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Abstract For every ton of portland cement that is man-

ufactured, approximately half a ton of carbon dioxide is

released from calcining limestone. One method of reducing

the carbon dioxide from portland cement production is to

reduce or eliminate the use of limestone through replace-

ment with calcium oxide-bearing waste materials. In this

study, portland cement clinker was synthesized using

minimal limestone content and maximal waste material

content, specifically fly ash and blast furnace slag. The

synthetic cements were characterized using X-ray

diffraction, scanning electron microscopy, and isothermal

calorimetry. Results show that portland cement clinker can

be successfully synthesized from a maximam of 27.5% fly

ash and 35% slag. The synthetic cements possessed early-

age hydration behavior similar to a commercial Type I/II

portland cement. However, the presence of sulfur impuri-

ties contained in waste materials significantly affected

phase formation in portland cement clinker.

Introduction

Portland cement concrete, the most widely used, and

manufactured material in the world, is made primarily from

water, mineral aggregates, and portland cement. Portland

cement clinker is produced from high temperature firing

and grinding of mineral deposits such as limestone and

clay; the clinker is then ground with gypsum to make

cement. Portland cement clinker contains four primary

phases: Ca3SiO5 (C3S1), Ca2SiO4 (C2S), Ca3Al2O6 (C3A),

Ca4Al2Fe2O10 (C4AF) [1]. The production of port-

land cement is energy intensive, accounting for 2% of

primary energy consumption and 5% of industrial energy

consumption globally [2]. Moreover, portland cement

manufacturing contributes significantly to greenhouse

gases and accounts for 5% of the global CO2 emissions

resulting from human activity. Half of this CO2 comes

from the use of fossil fuels to heat the kilns, and the other

half is produced through the calcination of limestone

(CaCO3 ? CaO ? CO2).

One method of reducing CO2 emissions from portland

cement manufacturing is to reduce or eliminate the use of

limestone, replacing it with materials high in CaO rather

than CaCO3. Viable alternatives to limestone are calcium

oxide-bearing waste materials such as fly ash from coal

burning power plants and blast furnace slag from steel

production. The reuse of fly ash and slag as ‘‘supplemen-

tary cementing materials (SCMs)’’ to directly replace a

portion of the portland cement in concrete has greatly

reduced the environmental impact of concrete production.

Fly ash and slag have also been used as raw materials for

the actual production of portland cement in industry for

years, which has reduced the environmental impact of

concrete production even further because the cement pro-

duced from waste materials can still be replaced with

SCMs in concrete. Previous research has shown that waste
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materials such as municipal solid waste, waste gypsum,

rice hull, and red mud can be partially used as alternatives

to limestone or clay for cement production [3–6]. Some

research has shown successful production of portland

cement with fly ash and slag incorporated in the raw

ingredients [7, 8]. The cements produced from fly ash and

slag in those studies showed comparable mechanical

properties to commercial portland cement. Nevertheless, a

thorough, quantitative investigation on cement phase

composition, phase distribution, and hydration behavior

was not performed in these studies. This study addresses

these gaps in our knowledge.

The primary goal of this research was to synthesize

portland cement clinker with minimal limestone content

and maximal waste material content. Reagent-grade

chemicals were first used to synthesize portland cement

clinker in order to establish a baseline for the synthesis

procedure and the phase composition. Portland cement

clinker was then synthesized using natural raw materials,

and then using natural raw materials partially replaced by

waste materials. The resulting clinkers were analyzed for

phase contents using X-ray diffraction and phase distribu-

tion using scanning electron microscopy. The synthesized

clinkers were then made into cements by adding gypsum to

control hydration reactions. Finally, the early-age hydra-

tion behavior of the synthetic cements was investigated

using isothermal conduction calorimetry.

Experimental

Materials

The reagent-grade chemicals used to synthesize portland

cement clinker were calcium oxide (Acros), silica gel

(Fisher), aluminum oxide (Acros), and ferric oxide (Fisher).

The natural raw materials used for clinker synthesis were

obtained from Texas Lehigh Cement Company (Buda,

Texas). These were a gray limestone and an argillaceous

yellow limestone that is rich in aluminum and iron; the

chemical compositions are shown in Table 1. The industrial

waste materials used, specifically fly ash and ground gran-

ulated blast furnace slag, were those already marketed and

distributed for use as supplementary cementing materials

for concrete, meaning that they can be used directly to

replace a portion of the portland cement in concrete. The fly

ash (Class C; Headwaters/ISG) and slag (Holnam) were

chosen for their high calcium oxide, silicon oxide, and

aluminum oxide contents which are all necessary for port-

land cement manufacture (chemical compositions shown in

Table 1) [9]. Furthermore, 0.1 wt% boron oxide (Alfa

Aesar) and 0.25 wt% lithium borate (SPEX CertiPrep; 75%

Li2B4O7, 25% LiBO2) were added to the raw ingredients in

order to stabilize the desired b-C2S phase, and to lower the

clinkering temperature, respectively [10].

