge disintegration. The TCLP tests showed that the Cu,
Mn, and Zn concentrations decreased by 93.5%, 27.1%, and
22.1%, respectively. Moreover, analysis of the chemical spe-
cies distribution demonstrated that the percentage of Cu
and Mn in the organic and residual fractions increased by
6.22% and 1.24%, respectively, while the percentage of Zn in
the residual fraction increased from 8.44% to 9.55%. These
findings indicated that the addition of steel slag could reduce
the risk and enhance the immobilization of HMs.
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