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Circulating fluidized bed combustion (CFBC) desulfurization slag is a waste residue discharged from coal power plants. In this
article, expansion characteristics and compressive strength of mortars containing CFBC desulfurization slag were evaluated,
subjected to mechanical grinding time, the amount of additive, and chemical activation. Correlations between the linear ex-
pansion rate and compressive strength were investigated. )e hydration products of cement-slag cementitious system were
analyzed by X-ray diffraction (XRD) and scanning electron microscopy (SEM). )e results show that mechanical grinding can
increase both the expansion and compressive strength of mortars containing CFBC desulfurization slag, and the compressive
strength and linear expansion can develop in coordination.While increasing the amount of the fine desulfurization slag, the linear
expansion rate increases, and the compressive strength reaches to the maximum when the amount is 30%. Moderate sodium
sulfate as an activator can both promote the compressive strength and increase the expansion of mortars.

1. Introduction

In 2012, coal accounted for about 30% of primary energy
sources available and played a role in 41% of the world’s
electricity generation. As the largest country in terms of coal
consumption in the world, China consumed 2.943 billion
tons of standard coal equivalent in 2013, accounting for
more than half of the global total. It is estimated that global
coal consumption will increase by more than 50%, as
compared with 97% in developing countries, by 2030 [1, 2].
Circulating fluidized bed combustion (CFBC) technology is
an environmentally friendly, efficient, and clean coal-fired
technology, which can use common bituminous coal, an-
thracite, lignite, peat, and coal gangue as fuels [3–6]. CFBC
was popularized rapidly in the last two decades. Because
limestone is added to CFBC as a desulfurizer, the discharged
ash and slag of CFBC are 30%–40% more than those of
pulverized coal combustion. Most of them cannot be utilized
and stacked directly in storage sites, which not only occupied

the land and polluted the environment but also wasted. )e
comprehensive utilization of CFBC ash and slag has aroused
much attention.

CFBC desulfurization slag is the waste residue discharged
from the bottom of CFBC [7]. CFBC desulfurized slag is
produced at 850∼900°C, which is different from pulverized
coal combustion ashes. )e physical and chemical properties
of CFBC desulfurization slag are also different from pul-
verized coal combustion ashes [8, 9]. Previous researches have
shown that CFBC desulfurization slag has pozzolanic activity,
self-hardening property, large water absorption, and high
expansibility. A higher content of CaSO4 and f-CaO leads to
larger volume expansion, which has adverse effects on the
properties of products prepared with CFBC desulfurization
slag and limits its use in building materials [10].

Some researchers [9, 11, 12] have performed in-
vestigations on the expansion characteristics andmechanical
properties of CFBC desulfurized slag. )ey concluded that
the expansibility is closely related to the content of SO3
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(usually anhydrite) and f-CaO, andmechanical grinding and
chemical activation can increase CFBC desulfurized slag’s
strength. However, CFBC desulfurization slags from dif-
ferent regions or di�erent types of coals have di�erent
chemical composition content, which results in signi�cant
disparities in activity and expansibility. Mechanical grind-
ing, especially ultra�ne grinding, can improve the activity of
desulfurization slag, but the in uence mechanism of
grinding on expansion is not clear. e use of chemical
activators such as sulfate and other materials can improve
the activity of desulfurization slag but increase volume
expansion. e expansion in late hydration may cause the
strength to be reduced or even eliminated [13–15]. More-
over, there is seldom report on study of CFBC de-
sulfurization slag in mortar or concrete as an additive. It is
necessary to research on desulfurization slag as additive so as
to verify the possibility of CFBC desulfurization slag as an
additive in mortar or concrete.

In this paper, mortars containing CFBC desulfurization
slag were prepared, the linear expansion rate and com-
pressive strength of the mortars were tested, the in uence
mechanism of grinding time, amount of CFBC de-
sulfurization slag and sodium sulfate on the expansion
characteristics, and compressive strength of mortars were
investigated, and furthermore, the correlation between the
expansion characteristics and compressive strength of the
mortar was analyzed.

