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Abstract: Cement stabilization is used extensively to
solidify sludge. However, previous studies suggest that
the organic acids in sludge can restrain the hydration
processes of cementitious materials. This study presents a
new binder (steel slag based materials) whose effectiveness
of stabilization was investigated on sewage sludge.
Several series of tests for solidified sludge were conducted
including the moisture content, compressive strength,
shear force, permeability, and toxicity characteristic
leaching (TCLP). The result shows that the stabilization
effect of physicochemical properties of stabilized sewage
by S1" (content 90% steel slag) were better than that
of cement. With 20% S1, the moisture content of the
sludge could be reduced to 30% at 20+1°C for 7 days; The
compressive strength was 74.5 kappa and the permeability
coefficient was 5.03 x 10~ (cm/s); The TCLP was below the
limit value. The hydration products of paste and solidified
sludge at 1, 3, 14, 28, and 90 days were analyzed by XRD,
SEM, and energy spectroscopy to distinguish ettringite/
iron ettringite in S1 solidified sludge. the result shows the
Needle-like ettringite of S1 possess high iron content and
may be Fe—-Aft.
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1 Introduction

In China, the government and markets only pay attention
to sewage treatment and reject sludge treatment exposure
for a long time. Thus, numerous new processes have been
developed for the treatment of municipal sludge from
concentrated dehydration to final disposal. However, the
amount of untreated sludge accumulated over the years
remains massive. This causes several issues with regard to
sludge, including high water content, low strength, lack
of bearing capacity and the anaerobic environment of the
sludge which causes the decomposition of organic matter
and the release of flammable methane that can easily lead
to safety accidents [1-3].

Sludge solidified by cementitious materials for reusing
is a kind of common treatment methods. Cementitious
materials commonly include cement, fly ash, lime,
gypsum, slag, and others [4]. The hydration process of this
kind of material is often accompanied by the formation of
hydration heat, and the hydration products can destroy
the sludge flocculation structure, which can improve the
sludge drying rate [5-7]. For example, Kim et al. used 30%
steel slag and 10% quicklime to solidify digested sludge.
The microscopic analysis proved that the formation
of calcium-silicate—hydrate (C-S-H) gel changes the
sludge structure [8]. Zhen et.al used 5% and 10% calcium
aluminate gypsum curing sludge, the moisture content
to 50%—-60% after curing for 5-7 days. Abundant water,
zeolite, and CaCO, formed in the sludge [9]. Yang et al.
discovered that the addition of concentrated sludge
with 2.0 geg? DS skeleton constructs (dry solid, sludge
dry basis) can reduce the moisture content of the cake
to below 60%, and the added cement- steel slag-fly ash
sludge-based curing agent can be made of landfill cover
material [10-11].

The curing agent dosage is usually larger because
sewage sludge contains 500-1500 mg/L alkalinity as
CaCo,, which can provide cemented benefits; however,
sludge also contains 200-2000 mg/L organic acids as
Humic acid, which can restrain the hydration processes
of cementitious materials [12-14]. Minocha et al. [15] found
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that animal fat, hexachlorobenzene, trichloroethylene,
phenol and other organic matter affect accumulation
density and compressive strength of solidified sludge. Zhu et
al. [16] found a limit to the effect of unconfined compressive
strength and failure strain of silt solidified soil when humic
acid inhibits the strength (3.62%); beyond this limit, the
strength and failure strain of solidified soil no longer
changes even with increased humic acid content of silt soil.
The results also show that the plasticity of solidified soil is
enhanced with the increase in humic acid content. Humus
exerts a restraining effect on the hydration of cement. The
inhibitory effects of humus on cement hydration is mainly
due to the adsorption film; when humic acid in humus
comes in contact with the mineral in cement, a layer of
adsorption film forms on the surface of minerals, hindering
further hydration reaction. In addition, humic acid can
easily combine with minerals with high alumina content
yielding hydrated products such as hydrated calcium
aluminate, hydrated calcium sulfoaluminate and etc. The
hydrolysis of hydrated calcium aluminate crystal reduce
the strength of cement stone during hydration [17]. Further
research shows that 12Ca0-7A1,0, can enhance the effect of
cement-solidified sludge because the presence of aluminate
counteracted the interference from organic matters, favored
the formation of crystalline phases ettringite, when the
addition of 10% of 12Ca0-7Al 0, to cement can increase the
28-day strength of sludge to 157.2 kPa [18].

