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Abstract: The effects of ash and slag from a biomass power plant on the compressive strength, setting
time and fluidity of the pastes of Portland cement (P.O) and sulfoaluminate cement (SAC) were
studied, and the hydration products and microstructure at the age of 7 days were analyzed via
XRD, SEM and other test methods. The results show that the compressive strength of the composite
cementitious material decreases, the setting time prolongs and the fluidity increases with the increase
in the ash and slag content in the power plant. The microscopic analysis shows that the ash and
slag of the biomass power plant can promote the hydration of Portland cement and sulfoaluminate
cement paste, and increase the generation of hydration products. The results showed that replacing
SAC clinker with 20–30% biomass power plant ash (BPPA) decreased the cement strength, and that
an appropriate amount of BPPA (10–15%) could significantly improve the mechanical strength of
SAC blended cement. The compressive strength of blended BPPA composite cementitious material
in 28 days could reach 60 MPa. This study provided solutions to utilizing the BPPA as a building
material admixture to minimize the consumption of energy-intensive cement and to meet the growing
needs of the construction industry.

Keywords: biomass power plant ash and slag; Portland cement; calcium sulfoaluminate cement;
mechanical properties; microstructure; hydration product

1. Introduction

With the annual expansion of the installed capacity of biomass power plants in China,
the output of biomass power plant ash and slag is also experiencing annual growth. Ac-
cording to statistics, biomass power plants in China produce about 40 million tons of ash
and slag per year [1]. The great accumulation of biomass power plant ash and slag due
to the lack of effective ash and slag utilization technology has resulted in serious environ-
mental problems (soil, water and air pollution). In the construction of a resource-saving,
environmentally friendly society and a beautiful China, it is urgent to determine how to
achieve the rapid and economic disposal of biomass power plant ash and slag and realize
its harmlessness, reduction, and resource utilization.

Cement is the most widely used building material, the production of which consumes
a lot of raw materials and energy and releases a great quantity of greenhouse gases. Ac-
cording to statistics, in 2020, China’s cement output was 2.377 billion tons (about 55% of
the world’s total) and the CO2 emissions in the corresponding production process reached
1.230 billion tons (about 12.1% of China’s total carbon emissions) [2]. In the context of
carbon peaking and carbon neutrality goals being a national strategy, carbon emission
reduction in the construction industry, one of the industries related to carbon emissions, is
expected to effectively drive the reduction in China’s carbon emission peak by 2030, and
help achieve half of China’s carbon emission reduction targets by 2050 [3]. Therefore, a
crucial step towards sustainable development in the country is a low-carbon development
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route for the construction industry. To this end, replacing cement clinker with solid waste
to prepare composite cementitious materials becomes a major approach to the sustainable
development of the cement production industry. It can help reduce the greenhouse gases
generated during cement production, the cost of building materials, and the pressure of
waste disposal, showing evident advantages in economic, environmental protection and
other aspects. Biomass power plant ash and slag can be applied to setting or added into
cement-based composites, displaying a sound micro-aggregate effect [4] and a potential
pozzolanic effect [5,6]. However, their complicated role in cement and setting, and un-
specified time, effect and mechanism of action result in a biased understanding and use,
which, to a certain extent, hinders the application of biomass power plant ash and slag as a
resource for building materials. Hence, researching the effect and mechanism of action of
biomass power plant ash and slag in cement-based materials is of great guiding significance
for the rational use of this resource.

At present, the literature provides some theoretical support for pozzolanic material
in eco-friendly cement [7–10], but it has not fully considered the effect of the pozzolanic
activity of biomass power plant ash (BPPA) and slag (BPPS) on the structure of P.O and
SAC cement mortar [11–13]. There is still great room for improvement regarding the use of
biomass power plant ash (BPPA) and slag (BPPS) in P.O and SAC [14–16].

