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Abstract

The study reports on the hydration characteristics of eco-cement clinkers produced with waste sludge ash as raw components. The
tested mixtures were composed of different types of waste sludge ash, including sewage sludge ash, water purification sludge ash,
limestone, and ferrate, prepared using the optimum proportioning method. The mixtures were burned at 1400 °C for 6 h. The clinkers
thus obtained were quantified and the hydration characteristics of the eco-cement pastes prepared from the waste sludge ashes. The
setting time, compressive strength, hydrates and porosity distribution were examined at various ages. The 28-day compressive strength
of the early high strength developing of eco-cement C paste outperformed that of ordinary Portland cement paste by 3 MPa. It is
supposed that the large quantity of limestone used provided CaO, which in turn enhanced the formation of C;S, leading to the greater
compressive strength development in the eco-cement C paste. From the porosity distribution, shown by the Mercury Intrusion
Porosimetry results, it was found that, with increasing curing ages, the gel pores (<0.01 pm) increased and the total porosity and
capillary pores (>0.01 um) decreased—a result that shows that hydrates had filled the pores. This resulting densification and enhanced
later strength were caused by the shifting of the pore size distribution to a smaller diameter range.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction urbanization has made it increasingly difficult to find

suitable landfill sites [1].

Increasing demands on natural resources and a scarcity
of environmentally acceptable solid waste disposal sites are
hastening many municipalities in Taiwan to consider
resource recovery as an alternative. The annual sludge
production from Taiwan in 29 purification treatment plants
and 22 sewage treatment plants is 160,000 tons and
180,000 tons, respectively. Currently sanitary landfills are
commonly used for the disposal of this sludge but rapid
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Currently, the most common methods of sludge
disposal are in ocean or land fills, or for agricultural
purposes. In recent years, studies had been carried out by
various researchers investigating the use of sludge as
construction material. Tay [2,3] found that sludge mixed
with clay could be used in the production of bricks for
construction use. The sewage sludge ash (SSA) retained
in filters can be deposited in controlled landfills or used
in construction to improve some of the properties of the
building materials. Incineration residues, such as rice
husk ash [4,5] and municipal solid waste ash [6], have
been used successfully in construction. SSA has been
used in mortars [7], in concrete mixtures [8,9], in brick
manufacture [10], as a fine aggregate in mortars [11], and
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Table 1
Chemical analysis of the raw materials
Composition Primarily Water Limestone Ferrate
sewage purification
sludge ash sludge ash
Si0; (%) 63.31 54.47 3.76 6.61
ALO; (%) 15.38 29.12 1.10 225
Fe,05 (%) 6.81 7.25 0.66 62.30
CaO (%) 1.80 0.93 52.46 0.71
MgO (%) 1.03 1.12 1.23 0.23
SO; (%) 1.01 0.08 0.18 0.82
Na,O (%) 0.70 0.67 0.22 ND
K50 (%) 1.51 3.55 0.01 ND
P,0s5 (%) 7.20 ND* ND ND
Cl” (ppm) 105 311 ND ND
Cu (mg/Kg) 5420 150 ND ND
Cr (mg/Kg) 20 ND ND ND
Cd (mg/Kg) 20 ND ND ND
Pb (mg/Kg) 740 50 210 730
Ni (mg/Kg) 310 ND ND 850
Zn (mg/Kg) 3510 110 1150 1320

% ND: not detected.

in asphalt paving mixes [12]. The reuse of a waste in
cement production mainly depends on the chemical
composition of the waste. The major components in
sewage sludge ash and water purification sludge ash,
Si0,, CaO, Al,O; and Fe,O; [13,14] can through the
burning process, produce such compounds as calcium
aluminates and calcium silicates, which include CsS, C,S
and C3;A. Such compounds, which also commonly
present in ordinary Portland cement, may function as
binders or possess hardening characteristics.

