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A B S T R A C T

The utilization of circulating fluidized bed combustion (CFBC) ash to make cement products that provide added value and

offset CO2 production is the objective of this research. CFBC burns coal in the presence of a bed of slaked limestone, which

effectively absorbs sulfur dioxide (SO2) to form anhydrite (CaSO4). CFBC produces two kinds of spent bed materials, coarse

bottom ash and a much finer fly ash. Both of these products are very high in calcium. When properly conditioned, these

materials are capable of acting as hydraulic cements, forming both calcium aluminosulfate minerals, most importantly

ettringite, as well as calcium-alumina-silica gels, like that formed from Portland cement. The research to generate calcium

sulfoaluminate-belite (CSAB) cement was centered on two components. The first was the production of a cement that

maximizes the proportion of coal combustion by-products while achieving acceptable strength development. The second

component focused on optimizing the laboratory-derived CSAB cement to have comparable strength characteristics with

commercial CSAB cements.
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1. Introduction

The production of Portland cement requires large amounts of

energy, mainly because of the high temperatures required to sinter

the raw materials into clinker. Portland cement clinker, which is

composed mainly of calcium silicates, is also very hard and

requires considerable energy to grind to the final product (Arjunan

et al., 1999). Furthermore, limestone is a major raw material used

to produce Portland cement and releases large amounts of CO2

during the thermal processing. In order to attain substantial

reductions in energy consumption and CO2 emissions, a significant

decrease in the clinkering temperature and the proportion of

limestone in the feed is necessary (Damtoft et al., 2008; Gartner

and Macphee, 2011; Schneider et al., 2011). Unfortunately, this is

not possible with Portland cement. However, energy-conserving or

‘‘low-energy’’ cements can be produced at lower temperatures and

using much less limestone than Portland cement. They can also be

much softer and easier to grind (Beretka et al., 1993). An additional

environmental benefit is that calcium sulfoaluminate (CSA)

cements can be prepared using substantial amounts of coal

combustion wastes as the raw materials. These include flue-gas

desulfurization (FGD) gypsum, pulverized coal combustion (PCC)

fly ash, and fluidized bed combustion (FBC) ash.

There are several types or classes of low-energy, low-CO2

cements (Juenger et al., 2011). This study focuses on one type: CSA

cements, which gain strength primarily from the formation of
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a calcium aluminum sulfate hydrate called ettringite (Beretka et al.,

1993; Sherman et al., 1994; Arjunan et al., 1999; Janotka et al.,

2003; Bernardo et al., 2006). Because of the rapid rate of formation

of ettringite, CSA cements gain strength very quickly. The research

described herein involved the formulation, production, and

evaluation of an FBC by-product–based cement: calcium sulfoa-

luminate-belite (CSAB) cement produced by heating the FBC spent

bed in the presence of limestone, bauxite, and PCC fly ash. The

formulation, production, and performance testing of this material

are described in this study.

Currently in the United States, there are approximately 60 FBC

boilers used to generate electricity. Although FBC boilers can

substantially reduce SOx and NOx emissions relative to a PCC

boiler, they generate a much larger quantity of solid by-products.

FBC burns coal in a fluidized bed of sorbent, usually limestone,

which removes most of the SOx emissions. The resultant by-

products are, thus, mainly composed of calcium sulfate, and they

also contain lesser amounts of unreacted sorbent, i.e., lime or CaO.

There are two types of by-products produced in an FBC boiler:

spent bed material, which is a coarse sandy material, and ‘‘fly ash,’’

which is a much finer material that is captured from the flue gas.

The spent bed material generally contains a higher proportion of

lime and calcium sulfate than the fly ash, whereas the latter

contains more alumina and silica because of the presence of ash

from the combusted coal.

