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Abstract

Paper mill sludge ash (PMSA) and sewage sludge ash (SSA) were mixed and calcined at high temperatures to improve the
hydration activity of the sludge ash. The resulting mixture was utilized as an auxiliary cementing material to prepare backfill
material for mining. Factors, including sludge ash mixing ratio and calcination temperature, affecting the properties and
microstructure of the mixed calcinated sludge ash (MCSA) and cement paste were analyzed. Both raw materials and prepared
cement pastes were characterized by different techniques, including XRD, FTIR, TG-DSC, SEM, and EDS. Results show that
the major reaction products of PMSA and SSA mixture calcined at high temperature are gehlenite and belite, which exhibit
high hydration activity in the pozzolanic reaction and significantly improve the degree of hydration of the MCSA—cement
system. Compared with trials involving separate calcination of the two sludge ashes, pastes prepared by mixing calcination
had a lower water demand, shorter setting time, and higher compressive strength. The amounts of Ca(OH), and C-A(F)-S-H
gel produced by the MCSA—cement hydration reaction increased, and the degree of polymerization of the gel phase improved
with the increase in calcination temperature as well as the decrease in PMSA mixing ratio, which resulted in the formation
of a dense microstructure at the later stage of hydration. This research also suggested that the best modulus range values of
MCSA should be controlled to within 1.42 <HM < 1.48 and SM=0.72, the optimal calcination temperature was 1200 °C,
and the appropriate replacement rate of MCSA for cement should be equal to or smaller than 40% in laboratory conditions.
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will be significantly reduced by excessive addition of sludge
ash. This work is innovative in that we mixed paper mill
sludge ash and sewage sludge ash in certain proportions and
calcined them at high temperature to form active minerals,
which significantly improved the compressive strength of
the sludge ash-cement paste. The preparation of this paste
backfill material is conducive to realizing the large-scale
reutilization of paper mill sludge and sewage sludge.

Introduction

Paper mill sludge, one of the largest industrial solid wastes
by mass, is produced during the process of pulping paper-
making wastewater disposal whose annual discharge reaches
over 12 million tons in China. Paper mill sludge contains a
large amount of organic matters, heavy metals, and patho-
gens posing severe threats to the ecological environment and
human health unless harmless disposal is effected [1-4].
The traditional methods of"dealing with paper mill sludge
includes landfill, marine dumping, and incineration, among
which, landfill occupies massive land resources and may
cause groundwater pollution, marine dumping poses a seri-
ous threat to the marine ecological system and the human
food chain, therefore, both methods are not considered to be
environmentally friendly. By contrast, incineration treatment
can significantly reduce sludge volume, kill pathogens, and
improve heavy metal stability, thus comprising a compre-
hensive harmless handling method [5-9].

Paper mill sludge contains lots of CaCO;, and small
amounts of SiO, and Al,0;, the CaCO; will be decomposed
into CaO with weak hydraulicity under high temperature,
nevertheless, paper mill sludge ash (PMSA), if being used
as a cement admixture, can substantially reduce the early
strength of cement given excessive addition, furthermore,
many pores in PMSA (formed by calcining) increase the
water demand and lower the flow property of PMSA-cement
paste [10], therefore, it is inapplicable to use PMSA alone
as a cement admixture. The major components of sewage
sludge ash (SSA) are SiO,, Al,O5, CaO, and Fe,0;, among
which, the non-crystal components have certain pozzolanic
activity which can serve as supplementary cementing mate-
rial to replace cement. Based on previous research into SSA,
it is accepted that SSA has weak pozzolanic activity, a small
amount substitution of SSA for cement rarely affects the
compressive strength, while excessive SSA addition can
markedly reduce the early strength of cement mortar. Mar-
tin et al. [11] suggested in their research that, the calcined
sewage sludge possessed certain pozzolanic activity, and a
small portion of SSA reacted with calcium hydroxide to pro-
duce calcium silicoaluminate. Jamshidi et al. [12] analyzed
the SSA phase composition and pozzolanic activity, also
exploring the influence of calcination on its crystallinity.
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Their research suggested that, the addition of SSA reduced
the density and compressive performance of concrete, as
well as improving the pore water adsorption. Cyr et al. [13]
determined the properties of SSA-containing cement mortar
and discovered that, compared with control mortars, SSA
reduced the mortar compressive and flexural strengths, while
such reductions were gradually weakened with time. Joo
[14] reported that the strength of mortar with 10% addition
of SSA was similar to, or higher than that of a pure cement
test specimen. Chen et al. [15] obtained satisfactory com-
pressive strength by substitution of 10% cement and 2% sand
with SSA when preparing concrete mixes.

Cement clinker has excellent hydraulicity due to its
high hydration activity components include tricalcium sili-
cate (C;S), bicalcium silicate (C,S), tricalcium aluminate
(C5A), and tetracalcium aluminoferrite (C,AF). Typically,
these minerals are produced by the melting reaction of Ca
provided by limestone, as well as Si and Al provided by
clay at high temperature. Dry sewage sludge shares simi-
lar components with clay, and can replace part thereof to
prepare Portland cement clinker with little influence on
its performance. Lin et al. [16] used industrial sludge and
waterworks sludge to replace some of raw materials used for
preparing clinkers, and the results suggested that the calcina-
tion products had the same major mineral phases as silicate
clinkers, including C;S, C,S, C;A, and C,AF, the results
were consistent with those of Lin et al. [17]. Shih et al. [18]
discovered that addition of sludge to less than 15% had lit-
tle influence on clinker quality, and the C;S content in the
clinker was apparently reduced as the dose was increased.
Yang et al. [19] used 15-30% wastewater treatment plant
sludge to replace some of the clay to prepare cement clinker.
The result showed that the mineral structure, and hardening
and hydration processes of prepared clinker were identical
to those in Portland cement.