2. Experiments

2.1. Materials and Sample Preparation. Raw CFBC de-
sulfurization slag was from Pingshuo Coal Gangue Power
Plant of Shanxi Province in China. It was ground by
a standard ball mill for 13 minutes, 25 minutes, 39 minutes,
55 minutes, and 72 minutes, respectively. After grinding, the
samples were sent through an 80 μm square hole sieve.
Samples were labeled as T1, T2, T3, T4, and T5 and then used
in this experiment. e physical and chemical properties of
CFBC desulfurization slag were determined by an ARL
9800XP plus X-ray  uorescence (XRD), and the results are
given in Table 1 and Figure 1.

e speci�c surface area and particle size distribution of
CFBC desulfurized slag under di�erent grinding times were
tested using the HELOS-RODOS (Sympatec GmbH Co.,
Ltd., Clausthal-Zellerfeld, Germany), as shown in Table 2.
Di�erential and cumulative particle size distribution curves
are shown in Figure 2. With grinding time increasing, the
speci�c surface area also increases. However, when grinding
time is more than 55 minutes and the powder was ground
until 72 minutes, the speci�c surface area decreases. is is
due to the “agglomeration” phenomenon [16].

e morphology of raw slag and ground slags was
characterized by �eld emission scanning electron microscopy

(FE-SEM, Hitachi S4800), as shown in Figure 3. rough
scanning electron microscopy (SEM) observation, it can be
observed that the surface of the raw desulfurization slag is
loose and porous. Although the particle size becomes smaller
after grinding, the surface is still loose and porous [15, 16].

e cement of Grade PO 42.5 from Chihoi cement
plant was used in this experiment. e �ne aggregate was
China ISO Standard sand, produced by Xiamen ISO
Standard Sand Co., Ltd. Solid sodium sulfate was produced
by Tianjin Guangfu Technology Development Co., Ltd.
Polycarboxylate superplasticizer was used as the water-
reducing admixture.

2.2. Mixture Proportions of Mortars. e mixture pro-
portions of mortars are shown in Table 3. Cementitious
materials included cement and ground CFBC desulfurization
slag. e ratio of cementitious materials and standard sand
was 1:2 (mass ratio), the water-to-binder ratio (W/B) was 0.3,
and the ground slags were used from T1 to T5.e dosages of
ground desulfurization slag were 10%, 20%, 30%, 40%, and
50% of the total cementitious materials. e dosages of so-
dium sulfate were 1%, 1.5%, and 2% of the total cementitious
materials. irteen types of mortars (SJ1∼SJ13) were created,
referring to JC/T 603–2004, “standard test method for drying
shrinkage of mortar.”

2.3. Test Methods. e compressive strength of mortars was
tested according to the Chinese Standard GBT 17671–1999,

Table 1: e chemical composition of CFBC desulfurization slag (wt.%).

SiO2 Al2O3 CaO SO3 Fe2O3 MgO TiO2 K2O P2O5 Na2O MnO Cl ZnO
42.19 25.9 10.99 5.91 3.10 1.35 0.84 0.79 0.12 0.06 0.03 0.02 0.01
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Figure 1: XRD patterns of CFBC desulfurized slag.
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Table 2: Particle size distribution with grinding time of CFBC desulfurization slag.

Grinding time
(min)

Speci�c surface area
(m2/kg)

Particle size distribution (%)
0–3 µm 3–10 µm 10–18 µm 18–25 µm 25–36 µm 36–50 µm 50–102 µm >102 µm

13 260 13.67 12.22 9.46 5.72 7.87 8.61 23.53 18.92
25 330 17.49 15.79 12.17 7.18 9.91 10.68 21.52 5.26
39 400 21.33 18.97 14.08 8.09 10.7 10.37 12.87 3.59
55 650 32.89 22.66 13.89 8.81 9.44 7.55 4.76 0
72 630 31.21 22.93 14.65 8.73 8.87 6.9 6.71 0
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Figure 2: Di�erential and cumulative particle size distribution of CFBC desulfurization slag.
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Figure 3: SEM images of CFBC desulfurization slag particles. (a) Raw slag; (b) T1 (13min); (c) T3 (39min); (d) T5 (72min).
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“inspection method for the strength of the cement sand
mortar (ISO method).” e specimens were put in a stan-
dard curing box after pouring. e mold was removed after
24 hours and then cured in water.

e linear expansion rate test was carried out according
to the Chinese Industry Standard JC/T 603-2004, “standard
test method for drying shrinkage of mortar.” e curing
condition was same as compressive strength specimens’.
After demoulding, the initial length values of specimens
were measured as L0, and the length values at any age were
measured as L1. e expression (L1 − L0)/L0 × 100% can be
used to calculate the linear expansion rate of mortar at each
age.

Mineralogical compositions and the hydrated products
were identi�ed via X-ray di�raction (XRD) using the
D/max-RB X-ray di�raction system (Japan Rigaku Corpo-
ration, Tokyo, Japan). e microstructures of the hydrated
products were detected using SEM (Hitachi S4800; Hitachi,
Ltd., Tokyo, Japan).