The lime, alumina, and calcium sulfate within FBC by-products

impart a cementitious nature when they are mixed with water. The

cementitious properties are largely the result of the formation of

two hydrated phases: gypsum and ettringite. Gypsum is formed

from the hydration of the anhydrous calcium sulfate, anhydrite

(Marroccoli et al., 2007). This reaction can be slow because of the

‘‘hard-burned’’ nature of the FBC anhydrite, which results from the

high temperatures within the boiler. Nevertheless, the hydration

reaction is

CaSO4z2H2O?CaSO4
:26H2O (gypsum) ð1Þ

Ettringite is a calcium aluminum sulfate hydrate that forms in

a high-pH environment (i.e., that occurring from the dissolution of

lime in the FBC ash) by the following reaction:

3CaSO4z3Ca(OH)2z2Al(OH)3z26H2O

?Ca6Al2(SO4)3(OH)12
:26H2O ð2Þ

One potential pathway to the utilization of FBC by-products is to

produce a CSAB cement via a high-temperature clinkering process,

similar to the production of Portland cement. In contrast to Portland

cement, which derives its strength from the formation of calcium

silicate hydrates, CSAB cement concrete hardens and gains strength

primarily through the hydration of Klein’s compound (Ca4Al6O12SO4)

and calcium sulfate to form ettringite (Arjunan et al., 1999; Janotka

et al., 2003; Bernardo et al., 2004; de la Torre et al., 2005):

Ca4Al6O12SO4z2CaSO4
:2H2Oz34H2O

?Ca6Al2(SO4)3(OH)12
: 26H2Oz4Al(OH)3 ð3Þ

A compound similar to ettringite called ‘‘monosulfate’’ can also

form under sulfate-deficient conditions, and its role as a cemen-

titious component in CSA cement is not well understood (Ikeda,

1980; Glasser and Zhang, 2001). Belite is usually present in CSA

cements, but its hydration is typically slow and only provides

additional long-term strength (Glasser and Zhang, 2001; de la

Torre et al., 2005). Because of the rapid rate of formation of

ettringite, CSA cements gain strength very quickly. If enough lime

(Ca[OH]2) and calcium sulfate are present in the system, then

additional ettringite is formed through reaction with the aluminum

hydroxide. However, with excess lime, the system can become

expansive to the degree that it is destructive to the hardened

material (Mehta, 1973).

In China, CSA cements have been used primarily to replace

Portland cement in mortars and concrete when rapid strength gain,

self-stressing properties, or sulfate resistance is desired. Approxi-

mately 1 Mt/yr are manufactured in China, which has special

standards for the cements (Zhang and Glasser, 1999; Zhang et al.,

1999; Damtoft et al., 2008). CSA-type cements have a long history of

use in the United Kingdom for specialty applications such as in the

mining industry. Brown (2000) described a wide range of formula-

tions for products used in construction, for example, general-purpose

low-shrinkage cement, shrinkage-compensated concrete slabs, mor-

tar coatings for concrete pipes, rapid repair and setting mortars,

anchor bolt grouts, and glass fiber–reinforced cement products.

In summary, CSA cements can potentially present considerable

environmental advantages compared with Portland cement be-

cause of the lower energy use, lower CO2 emissions, and use of coal

combustion wastes as raw materials. In order to support

widespread introduction of the cements in the marketplace, there

are several issues that must be addressed, namely, high cost,

durability issues, and appropriate applications. As was discussed

already, although only a limited amount of research has been

conducted on the durability of CSA cements, there is sufficient

information indicating that the cements can be quite durable in

certain environments.

The research described herein focused on the production of one

class of circulating fluidized bed combustion (CFBC) by-product–

based cement: CSAB cement produced by heating the CFBC spent

bed in the presence of limestone, bauxite, and PCC fly ash. The

formulation, production, and performance testing of this class of

material are described.

2. Materials and Methods

Bulk samples of CFBC spent bed and fly ash were collected from

a Kentucky CFBC unit. These samples were sealed in MylarH bags

and stored in polyethylene drums. Bauxite was obtained from

Ward’s Scientific, Inc., and stored in closed polyethylene buckets.

Class F fly ash was obtained from a Kentucky PCC plant, located at

the same site as the CFBC unit; the feed coal for each unit is from

different sources. The limestone used in some of the cement

formulations was acquired from a local quarry, and hydrated lime

was obtained from a local supplier. Commercial CSAB from China

cement was obtained from the Shenzhen Chenggong Trade

supplier. Two additional commercial CSA cements that are

produced in North America were also obtained for testing. Cemex

Type I ordinary Portland cement (OPC) was purchased from a local

distributor. All cements were stored in heat-sealed Mylar bags.