SSA, which serves as a cement admixture or replace-
ment for clay when preparing cement clinker can effectively
realize resourceful utilization of sewage sludge: however,
the added amount of SSA should be controlled to within a
small range due to its low pozzolanic activity, hindering the
application of SSA. Paste backfill materials used for mining
work may be classified as a type of mass concrete, which
can be prepared to fill the goaf formed after coal mining
for supporting the coal seam-roof, preventing surface sub-
sidence, protecting buildings above mined areas, and pro-
tecting vegetation and groundwater aquifers from damage
and even destruction [20-23]. The traditional filling paste
materials used for mining works utilize cement, fly ash,
and slag as cementing materials, the coal gangue and sand
as aggregates, which are mixed with water and filled into
the goaf. The price of backfill raw materials increases with
the increasing amount of waste admixture such as fly ash
and slag, thus hindering the popularization and application
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of this backfill mining technology in Chinese coal mines
[24-26]. The preparation of backfill material can realize the
resourceful utilization of PMSA and SSA at a large-scale,
reduce sludge-induced environmental pollution, decrease the
costs of paste filling material, and hence reaping favorable
environmental and economic benefits.

PMSA and SSA share similar compounds with limestone
and clay, respectively, however, there has been no report
on the products of PMSA and SSA and their reaction at
high temperature and whether it will improve the hydra-
tion activity of the mixture, or not. This study attempted to
mix PMSA and SSA for subsequent calcination at high tem-
perature to improve the hydration activity of the sludge ash,
and prepare a backfill paste material for mining engineering
purposes. To this end, the work involved the investigation of
the effects of SSA and PMSA mixing ratio and calcination
temperature on the properties of MCSA—cement paste, such
as compressive strength, setting time, and normal consist-
ency water demand. In addition, X-ray diffraction (XRD),
infrared spectroscopy, scanning electron microscopy (SEM),
and thermogravimetric-differential scanning calorimetry
(TG-DSC) were utilized to investigate the mineral compo-
sition, chemical structure, and microstructural evolution of
MCSA—cement hydration products.

Materials and Methods
Materials

The paper mill sludge used in this study was sampled from
the Dongxin Paper Mill in Henan Province, China. It was
compressed into blocks using an extruding-desiccating
machine in the paper mill with a water content of 53.5%
and ignition loss of 35.7% at 600 °C. The sewage sludge
was supplied by the Jinmen sewage treatment plant in Henan
Province with a water content of 83.5% and ignition loss of
43.7% at 600 °C. To reduce the organic content of the sludge
and promote tight contact between mixed sludge ash parti-
cles (thus facilitating the melting reaction), the raw sludges
were dried to constant weight at 105 “C, ground into powder
(particle size < 0.8 pm), and calcined for 30 min at 600 C in
a muffle furnace. The resulting ashes were cooled at room
temperature and ground again. The specific surface area of

The chemical compositions of the PMSA and SSA
were determined using X-ray fluorescence (XRF) spec-
troscopy, giving the results shown in Table 1. The oxides
Ca0, Al,0;, and SiO, were the most abundant ones found
in the PMSA, while those in the SSA were SiO,, Al,O3,
CaO, Fe,0;, and P,05. The XRD results obtained for the
two raw materials (after calcination for 30 min at 600 °C)
are shown in Fig. 1. Combining these results suggests that
the Ca in the PMSA came mainly from CaCOj crystals
that were preserved in the sludge during the papermaking
process (calcite and aragonite powders were added dur-
ing the papermaking process to improve the evenness and
smoothness of the paper and further increase the paper’s
whiteness, opacity, printability, and size stability [27,
28]). Furthermore, the Si and Al in the PMSA were mainly
distributed in the form of quartz (SiO,) and corundum
(AL,05), respectively.

The major mineral components in the SSA were quartz,
newberyite (MgHPO,(H,0);), CaO, and mitridatite
(Cag(H,0)6-FeqOc(PO,4)9-3H,0). The Fe that occurred in
the mitridatite came from the ferric chloride used in the
urban and domestic sludge treatment processes.

1:CaCo,

2:Quartz
3:Corundum
4:Newberyite
5:Mitridatite
6:Ca0

10 20 30 40 50 60
2-Theta(®)

Fig.1 XRD pattern of raw paper mill sludge ash and sewage sludge

the resulting powder was 350-380 m%/kg. ash
Table 1 The chemical Raw mate- CaO  ALO, SiO, Fe,0; SO; MgO P,0; Na,0 KO LOF
compositions of the PMSA and rial/oxides 7
SSA (% by mass)
PMSA 40.57 8.13 7.22 2.45 1.40 1.68 1.07 0.81 0.19 35.72
SSA 7.81 12.73 16.30 7.76 1.55 2.06 5.62 0.41 1.23 43.65

“Loss on ignition at 600 °C (%)
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Preparation of the MCSA

PMSA and SSA samples were evenly mixed together in
a planetary mixer. On the basis of the results of prelimi-
nary experiments, the PMSA content was designed to be
77-87% of the total mass of the mixture with a interval
of 2%; the corresponding mass percent of SSA was there-
fore 13-23%. The mixed sludge ash was then molded
into cylinders measuring & 3 cm X 1 cm using a pressure
of 40 MPa, placed in a muffle furnace and calcined at
950-1250 °C with a interval of 50 °C for 30 min, cooled
to room temperature, and ground into powder. The spe-
cific surface area of the MCSA powder thus acquired was
360-390 m?/kg. The calcination quality of the MCSA was
evaluated by using the XRF data to calculate its hydrau-
lic modulus (HM) and silica modulus (SM) using the
expressions:

CaO
HM =
Si0, + ALO, + Fe,0, M
o S0
~ ALO, + Fe,0, 2)

When investigating the effect of varying the mixing
ratio, the calcination temperature were fixed at 1200 °C.
The corresponding MCSA samples were labeled RPB1-6
(amount of PMSA added from 77 to 87%, respectively).
When exploring the effect of calcination temperature, the
mixing ratio was fixed at that which produced the maximum
compressive strength. The corresponding MCSA samples
were labeled RTB1-7 (calcination temperature from 950 to
1250 °C, respectively). Moreover, PMSA and SSA samples
were separately calcined for 30 min at 1200 °C and mixed in
aratio of 79:21 (PMSA:SSA by weight) to prepare a control
sample labeled RDZ1.

Preparation of the MCSA-cement paste

MCSA-cement paste was prepared from a mixture of
MCSA, reference cement, and water (at a fixed ratio of
2:3:2). The reference cement used was P-I1 42.5 Portland
cement consisting of 95% cement clinker and 5% gypsum
which conforms to Chinese National Standard GB 175-2007
[29]. The MCSA and reference cement were first mixed
together and then blended with water in a planetary mixer
using a stirring rate of 120 r/min for 120 s.

Fresh paste was cast into cubic molds (40 x40 x40 mm?)
and vibrated for 5 min on a vibrostand to expel bubbles. The
paste samples were then cured in a standard curing box at
a constant temperature of 20 ‘C (and humidity of 95%) for
24 h. They were then removed from the molds and further
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cured for several (3 or 28) days. The cured blocks were then
tested to determine their strengths.

Other fresh paste samples were cast into 20 x 20 x 20 mm?
molds and used for microstructure analysis experiments.
Paste samples PB1-6, TB1-7, and DZ1 were prepared
using RPB1-6, RTB1-7, and RDZ1 samples, respectively,
using the same method used for the MCSA—cement samples.
In addition, control sample DZ2 was prepared using pure
cement (like the other control sample).

Paste Performance and Micro-testing

Three prime properties of the MCSA—cement paste (com-
pressive strength, standard consistency water demand, and
setting time) were examined based on the requirements stip-
ulated for use in backfill mining. Compressive strength was
determined using a hydraulic press (150 kN capacity and
0.6 MPa/s loading speed). Each strength value was deter-
mined three times and the results averaged. The standard
consistency water demand and the setting times were deter-
mined using Vicat apparatus according to the method speci-
fied in Chinese National Standard GB/T 1346-2011 [30].

The chemical compositions of the PMSA and SSA cal-
cined at 600 °C were determined using XRF spectroscopy.
The mineral compositions of the MCSA and hardened
MCSA-cement pastes were determined using an X-ray dif-
fractometer (Rigaku Smartlab) and quantified using Riet-
veld refinement. Experiments were conducted using Cu Ka
radiation at 40 kV and 30 mA at a scanning speed of 0.2°/
min over a scanning range of 10° to 70°. Fourier-transform
infrared (FTIR) spectra of the hardened MCSA-cement
paste blocks were acquired using a Thermo Scientific Nico-
let 6700 FTIR spectrometer (spectra were recorded at room
temperature between 400 and 4000 cm™' with a resolution of
4 cm™). TG-DSC tests were carried out using a simultane-
ous thermal analyzer (Netzsch STA 449 F3) by heating the
sample from 30 to 1000 °C at a rate of 10 °C/min under a
nitrogen atmosphere. The micromorphology of the hydration
products was investigated using a scanning electron micro-
scope (SEM; Hitachi S-3400 N) employing an accelerat-
ing voltage of 15 kV and OCTANE PLUS energy spectrum
analyzer (EDAX).

Results and Discussions

Effect of PMSA/SSA Mixed Ratio on Paste Samples
Performance of Pastes

Table 2 and Fig. 2 present the modulus values, compressive

strengths, standard consistency water demand, and setting
times of the MCSA—cement pastes (PB1-6) and control
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Table 2 Modulus values of the MCSA—cement pastes made using dif-
ferent mixing ratios

Sample PMSA:SA (by mass) HM SM
PB1 77:23 1.42 0.72
PB2 79:21 1.48 0.72
PB3 81:19 1.54 0.72
PB4 83:17 1.60 0.71
PB5 85:15 1.66 0.71
PB6 87:13 1.73 0.71
Dz1 79:21 1.47 0.72
Dz2 - 2.03 2.10
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Fig.2 Effect of PMSA addition on the performance of MCSA-
cement pastes

specimens (DZ1 and DZ2). The results indicate that sample
DZ1 had the largest water demand (some 27.6% higher than
that of sample PB2). It is also clear that the water demand of
the MCSA—cement pastes increased slightly with increasing
amount of PMSA. This may be attributed to the fact that the
structure of the dry sludge is looser and more porous after
calcination and its particles are increasingly more irregular.
Thus, the specific surface area increases, as does its water-
absorbing capacity. On the other hand, the high P,O5 content
in SSA reduces the melting temperature of the minerals dur-
ing calcination [31] and so a larger amount of liquid phase
is produced which fills the micropores of the MCSA and
results in a decrease in water demand.