A new type of Portland cement has been developed
not only to solve the landfill sites problem, but also to
conserve the environment by the resources circulation.
This new type of cement is called “eco-cement”. It is the
compound word of “Ecology” and “Cement” [15]. It has
been expected greatly for the conservation of energy and
environment by virtue of decreasing energy necessary for
production, reducing CO, emission, reducing the natural
resources for cement and reducing the load to disposal
sites. In view of the aforementioned disposal problems
and the increasing cost of construction materials, labo-
ratory studies have been conducted to evaluate the use
potential of sludge clinkers as a cement replacement
material. The study discussed in this paper reports on the
hydration characteristics of waste sludge that is reused in
eco-cement clinkers. The tested mixtures were composed
of different types of waste sludge, including sewage
sludge ash, water purification sludge ash, limestone and
ferrate, which were prepared using the optimum propor-
tioning method. The mixtures were burned at 1400 °C for
6 h. The clinkers thus obtained were quantified and the
hydration characteristics of the eco-cement pastes pre-
pared from the waste sludge examined at various ages,
including the compressive strength, hydrates and porosity
distribution.

2. Materials and methods
2.1. Clinker preparation

A pilot-scale test was conducted to study the possibility
of applying this technology in actual practice.

Water purification sludge ash and sewage sludge ash,
limestone, and ferrate were used as raw materials in the
tests. The oxide compositions of these raw materials, on a
loss free basis, are given in Table 1. A computational
model [14] was used to formulate the composition of the
raw clinkers.

The raw materials were blended using three different
ratios: eco-cement A, eco-cement B, and eco-cement C.
Each cement clinker ratio was determined after considering
the hydration modulus, [HM=(CaO/SiO,+Al,03+Fe,03),
1.7<HM<2.3], the lime saturation factor [LSF=(CaO/
Si0,+1.18A1,03+0.65Fe,03), 0.8<LSF<0.95], the silica
modulus [SM=(Si0,/Al,05+Fe,03), 1.9<SM<3.2], and
the iron modulus [IM=(Al,05/Fe,03), 1.7<IM<2.5]. The
four unknowns could be solved by 1st order simultancous
equations. The blend ratios are shown in Table 2.

The burning process is summarized as follows: incin-
erated ash of sewage sludge and water purification sludge
ash was separated, dried and pulverized in a pretreatment
process. The pretreated incinerated ash was mixed with
other raw materials (e.g. ferrate) and supplements (e.g.
limestone). The ground mixtures were burned in a
programmable electrical furnace. The compound material
was burned for 6 h at 1400 °C to form eco-cement clinker.
After the burning process, the resultant clinkers were
cooled in a clinker cooler, then mixed with plaster (e.g.
3.5% gypsum) and pulverized to produce eco-cement
clinker. The fraction passing through a #325 mesh was
then analyzed to determine its principal properties (shown
in Table 1).

The cement used in this research was ordinary Portland
cement (OPC) Type I, supplied by the Taiwan Cement
Company. The major composition of the OPC is listed in
Table 3.

Table 2
Blend ratios (wt.%) of the raw materials

Type of blend
Tipe of blend

Eco-cement A Eco-cement B Eco-cement C

Sewage sludge ash 4.69% 8.98% 4.24%

Water purification 13.03% 9.34% 12.45%
sludge ash

Ferrate 1.88% 2.08% 1.85%

Limestone 80.40% 79.60% 81.45%

Modulus

LSF 0.92 0.84 0.95

HM 2.03 1.9 2.11

SM 1.99 23 2.1

M 2.00 1.74 1.97
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Table 3
Chemical composition of the OPC and eco-cement clinkers

OPC  Eco-cement A Eco-cement B Eco-cement C

Composition

Si0; (%) 20.04 21.24 23.15 20.93
AlLO;3 (%) 5.35 7.11 6.39 6.60
Fe,03 (%) 3.44 3.55 3.67 3.35
CaO (%) 63.16 64.83 63.12 65.23
MgO (%) 231 1.28 1.11 1.17
SO; (%) 2.03 3.24 3.27 3.51
R,0 (%)* 0.56 0.72 0.26 0.56
TiO, (%) 0.27 0.33 0.31 0.27
P,0s (%) ND®  0.46 0.75 0.21
Free CaO (%) 0.23 0.30 0.20 0.40
Ignition loss (%) 0.85 0.94 0.96 0.93
Constituents