On this basis, in this paper, different dosages of ash and slag from a biomass power
plant of the National Bio Energy Group were mixed with Portland cement (P.O) and
sulfoaluminate cement (SAC), respectively, to prepare paste samples of the composite
cementitious material. The fluidity, setting properties and mechanical properties of the
paste samples were tested to evaluate the application performance of the cementitious
material in engineering. Moreover, the influences of the ash and slag on the microstructure
of hydration minerals of the P.O and SAC paste samples were investigated using character-
ization methods such as X-ray diffraction (XRD) and scanning electron microscopy (SEM).
The research results can provide certain theoretical guidance for the application of biomass
power plant ash and slag in cement-based materials.

2. Experiment
2.1. Reagents and Materials

The ash and slag in this experiment came from a biomass power plant of the National
Bio Energy Group Ltd, Beijing China. The main fuels of this plant include pine branches
and waste wood boards. As found in basic research, the ash and slag from this power
plant contain a large amount of CaO, Al2O3, SiO2 and Fe2O3, meeting the standards of
Class C pozzolanic materials [17,18], and possessing high pozzolanic activity and gelation
properties. In addition, the content of CaO and SO3 in the slag is higher than that in the ash,
showing a greater potential for alkali excitation [19]. In this experiment, cyclone separator
fly ash (black, dark color and small particle size, as shown in Figure 1a) and boiler bottom
slag (taupe, light color, and large particle size with many unburned organic matter, as
shown in Figure 1b) were selected. To avoid particle agglomeration, the ash and slag were
ground after 3 h of drying in an electric drying oven, and then they were sieved via a
0.25 mm sieve for later use.

Biomass power plant ash (BPPA) and slag (BPPS) were collected from the Ning Yang
Biomass Power Plant of the Shandong National Energy Group, China. The chemical
and mineralogical compositions of the collected biomass power plant ash and slag were
established via X-ray fluorescence (XRF) and X-ray diffraction (XRD) analysis. Table 1
shows the results of the XRF analysis of BPPA and BPPS; the BPPA and BPPS used were
mainly composed of SiO2, Al2O3, Fe2O3, CaO, and some salts (sulfate and chloride). The
X-ray diffraction spectra of BPPA and BPPS (Figure 2) indicated that the minerals in BPPA
were dominated by quartz (SiO2), gypsum (CaSO4·2H2O), calcite (CaCO3), and albite
(Na2O·Al2O3·6SiO2), among which the peak characteristics of the quartz mineral phase
were the most obvious [20–22].
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Figure 1. Ash and slag of biomass power plant. (a) Ash (b) slag.

Table 1. Physical and chemical characteristics of BPPA and BPPS.

Parameter
Material (wt%)

BPPA BPPS

SiO2 34.25 44.84
CaO 24.42 11.95

Al2O3 5.66 8.08
Fe2O3 6.63 6.67
Na2O 2.00 1.31
MgO 2.01 1.84
K2O 4.41 6.49
P2O5 0.96 1.03
SO3 10.78 1.92
Cl 2.03 2.59

TiO2 0.71 1.01
MnO 0.17 0.16

a Loss on ignition 6.00 12.12
a Loss on ignition at 950 ◦C.
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Figure 2. XRD patterns of BPPA (a) and BPPS (b).

In this experiment, P.O 42.5 produced by Sunnsy Group Jinan, Shandong Province,
China and SAC 42.5 produced by China United Cement Co., Ltd, Tangshan, Hebei Province,
China were used as the cement materials, the chemical compositions of which are listed
in Table 2.
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Table 2. Chemical composition of cement (%) a.

Composition SiO2 CaO Al2O3 Fe2O3 Na2O MgO K2O P2O5 SO3 TiO2 LOI

SAC 9.94 47.47 19.19 3.61 - 1.20 0.32 0.01 16.39 1.36 0.42
P.O 20.68 63.57 4.97 3.76 0.53 2.29 0.8 - 2.00 - 1.4

Note: a data are determined via X-ray fluorescence (XRF) analysis.