Synthesis

First, reagent-grade chemicals were used to synthesize

portland cement clinker (with 0.1 wt% boron oxide addi-

tion). Chemicals were proportioned for a target clinker

composition of 50% C3S, 25% C2S, 15% C3A, and 10%

C4AF using the standard Bogue calculation [11, 12]. A

portland cement clinker with this composition is classified

as Type I according to ASTM C 150 [13]. The C3A and

C4AF contents are at the maximum limit because this

allows for a higher amount of waste material incorporation.

Materials were dispersed in ultra-pure water (1:10 ratio)

and mixed by a rotary jar mill (U.S. Stoneware) for 24 h at

120 rpm in a HDPE bottle using 2-mm sphere high-purity

ZrO2 (Y2O3-stabilized) grinding media [14]. The solution

was poured in a beaker and dried in a 105�C oven. The

resulting product was hand-crushed into fine powder form

using a mortar and pestle. The materials were placed in

platinum crucibles and fired in an electric muffle furnace

(Sentrotech). Two cycles of firing were run, with a 5�C/min

heating rate and a 2�C/min cooling rate. In the first cycle,

the materials were fired at 850�C for 2 h to dehydrate and

calcine the materials. They were then fired at 1200�C for

8 h, from 1200�C to 1250�C for 8 h, and at 1250�C for

another 8 h. An intermediate grinding by hand was per-

formed between cycles to homogenize the materials. In the

Table 1 Chemical compositions of the natural raw materials and

industrial waste materials used

Oxide Amount in sample (weight %)

Gray limestone Yellow limestone Fly ash Slag

SiO2 5.95 38.44 33.58 34.48

Al2O3 1.69 10.51 18.51 11.35

Fe2O3 0.64 3.23 6.56 0.67

CaO 49.02 22.74 27.08 41.73

MgO 0.94 0.98 6.10 7.32

Na2O 0.07 0.23 1.89 0.14

K2O 0.29 1.66 0.39 0.38

TiO2 0.04 0.48 1.34 0.46

MnO2 0.02 0.03 0.03 0.56

P2O5 0.08 0.18 1.15 0

SrO 0.07 0.08 0.48 0.10

BaO 0.02 0.06 0.74 0.11

SO3 0.77 0.08 1.83 1.88

LOIa 40.39 21.3 0.34 0.83

Moisture 0.49 0.71 0.07 0.28

a LOI is mass lost on ignition to 750�C

2618 J Mater Sci (2009) 44:2617–2627

123



second cycle, the materials were fired at 1300�C for 8 h,

from 1300�C to 1350�C for 8 h, and at 1350�C for another

8 h [15–17]. If the fired product contained excess free lime

([1 wt%, determined by X-ray diffraction), the materials

were fired again at 1400�C for 12 h. Finally, the resulting

clinker was hand-ground and passed through a #325 sieve

(45 lm).

The goal of the laboratory synthesis processes was to

mimic the processes that take place in industrial manu-

facturing. Raw ingredients must be homogenized and then

fired at high temperature. The firing time in the furnace was

much longer compared to the firing time in a rotary kiln

used in industrial manufacturing because the raw ingredi-

ents remained stationary inside the crucible during the

firing process, which prevented materials from properly

reacting with each other. Furthermore, the maximum firing

temperature used in the laboratory synthesis processes was

1400�C which is about 50�C lower than the maximum

temperature used in industrial manufacturing [1]. Under

lower firing temperature, the desired phases may take

longer to form.

After successful synthesis of portland cement clinker

from reagent-grade chemicals, portland cement clinker was

synthesized from gray limestone along with 20–40% yel-

low limestone (in 2.5% increments) with 0.1 wt% boron

oxide and 0.25 wt% lithium borate additions. The goal was

to synthesize a portland cement clinker with a similar

composition to the clinker sample synthesized from

reagent-grade chemicals while keeping the synthesis

procedure unchanged. Portland cement clinker can be

synthesized by combining only these two natural raw

materials because the yellow limestone contained high

amounts of silicon, aluminum, and iron (Table 1).

The fly ash and slag used had similar phase composi-

tions to the yellow limestone except for impurities. Several

ingredient proportions were fired in the furnace using the

same synthesis procedure (gray limestone along with 20–

40% fly ash or 20–60% slag; in 2.5% increments; with

0.1 wt% boron oxide and 0.25 wt% lithium borate addi-

tions). The primary goal was to synthesize portland cement

clinker with minimal limestone content and maximal waste

material content.