The setting times of the MCSA—cement pastes were all
less than that of DZ1. The shortest setting time was obtained
when the PMSA:SSA ratio was 79:21 (i.e. group PB2). This
result could be due to the greater early hydration activity of
the MCSA which promotes the solidification process in the
MCSA-cement paste systems. Furthermore, the PMSA in

DZ1 has a stronger water-absorbing capacity, making it dif-
ficult for this system to obtain enough water to facilitate the
hydration reaction. The setting times of the MCSA—cement
pastes were also longer than that of the pure cement test
sample (group DZ2), which is probably because the high
cement content in DZ2 leads to the hydration reaction being
particularly rapid.

It can also be seen from Fig. 2 that the compressive
strength of the MCSA-cement paste increased at first and
then decreased as the amount of PMSA increased. The maxi-
mum strength was found for group PB2 whose compressive
strengths after 3 and 28 days were 344.8% and 83.4% higher
than that of DZ1, respectively. Moreover, the compressive
strengths of all of the MCSA—cement paste samples were
superior to that of DZ1. These results suggest that the mixed
calcination method substantially improves the hydration
activity of the MCSA. This might be due to the formation
of highly-activated minerals in the MCSA during the calci-
nation process.

We also note that the compressive strengths of all the
MCSA-cement pastes appear to be less than that of DZ2.
For example, the compressive strengths of groups PB1 and
PB2 were only 65.9% and 74.6% of that of DZ2 after 3 days,
respectively, and the corresponding values for the other sam-
ples tested did not exceed 50%. This behavior could be due
to slight hydration activity and high-water absorbing capac-
ity of the MCSA particles. High levels of P,O5 in SSA will
also promote the decomposition of C;S in the cement to
C,S, degrading the hydration performance of the cement
and eventually weakening the compressive strength of the
paste [32].

According to the analysis presented above, the best
mixing ratio of the raw materials is 79:21 (PMSA:SSA by
weight) and the corresponding modulus values should be
HM=1.42-1.48 and SM =0.72.

XRD Analysis

Figures 3 and 5 present the XRD diffractograms obtained
from MCSA samples with different mixing ratios (i.e.
RPB1-6 and control group RDZ1) and MCSA-cement
hydration samples (PB1-6 and control group DZ1), respec-
tively. Figure 4 present the Rietveld quantitative analysis
of MCSA samples performed using GSAS EXPGUI. The
profile were fitted using the Pseudo—Voigt function. The
background was fitted graphically using the Shifted Che-
byschev polynomial and the Rietveld results were normal-
ized to 100% of the crystalline and amorphous phase, as
can be seen, the Rwp in all the Rietveld refinements are
smaller than 12%, indicating that the fitting results are reli-
able. It is clear from Fig. 3 that gehlenite (2Ca0-Al,05°SiO,;
20 values of 24.26°, 26.11°, 31.68°, and 52.42°) and
belite (2Ca0-Si0,; 26 values of 29.67°, 33.17°, 37.89°,

@ Springer



Waste and Biomass Valorization (2021) 12:1633-1646

1638
1:Gehlenite; 2:Belite; 3:Mayenite; 4:Lawsonite; 5:Kyanite;
6:Andradite; 7:Monohydrocalcite
1
. 1 112 22 2 1 RPB1
I RPB2
[ — A A
— o L«....,. o X RPB3
\ RPB4
3 22 4 2 RPB5
B IO} ~ WA ~
RPB6
~——A A 5 A A M 7 iRDZ1
" 1 " 1 " 1 . 1 " 1
10 20 30 40 50 60
2-Theta(®)
Fig.3 XRD pattern of MCSA with different mixing ratios
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Fig.4 Mass fraction of mineral in MCSA samples with different mix-
ing ratios

39.60°, 41.46°, and 44.67°) are the major phases present
in the MCSA. In addition, some weak diffraction peaks
due to mayenite (12Ca0O-7Al,05; 20=18.37°), lawsonite
(CaAl,Si,0,(OH),"H,0; 260 =36.92°), kyanite (Al,SiOs;
26=28.10°), andradite (Ca;Fe,(Si0,);; 260=57.66°), and
monohydrocalcite (CaCO5 H,0, 20 =46.90°) were also
detected in the MCSA.

The intensities of the characteristic peaks due to gehlenite
(20=26.11°, 31.68°, and 52.42°) and belite (20=33.17°)
appeared to decrease as the added PMSA ratio increased (i.e.
from RPBI1 to RPB6), indicating a reduction in the amount
of these crystal phases produced. For example, the content
of gehlenite and belite in sample RPB6 are 61.5% and 36.5%
less than that in sample RPB2, respectively. In contrast, only
one weak gehlenite diffraction peak (with a content of 11%)
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Fig.5 XRD pattern of MCSA—cement hydration samples made from
different mixing ratios of MCSA

could be detected (at 20 =24.26°) in the group RDZ1. This
clearly indicates that the calcination of PMSA and SSA
mixtures with appropriate ratios leads to an increase in the
formation of gehlenite.