2.2. Sample Preparation

The paste samples of the composite cementitious materials were prepared by replacing
P.O 42.5 and SAC 42.5 with the biomass power plant ash and slag with different ratios,
as shown in Table 3. The OPC and SAC groups, i.e., 100% P.O 42.5 and SAC 42.5 pastes,
respectively, were the control groups. Groups OPC-1 to OPC-6 and groups SAC-1 to SAC-6
denote the composite cementitious material samples prepared by adding 10%, 20% and
30% biomass power plant ash and slag, respectively. Other parameters for the OPC and
SAC groups were the water/binder ratios of 0.4 and 0.28, and the sample curing times of
1 d, 3 d, 7 d and 28 d, respectively.

Table 3. Paste ratio of composite cementitious materials.

Sample Cement (wt%) Ash (wt%) Slag (wt%) Water-Binder Ratio

OPC 100 0 0.4
OPC-1 90 10 0.4
OPC-2 80 20 0.4
OPC-3 70 30 0.4
OPC-4 90 10 0.4
OPC-5 80 20 0.4
OPC-6 70 30 0.4
SAC 100 0 0.4

SAC-1 90 10 0.28
SAC-2 80 20 0.28
SAC-3 70 30 0.28
SAC-4 90 10 0.28
SAC-5 80 20 0.28
SAC-6 70 30 0.28

2.3. Testing Method

After 12 h of standard curing, the samples were demolded, transferred into the stan-
dard curing box, and taken out for the compressive strength test after the corresponding
curing period. Afterward, the internal fragments of the tested samples were selected for
XRD and SEM analysis after hydration termination with absolute ethanol.

2.3.1. Fluidity Test

The fluidity of the pastes of the composite cementitious materials made with different
ratios was measured using the fluidity tester of cement mortar sand following the Test
Method for Fluidity of Cement Mortar (GB/T 2419-2005), and the average of the two results
was taken as the measurement result.

2.3.2. Setting Time

An automatic Vicat instrument was used to measure the initial and final setting time
of the pastes of composite cementitious materials in accordance with the Test Methods for
Water Requirement of Normal Consistency, Setting Time and Soundness of the Portland
Cements (GB/T 1346-2011). During the measurement, given the high hydration rate of the
SAC clinker and the short setting time, the measurement time was appropriately shortened.
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2.3.3. Mechanical Properties

The compressive strength property of the paste samples of the composite cementi-
tious materials was tested in adherence to the Test Method of Cement Mortar Strength
(ISO Method) (GB/T 17671-1999). The samples (40 mm × 40 mm × 160 mm cuboids) were
tested on a strength testing machine at a loading rate of 2 MPa/s. The average value of
the test results of three samples was taken as a representative value, and the relative error
was calculated.

2.3.4. XRD Analysis

The internal fragments of the paste samples of the composite cementitious materials
cured for 7 d were ground into a powder, sieved, and dried at a low temperature after
hydration termination with absolute ethanol. Then, their mineral phases were determined
using an X-ray diffractometer under Cu-Kα target radiation, a diffraction angle of 5–80◦,
and a scanning speed of 5◦/min.

2.3.5. SEM Analysis

The paste samples of the composite cementitious materials after 7 d of curing were
crushed and ground into a powder, and then dried at a low temperature after hydration
termination with absolute ethanol. The morphology of the dried samples was observed
under a microscope, and a qualitative analysis of the samples was performed.

2.3.6. Experimental Equipment and Soft Ware

The devices and software that were used to manufacture the composite cementitious
materials are shown in Table 4.

Table 4. Experimental equipment and software.

Number Equipment/Soft Ware Model Manufacturer Country

1 Fluidity tester NLD-3 Hebei Dahong Experimental
Instrument Co., Ltd. China

2 Automatic pressure
measurement testing machine DYH-300B ShanDong LuDa Experiment

instrument CO., Ltd. China

3 X-ray fluorescence D8-advance USA Thermal Scientific CO., Ltd. America
4 X-ray diffraction D/max RB Rigaku Denki Co., Ltd. Japan
5 Automatic Vicat instrument DL-AWK Daolong Technology Co., Ltd. China
6 Scanning electron microscopy Hitachi S2300SEM Hitachi Co., Ltd. Japan
7 MDI jade v6.5 Accelrys Co., Ltd. America