Analysis

X-ray diffraction

The synthesized clinkers were tested by X-ray diffraction

(Siemens D500 Powder Diffractometer; Cu Ka1, k =

1.5046 Å) to determine phase formation. The instrument

was operated under 40 keV and 30 mA, the step size used

was 0.02�/6 s, and the scan range was 20–80� 2h. Test

samples were prepared by dispersing clinkers in ethanol

and pouring the solution on quartz low background sample

holders. Thin layers of solid materials were left on the

sample holders after the samples dried.

Qualitative information of phases present in the sample

was obtained using the Hanawalt manual and the Jade

program (MDI) [18]. Quantitative information was col-

lected using the Rietveld method which was performed

with the TOPAS-Academic software (Bruker AXS) [19–

21].

Scanning electron microscopy

Phase distribution in the synthesized clinkers was studied

using scanning electron microscopy (LEO 1530 Thermally-

Assisted Field Emission SEM). Test samples were pre-

pared by mixing clinker powders with optical-grade epoxy

(Epotek 353ND) and casting in cylindrical molds (30 mm

diameter). The samples were cured in a 40�C oven for

24 h, and their cross sections were polished and coated

with carbon before imaging and compositional examina-

tion by energy dispersive spectroscopy [22]. Elemental

maps were collected for Ca, Si, Al, Fe, Mg, S, Na, and K.

The elemental maps were preprocessed with ImageJ soft-

ware to reduce noise [23, 24]. Multispectral images were

then prepared by overlaying the separate elemental maps

and processing using Multispec software (�Purdue

Research Foundation), which allowed quantitative assess-

ment of the spatial distribution of phases [25]. The

quantitative spatial distribution of phases was later con-

verted to weight distribution by normalizing it with the

density of the phases. The quantitative results determined

from scanning electron microscopy were compared with

those from quantitative X-ray diffraction.

Isothermal conduction calorimetry

To determine if the synthetic cements exhibited similar

behavior to traditional cement, the rate of reaction with

water was evaluated. The heat produced by cementitious

materials in exothermic hydration reactions is a good

indication of their early-age hydration behavior [26]. In this

study, several selected synthetic cements as well as a

commercially produced Type I/II cement (TXI Hunter)

were tested for heat-evolution rate using isothermal con-

duction calorimeter (TAM Air, Thermometric). Cements

were made from the synthesized clinkers by adding

12.5 wt% gypsum (Terra Alba (CaSO4 � 2H2O); USG) to

control the reaction of C3A [27]. The fineness of cement

powders was tested by an air-permeability test, called

Blaine fineness, according to ASTM C 204 to assure the

uniformity of all synthetic cements [28]. Hydration was
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evaluated for 3 days at 23�C using a water-to-cement ratio

by weight of 0.45.

Results and discussion

Phase composition

Quantitative X-ray diffraction results obtained through

Rietveld analysis for the clinker sample synthesized from

only reagent-grade chemicals are shown in Table 2 and the

refined X-ray diffraction pattern is shown in Fig. 1. The

refined X-ray diffraction pattern shows that the calculated

pattern from the lattice parameters of the phases present

(red line in Fig. 1) agrees with their X-ray diffraction

pattern (blue line in Fig. 1) well, which means the quan-

titative results should be reliable. The gray line that shows

negative intensities in Fig. 1 represents the differences in

intensities of the two patterns. The quantitative X-ray dif-

fraction results show that all four major clinker phases

(C3S, C2S, C3A, and C4AF) formed in the sample. The free

lime content of the sample was low (0.54%), indicating that

the materials completely reacted in the furnace. The sample

contained 15.49% C3A and 8.48% C4AF, which nearly

matches the target composition (15% C3A and 10% C4AF).

In contrast, the sample contained much higher C3S

(65.25%) and much lower C2S (10.25%) than its target

composition (50% C3S and 25% C2S). The differences may

be attributed to errors in the standard Bogue calculation

used to proportion the raw materials. The standard Bogue

calculation is a method used to estimate the amount of the

phases in portland cement clinker from the oxide contents

in the raw ingredients using knowledge of phase equilibria

and by solving linear equations [11, 12]. This method

assumes that the four major clinker phases are in their

stoichiometric forms, which is usually not realistic because

these phases can accommodate a large amount of substitute

ions. Moreover, the synthesis environment is not always in

an equilibrium state. Nevertheless, the results demonstrate

that the synthesis procedure is appropriate for producing

portland cement clinker in the laboratory.