The mineral composition of steel slag is similar to
that of cement, include C,S(2Ca0-Si0,), C,S(3Ca0-Si0,),
C,AF(4Ca0-A1,0-Fe,0,) and CA(3Ca0-ALO,), but the
content of CS, CS is lower and C AF and CA is higher.
C,AF and C A can generate ettringite [19-20]. This paper will
discuss the best ratio of modified steel slag used for sludge
solidification, and leaching toxicity and physicochemical
properties of solidified sludge. Furthermore, the hydration
property and mechanism of modified steel slag and
solidified sludge were analyzed.

2 Materials and Methods

2.1 Raw materials

Dewatered sewage sludge with a moisture content of 78%
and pH of 7.03 was obtained from a sewage treatment
plant in Wuhan. The steel slag was sourced from a steel
company in Wuhan, fluorgypsum was purchased from
Zhonggu Company. The chemical compositions and
physical characteristics of the materials after pretreatment
are listed as below in Table 1.
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Table 1: Chemical and physical characteristics of the raw materials.

(a) Chemical composition of binder materials (wt. %)

Sample MgO0 ALO, Si0, P,0, Ca0 FeO,
Steel slag 6.28 3.59 15.5 1.45 49.84 23.34
Activator 7.977 15.94 29.94 0.024 38.65 1.175
fluorgypsum 0.15 0.61 40.62 0.133

(b) Physical properties of binders and sludge

Apparent Specific surface  pH
density (g/cm?) area (cm?/g)
Steel slag 3.31 494.3 12.69
Activator 2.91 231.1
fluorgypsum 2.84 247.2 1.90

2.2 Moisture content

The method for moisture content was according to CJ/T
3622011, and CJ/T221-2005. The dosage of steel slag is
determined by the effect of reducing the water content of
sludge. When sludge was modified by solidified material,
the change in moisture content may be due to the addition
of dry solid. To eliminate this kind of deviation, we used
the actual moisture content instead of original moisture
content of sludge. The following equation shows the
relationship between the two kinds of moisture content:

AC=0CxM

Where AC is the actual moisture content of sludge, OC
is the original moisture content of sludge, and M is the
dosage of sludge.

2.3 Strength test and TCLP test

The stabilized sludge was sampled by ring knife, and
then the compression strength and direct shear test was
carried out after curing to the specified age. The modified
sludge was pressing into the mold (internal diameter 61.8
mm, height 20 mm) after being stirred uniformly. Then
modified sludge was cured at temperature of 20+1°C till the
testing age. Compression strength and shear strength were
measured according to CJ/T 2492007 standard methods.
The concentrations in heavy metals were measured
by means of toxicity characteristic leaching procedure
(TCLP), which is used to examine the leaching behavior
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of heavy metals in these cement-based waste materials
and described by GB16889-2008 and HJ/T 300-2007.
The heavy metal was measured by atomic absorption
spectrophotometer [21].

2.4 X-ray diffraction and scanning electron
microscopy

The crystalline phases present in the solidified waste
samples were characterized using Cu-Ka X-ray diffraction
(XRD). XRD measurements were conducted with a D/MAX-
IIR diffractometer using nickel-filtered CuKal radiation
(=1.5405 A, 40 kV and 30 mA) from company RIGAKU of
Japan. Sample cured for different days were crushed into
powder by using a mortar and pestle. The powder was
sieved through 150 pm meshes and scanned from 5° to 70°.
The microstructures of solidified sludge were observed
by scanning electron microscopy (SEM model for model
JSM-5610LV, with the following basic parameters: high
resolution vacuum mode, 3.0 nm; low vacuum mode
resolution, 4.0 nm; magnification: x18 to x300 000;
acceleration voltage, 0.5-30 kV; and low vacuum, 1-270
Pa.). Moreover, energy dispersive spectroscopy (EDS) was
used to identify various microstructures in the solidified
waste forms by determining their elemental composition.
Ethical approval: The conducted research is not related to
either human or animals use.