FGD gypsum was acquired from a power plant in northern

Kentucky. An ultrafine class F fly ash (UFA) was produced from

a hydraulic classifier that was developed at the Center for Applied

Energy Research, University of Kentucky, from material obtained
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at a coal ash impoundment in northern Kentucky (Robl and

Groppo, 2011). Table 1 provides a list of the raw materials used in

the project.

2.1. Sample characterization

The major oxide composition of the materials was determined

using a PANanalytical PW2404 x-ray fluorescence instrument,

following ASTM D4326 protocols (ASTM International, 2013). The

loss on ignition (LOI) is important when proportioning the feed

materials for CSAB production because the weight loss during

heating must be accounted for. During production of the CSAB

cement, limestone loses primarily carbon dioxide, whereas the

bauxite evolves water from dehydroxylation of the aluminum

hydroxide. The majority of LOI for the class F fly ash and the FBC

by-products was derived from combustion of carbon. For this study,

the LOI of the materials was conducted at 950uC. Density was

determined on selected samples using a LeChatelier flask (ASTM

C188; ASTM International, 2011d). The major oxide compositions of

the coal combustion by-products (CCBs) and native raw materials

are shown in Table 2.

Particle-size distribution was determined using a Malvern

Mastersizer 2000 laser diffraction analyzer. Refractive and

absorption indices of the materials were determined prior to

diffraction analysis. The crystalline phases present in the raw

materials were determined using a PANalytical XPert x-ray

diffraction (XRD) spectrometer. Hydrated cement pastes and

mortars were ground in a mortar and pestle prior to analysis and

were either analyzed wet or after treatment in acetone (to stop

hydration) and oven drying at 50–60uC for 1 hour. Scanning

electron microscope (SEM) analysis was conducted on samples that

had been treated using the acetone-drying method.

2.2. Fabrication of CSAB cement from CCBs

Mixtures of FBC spent bed material, PCC fly ash, bauxite, and

limestone were interground for clinkering. The clinker tests were

conducted from 1000uC to 1250uC and included compositions in

the stability fields of Klein’s compound and belite. Mineral

composition of the cements was determined by XRD.

The first cement formulationwas calculatedusingBogue equations

that were modified for phases in CSAB clinker; this formulation is

termed ‘‘CSAB#1’’ (Arjunan et al., 1999). The phases assumed to be

present were Klein’s compound, belite, ferrite (C4AF), calcium sulfate,

and a minor amount of lime (,0.5%). However, it was found that the

normative equations could not be used to optimize the CSAB

compositions, probably because of the formation of minor amounts

of other phases such as gehlenite, and the simplistic assumption that

the aluminum:iron ratio in the ferrite phase was equal to 1. Therefore,

adjustments were made to the formulations to meet several

objectives: (1) minimize the proportion of limestone used and, thus,

the free lime formed (CaO), (2) maximize the proportions of by-

products (i.e., CFBC and PCC ash), and (3) produce a cement that will

approach the performance of the commercial CSAB cement. The

adjustments were made by analyzing each clinker using XRD until

the desired composition was achieved, resulting in the synthesis of

formulations termed ‘‘CSAB#2’’ and ‘‘CSAB#4.’’ Figure 1 shows the

XRD profiles of the laboratory-synthesized clinkers compared with

Table 1

Description of raw materials

Material name Type of material Source

Circulating fluidized bed combustion

(CFBC) spent bed material Coarse CFBC by-product Kentucky CFBC plant

CFBC fly ash Fine CFBC by-product Kentucky CFBC plant

Class F fly ash Low-calcium coal ash Kentucky pulverized coal combustion (PCC) plant