Portland cement clinker was more difficult to synthesize

from gray limestone (GLS) and yellow limestone (YLS)

than from reagent-grade chemicals and required a higher

synthesis temperature. The higher synthesis temperature

was due to the large amount of quartz in the YLS, which is

less reactive because of its crystalline structure compared to

the amorphous reagent-grade silica gel. Therefore, in order

to keep the synthesis procedure consistent, 0.25% lithium

borate, which is a chemical commonly used as fusion flux

for X-ray fluorescence analysis, was added to the system to

allow phases to form at a relatively lower temperature.

Table 2 Comparison of Bogue

calculation and Rietveld

analysis results for clinker

samples synthesized from

reagent-grade chemicals (RG),

GLS with 27.5% YLS, GLS

with 27.5% fly ash, and GLS

with 35% slag

Sample Phase (weight %)

C3S C2S C3A C4AF Lime Periclase

RG (Bogue) 50 25 15 10 0 0

Rietveld 65.25 10.25 15.49 8.48 0.54 0

GLS ? YLS (Bogue) 42.30 33.89 13.29 6.35 0 0

Rietveld 58.58 17.81 16.61 6.32 0.47 0.21

GLS ? Fly ash (Bogue) 37.33 26.84 18.26 9.77 0 0

Rietveld 46.10 24.19 16.65 10.21 0.82 2.04

GLS ? Slag (Bogue) 45.02 28.24 16.80 2.69 0 0

Rietveld 44.39 31.63 17.56 2.11 0.10 4.21

Fig. 1 Rietveld refinement for

a clinker sample synthesized

from reagent-grade chemicals
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GLS along with 20–40% YLS (in 2.5% increments)

were fired in the furnace. The best result is from using

72.5% GLS and 27.5% YLS. Quantitative X-ray diffraction

results obtained through Rietveld analysis for this clinker

sample are shown in Table 2 and the refined X-ray dif-

fraction pattern is shown in Fig. 2. The four major clinker

phases (C3S, C2S, C3A, and C4AF) formed in the sample.

The free lime content of the sample was low (0.47%),

indicating that the materials completely reacted in the

furnace. The only impurity phase that can be detected by

X-ray diffraction was periclase (MgO). However, periclase

content (0.21%) is minimal. The maximum amount of

periclase in Type I cement allowed by ASTM C 150 is 6%

[13]. The sample had a very similar phase composition to

the clinker sample synthesized from reagent-grade chemi-

cals, which exactly conforms to the synthesis goal.

After successful synthesis of portland cement from nat-

ural raw materials, GLS along with 20–40% fly ash and 20–

50% slag (in 2.5% increments) were fired in the furnace. The

maximum amounts of waste materials that can be used for

portland cement clinker synthesis with acceptable compo-

sitions were 27.5% fly ash and 35% slag. Quantitative X-ray

diffraction results obtained through Rietveld analysis for

these two clinker samples are shown in Table 2 and their

refined X-ray diffraction patterns are shown in Figs. 3 and 4,

respectively. The four major clinker phases (C3S, C2S, C3A,

and C4AF) formed in these two samples. The clinker sam-

ples contained low free lime contents, indicating that the

materials completely reacted in the furnace. The clinker

sample synthesized from GLS with 35% slag had a low

C4AF content because the slag used contained a low amount

of iron. The only impurity phase that can be detected in these

two clinker samples by X-ray diffraction was periclase

(MgO). The clinker sample synthesized from GLS with 35%

slag contained higher periclase content (4.21%) than the

clinker sample synthesized from GLS with 27.5% fly ash

(2.04%) because the slag used contained higher amount of

magnesium than the fly ash (Table 1); moreover, slag was

used at a higher amount for portland cement clinker syn-

thesis than fly ash. However, these two synthesized clinkers

had periclase contents lower than the ASTM C 150 limit

(6%) [13]. Furthermore, even though the clinker samples

with waste materials incorporation had lower C3S, higher

C2S and C3A contents than an ordinary portland cement

clinker, they are still in the acceptable range specified by

ASTM C 150. The low C3S–C2S ratio in portland cement

clinker can be easily increased by increasing the GLS-waste

ratio in the raw ingredients.

Rietveld analysis results for the clinker sample synthe-

sized from GLS with 27.5% YLS show that its C3S content

Fig. 2 Rietveld refinement for

a clinker sample synthesized

from GLS with 27.5% YLS

Fig. 3 Rietveld refinement for

a clinker sample synthesized

from GLS with 27.5% fly ash
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is about 16% higher than what the standard Bogue calcu-

lation estimated. For the cement sample synthesized from

GLS with 27.5% fly ash, it is about 9% higher, and for the

cement sample synthesized from GLS with 35% slag, the

two values are nearly identical. This is because the waste

materials used contained higher impurity contents than

YLS; moreover, the slag was used at a higher percentage

for portland cement clinker synthesis than fly ash.