The XRD patterns of the hydrated MCSA-cement
pastes presented in Fig. 5 show that the main phases pre-
sent in the hydrated products are portlandite (Ca(OH),;
260 values of 18.32°, 34.34°, 47.36°, and 51.0°), zoisite
(Ca,Al;51;0,,(0OH); 20=32.55°), jaffeite (Cag(Si,07)(OH),;
260=31.73°), hydroxylapatite (Ca5(PO,);(OH); 26=31.73°),
and ilvaite (CaFe;Si,04(OH); 26 =32.96°). Portlandite and
jaffeite are the typical hydration products formed when
Portland cement is used. The formation of hydroxylapatite
and ilvaite is probably due to the substitution of P and Fe
(derived from SSA) in place of Si in jaffeite, which confirms
that the SSA is involved in the hydration reaction. Moreover,
weak peaks were also observed that can be ascribed to unre-
acted belite (20=29.67°, 33.17°, and 41.46°) and gehlen-
ite (260 =52.42°) that are presumably derived from sludge
ash and unreacted cement particles. In this case, protuber-
ant diffraction peaks indicating the presence of species of
lower crystallinity occur in the region 260=27° to 35°. These
suggest the presence of calcium silicate hydrate (C—S—H),
calcium aluminosilicate hydrate (C—A—S-H), and calcium
ferrite—silicate hydrate (C—F—S—H) gel phases in the hydra-
tion products [33-35].

The intensities of the portlandite peaks increase with the
curing time and amount of SSA added (i.e. from PB6 to
PB1), whereas the peaks due to belite and gehlenite present
a decreasing trend, demonstrating the improvement obtained
in the degree of hydration of the MCSA—cement system. The
characteristic peaks due to portlandite in PB2 are sharper
than those in DZ1, especially in the data recorded after
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3 days of curing. Indeed, only a weak peak was observed
in the DZ1 spectrum at 260 =34.34°, indicating that the PB2
samples had higher degrees of hydration than those in the
DZ1 group. This also helps account for the higher com-
pressive strength of the group PB2 samples after 3 days of
curing.

According to Fig. 3, the major crystalline phases in the
MCSA are gehlenite and belite. Belite possesses strong
hydration activity and can directly react with water to pro-
duce Ca(OH), and C-S-H gel [36, 37], which has a posi-
tive effect on the strength of the paste. Previous research
has shown that gehlenite does not react chemically with
water — however, it can (especially in the glassy phase)
react with Ca(OH), to produce C-A-S—H gels that have
tough structures [38]. Therefore, the hardening process of
the MCSA-cement system can be summarized as follows.
First, the CaO, SiO,, and Al,O; in the MCSA interact with
each other at high temperature to produce pozzolanic active
minerals—belite and gehlenite. Then, C—A—S-H gels are
produced due to the reaction between the gehlenite and
Ca(OH), provided by the hydration of C;S and C,S in the
cement. This reaction eventually promotes the hydration
reaction of C;S and C,S, accelerating the hydration process
of the MCSA—cement system and increasing the compres-
sive strength of the system.

FTIR Analysis

To supplement the XRD analysis, infrared spectroscopy
can be used to investigate the amorphous phases involved
in the hydration process. FTIR spectra of the hydrated
MCSA-cement pastes are presented in Fig. 6.

976

i 1 i 1 " 1 " 1 L 1 i 1 " 1 "
300 800 1300 1800 2300 2800 3300 3800
Wavenumber(cm™)

Fig.6 FTIR spectrum of MCSA-—cement hydration samples made
from different mixing ratios of MCSA

The absorption peaks at 430/521 and 925-934 cm™ cor-
respond to the Si—O bending vibrations in C,S and asym-
metric stretching vibrations in C;S, respectively, indicat-
ing the presence of unreacted clinker particles in the test
samples. The peaks at 973-996 cm™! are attributed to the
Si—O stretching vibrations of the Q2 tetrahedra in C—-S-H
gel. Those at 1092-1114 cm™! are caused by amorphous
aluminosilicate vibrations which confirms the presence of
C-A-S-H gel (in agreement with the result of the XRD
analysis). The carbonate bands at 1421 and 2360 cm™! are
mainly due to atmospheric CO, reacting with the Ca(OH),
produced by the hydration of cement. The broad bands
appearing at 3422-3448 cm™ and 1638-1655 cm™ are due
to the bending vibrations of irregularly bound water [39-41].
The set of higher frequency peaks at 3643 cm™ are attrib-
uted to the O—H stretching vibrations in Ca(OH), which is
produced by the hydration of calcium silicate in the paste
samples.

The FTIR results further show that the following changes
can be discerned as the SSA mixing ratio and curing time
increase: (i) The intensities of the C;S and C,S absorp-
tion peaks at 430 and 521 cm™" decrease significantly due
to the hydration reaction of the calcium silicate in the
MCSA—cement system. (ii) The 925 cm™ peak in the 3-day
data shifts to a higher frequency (973 cm™) as does that
at 976 cm™! in the 28-day data (which shifts to 996 cm™).
This is caused by the dissolution of the calcium silicate to
form C-S—H gel phases as hydration proceeds and simulta-
neously indicates the increasing degree of polymerization of
the C—S-H gel [42]. (iii) The main bands due to bound water
that appear at 1638 and 3422 cm™ shift to higher frequencies
(1655 and 3448 cm™!, respectively), indicating an increase
in hydrated products associated with water. (iv) There is an
increase in the intensity of the absorption peak at 3643 cm™
that is attributed to Ca(OH), [43]. This indicates that there
is an increase in the amount of Ca(OH), produced which
is in good agreement with the results of the XRD analysis.