Class C fly ash High-calcium coal ash Indiana PCC plant

Ultrafine fly ash (UFA) Processed class F ash Kentucky PCC plant ash pond

Gypsum Flue-gas desulfurization by-product Proprietary source

Bauxite Quarried raw material Ward’s

Limestone Quarried raw material Local quarry

Hydrated lime Agricultural lime Southern states

Table 2

Chemical composition of coal combustion by-products

CFBC

spent bed CFBC FA

Class F

FA

Class C

FA UFA

FGD

gypsum

Ward’s

bauxite Limestone

Hydrated

lime

SiO2 12.77 25.62 57.44 41.65 50.88 4.54 10.61 7.41 4.99

Al2O3 5.25 10.34 29.97 22.28 26.98 1.09 78.75 2.76 2.03

Fe2O3 3.15 9.08 4.94 5.97 4.85 0.60 5.25 0.77 0.59

CaO 48.23 33.74 1.09 19.32 1.21 40.15 0.28 81.62 89.19

MgO 2.47 4.09 0.79 4.43 0.91 0.37 0.18 3.31 2.69

Na2O 0.05 0.13 0.15 1.09 0.38 ,0.01 0.01 0.04 0.16

K2O 0.36 1.24 2.73 1.24 2.70 0.06 0.03 0.61 0.12

P2O5 0.13 0.14 0.11 0.89 0.25 0.04 0.32 0.03 0.03

TiO2 0.26 0.42 1.64 1.32 1.72 0.13 3.67 0.15 0.13

SO3 27.83 16.97 0.11 1.18 ,0.01 53.67 1.58 0.82 0.19

LOI 2.00 NA 1.61 0.43 3.36 19.05 26.21 41.59 23.27

Free lime 23.0 10.0 NA NA NA NA NA NA NA

Density (g/cm3) 2.98 2.82 2.41 2.37

Note: CFBC 5 circulating fluidized bed combustion; FA 5 fly ash; UFA 5 ultrafine fly ash; FGD 5 flue-gas desulfurization; LOI 5 loss on ignition; NA 5 not available.
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three commercial CSAB cements: a CSAB manufactured in China,

commercial CSAB#1, and commercial CSAB#2.

The CFBC material is a potential source of CaO and SO3 and,

thus, was used as a partial substitute for gypsum and limestone

in the laboratory CSAB raw materials. The effects of firing

temperature were examined by XRD using the CSAB#1 clinker

formulation. The firing programs consisted of heating the

raw mix at 1175uC, 1200uC, 1225uC, and 1250uC for 1 hour

each. The resulting clinkers were slowly cooled within the

furnace. Visually, there was a progressively darker and notable

volume loss with increasing firing temperature, as seen in

Figure 2. The darkening color reflects the increased levels of

sintering.

Each clinker was milled in a ball mill along with gypsum, which

is used to ‘‘activate’’ the Klein’s compound to form additional

ettringite during hydration. Class F fly ash was also milled with the

clinker to serve as a filler for certain formulations. The milling of

gypsum and/or fly ash with the clinker to make the final cement

product is known as ‘‘process addition.’’

The optimum firing temperature for the CFBC material–based

CSAB cement was chosen to be 1250uC. At this temperature, the

maximum amount of Klein’s compound and belite was formed with

minimal quantities of silicosulfate, an unreactive phase (Roy et al.,

1999; Winnefeld and Lothenbach, 2010). Table 3 provides a list of

phases present in the cement formulations. The first two formula-

tions (CSAB#1 and CSAB#2) had relatively high contents of belite.

CSAB#1 was formulated using 32% CFBC bottom ash, 8% class C

fly ash, 15% bauxite, and 45% limestone. The major compounds in

the clinker were Klein’s compound, belite, anhydrite, ferrite, and

lime. The major compounds in CSAB#2 were Klein’s compound and

belite, with only a minor amount of free lime.

The third CSAB cement formulation, CSAB#4, was composed of

limestone, bauxite, and spent bed material. Unlike CSAB#1 and

CSAB#2, class F fly ash was not added to the raw mixture. However,

it was added as a filler during mortar mixing. The CSAB#4 clinker

was interground with 35% gypsum, by weight, to provide the

necessary sulfate for the formulation of ettringite (Winnefeld and

Lothenbach, 2010). The amount of gypsum was calculated based on

stoichiometry of ettringite formation from Klein’s compound. The

raw materials used for each formulation are shown in Table 4.

Each of the cement-clinker formulations was analyzed chemi-

cally to compare the major oxides present (Table 5) with those that

were calculated using modified Bogue equations (Arjunan et al.,

1999). The proportions of raw materials were adjusted accordingly

so the resulting clinker composition closely resembled the

calculated composition. This was done in order to achieve the

phases shown in Table 3.