According to the study of Uda et al. [29], this effect could

be due to changes in phase equilibria in the CaO–SiO2–

Al2O3–Fe2O3 system caused by sulfur impurities; the

contents of C2S and CaO will increase, while the content of

C3S will decrease when increasing amount of SO3 is

incorporated in portland cement clinker synthesis. In this

study, both the fly ash and the slag used contained

approximately 1.8% SO3 (Table 1). Previous research

conducted by the authors using reagent-grade chemicals

and waste materials with controlled calcium, silicon, alu-

minum, and iron oxide contents also showed that the sulfur

impurities contained in the waste materials significantly

affected formation of the four major clinker phases [30].

The content of C2S increased, while the content of C3S

decreased when increasing amounts of waste materials

were used in portland cement clinker synthesis. Moreover,

Uda et al. [29] showed that C3S no longer formed when the

SO3 content in the raw ingredients exceeded 2.6 wt%.

Therefore, it is critical to evaluate the SO3 content in

materials before using them as raw ingredients in portland

cement clinker production.

The modified Bogue calculation might be a better

method than the standard Bogue calculation to accurately

estimate the proportion of phases in portland cement

clinker because it takes into account of the substitute ions

in each of the major cement phases instead of assuming

their stoichiometric forms [12]. However, performing the

modified Bogue calculations is not simple because they

require intensive study of the actual contents of CaO, SiO2,

Al2O3, Fe2O3, and other impurities within each of the

major cement phases, which might change when different

types of materials are used in portland cement clinker

production. Moreover, the modified Bogue equations still

will not explain the changes in thermodynamics and

kinetics of the CaO–SiO2–Al2O3–Fe2O3 system caused by

sulfur impurities. Therefore, a model that is more precise

than the currently used Bogue methods in addition to

empirical experience will be necessary to accurately pre-

dict clinker phase compositions when using materials with

high SO3 content as raw ingredients. Finally, because the

properties of portland cement are mainly governed by its

phase composition, the direct phase proportion quantitative

X-ray diffraction technique provides a powerful means for

cement manufacturers to better assess their products.

Detailed aspects regarding the quantitative X-ray diffrac-

tion technique were recently specified by ASTM C 1365

[31].

Microstructure

The synthesized clinkers were examined under a scanning

electron microscope to determine the spatial distribution of

phases. Elemental maps for the clinker sample synthesized

from reagent-grade chemicals are shown in Fig. 5. Only

the Ca, Si, Al, and Fe maps are revealed because other

elements showed little signal except noise. Multispectral

Fig. 4 Rietveld refinement for

a clinker sample synthesized

from GLS with 35% slag

Fig. 5 Elemental maps for a

clinker sample synthesized from

reagent-grade chemicals (from

left to right: Secondary electron

image, Ca, Si, Al, and Fe; field

width: 450 lm)
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images were obtained from overlaying and processing

these elemental maps. Multispectral images for clinker

samples synthesized from reagent-grade chemicals, GLS

with 27.5% YLS, GLS with 27.5% fly ash, and GLS with

35% slag are shown in Figs. 6, 7, 8, 9. In these multi-

spectral images, colors were assigned to each individual

phase (from light to dark: C3S, C2S, C3A, C4AF, and

periclase). Periclase was the only impurity phase that can

be identified in the clinker samples with waste materials

incorporation. The content of other impurities may have

been too low to be identified. The clinker samples syn-

thesized from reagent-grade chemicals and natural raw

Fig. 6 Multispectral image for a clinker sample synthesized from

reagent-grade chemicals (C3S blue, C2S green, C3A red, and C4AF

yellow; field width: 450 lm)

Fig. 7 Multispectral image for a clinker sample synthesized from

GLS with 27.5% YLS (C3S blue, C2S green, C3A red, C4AF yellow,

and periclase purple; field width: 450 lm)

Fig. 9 Multispectral image for a clinker sample synthesized from

GLS with 35% slag (C3S blue, C2S green, C3A red, C4AF yellow, and

periclase purple; field width: 450 lm)

Fig. 8 Multispectral image for a clinker sample synthesized from

GLS with 27.5% fly ash (C3S blue, C2S green, C3A red, C4AF yellow,

and periclase purple; field width: 450 lm)
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materials contained more C3S and less C2S than the clinker

samples with waste materials incorporation (images appear

lighter), which agrees with the X-ray diffraction results that

showed a lower C3S–C2S ratio in clinker samples with

waste materials incorporation. Furthermore, quantitative

information of the spatial distribution of phases in these

multispectral images was obtained by calculating the

number of pixels of the different colors. The space fraction

was later converted to weight fraction by normalizing it

with the density of the phases. The comparison of multi-

spectral and Rietveld analysis results for the synthesized

clinkers are shown in Table 3. The multispectral and

Rietveld analysis results agree with each other well except

that the multispectral analysis results showed a higher C3S

and C2S, and a lower C3A, C4AF, and periclase contents.