Effect of Calcination Temperature and MCSA
Addition Ratio on Paste Samples

Paste Performance

Figures 7 and 8 present graphs showing the change in
performance of the MCSA—cement pastes (standard con-
sistency water demand, setting time, and compressive
strength) as the calcination temperature and amount of
MCSA added are increased, respectively. As can clearly
be seen, the standard consistency water demand of the
MCSA—cement system gradually decreases as the cal-
cination temperature is increased from 950 to 1250 °C.
However, it remains inferior to that of the pure cement
specimens. This may be due to the fact that the organic
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components and water in the sludge become volatilized at
the high temperature during calcination, thus producing a
large number of capillary pores. Such micropores could
serve as water containers which, in turn, will lead to an
increased water demand by the MCSA-cement system.
Nevertheless, as the calcination temperature increases,
more and more minerals in the sludge ash become involved
in the melting reaction and the micropores in the MCSA
will be filled with these molten minerals. Thus, the water
demand of the MCSA-cement system decreases. This
rationale also explains why the water demand decreases
when the MCSA mixing ratio is increased. As the calci-
nation temperature increases from 1150 to 1200 °C, the
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reactions occurring in the melting MCSA will become
more vigorous which helps improve the micropore struc-
ture. Thus, there is a 16.0% reduction in the water demand
in group RTB6 compared to group RTBS5. The setting
times of the MCSA—cement pastes clearly decrease as the
calcination temperature increases. This is because higher
calcination temperatures promote the formation of active
minerals in the MCSA that accelerate the rates of the sub-
sequent hydration reactions and thus shorten the setting
time of the paste. The setting time becomes more pro-
longed, however, when the amount of MCSA is increased.
This is probably due simply to the fact that the concentra-
tion of the cement decreases as the percentage of MCSA
increases.

It can also be seen from Figs. 7 and 8§ that there is an
increase in compressive strength as the calcination tem-
perature increases and MCSA percentage decreases. The
compressive strengths of the MCSA—-cement samples
were quite unsatisfactory when calcination temperatures
between 950 and 1150 °C were used, especially when they
were cured for just 3 days. For example, the compressive
strengths of samples formed using MCSA calcined at
950, 1000, 1050, 1100, and 1150 °C were only 9.25%,
12.72%, 17.92%, 28.32% and 42.2%of those of the pure
cement specimen, respectively. Increasing the calcination
temperature from 1150 to 1200 °C, however, produced a
marked increase (76.47%) in the compressive strength of
the specimens hardened for 3 days. This suggests that a
significant improvement in the degree of hydration of the
MCSA-cement system had been achieved by this change
in calcination temperature, which might be due to a sub-
stantial increase in pozzolanic activity in the MCSA. We
note, however, that a further increase in calcination tem-
perature to 1250 °C yielded only a slight increase in the
compressive strength of the hardened samples.

Figure 8 reveals that an MCSA substitution rate of
10% reduces the compressive strengths of samples aged
for 3 and 28 days by 3.47% and 2.51% compared to pure
cement specimens, respectively. The corresponding losses
of strength when the MCSA ratio is increased from 40
to 50% are 51.94% and 33.33%, respectively, which are
clearly significantly higher than those occurring between
other groups. Moreover, at a substitution level of 60%, the
specimens produced after aging for 3 days were too soft
to be tested and hardly satisfied the strength requirements
needed for use as backfill material in mining applications.

Overall, our results suggest that the amount of MCSA
employed should be <40%. Moreover, the optimal calcina-
tion temperature is 1200 °C under laboratory conditions
(higher temperatures consume more energy but do not sig-
nificantly improve the performance of the MCSA—cement
paste).
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Fig. 9 XRD pattern of MCSA calcined at different temperatures

XRD Analysis

The results of the XRD analyses performed on MCSA
samples produced at different calcination temperatures are
shown in Fig. 9 and those on the hydrated samples of the
various MCSA—cement systems are presented in Fig. 11.
The Rietveld quantitative analysis of MCSA samples are
shown in Fig. 10.

Figure 9 contains obvious characteristic peaks due to
the presence of lime (CaO; 260=37.50°, 32.34°, 39.53°,
and 54.01°) when the calcination temperature is 1050 °C.
This is due to the decomposition of CaCOj; in the PMSA.
Moreover, characteristic peaks due to unreacted quartz
(S5i10,; 20=20.95°, 26.73°, and 50.19°) and gehlenite
(260=31.68°) can also be observed, suggesting a fraction
of the SSA had been involved in the melting reaction at

100
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Il Gehlenite
Quartz
Bl Lime
§~60
g R
€ Mark R, (%)
© 40 RTB3  11.06
RTB4 10.27
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Fig. 10 Mass fraction of mineral in MCSA samples calcined at differ-
ent temperatures

1050 °C. The characteristic peaks due to lime and unre-
acted quartz gradually weaken as the calcination tempera-
ture increases. For example, the content of lime and quartz
in sample RTB6 are 89.9% and 91.6% less than that in
sample RTB3 respectively. However, the intensities of the
gehlenite peaks are simultaneously enhanced, its content
increased by 569.2% in RTB6 as compare with that in
RTB3, indicating that the gehlenite is produced by the
reactions occurring between the lime (Ca provider), quartz
(Si provider), and mayenite (Ca and Al provider) as the
temperature increases. Peaks due to belite (20=29.54° and
41.26°) can also be observed at a calcination temperature
of 1050 °C. The intensities of these peaks increase slightly
as the calcination temperature is increased to 1200 °C,
indicating that there is increased production of belite as
the calcination temperature increases. This also helps
improve the strength of the MCSA—cement system.