3. Results and Discussion

3.1. In�uences of Grinding Time on Mortars. Linear expan-
sion rate curves of the mortars with di�erent grinding times
are shown in Figure 4. e linear expansion rate of the
mortars has a large  uctuation in the early age. After removal
of the mold, there is a period of controlled expansion or
shrinkage from the �rst 7 days to 14 days. After 14 days, the
mortars continue to expand or shrink and become stable
after 28 days. SP1 shows shrinkage characteristics, while
SP2, SP3, SP4, and SP5 show expansion characteristics.
e longer the slag’s grinding time, the bigger the mortar’s
linear expansion rate.

e existence of anhydrite and f-CaO in desulfurization
slag is the main reason why mortars expand. In contact with
water, anhydrite produces gypsum and f-CaO produces Ca
(OH)2, and then, hydration products continue to react to
form ettringite. ese reactions all lead to volume expansion
[17–19]. In desulfurization slag, the anhydrite is wrapped
by f-CaO. On the one hand, grinding can increase the

content of f-CaO and improve the alkalinity, which will help
to produce Ca(OH)2 and accelerate the hydration of the
anhydrite; on the other hand, grinding can destruct the
wrapping structure and release anhydrite, which will help to
produce gypsum. e longer the grinding time is, the more
the anhydrite and f-CaO will be. erefore, the larger the
linear expansion rate will be.

e compressive strengths of mortars with di�erent
grinding times are shown in Figure 5. While curing age
increases, the compressive strengths of mortars containing
desulfurization slag with various grinding times all increase.
At each age, the longer the grinding time is, the bigger the
compressive strength will be.

e hydration products of desulfurization slag mainly
are calcium silicate hydrate (C–S–H) gel, hydrated cal-
cium aluminate, gypsum, calcium hydroxide, ettringite, etc.
Among them, C–S–H gel and ettringite are the main

Table 3: Mixture proportions of mortars.

Number Fineness Cementitious
materials Cement Desulfurization

slag
Sodium
sulfate

Standard
sand Water

Water-
reducing
admixtures

SJ1 T1 (13min) 500 350 150 0 1000 150 1.0%
SJ2 T2 (25min) 500 350 150 0 1000 150 0.9%
SJ3 T3 (39min) 500 350 150 0 1000 150 1.0%
SJ4 T4 (55min) 500 350 150 0 1000 150 0.9%
SJ5 T5 (72min) 500 350 150 0 1000 150 0.8%
SJ6 — 500 500 0 0 1000 150 0.5%
SJ7 T3 (39min) 500 450 50 0 1000 150 0.8%
SJ8 T3 (39min) 500 400 100 0 1000 150 0.8%
SJ9 T3 (39min) 500 300 200 0 1000 150 1.1%
SJ10 T3 (39min) 500 250 250 0 1000 150 1.2%
SJ11 T3 (39min) 500 350 150 5 1000 150 1.2%
SJ12 T3 (39min) 500 350 150 7.5 1000 150 1.4%
SJ13 T3 (39min) 500 350 150 10 1000 150 1.6%
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Figure 4: Linear expansion rate of the mortars with di�erent
grinding times.
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materials forming cementitious system strength. Grinding
can increase the surface area of the desulfurization slag,
improve the activity of active components such as SiO2 and
Al2O3, and make the hydration process fast [20]. e longer
the grinding time is, the quicker and better the hydration will
be, and the more the C–S–H gel and ettringite will produce.
Meanwhile, the hydration of anhydrite is also faster, which
can �ll the voids and improve strength.

e correlation curve of linear expansion rate and
compressive strength under di�erent grinding times of de-
sulfurization slag at 28 d age is shown in Figure 6. e linear
expansion rate and compressive strength of mortars all
increase while grinding time increases. So we can conclude
that the linear expansion rate is positively correlated with
the compressive strength under di�erent grinding times.
is indicates that mechanical grinding can improve both

the linear expansion rate and the compressive strength of
the mortars, and the compressive strength and linear ex-
pansion can develop in coordination.

XRD patterns of the mortars with di�erent grinding
times at di�erent ages are shown in Figures 7 and 8. We can
�nd that, as grinding time increases, X-ray di�raction peak
intensity of Ca(OH)2 and gypsum has little di�erence at 3 d
age, while X-ray di�raction peak intensity of Ca(OH)2 de-
creases, and X-ray di�raction peak intensity of gypsum
increases at 28 d age. is indicates that the longer the
grinding time is, the faster and greater the Ca(OH)2 reacts
with other substances, and the more the anhydrite hydrates,
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Figure 5: Compressive strength of the mortars with di�erent
grinding times.
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Figure 6: Correlation between the linear expansion rate and
compressive strength.
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Figure 7: XRD patterns of the mortars with di�erent grinding
times at 3 d age.
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and then, the more the C–S–H gel and ettringite produce.
is is the reason why longer grinding time of de-
sulfurization slag leads to larger volume expansion and
bigger compressive strength. By SEM, we can �nd that there
is a large amount of hexagonal plate Ca(OH)2 in SJ1 and
a large amount of clavate gypsum in SJ5 at 28 d age, as shown
in Figure 9.