This is because the multispectral analysis method quanti-

fies the spatial distribution of phases which were later

converted to weight distribution by normalizing it with the

density of the phases. However, space distribution may not

represent volume distribution due to the different mor-

phology of the phases, and therefore may have caused

errors in the analysis. Furthermore, C3S and C2S, C3A and

C4AF formed together and are sometimes really difficult to

differentiate due to the resolution of the elemental maps,

which may have also induced errors in the analysis. Nev-

ertheless, all of these samples showed similar spatial

distribution of phases.

Early-age hydration behavior

The reactivity of cement is strongly affected by its particle

size. Therefore, in order to compare hydration behavior

between commercial portland cement and the synthesized

clinkers, the synthesized clinkers were first ground to a

comparable fineness and tested for Blaine fineness. The

Blaine fineness values for the synthesized clinkers ranged

from 275.1 to 311.0 m2/kg and are shown in Table 4. The

differences in Blaine fineness between the synthesized

clinkers are perhaps caused by the grinding and sieving

process. However, the differences are about 10% and

should not seriously affect the early-age hydration behav-

ior. All of the clinker samples were hand-ground and

passed through a #325 sieve (45 lm); however, their

Blaine fineness results were still significantly lower than

the commercial Type I/II portland cement (405.5 m2/kg).

The synthesized clinkers were then made into cements

by adding 12.5 wt% gypsum. The gypsum addition content

was determined by adding a range of gypsum content to the

synthesized clinkers and testing for early-age hydration

behavior using isothermal conduction calorimetry. The

addition of 12.5 wt% gypsum was considered as the opti-

mum gypsum content. The optimum gypsum content

represents the lowest amount of gypsum that results in only

one hydration peak from the hydration reaction of C3S, and

the shape of the peak no longer changes with additional

amount of gypsum added [32]. An additional hydration

peak generally indicates the formation of calcium monos-

ulfoaluminate (C4A$H12) from ettringite (C6A$3H32) due

to insufficient gypsum in the system:

C3Aþ 3C$H2 þ 26H! C6A$3H32 ð1Þ
C6A$3H32 þ 2C3Aþ 4H! 3C4A$H12 ð2Þ

The rates of heat-evolution for a commercial Type I/II

portland cement and the synthetic cements are shown in

Fig. 10, and the curves for the cumulative heat evolved are

Table 3 Comparison of multispectral (MS) and Rietveld analysis results for clinker samples synthesized from reagent-grade chemicals, GLS

with 27.5% YLS, GLS with 27.5% fly ash, and GLS with 35% slag

Phase Amount in sample (weight %)

RG GLS ? YLS GLS ? Fly ash GLS ? Slag

MS Rietveld MS Rietveld MS Rietveld MS Rietveld

C3S 64.61 65.25 65.65 58.58 46.68 46.10 49.82 44.39

C2S 10.30 10.25 21.61 17.81 27.77 24.19 31.95 31.63

C3A 16.46 15.49 10.16 16.61 15.07 16.65 15.75 17.56

C4AF 8.63 8.48 2.57 6.32 9.01 10.21 0.84 2.11

Lime N/A 0.53 N/A 0.47 N/A 0.82 N/A 0.10

Periclase N/A N/A N/A 0.21 1.67 2.04 1.64 4.21

Table 4 Blaine fineness values for a commercial Type I/II portland

cement (control) and clinker samples synthesized from reagent-grade

chemicals, GLS with 27.5% YLS, GLS with 27.5% fly ash, and GLS

with 35% slag

Sample Specific surface area (m2/kg)

Control 405.5

RG 298.4

GLS ? YLS 275.1

GLS ? Fly ash 311.0

GLS ? Slag 304.9
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shown in Fig. 11. The rates of heat-evolution results show

that the synthetic cements possessed hydration behavior

similar to a commercial Type I/II portland cement because

the shapes of the curves are similar.

The synthetic cements had lower maximum heat-evolu-

tion rates and cumulative heat than the commercial cement.

The lower heat-evolution rate is most likely caused by the

differences in particle size; the Blaine fineness of the syn-

thetic cements is about 25% lower than that of the

commercial cement. Previous research has shown that

coarser cements reach lower degree of hydration than when

compared with finer cements even after a long period of

time, which agrees with the hydration results of the synthetic

cements, which showed an overall lower heat released than

when compared with the commercial cement [33].