In the diffractograms of the hydrated MCSA-cement
systems (Fig. 11), the most intense peaks are ascribed
to portlandite and these are most pronounced at 1050 °C
(see, for example, group TB3-28d). The formation of port-
landite can be attributed to the hydration of the cement
and free CaO in the MCSA. The intensities of the belite
and gehlenite peaks decrease gradually as the calcination
temperature and hydration time are increased, while the
portlandite peaks are markedly enhanced at the same time
(from 1150 to 1200 °C). This is indicative of the improve-
ment in the degree of hydration of the MCSA—cement
system due to the pozzolanic reaction of the gehlenite and
hydration of the belite.

1:Ca(OH),; 2:Belite; 3:Hydroxylapatite; 4:Jaffeite; 5:Zoisite;
6:Gehlenite; 7:llvaite
TB3-3d
TB4-3d
TB5-3d
TB6-3d
TB3-28d
2,5
. I .}, | - A TB4-28d
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\..J\_._._ ._,)\1‘\1,. - ek A P
n 1 i 1 9 1 " 1 n 1 n
10 20 30 40 50 60 70
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Fig.11 XRD pattern of MCSA-cement hydration samples made
from MCSA calcined at different temperatures
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Fig. 12 FTIR spectrum of MCSA-cement hydration samples made
from MCSA calcined at different temperatures

FTIR Analysis

The relevant FTIR spectra of the MCSA-cement pastes
are given in Fig. 12. As the calcination temperature is
increased from 1050 to 1200 °C, the following results can
be observed: (i) the Si—O bending vibrations associated
with C,S that occur between 420—431 and 518-524 cm™!
become weaker, while those associated with irregu-
larly bound water (observed at 1637-1655 cm™' and
3422-3448 cm™') gradually increase in intensity. Moreo-
ver, the peaks shift to higher frequencies, especially in the
3-day data and with temperatures from 1150 to 1200 °C.
This indicates that more and more of the silicate phases in
the MCSA and cement dissolve to form Ca(OH),, C-S-H,
and C—S—A-H gels, which can be attributed to the forma-
tion of excess gehlenite and belite in the MCSA at higher
temperatures. (ii) the main C;S and C,S bands that appear
at 920 and 925 cm™! shift to higher frequencies in the
region 973-996 cm™!. This suggests there is an increase
in the degree of C—S—H polymerization and better hydra-
tion of the SSA. In addition, the amorphous alumino-
silicate vibration band that occurs at 1093 cm™! shifts to
1114 cm™ [44], indicating the presence of C—A—S—H gel
and an increase in its degree of polymerization. This is
also beneficial for the development of the strength of the
paste. The C—A-S—H gel is mainly produced by the poz-
zolanic reaction between gehlenite and Ca(OH),. More
gehlenite is formed as the calcination temperature of the
MCSA increases, thus providing enough raw material for
the pozzolanic reaction to occur.
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TG-DSC Analysis

TG-DSC was utilized to quantitatively analyze the composi-
tions of the MCSA-cement pastes (PB2/TB6) and control
sample (DZ1) to further our study of the effect of MCSA
calcination on the hydration process. The results are pre-
sented in Figs. 13 and 14.

As can be seen, the DSC curves of the samples exhibit
three major endothermic peaks corresponding to three major
weight loss stages in the TG curves. According to previous
research [45-48], the loss of mass between 65 and 110 °C
corresponds to the decomposition of ettringite. However,
no ettringite could be detected by XRD in our experiments
and so the mass loss in this region is more likely to be due to
the loss of evaporable water and presence of poorly formed
C-S—H gel. The mass lost between 410 and 450 °C corre-
sponds to the decomposition of Ca(OH),, the presence of
which is verified by the observation of Ca(OH), peaks in
the XRD and FTIR results. The mass losses observed are
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Fig. 14 TG-DSC curve of hydration sample DZ1 and PB2 at 28 days
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estimated to be 2.17% in PB2 and 0.91% in DZ1 (after cur-
ing samples for 3 days). This result is a strong indication of
the apparent effect of the MCSA in promoting the hydration
of the paste system. The result also shows that Ca(OH), is
present in group DZ1 which was not expected as it was not
detected using XRD. This suggests that the Ca(OH), is prob-
ably present in an amorphous form. Figure 14 shows that the
mass lost by the PB2 group due to Ca(OH), decomposition
increases to 2.43% after 28 days. It is noted, therefore, that
the production of Ca(OH), in group PB2 is not reduced by
the pozzolanic reactions occurring during 28 days of hydra-
tion. Thus, more Ca(OH), must be produced by the hydra-
tion of the MCSA—cement system than is consumed in poz-
zolanic reactions.

The mass losses in the ranges 680-745 °C and
680-755 °C are associated with the decomposition of
C-S-H, C-A(F)-S-H gel, and CaCO;, which is generated
from the reaction of Ca(OH), with atmospheric CO,. How-
ever, no characteristic peaks due to CaCOj; are observed in
the XRD spectra (see Fig. 5). Consequently, the mass losses
in this temperature range can be mainly attributed to the
decomposition of the gel phase produced by the hydration of
the calcium silicate in the cement and the pozzolanic reac-
tion of the gehlenite in the MCSA. In the 3-day data, the
mass loss in this range from group PB2 was 32.55% larger
than that from group DZ1, thus indicating that group PB2
contained more gel phase. This helps explain the marked
increase in compressive strength observed in Fig. 2. After
28 days of hydration, however, the mass loss in PB2 due to
the presence of the gel phase was only slightly larger than
that lost by group DZ1 (a mere 3.58%). This explains why
there was much less difference in the final compressive
strengths of the PB2 and DZ1 samples.

The above results suggest that sludge ash prepared by a
method involving mixing before calcination has a higher
pozzolanic activity than that prepared by carrying out the
calcination before mixing. The former case promotes the
early hydration of the cement, while the promotion effect is
weaker at the later hydration stage.