2.3. Paste study—Effect of gypsum content

Numerous hydration studies have already been done on the

influence of gypsum, calcium sulfate hemihydrate (referred to as

‘‘hemihydrate’’), and anhydrite on the hydration of CSA clinker

containing C2S and C4A3Ś as main phases (Juenger et al., 2011).

According to Majling et al. (1985), anhydrite (depending on the

heating temperature and mechanochemical activation) is necessary

for the high rate of initial strength development. Furthermore,

several researchers have found that ettringite formation depends

on the reactivity of the calcium sulfate used (Shah, 1991; Sahu and

Majling, 1994; Winnefeld and Lothenbach, 2010; Juenger et al.,

2011). With hemihydrate or gypsum, ettringite formation is very

intensive and can cover the aluminate phases, which retards their

hydration. Conversely, with anhydrite, there is no ‘‘supersatura-

tion,’’ and the hydration continues.

The effect of gypsum addition on the cement strength was

determined using the CSAB#2 clinkers. Hydration of the

materials was studied using paste prepared with a water:solids

ratio of 0.37 and stored at 100% relative humidity and 23uC.

Fig. 1. X-ray diffraction profiles of the three laboratory synthesized clinkers

compared with the commercially available calcium sulfoaluminate-belite (CSAB)

cements. K 5 Klein’s Compound; An 5 anhydrite; B 5 belite (C2S).

Fig. 2. Calcium sulfoaluminate-belite clinker demonstrating color variation and

mass loss based on oven-firing temperature.
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At specific hydration intervals, samples of paste were obtained

and analyzed using XRD. Hydration experiments were con-

ducted on four paste mixtures: 15%, 20%, 25% gypsum, and

20% gypsum + 1% Ca(OH)2. This latter mixture was prepared to

study the influence of lime availability on the formation of

ettringite (Figure 3) and expansion characteristics. Figures 4–6

show the hydration process over a 56-day curing period. With

the addition of 5% more gypsum to the CSAB#2 clinker, from

15% to 20%, there was more sulfate available for the continued

formation of ettringite. This can be seen by the decreasing

gypsum peak with increasing time, at approximately 11.5u 2h.

Most of the gypsum was consumed after 1 day of curing in the

15% gypsum paste, whereas approximately a third of the peak

intensity remains in the 20% gypsum paste.

Representative SEM images after 7 days of curing are shown in

Figures 4–6. The 15% gypsum paste (Figure 4) has ettringite

crystals with an average length of 6 mm, with some areas of more

crystals appearing more massive and colloidal. The 20% gypsum

paste (Figure 5) has well-defined acicular ettringite crystals with

an average length of 10 mm, with some areas appearing massive

and colloidal. The 20% gypsum + 1% lime paste (Figure 6) contains

ettringite crystals that are mainly small and fibrous with an

average length of 3 mm. The smaller ettringite crystals in the

presence of lime are consistent with previous findings, e.g., Mehta

(1973). The lime would also react with aluminum hydroxide (Eq. 3)

to form additional ettringite, which may have caused the slightly

higher compressive strength of this mortar (discussed later herein).

The strength characteristics of the three cement blends, with the

addition of a blend using 25% gypsum, were tested in mortar

following ASTM C109 and C305 (ASTM International, 2011a,c).

Figure 7 shows that the compressive strengths of the four blends

were quite similar. The 1-day strengths ranged between 15.9 and

18.6 MPa, with the 20% gypsum mortars producing the higher

strengths. The 15% gypsum mortar started around 16.6 MPa and

gained strength steadily to 28.3 MPa after 56 days. The mortars with

20% gypsum had the highest 1-day strength, approximately 18.6

MPa, and reached 30.0 MPa after 56 days of curing. The addition of

lime had very little influence on the strength characteristics of the

20% gypsum mortar (Figure 7). The 25% gypsum mortar had the

lowest 1-day strength of 16.4 MPa and followed a similar strength-

gain trend as the 15% gypsum mortar. However, at 56 days of

curing, the mortar experienced a decrease in strength down to 14.5

MPa. This decrease in strength results from a lack of water, as seen

by the persistence of unhydrated phases as described by Bernardo

Table 3

Comparison of clinker phases

Phase Composition

Ordinary Portland

cement China CSAB CSAB#1 CSAB#2 CSAB#4

C4A3Ś Ca4Al6O12SO4 – ! ! ! !
C2S Ca2SiO4 ! ! ! ! !
C4AF Ca2(Al,Fe+3)2O5 ! – ! ! –