3 Results

3.1 Moisture content of solidified sludge

The three-day moisture content of the solidified sludge
with different mix formulations are illustrated in Figure
1. The ratio of sludge/solidified materials was 9:1, so the
actual moisture content of sludge is 70.2%. (AC = OC x
M=78.2%%90%=70.2%)

As seen in the curves of the moisture content and the
mix formulation of modifier in Figure 1 shows, the moisture
content increased with the increase of steel slag content
when fluorogypsum was added in the modifier and was
higher than those with other modifiers. In general, the
moisture content decreased to a lower value when 2.5%
fluorogypsum was added compared with that with 5%
fluorogypsum addition. The optimum formulation of the
solidified material is as follows: steel slag admixture, 90%;
activator admixture, 10%; and fluorogypsum, 2.5% (we
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Figure 1: Moisture content change of solidified sludge (Steel
slag-Activator-flouorgypsum).

0.6 4

1
IS
1

o
N
1

moisture content(%)

—o=— sludge
—— cement
—_—— S

0.0

T T T T T T T 1
o 2 4 6 8 10 12 14 16

Time (days)

Figure 2: Moisture content change of modified sludge.

call this kind of solidified material S1 in this paper). After
the addition of fluorine gypsum, slag aluminosilicates
can generate ettringite. Ettringite is generated earlier than
C-S-H and AFm. After curing at a temperature of 20+1°C
for 1 day, the moisture content of the solidified sludge
drops to 64% with the addition of 10% S1, and the actual
moisture content of sludge is 70.2%.

The variation in moisture content of solidified sludge
with curing time is shown in Figure 2. The moisture
content change of original sludge is not significant
because the sludge floc structure possesses strong water
retention properties. Only the outer layer of water was lost
due to evaporation, whereas internal moisture is difficult
to remove. Moisture of sludge decreased linearly with the
increasing of S1 modifier, and the effect of S1is superior to
that of common cement. When the content of S1 was 20%,
the moisture content of sludge can decrease to less than
30% after curing for seven days.

3.2 Mechanical properties of solidified
sludge

The shear force variation of sludge is shown in Figure
3. The transverse shear strength of S1 modified sludge
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(S1 20%) was markedly higher than that of cement.
Taking the 14-day shear strength as an example, under
an external pressure was 50 MPa, the shear strength
of S1 modified sludge was close to 80 MPa, whereas the
shear strength of cement modified sludge was only 68.3
MPa. The difference increases slightly with the increase in
external force. With the extension of the modified age, the
internal friction angle of the modified sludge increased,
the change trend of the internal friction angle between
the S1 and the modified sludge was similar, and the effect
of S1 modified sludge was slightly better. Moreover, the
cohesive force of modified sludge increased, and the S1
modified sludge showed an evident growth advantage.
Numerous factors affect the sludge shear strength index,
such as type, density, water content etc. The decrease of
moisture content of S1 modified sludge, which is one of
the causes of the change in shear strength, is lower than
that of modified sludge. However, further analysis in the
following microscopic analysis is required to determine
whether the structure of S1 modified sludge changed,
leading to a change in sludge density, particle size, and
sludge structure change.

As shown in Table 2, the unconfined compressive
strength of S1 modified sludge can reach 74.5 kPa, and
the permeability coefficient was 5.03 x 10~° (cm/s). These
results were superior to those of cement-modified sludge
under the same conditions and demonstrate good water
permeability. However, the change in sludge density was
not evident. Physical properties of S1 solidified sludge
reach the landfill map coverage standards.

3.3 Leaching performance

The leaching concentration of heavy metals in sludge was
in the standard limits, as shown in Table 3, the leaching
concentration of as is the closest to the standard limit.
Heavy metals except for Fe are present at low contents
in the modifier. Therefore, the analysis of the leaching
toxicity of different modified sludge was restricted to As
and Fe. Results are shown in Table 4. Compared with
that of original sludge (As content 100 pg /L), the As in
the solidified sludge was effectively consolidated, and S1
showed the best consolidation effect (14.58 ug/L). The Fe
element in the S1 solidified sludge is also the smallest;
the As and Fe elements in S1 solidified sludge are more
involved in the reaction and consolidated in the stable
crystal. The great effect on sludge heavy metal steading
attribute to the high alkalinity, porous structure and
complexion exchanging of S1 hydration process as most
of cementitious materials have [22-23].
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Figure 3: Shear force change of modified sludge.