SEM Analysis

Figure 15 shows SEM images of samples of DZ1 (Fig. 15a
and b) and PB2 (Fig. 15c and d) recorded after 3 and 28 days.
A large number of small, isolated particles can be seen in the
hardening paste imaged in Fig. 15a. These are most likely to
be unhydrated sludge ash or cement clinker particles in light
of the XRD and FTIR results. The particles are not mutually
fused together due to their low degree of hydration and form
a loose structure with an abundance of pores.

In contrast, a large amount of ‘cloud-like’ hydration
products can be observed in specimen PB2 (Fig. 15¢)
that have blurry edges and are covered by fine, irregular,

burr-like crystals. The EDS data recorded from microregion
A (Fig. 15e) indicate the presence of Ca, Si, O, Al, and Fe.
Furthermore, the abundances of the elements are such that
the Ca:Si:Al:Fe ratios are equal to 1:0.41:0.31:0.13 (by
weight). Combining this information with the XRD results
(see Fig. 5) reveals that the main phase of the hydration
process involves the formation of C—A(Fe)-S—H gel in the
hydrated sample. As the C—A(Fe)-S—H gel is produced by
the pozzolanic reaction of the MCSA, this suggests that the
pozzolanic reaction of the MCSA participates in the reaction
at an early stage. The gel phase seems to evolve with increas-
ing hydration time and tends to become more integrated.
In addition, flakes of Ca(OH), crystals can be observed in
Fig. 15c¢ that are 5-10 pm in diameter and approximately
1 pm thick. These appear to be tightly wrapped within the
C-A(Fe)-S-H gel, leading to a dense structure.

After being cured for 28 days, the gel phase produced
in sample DZ1 appears to have kept on growing (Fig. 15c),
the particles becoming more integrated with each other as
well as leaving many pores. The EDS results from point B
(Fig. 15f) indicate that the elements Al and Fe present in
the gel phase (which mainly derive from the sludge ash)
only account for 1.56% and 0.53% of the sample by weight,
respectively. These proportions are much less than those
found in group PB2 and indicate that only a tiny amount of
sludge ash participates in the pozzolanic reaction in DZ1.
The hydration product in group DZ1 is therefore dominated
by C-S-H gel and is mostly produced by the hydration of the
C;S and C,S in the cement. Flakey crystals of Ca(OH), can
also be observed in this gel but they have a thickness of less
than 0.5 pm and a lower degree of development.

Figure 15d shows that the major phase present in sample
PB2 at this late stage of development is C—A(Fe)-S—-H gel
produced by the pozzolanic reaction of MCSA. The pores
of the sample are filled, hardening the sample and leading to
a more compact microstructure. This accounts for the high
compressive strength of the group PB2 samples compared
to those in group DZ1.

Conclusions

In this study, PMSA and SSA were mixed together and cal-
cined to obtain a product with higher hydration activity. The
effect of varying the mixing ratio and calcination tempera-
ture of the raw sludge ash on the mineral composition of the
MCSA was investigated. The changes in the physicochemi-
cal properties and microstructures of the MCSA—-cement
systems were also examined. The following conclusions may
be drawn on the basis of the results obtained:

1. As the amount of SSA added is increased, more gehlen-
ite and belite are produced in the melting reaction
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Fig. 15 SEM micrographs and
EDS analysis of hydration sam-
ples: a sample DZ1 at 3 days,

b sample DZ1 at 28 days, ¢
sample PB2 at 3 days, d sample
PB2 at 28 days, e EDS analysis
of micro-region A, f EDS analy-
sis of micro-region B
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between the PMSA and SSA. This further promotes the
generation of Ca(OH),, C-S—-H, and C-A(Fe)-S-H gel
during the hydration of the MCSA—cement system; it
also increases the degree of polymerization of the gel
phase. Among all of the MCSA mixing ratio schemes
used, sample PB2 has the smallest water demand, short-
est setting time, and the highest compressive strength.
More specifically, cured samples were found to be
344.8% (after 3 days) and 83.4% (after 28 days) stronger
than the corresponding control samples. The optimal
values of the moduli of the MCSA are suggested to be
HM =1.42-1.48 and SM =0.72 under laboratory condi-
tions.

As the calcination temperature of the MCSA is
increased, the water demand of the MCSA-cement
paste decreases, the setting time becomes shorter, and

@ Springer

the compressive strength is substantially enhanced. The
XRD and FTIR results suggest that gehlenite and belite
are produced by reactions that occur between minerals
such as lime, quartz, and mayenite in the MCSA at high
temperature. More gehlenite and belite are produced as
the calcination temperature increases, especially from
1150 to 1200 °C, which also promotes the hydration
reaction of the MCSA—cement system. Overall, con-
sidering the need to save energy, 1200 °C is suggested
as the optimal calcination temperature for the MCSA.
Moreover, the addition of an excessive amount of MCSA
can substantially reduce the strength of the cured cement
paste: the amount added should, therefore, be <40%.

TG-DSC and SEM-EDS results suggest that MCSA—
cement pastes prepared from calcined samples of mixed
PMSA and SSA produce more Ca(OH), and C-A(Fe)-
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S—-H gel compared with samples separately calcined.
Both of these products are derived from the pozzolanic
reaction of the gehlenite in the MCSA. The gel phase
evolves and mutually fuses together to form a dense
structure as the hydration time is prolonged and this
enhances the strength of the MCSA—cement paste.
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