The cement samples synthesized from GLS with 27.5%

YLS, GLS with 27.5% fly ash, and GLS with 35% slag had

lower heat-evolution rates and lower cumulative heat than

the synthetic cement synthesized from reagent-grade

chemicals. The phase composition of the clinker sample

synthesized from GLS with 27.5% YLS is similar to the

clinker sample synthesized from reagent-grade chemicals.

However, the Blaine fineness of the cement sample syn-

thesized from GLS with 27.5% YLS is about 8% lower

than the cement sample synthesized from reagent-grade

chemicals which may be the primary reason that causes its

lower heat-evolution rate and cumulative heat. On the other

hand, the cement samples synthesized from GLS with

27.5% fly ash and GLS with 35% slag also had lower heat-

evolution rates and lower cumulative heat than the syn-

thetic cement synthesized from reagent-grade chemicals.

Since the hydration of C3S dominates the early-age

hydration behavior of cement, this phenomenon agrees

with the X-ray diffraction results that showed a lower C3S

and higher C2S in clinker samples with waste materials

incorporation.
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Conclusions

Portland cement clinker was successfully synthesized from

reagent-grade chemicals, gray limestone (GLS) with yel-

low limestone (YLS), GLS with fly ash, and GLS with slag.

The maximum amounts of waste materials that can be used

for portland cement clinker synthesis with acceptable

compositions were 27.5% fly ash and 35% slag. The clin-

ker samples synthesized from GLS with 27.5% fly ash and

GLS with 35% slag had lower C3S–C2S ratios than the

clinker samples synthesized from reagent-grade chemicals

and GLS with 27.5% YLS. However, the phase composi-

tions of all the synthesized clinkers still conformed to the

compositional specifications in ASTM C 150 for Type I

cement. The low C3S–C2S ratio in the synthesized clinkers

with waste materials incorporated can be easily increased

by increasing the GLS-waste ratio in the raw ingredients.

The synthesized clinkers with waste materials incorporated

had high periclase (MgO) contents; however, the quantities

formed were less than the limit specified in ASTM C 150.

On the other hand, the incorporation of waste materials had

little to no effect on the spatial distribution of phases. The

quantitative multispectral and Rietveld analysis results

agree with each other well. Finally, the synthetic cements

had similar early-age hydration behavior to commercial

cement; however, their heat-evolution rates and cumulative

heat were lower.

Manufacturing portland cement with waste materials

incorporation can reduce the consumption of natural raw

materials, CO2 emissions, and landfilling of wastes,

thereby reducing the environmental impact of the portland

cement production. Moreover, manufacturing portland

cement from waste materials does not preclude it from

being replaced with SCMs in concrete. These two methods

can be applied simultaneously to further reduce the envi-

ronmental impact of the concrete production. However, the

presence of sulfur impurities in waste materials can sig-

nificantly affect phase formation in portland cement

clinker. The contents of C2S and CaO will increase, while

the content of C3S will decrease when increasing amount

of SO3 is incorporated in portland cement clinker synthesis

due to the changes in phase equilibria in the CaO–SiO2–

Al2O3–Fe2O3 system, which renders the standard and

modified Bogue method inaccurate. Therefore, it is critical

to evaluate SO3 content in materials before using them as

raw materials in portland cement clinker production. Fur-

thermore, a model that is more precise than the currently

used Bogue methods in addition to empirical experience

will be necessary to accurately predict clinker phase

compositions when using materials with high SO3 content

as raw ingredients. Finally, because the properties of the

portland cement are mainly governed by its phase com-

position, the direct phase proportion quantitative X-ray

diffraction technique provides a powerful mean for cement

manufacturers to better assess their products.

Acknowledgement The authors express their thanks to the National

Science Foundation for financial support (Grant No. CMMI

0448983), Texas Lehigh Cement Company for providing natural raw

materials, Mr. Paul Stutzman from NIST for providing the phase

lattice files used in Rietveld analysis, Ryan Chancey, a graduate

student in our lab, for assistance with the Rietveld and multispectral

image analysis, and Katherine McKeever, a former graduate student

in our lab, for establishing the synthesis procedures for the four major

cement phases.