3.2. In�uences of Desulfurization Slag’s Amount on Mortars.
As shown in Figure 10, comparing with SJ6, SJ1∼SJ5 con-
taining �ne desulfurization slag show clear expansion
characteristics. e specimens release expansion intensively
for 7 days, then shrink from 7 days to 14 days, and after that,
continue to expand and essentially stabilize after 28 days.
e linear expansion rate is closely related to the amount of
the �ne desulfurization slag. e linear expansion rate in-
creases with the amount of the �ne desulfurization slag,
which shows a positive correlation. at is because that the
larger the amount of �ne desulfurization slag, the more the

expansion component such as anhydrite and f-CaO, and
then the larger the expansion rate.

It can be seen from Figure 11 that all the compres-
sive strengths of SJ1∼SJ5 at 3 d age decrease when �ne
desulfurization slag is added. e bigger the amount of �ne
desulfurization slag, the bigger the decline. At 7 d age, the
compressive strength of SJ3 with the content of 30% is higher
than that of SJ6. e compressive strengths of SJ9 and SJ10
also increase signi�cantly, which reduce the gap with SJ6. At
28 d age, SJ3 gains the highest compressive strength, SJ9 also
gains higher compression strength than SJ6, and SJ10 has the
lowest compressive strength but is down by only 4.8% in
comparison with SJ6. e results indicate that the �ne de-
sulfurization slag has a negative e�ect on the early strengths
of the mortars. e greater adverse e�ect occurs with
a greater amount of additive. Meanwhile, the �ne de-
sulfurization slag can promote the growth speed of the
mortars’ compressive strength in later stage, and the com-
pressive strength can be raised by a reasonable amount of
�ne desulfurization slag.

(a) (b)

Figure 9: SEM of mortars with di�erent grinding times at 28 d age. (a) SJ1; (b) SJ5; Ca(OH)2 is hexagonal plate; gypsum is clavate.
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e �ne desulfurization slag contains active composi-
tions such as SiO2, Al2O3, and CaO. e activity has been
further improved after mechanical grinding [21], so the slag
has good activity. But the �ne desulfurization slag also
contains anhydrite, which hydrates slowly in the early age.
So its hydration and hardening are slower than those of
cement in the early age [22–24]. erefore, in the early
age, the higher the amount of �ne desulfurization slag, the
lower the activity, the slower the hardening speed, and the
lower the strength. While curing age continues to increase,
more anhydrite hydrates and more gypsum is produced.
Gypsum can continue to react with Ca(OH)2 and hy-
drated calcium aluminate and then produce ettringite.
e ettringite can �ll the pores and improve the com-
pactness of mortars [25], so the compressive strength
increases rapidly. But too much �ne desulfurization slag
can lead to great expansion and anhydrite cannot hydrate
completely, which decrease the compressive strength of
the mortar. So there exists a reasonable amount of �ne
desulfurization slag. When the amount is 30%, the

compressive strengths at 7 d age and 28 d age gain the
maximum compressive strength.

As shown in Figure 12, at 3 d age, with the increase of the
desulfurization slag’s amount, the linear expansion rate of
the mortars increases gradually, while the compressive
strength of the mortars decreases. e linear expansion rate
and the compressive strength are negatively correlated. At
the age of 7 d and 28 d, with an increase of desulfurization
slag’s amount, the linear expansion rate increases gradually,
but the compressive strength gradually increases only when
the amount is 20%∼30%. It indicates that expansion and
compressive strength of the mortars develop in coordination
only when the amount is 20%∼30%. When the amount is
30%, the compressive strength reaches to the maximum.

As shown in Figure 13, at 3 d age, the di�raction peak
intensity of gypsum increases with the increase of amount,
while Ca(OH)2 is not very di�erent. is indicates that, in
the early age, the higher the amount of the desulfurization
slag, the more the dissolved anhydrite, and the more the
gypsum. e Ca(OH)2 generated by calcium oxide and the
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Figure 12: Correlation between the linear expansion rate and compressive strength.
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Ca(OH)2 participated in hydration reaction are nearly equal
in number. As shown in Figure 14, at 28 d age, with the
increase of the amount, the di�raction peak intensity of the
Ca(OH)2 is smaller and smaller, while the di�raction peak
intensity of the gypsum is bigger and bigger. is indicates
that the higher the amount is, the more the Ca(OH)2 was
consumed and the more the anhydrite hydrated to gyp-
sum, which means that the more the C–S–H and ettringite
produce.