3. Results and Discussion
3.1. Influence of Ash and Slag Content on the Setting Time of Pastes of Composite
Cementitious Materials

According to the influence of biomass ash and slag content on the setting property
of the P.O composite cementitious materials shown in Figure 3, the setting time of the
composite cementitious material evidently increased with the rising ash and slag content.
The control group had an initial and final setting time of 205 min and 258 min, respectively,
which were extended to 246 min and 303 min when 30% of the slag was added, and to
242 min and 298 min when 30% of the ash was added, respectively. This reveals that the
addition of ash and slag obviously impedes the setting of the pastes of the P.O composite
cementitious materials.

The effect of the ash and slag content on the setting property of the SAC composite
cementitious materials is shown in Figure 4. As the ash and slag content grew, the setting
time of the SAC composite cementitious materials increased, which was still significantly
shorter than that of the P.O composite cementitious materials. When the ash and slag
content reached 30%, the setting time of the paste of the cementitious material became two
times that of the reference paste, increasing from 16 min to 29 min, but still being shorter
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than that of the reference P.O 42.5 (242 min). This is because SAC can be quickly hydrated to
form ettringite (AFt), leading to fast setting and hardening. Moreover, the crystallization of
AFt accelerates the setting of the cementitious material, thereby shortening the setting time.
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The mechanism of biomass power plant ash and slag hindering the paste setting of the
composite cementitious materials involves two aspects. On the one hand, the addition of
ash and slag reduces the ratio of cement clinker involved in hydration, thus prolonging the
setting of the composite cementitious materials given the much lower hydration activity of
ash and slag than that of clinker [23]. On the other hand, the fine particles in ash and slag
can fill the gaps between cement particles, thus the setting of cement paste by hindering
the contact between cement particles and water molecules. As further observed from
the comparison between Figures 2 and 3, the content of biomass power plant slag had
a larger impact on the setting time of the composite cementitious materials than that of
ash, indicating that it prolongs the setting time more effectively. This can be explained by
the fact that the soluble sulfate in the ash and slag reacts with the calcium aluminate in
the cement to form a sulfoaluminate coating on the surface of the cement particles, thus
causing the reduced hydration activity of the cement particles and the delayed hydration
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reaction of the cement clinker [24,25]. The higher soluble sulfate content in slag compared
to that of ash brings a stronger ability to impede the setting of cementitious materials.

3.2. Influence of the Ash and Slag Content on the Fluidity of the Pastes of Composite
Cementitious Materials

The effect of the biomass power plant ash and slag content on the fluidity of the
composite cementitious materials is provided in Figure 5. In the absence of ash and slag
content, the maximum fluidities of the P.O and SAC composite cementitious materials were
18.33 cm and 18.6 cm, respectively, which were significantly improved after the addition of
ash and slag. Under the same content, the biomass power plant ash and slag exhibited a
better improvement effect on the fluidity of the P.O composite cementitious materials than
on the SAC composite cementitious materials. When the ash and slag content was 30%,
the maximum fluidity of the P.O and SAC composite cementitious materials increased to
26.7 cm (45.6%) and 22 cm (18.2%), respectively. Ash and slag can improve the gradation
of the cement pastes [26], fill the gaps between cement particles, promote the gradation
between cementitious material particles, and lower the yield stress and apparent viscosity
of pastes, thereby increasing the fluidity [27].
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The fluidity of the pastes of the SAC composite cementitious materials experienced a
decreasing-then-increasing trend, decreasing to 18.0 cm and 17.5 cm, respectively, as the
ash and slag content increased to 10%, and increasing to 21.7 cm and 22.0 cm, respectively,
as the content continued to increase to 30%. This can be attributed to the irregular shapes
and rough surfaces of the ash and slag. At a low ash and slag content, the friction between
the pastes is increased, thus hindering the flow of pastes [28]. The porous structure of
unburned organic matter enables it to absorb a certain amount of free water [29], further
reducing the fluidity of pastes. However, as the ash and slag content rises, the gradation
improvement effect of ash and slag gradually plays a dominant role, contributing to the
flow of pastes and hence improving the fluidity.