CS̀ CaSO4 ! ! ! – –

C CaO – – ! – –

C2AS Ca2Al2.22Si.78O6.79(OH).22 – – N – –

Note: CSAB 5 calcium sulfoaluminate-belite; ! 5 major phase present; N 5 minor phase; – 5 not detected or trace.

Table 4

Calcium sulfoaluminate-belite (CSAB) cement formulations (% on a final product basis)

Raw material CSAB#1 CSAB#2 CSAB#4 CSAB#4 fly ash

Clinker Limestone 39.0 46.0 29.6 24.6

Bauxite 13.1 15.2 30.2 25.0

Circulating fluidized bed combustion (CFBC) spent bed 27.7 13.1 19.6 16.3

Class F fly ash — 12.9 — —

Class C pulverized coal combustion (PCC) fly ash 6.9 — — —

Process addition Gypsum 13.3 12.8 20.6 17.1

Ultrafine ash — — 0.0 17.1

% coal by-products in cement 40.2 38.8 40.2 50.4

Table 5

Calcium sulfoaluminate-belite (CSAB) cement composition from x-ray fluorescence analysis

Cement composition (%)

Cement SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3

Ordinary Portland cement 20.5 5.4 2.6 63.9 2.1 0.61 0.21 3.0

CSAB from China 11.12 26.94 1.76 44.99 3.18 0.04 0.19 12.23

Commercial CSAB#1 5.89 20.48 2.53 42.29 0.78 0.1 0.15 25.71

Commercial CSAB#2 14.92 16.12 1.32 48.91 1.63 0.24 0.49 15.46

CSAB#1 12.91 15.16 2.58 51.24 2.89 0.08 0.47 14.10

CSAB#2 16.90 16.95 2.39 47.10 2.25 0.15 0.68 13.52

CSAB#4 8.21 24.30 2.59 40.02 1.32 0.14 0.62 22.30

Jewell et al. / Coal Combustion and Gasification Products 7 (2015) 13



et al. (2006); see also Figures 4–6. The continued strength gain for

the remaining three pastes results from the hydration of additional

phases, in particular, belite (Glasser and Zhang, 2001).

2.4. Fabrication of bulk CSAB clinker cement

The material formulation discussed in section 2.3 was used to create

larger samples of CFBC-derived CSAB cement for mortar testing.

Basedon the calculatedmix proportions determined from the modified

Bogue equations, the raw materials were proportioned and ground in

a ball mill to reach an approximate particle size of 16 mm. The ground

mix was then placed into zirconia crucibles and fired in an electric

furnace at 1250uC for 1 hour and then air-cooled. The resulting clinker

was soft and required little effort to grind to cement fineness. The

ground clinker was analyzed to check that the expected phases were

present. Calcium sulfate (CaSO4) is necessary in CSAB cement to

promote strength development through the formation of ettringite

(Glasser and Zhang, 2001). The calcium sulfate can be added by

proportioning the CSAB clinker to contain excess CaSO4 as anhydrite,

or by intergrinding gypsum or anhydrite with the CSAB clinker; the

cement mixes within this study were fabricated by intergrinding FGD

gypsum (Taylor et al., 2001).

3. Strength Testing of CSAB Mortar

3.1. Set time

The initial set time was established for cement mortars following

ASTM C807 procedures (ASTM International, 2011e), and the data

are shown in Table 6. The CSAB cement (from China) mortar set

earlier than OPC, but it was still workable. The set times for the

laboratory CSAB cement mortars were substantially shorter than

OPC and were dependent on the content of Klein’s compound. The

set time of the CSAB#4 cement mortars ranged from approxi-

mately 70 to 90 minutes, with no discernible trend with increasing

process additions (Table 6).