Table 2: Mechanical properties of modified sludge.

Modifier ~ Density Unconfined com-  Permeability coef-
(g/cm3) pressive strength  ficient (cm/s)
(kPa)
Cement 1.35 29.5 4.84x10°
S1 1.33 74.5 5.03x10°

Table 3: Heavy metal content of original sludge.

Zn Pb Cr Ni As
Total heavy metal 950 101 495 40 29
content (mg/kg)
Leaching concen- 0.005 0.011 0.016 0.025 0.1
tration of heavy
metals of TCLP
(mg/L)
Limit value of 100 0.25 0.15 0.5 0.3
TCLP

Table 4: TCLP test results for modified sludge.

S1 Cement Sludge Limit value
Fe mg/L 0.029 0.245 0.181
As pg/L 14.58 23.66 100 300

3.4 Hydration product analysis

As Figure 4 shows, the iron content of steel slag is
23.34% Fe0, and the mineral composition shows that
iron mainly exists in the form of CAF, FeO, and RO.
The content of C,S and CS in steel slag is less than that
of conventional cement. Figure 5 shows that the early
hydration products of steel slag paste (three days) are

calcium hydroxide and C-S-H gel, but the hydration
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degree was not apparent. By contrast, the hydration
degree of S1 in the early stage evidently increased, more
C-S-H gel formed, and the ettringite/Fe—ettringite and
the calcium iron aluminum oxide peaks appeared. The
peaks of ettringite and Fe-ettringite are highly similar
and thus difficult to distinguish (the main peak of Fe—
ettringite at 2e = 9.13, whereas that of Al-ettringite at 2o
= 9.09) [24]. The modifier S1 contains abundant steel slag
powder, which is composed of calcium aluminate and
calcium aluminoferrite, which can generate ettringite
and Fe—ettringite. In the presence of gypsum, the XRD
pattern analysis is difficult to distinguish accurately due
to the complex type of hydration products of steel slag,
and further analysis combining with SEM and SEM-EDS
is required. The analysis of the paste hydration product is
shown in Figure 6. The main products of the steel slag are
the C-S-H gel and portlandite, which are more abundant at
a latter age. The products of S1 are AFm/Fe-AFm and C-S-H
gel. The peak of AFt/Fe—AFt weakened relative to that at
an early age possibly because the hydration products of
calcium aluminate and calcium aluminoferrite translate
to AFM/Fe-AFM when fluorine gypsum is exhausted.

As seen in the SEM morphology analysis of modified
agent paste in Figure 7, at early age, the main products
of S1 include an abundant amount of gel, as well as few
needle-shaped ettringite and six-square flake-shaped
portlandite. Short rod-shaped ettringite/Fe—ettringite
appeared during for one-day hydration, and the rods
were slightly elongated after three days (Figure 7a,b);
however, the resultant structure is not complete, and the
degree of hydration is low compared to that of cement
with the water-cement ratio (Figure 7a,b-g,h). Cement
hydration for three days resulted in a large number of
morphologically intact gels with ettringite (Figure 7g,h).
With the increase in curing time, the hydration product
of S1 gradually grew more intact. On the 14th day, a large
number of needle bar clusters appeared at the growth
center, and the hexagonal flake calcium hydroxide grew
in the cluster (Figure 7c,d). On the 28th day, the rod-like
structure disappears, and a large number of lamellar
structures appeared (Figure 7e). Combining with XRD
results, these findings show that AFt/Fe—Aft is converted
to AFM/Fe—AFm (Figure 6 and Figure 7e.). After hydration
for 90 days, the structure of the S1 product became dense
(Figure 7f).

The SEM image (Figure 8) of solidified shows
that, in the case of sludge which filled with complex
organic matter, the hydration of conventional cement
was inhibited, whereas S1 hydration could continue.
Thus, shear strength test exhibits an advantage of S1 in
curing. In the early age, the main hydration products of
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Figure 4: XRD analysis of steel slag powder.
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Figure 6: XRD analysis of S1 hydration products at 28 days (FS is
original steel slag powder).
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Figure 7: SEM analysis of paste hydration products (a-f: SEM of
S1 paste curing for 1, 3, 14, 28, 90 days; g-h:SEM of cement paste
curing at 3 days).