The fluidity of the pastes of the SAC composite cementitious materials underwent a
decreasing-then-increasing trend, specifically, decreasing to 18.0 cm and 17.5 cm, respec-
tively, as the ash and slag content increased to 10%, and increasing to 21.7 cm and 22.0 cm,
respectively, as the content continually increased to 30%. This can be attributed to the
irregular shape and the many cluster structures of the biomass power plant ash and slag,
resulting in rough surfaces. This enlarges the friction between pastes at the low ash and
slag content [30]. Moreover, the unburned organic matters contained in the ash and slag
also reduced the fluidity of the paste slag, since they have a porous structure and can absorb
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a certain amount of free water [31]. The fluidity increased as the ash and slag content rose,
mostly due to the appropriate gradation promoting the flow of pastes.

3.3. Influence of Ash and Slag Content on the Mechanical Properties of Composite
Cementitious Materials

The compressive strength test results of the hardened pastes of the composite cemen-
titious materials prepared using the biomass power plant ash and slag are displayed in
Figures 6 and 7. Compared with the controls, the composite cementitious materials experi-
enced a downward trend at each curing time with the rising ash and slag content, and an
upward trend with the growing curing time. At the curing time of 1 d, the compressive
strength of the pastes of the controls reached 20.3 MPa (P.O) and 56.0 MPa (SAC), 16.7%
and 16.0% higher than that (16.9 MPa and 17.05 MPa) of the P.O composite cementitious
materials at the 10% ash and slag content, and 21.4% and 17.0% higher than that (44.0 MPa
and 46.5 MPa) of the SAC composite cementitious materials at the 10% ash and slag content.
The main reason is that the addition of ash and slag lowers the ratio of cement clinker, and
the biomass power plant ash and slag are subjected to poor activity in the early stage and
a low degree of hydration, causing the strength of the composite cementitious material
sample to decrease with the growing ash and slag content in the early stage.
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As the curing time increased, the compressive strength of the pastes of the composite
cementitious materials began to increase gradually, showing a gradually narrowing differ-
ence between it and the controls. At the curing time of 28 d, the compressive strengths of
the P.O composite cementitious material samples with 10% ash and slag were 42.8 MPa
and 40.43 MPa, respectively, only 0.7% and 6.2% lower than that of the control group, and
the compressive strength of the SAC composite cementitious material made with 10% ash
and slag were 76.8 MPa and 78.5 MPa, respectively, only 4.0% and 2.0% lower than that of
the control group. This is because the pozzolanic activity of the biomass power plant ash
and slag is stimulated as the hydration reaction proceeds, and hydration products such as
calcium silicate hydrate (C-S-H) and calcium aluminate hydrate (C-A-H) further compact
the pastes and improve their mechanical strength [32], resulting in a rapid increase in the
compressive strength of the composite cementitious materials. However, the compressive
strength of the hardened pastes of the composite cementitious materials underwent a large
decrease as the ash and slag content increased to 30%. At the age of 28 d, the compres-
sive strengths of the hardened pastes of the SAC composite cementitious materials were
41.3% and 30.0% lower than those of the control group, respectively, and the compressive
strengths of the hardened pastes of the P.O composite cementitious materials were 22.6%
and 24.5% lower than those of the control group, respectively. The reason for this is that,
at the high ash and slag content, the ratio of cement clinker is greatly reduced and the
hydration reaction of cement clinker plays a dominant role in the hydration of the com-
posite cementitious materials, leading to an evident decrease in the compressive strength
of the pastes of the composite cementitious materials. Hence, for the good compressive
strength of the composite cementitious materials, the ash and slag content should be no
larger than 20%.