CsS 51.01 48.65 31.74 56.91
C,S 2321 24.20 42.47 17.07
C3A 821 12.83 10.72 11.82
C4AF 10.32 10.80 11.17 10.19

# R,0: Na,0+0.659 K,0.
® ND: not detected.

2.2. Approach

Three types of eco-cement clinkers prepared as above
were used. Pastes using the aforementioned blends were
prepared with a water to binder ratio of 0.38.
25.4x254x254 mm (1x1x1 in.) test cubes were
prepared according to ASTM-305, followed by a mould-

Table 4
Heavy metal concentrations in TCLP leachates for the OPC and the eco-
cement clinkers

Cu Cr Cd Pb Ni Zn

(mg/L) (mglL) (mgL) (mg/L) (mg/L) (mg/L)
OPC ND*  ND"  NDf 0.7 ND? 03
Eco-cement A  ND ND ND 0.6 ND 0.3
Eco-cement B ND ND ND 0.6 ND 0.3
Eco-cement C ND ND ND 0.6 ND 0.3
Regulatory - 1.0 1.0 5.0 - -

thresholds

* Detection limits<0.020 mg/L.
® Detection limits<0.016 mg/L.
¢ Detection limits<0.014 mg/L.
4 Detection limits<0.014 mg/L.

ing process (ASTM C31-69). The specimens were then
demoulded and cured in a container at 95% humidity at
25 °C for 3-28 days. The compressive strength develop-
ment of three samples was measured for specimens of
each types of eco-cement pastes at different ages,
according to ASTMC39-72. The leachability of the
specimens was analyzed by Toxicity Characteristic Leach-
ing Procedure (TCLP) tests. The chemical composition
was analyzed, using X-ray fluorescence (XRF) techniques.
The composition changes and hydration characteristics
were analyzed, using both the XRD and MIP techniques,
for pulverized and sieved (#300) samples whose hydration
was terminated at the tested age with acetone under a
vacuum for 24 h.

25 3
1 6

Intensity

1.C,S, 2. B-C,S, 3. Ca(OH),, 4Ca0, 5C,A, 6. C,AF 7.0-C,S

WW

A o A Eco-cement A

1 Eco-cement C

4 OPC

25 30 35

Fig. 1. XRD patterns of the OPC and eco-cement clinkers.
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Table 5

Setting times for OPC and eco-cement pastes

Paste Initial setting (h) Final setting (h)
OPC 3.20 5.28
Eco-cement A 4.27 5.92
Eco-cement B 8.80 10.85
Eco-cement C 1.68 3.13

2.3. Analyses

Chemical and physical analyses of the ordinary Portland
cement and the three types of eco-cement pastes were
conducted at different ages as follows:

* Unconfined compressive strength (UCS): ASTMC39-72.

* Heavy metal leachability (TCLP): SW-864-1311.

* Heavy metal concentration: Cd (SW864-7131A), Pb
(SW864-7421), Zn (SW864-7951), Cu (SW864-7211),
Cr (SW864-7191).

* Setting time: the setting times of the cement mixes were
determined according to ASTM C191 using a Vicat
apparatus at room temperature. The initial setting time
was defined as when a Vicat needle 1 mm in diameter
would penetrate the sample to a point 5+ 1 mm from the
bottom of the mould. The final setting time was defined
as when a 5-mm cap ring would leave no visible mark
when placed on the surface of the sample.

Mineralogy: the XRD analysis were carried out by a

Siemens D-5000X-ray diffractometer with CuKa radia-

tion and 26 scanning, ranging between 10° and 50°.

Chemical composition: the X-ray fluorescence (XRF)

was performed with an automated RIX 2000 spectrom-

eter. The specimens were prepared for XRF analysis by
mixing 0.4 g of the sample and 4 g of 100 Spectroflux, at

100

a dilution ratio of 1:10. Homogenized mixtures, were
placed in Pt—Au crucibles, then treated for 1 h at 1000 °C
in an electric furnace. The homogeneous melted sample
was recast into glass beads 2 mm thick, and 32 mm in
diameter [16].

3. Results and discussion
3.1. Characterization of the eco-cement clinkers

The X-ray diffraction patterns of the OPC and the eco-
cement clinkers are illustrated in Fig. 1, showing the
speciation. The major components of the Portland cement,
C3S (i.e., 3Ca0.Si0,), C,S (i.e., 2Ca0.Si0y), C5A (i.e.,
3Ca0Al,03), and C4AF (i.e., 4Ca0.Al,03.Fe,03), were all
found in both the eco-cement A clinker and eco-cement C
clinker. Eco-cement B clinker also showed the formation of
a-C,S phase.