S1 solidified sludge are ettringite/Fe-ettringite. In terms
of quantity, it has the phenomenon that the growth of
the products showed an absolute advantage compared
with the gel and calcium hydroxide stones (as opposed
to the proportion of its paste product), and the products
showed more slender and complete trend morphology
compared to its paste product. The phenomenon may
form because of the SEM pretreatment, in which the
slurry and solidified sludge are immersed in the alcohol
solution in the conventional manner and then dried at low
temperature. However, the pore structure in the solidified
sludge is more complex than that of the pure slurry
sample. The degree of infiltration may present differences,
which may lead to the incompletely terminated hydration

(¢) S1 3days (d) S1 14days

Figure 8: SEM analysis of hydration products in solidified sludge
(a-b: SEM of cement solidified sludge curing for 3 days; c-d: SEM of
S1solidified sludge curing at 3 days).

reaction of the net bubble process, resulting in a certain
age difference between the two aquatic products. Thus,
whether the organic matter in the sludge promotes the
S1 hydration reaction needs further experimental proof.
As observed in cement solidified sludge, the hydration
was markedly inhibited compared with the cement
paste or S1 solidified sludge, the quantity of the needle-
state ettringite decreased, and the growth defect became
shorter. According to the literature, a large amount of
organic matter in the sludge inhibits cement hydration
[25]. However, aluminide 12Ca0-7AL0, can enhance the
effect of cement-solidified sludge because the combination
of aluminide makes the needle-shaped ettringite content
increased, and ettringite formation can isolate the sludge
particles, thereby reducing the inhibitory effect of organic
sludge on cement hydration [11].

The needle-like structure mineral formed a uniform
cross sludge organism similar as ettringite, which is a
major hydration by-product of tricalcium aluminate in the
presence of sulfate ions as formulated by Equation (1). The
ettringite/Fe—ettringite morphology closely approximates
the SEM results are difficult to differentiate. Therefore,
the energy spectrum analysis was used to distinguish the
results [24], the morphology of the S1/sludge need being
further analyzed. Dense regions of ettringite/Fe—ettringite
was spied among S1hydrated products after being mixtures
for one day as Figure 9a shows, then, discriminated by
point scanning function of SEM-EDS as Figure 9b shows.
However, as the EDS (Figure 9¢) test shows, a large amount
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Figure 9: SEM- energy spectrum of S1 hydration products in sludge.

of Fe elements exist in this kind of mineral relative to
ettringite, the mineral is more similar to iron-substituted
AFt, a hydration by-product of C,AF, which is a solid-
solution series called the ferrite phase, in the presence
of sulfate ions as formulated by Equation (2). Ettringite
formation reportedly reaches equilibrium after several
days, whereas the balance of iron ettringite formation
requires six months. By comparison, ettringite is formed
from CaO, Fe,(SO,),-5.3H,0, and/or AL(SO,),-16.2H,0 to
0.032 KOH solution [15], which deviates from the result of
Equation (2). We think that the product is Fe—ettringite.

3Ca0 - Al, 03 + 3CaS0, + 32H,0 < Cag Al, (S0,)3(OH)y;, - 26H,0 (1)

3C,AF + 60H — 2C,(A, F)Hyo + 2C, (A, F)Hg + 4(F, A)H,

- 4C4 (A F)Hq + 2(F, A)H; + 24H )]

4 Conclusions

When the Slag sludge-based curing agent ratio was
S1 [(steel slag: Activator): fluoride gypsum = (90%:
10%):2.5%], the sludge water content showed the most
marked decrease; A 20% addition of S1 with curing at
20+1°C for 7days, have enhanced the physicochemical
properties of S1 solidified sludge to the standard of landfill
(GB/T 23485-2009). The moisture content was reduced
to 30% or less, the compressive strength ran up to 74.5
kPa, and the permeability coefficient achieved was 5.03
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x 107 (cm/s). The TCLP was below the limit value, thus
it can be used as a covering material for refuse landfill.
The main hydration product of SImight be Fe-Aft and it
was generated without inhibition by organic matter in the
sludge even in early age.
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