The effectiveness of retarding admixtures on initial set time of

CSAB cement mortar was conducted using Grace RecoverH, which

is an ASTM type D set retarding admixture. The dosages were

specified based on recommendations from the manufacturer.

Table 7 provides the set time data for the CSAB cement from

China and indicates that the retarder was very effective in slowing

the set time of CSAB cement.

3.2. Strength of commercial CSA cement mortar

To establish benchmarks for strength performance, the com-

mercial CSAB cements described earlier were tested. Mortar cubes

were prepared for the cement formulations following ASTM C305

and C109 protocols. The mortar mix proportions are provided in

Table 6. The data for the commercially available CSAB cements are

Fig. 3. Scanning electron microscope image of ettringite crystals within the

CSAB#2 paste.

Fig. 4. X-ray diffraction profiles for the hydration of the CSAB#2 + 15% gypsum cement. Gp 5 gypsum; K 5 Klein’s compound; B 5 belite; Et 5 ettringite. On the

right, a scanning electron microscope image showing the formation of ettringite crystals in the CSAB#2 + 15% gypsum cement after 7 days of curing.
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shown in Figure 8. As expected for rapid-setting cements, the 1-

day strength significantly exceeded that of OPC. The rapid strength

gain, accompanied by rapid heat evolution, is characteristic of CSA

cements (Glasser and Zhang, 2001). This is primarily due to the

presence of a large amount of Klein’s compound, which readily

forms ettringite upon hydration. At 28 days of curing, the cement

from China matched the strength of the OPC but was then

surpassed by the latter. The leveling-off of strength gain for the

CSAB mortars was a result of the consumption of the available

ettringite-forming compounds. The extremely high strength of the

commercial #1 cement is attributed to the large amount of Klein’s

compound and anhydrite available in the cement. However, the

commercial #2 cement had a large amount of Klein’s compound

but half of the available anhydrite, based on peak intensity. The

lesser amount of anhydrite in the cement explains the slower

strength gain after 1 day of curing compared with commercial #1.

3.3. Strength of laboratory CSA cement mortar

After compressive strength testing of the commercial CSA

cement mortars, the laboratory CSAB#2 clinker was interground

Fig. 5. X-ray diffraction profiles for the hydration of the CSAB#2 + 20% gypsum cement. On the right, a scanning electron microscope image showing the formation of

well-defined ettringite crystals in the CSAB#2 + 20% gypsum cement after 7 days of curing.

Fig. 6. X-ray diffraction profiles for the hydration of the CSAB#2 + 20% gypsum with 1% lime cement. On the right, a scanning electron microscope image showing the

formation of ettringite crystals in the CSAB#2, 20% gypsum + 1% lime cement after 7 days of curing.

Fig. 7. Compressive strength of mortar cubes using the CSAB#2 cement with the

addition of gypsum and lime.
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with 20% by mass FGD gypsum, and mortars were prepared

according to ASTM C109. The mortar prepared with this cement

did not experience expansive cracking but exhibited considerably

lower strength than the commercial cements (Figure 9), probably

because it contained substantially more belite. However, its

strength gain was good, and it would likely qualify as a general

rapid hardening (GRH) or medium rapid hardening (MRH) cement

under ASTM C1600 requirements (ASTM International, 2011b). Of

particular interest is the fact that this performance was achieved

with cement that consists of approximately 40% CCB.

The compressive strength development of CSAB#4 mortar was

comparable to the CSAB cement from China (Figure 9), which is

not surprising, because both contained a large amount of Klein’s

compound (Figure 1). CSAB#4 mortar cubes matched the perfor-

mance of the cubes of CSAB cement from China from 1 to 7 days;

from 28 to 112 days, their compressive strength greatly exceeded

the CSAB cement from China cubes. The continued strength gain

exhibited by the CSAB#4 cubes can likely be attributed to the

presence of the active belite phase in the clinker. Based on ASTM

C1600, CSAB#4 would qualify as a very rapid hardening (VRH)

cement.

CSAB#4 FA produced a mortar that achieved approximately

26.2 MPa in 1 day, 31.7 MPa in 7 days, and 34.5 MPa in 28 days,

which meets the criteria for a VRH cement. It is interesting that this

cement gained strength more rapidly than the CSAB#2 formula-

tion despite the higher percentage of by-product in CSAB#4 FA.