The properties of the three types of eco-cement clinker
used in this study were analyzed. The XRF analysis results
are summarized in Table 3. It is noted that SiO,, CaO, Al,O3
were the primary components found in the eco-cement
clinkers. The belite content in the eco-cement A clinker was
similar that in the OPC. Phase compositions were predicted
theoretically using a modified Bogue calculation. These are
given in Table 3.

Table 3 indicates that the clinker produced from eco-
cement B contained larger amount of belite and a smaller
amount of alite. It is believed that the phosphate in the raw
material did not decompose during the burning process and
was fixed in the final product. Normally the P,Os content
in Portland cement is as much as 0.2%, but cements
produced from clinker had 0.5% P,0s, leading to lower

Q0

60

50

30 r

Compressive Strength (MPa)

—e— OPC

20 —=— Eco-cement B Paste

10

—x— Eco-cement A Paste
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O 1 1
0 5 10

15 20 25 30
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Fig. 2. Compressive strength development of the OPC and eco-cement pastes.



1078

K.L. Lin et al. / Cement and Concrete Research 35 (2005) 1074—1081

1.Ca(OH),, 2.C,S, 3.C,A, 4.C,AF,5.C,S

1

Intensity

1

IR FURTPIIN | ISOOPORIN SN

WWWWW

N A > A ’k h 1 Eco-cement A Paste

W/C=0.38
Curing Time = 3 days

Mo/

sk

Eco-cement C Paste

Eco-cement B Paste

A,

OPC Paste

Aot "

__..MAMWMM&*‘

o Ve

5 10 15 20 25 30

35

20

40

45 5 55 60 65 70

Fig. 3. XRD patterns of the OPC and eco-cement pastes at 3 days.

strength due to the decomposition of Cs3S, obtaining a-C,S
rich in P,Os [17]. Increasing the P,Os content increases
the free-CaO content and lowers the C3S/C,S rate [18].
The clinker produced from eco-cement C had greater
amount of alite. The oxides Na,O and K,O, so called
alkalis, are normal components of all the eco-cement
clinkers [18]. The alkalis content in Portland cement is
usually 0.5-1.3%.

All the tested eco-cement clinkers met the TCLP
requirements. There was a high heavy metal content, which
included Pb, Zn, Cd, Ni, Cr and Cu (See Table 1). But it was
found that the leaching concentrations all met the regulatory
thresholds (see Table 4).

3.2. Setting times of the OPC and eco-cement pastes

As the cementitious hydraulic reactions progress, cement
hardens and develops its strength. Basically, the setting
behavior is a result of the cement grains dispersing
(dissolving) and hydrating in the water, to gradually form
a solid/liquid suspension of the various hydrates. As the
process continues, the inner structure of the cement paste is
further reinforced to become a network structure, which
causes the cement to set and gain strength.

The setting times for the three types of OPC and the eco-
cement pastes are given in Table 5. The results show that
eco-cement A paste had a bigger initial setting time and final

1Ca(OH),, 2.C,S, 3CA, 4.C,S

W/C=0.38
Curing Time = 28 days

1 1 Eco-cementCPaste

Eco-cement B Paste

Intensity

\ A l m H Eco-cement A Paste
X p J\ e U'}J \ j Ao OPC Paste
i 1 1 f 4 syl
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35

26
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Fig. 4. XRD patterns of the OPC and eco-cement pastes at 28 days.
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Fig. 5. Pore size distribution in OPC pastes.

setting time to OPC paste. Eco-cement B paste had a
delayed setting time, which may be attributed primarily to
the large amount of a-C,S. The accelerated setting of eco-
cement C paste could be attributed to more C;S. The setting
time of the eco-cement C paste was shorter, thereby
decreasing its workability.