3.4. Influence of Ash and Slag on the Hydration Minerals in the Composite Cementitious
Material System

The XRD patterns of the hydration products of the P.O composite cementitious ma-
terials prepared by adding biomass power plant ash and slag after 7 d of hydration are
provided in Figures 8 and 9. It can be found that the types of hydration products were not
affected by the addition of ash and slag in P.O, and remained to be AFt, calcium hydroxide
(CH), semicarbohydrate aluminum carbonic acid [Ca4Al2O6(CO3)0.5(OH)·11.5H2O], dical-
cium silicate (C2S), calcium carbonate (CaCO3) and quartz (SiO2), without the generation
of new hydration products. CH is formed by the hydration of tricalcium silicate (C3S) and
C2S clinker in the P.O composite cementitious materials (Formulas (1) and (2)) [33]. C-S-H
belongs to the amorphous phase, which cannot be directly characterized in XRD patterns.
In addition, AFt is the product of the reaction of C-A-H [generated by clinker hydration of
tricalcium aluminate (C3A) and tetracalcium aluminoferrate (C4AF) (Formulas (3) and (4))]
with gypsum (CaSO4·2H2O) (Formula (5)) [34]. The weak diffraction peaks of CaCO3 and
Ca4Al2O6(CO3)0.5(OH)·11.5H2O in the XRD patterns may be related to the carbonization
reaction during sampling, sample preparation or testing. The diffraction peak of C2S in the
patterns may come from the slow hydration of some C2S [35]. After 7 d of curing, some
C2S was not fully hydrated.

2(3CaO·SiO2) + 6H2O = 3CaO·2SiO2·3H2O + 3Ca(OH)2 (1)

2(2CaO·SiO2) + 4H2O = 3CaO·2SiO2·3H2O + Ca(OH)2 (2)

3CaO·Al2O3 + 6H2O = 3CaO·Al2O3·6H2O (3)

4CaO·Al2O3·Fe2O3 + 7H2O = 3CaO·Al2O3·6H2O + CaO·Fe2O3·H2O (4)

3CaO·Al2O3·6H2O + 3(CaSO4·2H2O) + 19H2O = 3CaO·Al2O3·3CaSO4·31H2O (5)
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Figure 9. X-ray diffraction pattern of 7-day hydration product of biomass power plant slag–P.O
composite cementitious material.

As Figure 10 shows, the characteristic peaks of CH in the hydration products were
gradually less intensive with the rising ash and slag content. This is because CH can
react with the active SiO2 and Al2O3 in ash and slag to generate C-S-H and C-A-H, thus
consuming part of CH [36] and eventually causing a decrease in the CH diffraction peaks
and promoting the hydration of P.O clinker [37].

3SiO2 + xCa(OH)2 + (n − x)H2O = xCaO·SiO2·nH2O (6)

3Al2O3 + xCa(OH)2 + (n − x)H2O = xCaO·Al2O3·nH2O (7)
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Figure 10. X-ray diffraction pattern of hydration product of biomass power plant slag SAC composite.

The XRD patterns of the SAC composite cementitious materials after 7 d of hydration
are shown in Figures 10 and 11. AFt, C2S, CaCO3, CH and SiO2 were found to be the main
hydration minerals of the SAC composite cementitious materials made with ash and slag.
Among them, AFt has the strongest and most widely distributed diffraction peaks, and
it provides early strength. AFt, CH, and alumina trihydrate (AH3) are the products of
the rapid hydration of anhydrous calcium sulfoaluminate and C2S in the SAC composite
cementitious materials [38,39]. The AH3 and C-S-H gel among the hydration products
cannot be characterized in the XRD patterns due to the poor crystallization. As further
found from Figure 11, with the 10% biomass power plant slag, the peak of the SiO2 in the
hydration sample of the composite cementitious materials was less intensive. The reason
for this is that a pozzolanic reaction occurs between the SiO2 in the biomass power plant
slag and CH in the hydration system [40], thus consuming part of the SiO2.
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Figure 11. X-ray diffraction pattern of the hydration product of the ash SAC composite cementitious
material from the biomass power plant for 7 days.