When the amount of the desulfurization slag is too
much, anhydrite cannot hydrate entirely. As shown in
Figure 15, a large number of blocky anhydrite can be found,
which means that there still exists unhydrated anhydrite.
Figure 15 also shows that no cracks exist in SJ10, indicating
that expansion did not cause damage to the specimen.

3.3. In�uences of Sodium Sulfate on Mortars. As shown in
Figure 16, the linear expansion rate of SP11, SP12, and SP13
is larger than that of SP3. e larger the amount of so-
dium sulfate, the larger the linear expansion rate. is
indicates that sodium sulfate can increase the expansion
of mortars. As seen from Figure 17, sodium sulfate can
also increase the compressive strengths of mortars, es-
pecially the early compressive strength. As shown in
Figure 18, with an increase in the amount of sodium
sulfate, the linear expansion rate and the compressive
strength both increase, which means that the linear ex-
pansion rate and compressive strength were positively
correlated under di�erent amounts of sodium sulfate. We
can conclude that the linear expansion and compressive
strength can develop in coordination with the addition of
sodium sulfate.

e desulfurization slag contains SO3 in a form of an-
hydrite, and anhydrite hydrates very slowly [26–29]. Re-
searches have shown that alkali and sulfate can improve the

activity of modi�ed desulfurization ash [30, 31]. In this work,
we used sodium sulfate as an activator.

Previous research has shown that moderate sodium
sulfate can improve the early hydration rate of the anhydrite
and increase its set and hardening speed greatly, but it has
little e�ect on the later stage [32]. Anhydrite hydrates to
gypsum, and then to produce ettringite, all can lead to volume
expansion. So the linear expansion rate of mortar increases.
Sodium sulfate can also raise the early compressive strength of
mortar because of the production of more ettringite.

As shown in Figures 19 and 20, comparing with the
mortar without sodium sulfate, the di�raction intensity of Ca
(OH)2 and gypsum is weaker, while the di�raction intensity of
ettringite is stronger in the mortar with 1.5% sodium sulfate.
is indicates that the hydration consumed more Ca(OH)2
and gypsum and produced more ettringite. erefore, the
compressive strength and expansion rate of mortars are both
raised.rough SEM as shown in Figure 21, a large number of
clavate gypsum and acicular ettringite were found in the
mortar with 1.5% sodium sulfate at 3 d age.

4. Conclusions

In this work, a series of mortars containing ground de-
sulfurization slag from circulating  uidized bed combustion
were prepared. Linear expansion rate and compressive
strength were tested to evaluate expansion characteristics
and mechanical property. XRD and SEM were used to verify
mechanism analysis along with linear expansion rate and
compressive strength tests. Several conclusions can be drawn
based on the investigation; they are as follows:

Mechanical grinding can improve both the linear ex-
pansion rate and the compressive strength of the mortars.
e longer the grinding time is, the bigger the linear
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Figure 13: XRDpatterns ofmortars with di�erent amounts at 3 d age.
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Figure 14: XRD patterns of mortars with di�erent amounts at 28 d
age.
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(a) (b)

Figure 15: SEM of SJ10 (50%). Note: anhydrite is blocky.
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Figure 16: Linear expansion rate of mortars with di�erent amounts
of sodium sulfate.
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expansion rate and the compressive strength are. e linear
expansion rate is positively correlated with the compressive
strength under di�erent grinding times.

e linear expansion rate increases with the amount of
the �ne desulfurization slag. At 3d age, all the compressive
strengths of SJ1∼SJ5 added �ne desulfurization slag decline.
e linear expansion rate and the compressive strength are
negatively correlated. At 28 d age, the compressive strength
gradually increases only when the amount is 20%∼30%, and
the mortar with 30% amount gains the highest compressive
strength. ere exists a reasonable amount of �ne de-
sulfurization slag for the compressive strength of mortar.

Sodium sulfate has an active excitation e�ect on the
hydration of anhydrite in desulfurization slag with a mod-
erate amount, which can promote the compressive strength
and increase the expansion of mortars. With an increase in
the amount of sodium sulfate, the linear expansion rate and
the compressive strength both increase, and they showed
a positive correlation.
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well as the raw data of the compressive strength (Table S1)
and the linear expansion rate (Table S2) of mortars.
(Supplementary Materials)
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