3.3. Compressive strength development of the OPC and
eco-cement pastes

Fig. 2 shows the compressive strength of the OPC and
eco-cement pastes. It can be observed that the compressive
strengths of OPC and all three types of eco-cement pastes
occurred within the curing times (3 to 28 days). At 28 days,
the strength of eco-cement A paste was similar to that of

OPC paste. The experimental results indicate that eco-
cement B paste had a slower compressive strength develop-
ment. It can be noticed that the eco-cement B clinker
contained larger amounts of «-C,S, which led to lower
compressive strengths, relative to the OPC paste. The
experimental results indicate that eco-cement C paste
showed a slower compressive strength development at 3
days, but at 28 days, the strength was 3 MPa, which exceeds
that of OPC paste.

3.4. OPC and eco-cement paste hydrates
Figs. 3 and 4 show the XRD analyses of the hydrates of

OPC and three types of eco-cement pastes, at 3 days and
28 days, respectively. We can see that the main hydration
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0.16
2 o014}
E
o 012F EEEEE N
E e W
=] st g
(_3 01 B st
> T T N
D 008 |E=EEN N
g ZEN \ SN
0.06 %
0.04 R
002} |EER 3
3 14 28

B Total Pore = Capillary + Gel Pore

7
Curing Time (days)
> 0.01um Capillary Pore

H < 0.01um Gel Pore

Fig. 6. Pore size distribution in eco-cement A pastes.
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Fig. 7. Pore size distribution in eco-cement B pastes.

products in the pure cement were C—S—H gels, Ca(OH),,
and unhydrated C3;S and C,S (See Fig. 3). In eco-cement
A paste, the hydration products in the mixture were the
same as those in pure cement. Fig. 4 shows the XRD
patterns of eco-cement pastes hydrated for 28 days. By
comparing Fig. 3 with Fig. 4, we find that the intensities
peaks of the eco-cement A pastes and eco-cement C pastes
of the Ca(OH), diffraction peaks were basically the same
as that of the OPC paste, while the strengths of the C;5S
and C,S diffraction peaks had clearly decreased at 28 days.
In addition, because of the vast amount of Ca(OH), that
was formed, the hydration of the eco-cement pastes
increased greatly, obviously enhancing the rate of the
strength developing.

3.5. Porosity distribution in OPC and eco-cement pastes

The cumulative porosity for the three types of pastes, as
obtained from the MIP tests, can be used to represent the
total paste porosity. The porosities of the OPC and eco-
cement A, B, and C pastes are shown in Figs. 5-8,
respectively. The capillary pores (>0.01 pum) decreased
continuously with curing time while the gel pores
increased. At 28 days, the gel pores (<0.01 pum) in the
eco-cement A paste increased with curing time. At 28
days, the gel porosity of the eco-cement C paste increased
in volume similar to the plain paste (Fig. 8). This could be
due to the presence of larger amounts of C;S, the
hydration product of the calcium silicate hydrates, which

0.2
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Fig. 8. Pore size distribution in eco-cement C pastes.
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filled the capillary pores. At a curing age of 28 days, the
volume percentage of fine pores in eco-cement B paste
was less than in OPC paste (Fig. 7). One possible
explanation for the pore size variation in eco-cement B
paste was that the amount of «-C,S led to the retardation
of the early stages so the fine pore volume was less than in
OPC paste.

4. Conclusions

From the studies carried out, the following conclusions
can be drawn:

1. The leaching concentrations of all three types of eco-
cement clinkers met the regulatory thresholds.

2. In the XRF analysis we note that SiO,, CaO, Al,O; were
the primary components found in the eco-cement
clinkers. Belite content in the clinker of eco-cement A
clinker was similar that in OPC.

3. Eco-cement A paste had an initial setting time and final
setting time similar to OPC paste.

4. Eco-cement B paste had an observed delay in the setting
time which may be primary attributed to the larger
amount of «-C,S.

5. The compressive strength of OPC, eco-cement A and
eco-cement B pastes occurred within the curing times.
Eco-cement B clinker contained larger amounts of «-
C,S, which led to lower compressive strength.

6. From the porosity distribution, it was found that, at 28
days, the gel pores in the eco-cement A paste increased
with curing time. Eco-cement B paste was that the
amount of a-C,S led to the retardation of the early stages
so the fine pore volume was less than in OPC paste. At
28 days, the gel porosity of the eco-cement C paste
increased in volume similar to the plain paste.
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