3.5. Influence of Ash and Slag on the Microstructure of Hydration Minerals in the Composite
Cementitious Material System

The SEM images of the P.O composite cementitious materials made with biomass
power plant ash and slag after 7 d of hydration are shown in Figure 12. A large number
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of hydration products, such as sheet-like CH, flocculent C-S-H gel, and needle–rod-like
Aft, were found to be formed at 7 d of hydration of the composite cementitious materials,
in line with the XRD analysis results. The C-S-H gel can fill the voids of the AFt network
structure, connect the hydration products, compact the microstructure of the hardened
pastes of the cementitious materials, and boost the strength development of the hardened
pastes. Moreover, according to Figure 12, only a small amount of sheet-like CH phase
exists, and CH is the main hydration product of P.O composite cementitious materials. The
reason is that the consumption of CH in the pozzolanic reaction of ash and slag results in a
reduction in sheet-like CH in the microstructure of hydration products [41].
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Figure 12. SEM images of 7 d hydration sample of P.O composite cementitious material. (a) P.O
composite cementitious material made with 10% biomass power plant ash. (b) P.O composite
cementitious material made with 10% biomass power plant slag.

The SEM images of the SAC composite cementitious materials made with different
contents of biomass power plant ash and slag after 7 d of hydration are shown in Figure 13.
After 7 d of hydration, abundant hydration products were found to be produced in the
SAC composite cementitious materials and a large number of intersecting needle–rod-like
AFt and flocculent (AH3 and C-S-H) structures were also observed. The rapid hydration
of the SAC clinker can form rich needle–rod-like AFt, intersecting to form a network
structure. AH3 and C-S-H fill the network, compact the paste structure, and quickly
form the strength in the early stage, resulting in the obvious higher strength of the SAC
composite cementitious materials in the early stage compared to that of the P.O composite
cementitious materials. As the hydration proceeds, the active Al2O3 and SiO2 in the
biomass power plant ash and slag are stimulated by the alkaline environment formed
by SAC hydration to undergo pozzolanic reactions, thus producing gels such as C-S-H
and C-A-H, and filling the network structure of AFt [42,43]. This makes the pastes more
compact, accelerating the development of the strength of the SAC composite cementitious
material in the late stage. According to the comparison of the SEM images of the samples
in Figure 12 after 7 d of hydration, the composite cementitious material made with a small
amount of biomass power plant slag is more compact, has a higher degree of hydration,
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has more uniform hydration products, and has less obvious particle interfaces. Moreover,
it is firmly connected to the surrounding gel products as a whole and shows the compact
structure of the hardened pastes. Hence, the strength of the SAC composite cementitious
materials made with biomass power plant slag is better.
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4. Conclusions

(1) The compressive strength of the P.O and SAC pastes gradually decreased with the
rising ash and slag content. Compared with the reference cement, the 28 d compressive
strength of the P.O pastes made with 30% biomass power plant ash and slag decreased
by 27.8% and 15.0%, respectively, while that of the SAC pastes decreased by 27.5%
and 35.0%, respectively. Nonetheless, the increase in the compressive strength was
faster at the curing time of 7 d to 28 d, close to that of the control groups.

(2) The addition of biomass power plant ash and slag could significantly prolong the set-
ting time of P.O and SAC pastes, and the setting hindrance effect was more significant
with the rising content. Using the 50% biomass power plant slag, the initial and final
setting time of the P.O pastes grew by 28.8% and 25.2%, respectively, and that of the
SAC pastes both grew by 50%.

(3) After the addition of the biomass power plant ash and slag, the fluidity of the P.O and
SAC pastes showed an upward trend and a decreasing-then-increasing trend as the
ash and slag content increased, respectively.

(4) According to the phase and microscopic analysis, the hydration of the P.O pastes was
promoted after the addition of biomass power plant ash and slag, and the CH peaks
in the products after 7 d of hydration were less intensive. The addition of ash and slag
also promoted the clinker hydration of SAC pastes, resulting in an obvious increase
in the AFt among the 7 d hydration products and a compact structure.
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