Figures 10 and 11 depict the growth of ettringite crystals in the

CSAB#4 mortar. Figure 10 is an image of ettringite crystals with

an average length of 10 to 20 mm. The predominantly visible

crystals formed in the space between the sand grains and cement

paste. However, in the bottom-left corner of the image, the outline

of several ettringite crystals can be seen within the cement paste.

Figure 10 shows ettringite crystals with an average length of 5 to

20 mm that formed within the cement paste and created a dense

network of interlocking crystals and paste. The rapid strength gain

of CSA cements can be attributed to this geometry. Figure 11

shows an SEM image on the right, under 703 magnification, of the

CSAB#4 mortar with grains of sand clearly embedded in the

cement paste. Ettringite crystals on the surface of sand grains,

approximately 10 mm in length, have melded to the sand surface,

thereby bridging the interfacial zone between the grain and the

surrounding paste.

4. Conclusions

The CFBC material has the potential for use in the production of

calcium sulfoaluminate belite cements. The utilization of the CFBC

spent bed material in CSAB cement shows potential as a large-

volume use for the material. Heating CFBC bottom ash, PCC fly ash,

limestone, and bauxite at 1250uC (about 200uC lower than that

used for Portland cement clinker) produced a large quantity of

Klein’s compound and belite (Juenger et al., 2011). The CFBC ash

provides needed calcium sulfate and, particularly, calcium oxide.

The calcium oxide within the ash is an effective substitute for

limestone, which is required as a raw material for CSAB cement

clinker. In fact, if changes in the CFBC combustion process were to

result in substantially less lime in the spent bed material, its value

as a CSAB clinker raw material would be limited, since FGD

Table 6

Mortar mix proportions following ASTM C305 and C109 protocols

Component

Ordinary Portland

cement CSAB from China CSAB#1 CSAB#2 CSAB#4 CSAB#4 fly ash

Cement (g) 500 500 500 450 500 500

Sand (g) 1375 1375 1375 1237.5 1375 1375

Water (g) 242 242 238.8 217.8 242 215

Flow (%) 112 112 81 117 120 109

Time of set (min) 189 116 — 88 91 67

Note: CSAB 5 calcium sulfoaluminate-belite.

Fig. 8. Compressive strength of mortar cubes made with commercially available

calcium sulfoaluminate-belite (CSAB) cement.

Table 7

Effect of set retarder on the set time of calcium sulfoaluminate-belite (China)

cement mortar

Set retarder dosage

(mL/500 g cement) Initial set (min)

0 116

0.75 180

1.5 237

3.0 330

Fig. 9. Compressive strength of the CSAB#4 cement mortar.
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gypsum would provide a more concentrated and refined source of

calcium sulfate.

The synthesized CSAB clinkers were soft and readily milled to

cement fineness. Milling the clinker with FGD gypsum was

effective in providing the additional calcium and sulfate required

to ‘‘activate’’ the clinker to form ettringite. The compressive

strength of the commercial and laboratory CSAB cements produced

high early strengths that exceeded those of ordinary Portland

cement. Additional long-term strength was possibly provided by

hydration of dicalcium silicate (C2S) within the clinker.

Milling the laboratory CSAB clinker with class F fly ash, in

additional to FGD gypsum, appeared to improve the dimensional

stability of CSAB mortar. In every cement that contained fly ash

addition, destructive expansion did not occur, and drying

shrinkage improved. However, fly ash addition generally decreased

the compressive strength, although the water reduction achieved

with the fly ash helped to offset this. Future work will focus on

optimizing the quantity of fly ash addition to provide maximum

water-reduction benefits and minimize the strength loss.

A major issue regarding the production of CSAB cement is one

of cost. Because CSAB clinker production requires substantial

quantities of bauxite, the cost of these cements is high. In order to

minimize or eliminate bauxite, alternatives to this raw material

need to be pursued. The replacement of some bauxite with high-

iron raw materials could have the net effect of replacing some of

the aluminum with iron, which is considerably less expensive.

Thus, future research should focus on the use of high-iron

materials, such as certain class F fly ashes and/or red mud, as

partial replacements for bauxite.
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