References

1. Mindess S, Young JF, Darwin D (2003) Concrete, 2nd edn.

Pearson Education, Inc, Upper Saddle River, NJ

2. Hendricks CA, Worrell E, Price L, Martin N, Ozawa Meida L, de

Jager D, Riemer P (1998) Emission reduction of greenhouse

gases from the cement industry. Proceedings of the 4th interna-

tional conference on greenhouse gas control technologies,

Interlaken, Austria, IEA GHG R&D Programme, UK

3. Romano JS, Rodrigues FA, Bernardi LT, Rodrigues JA, Segre N

(2006) J Mater Sci 41:1775. doi:10.1007/s10853-006-2922-2

4. Singh M, Garg M (2000) Cem Concr Res 30:571

5. Singh M, Upadhayay SN, Prasad PM (1996) Waste Manage

16:665

6. Shih PH, Chang JE, Chiang LC (2003) Cem Concr Res 33:1831

7. Komljenovic M, Jovanovic N, Petrasinovic-Stojkanovic LJ,

Bascarevic Z, Rosic A (2007) Fly ash as an alternative raw

materials for portland cement clinker synthesis. Proceedings of

the 12th international congress on the chemistry of cement,

Montreal, Canada

8. Monshi A, Asgarani MK (1999) Cem Concr Res 29:1373

9. ASTM C 618 (2005) Standard specification for coal fly ash and raw

or calcined natural pozzolan for use in concrete. American society

of testing and materials, West Conshohocken, Pennsylvania

10. Fierens P, Trilocq J (1983) Cem Concr Res 13:267

11. Bogue RH (1929) Ind Eng Chem Res 1:192

12. Taylor HFW (1997) Cement chemistry, 2nd edn. Thomas Tel-

ford, London

13. ASTM C 150 (2005) Standard specification for portland cement.

American society of testing and materials, West Conshohocken,

Pennsylvania

14. Richerson DW (1992) Modern ceramic engineering: properties,

processing, and use in design, 2nd edn. Marcel Dekker, Inc, New

York

15. Fierens P, Trilocq J (1983) Cem Concr Res 13:41

16. Mohamed BM, Sharp JH (2002) Thermochimica Acta 388:105

17. Stephan D, Whilhelm P (2004) J Inorg Gen Chem 630:1477

18. JCPDS, International Centre for Diffraction Data (1989) Powder

diffraction file search manual (Hanawalt method): Inorganic

19. Stutzman PE, Leigh S (2002) NIST Tech Note 1441:44

20. Young RA (1995) In: Young RA (ed) IUCr monographs of

crystallography: the Rietveld method, vol 5. Oxford University

Press, New York

21. Whitfield PS, Mitchell LD (2003) J Mater Sci 38:4415. doi:

10.1023/A:1026363906432

22. Stutzman P (2004) Cem Concr Compos 26:957

23. Abramoff MD, Magelhaes PJ, Ram SJ (2004) Biophotonics Int

11:36

24. Rasband WS (1997–2007) ImageJ. US National Institutes of

Health, Bethesda, Maryland, USA. http://rsb.info.nih.gov/ij/

2626 J Mater Sci (2009) 44:2617–2627

123

http://dx.doi.org/10.1007/s10853-006-2922-2
http://dx.doi.org/10.1023/A:1026363906432
http://rsb.info.nih.gov/ij/


25. Lydon JW (2005) The measurement of the modal mineralogy of

rocks from SEM imagery: the use of Multispec� and ImageJ

freeware. Geological Survey of Canada, Open File 4941:37

26. Gartner EM, Young JF, Damidot DA, Jawed I (2002) In: Bensted

J, Barnes P (eds) Structure and performance of cements. Spon

Press, New York

27. Odler I (1998) In: Hewlett PC (ed) Lea’s chemistry of cement and

concrete. Arnold, London

28. ASTM C 204 (2007) Standard test methods for fineness of

hydraulic cement by air-permeability apparatus. American soci-

ety of testing and materials, West Conshohocken, Pennsylvania

29. Uda S, Asakura E, Nagashima M (1998) J Am Ceram Soc 81:725

30. Chen IA, Juenger MCG (in press) Int J Appl Ceram Technol. doi:

10.1111/j.1744-7402.2008.02267.x

31. ASTM C 1365 (2006) Standard test method for determination of

the proportion of phases in portland cement and portland-cement

clinker using X-ray powder diffraction analysis. American soci-

ety of testing and materials, West Conshohocken, Pennsylvania

32. Lerch CW (1947) Proc Am Soc Test Mater 46:1252

33. Bentz DP, Garboczi EJ, Haecker CJ, Jensen OM (1999) Cem

Concr Res 29:1663

J Mater Sci (2009) 44:2617–2627 2627

123

http://dx.doi.org/10.1111/j.1744-7402.2008.02267.x

	Incorporation of waste materials into portland cement clinker synthesized from natural raw materials
	Abstract
	Introduction
	Experimental
	Materials
	Synthesis

	Analysis
	X-ray diffraction
	Scanning electron microscopy
	Isothermal conduction calorimetry

	Results and discussion
	Phase composition
	Microstructure
	Early-age hydration behavior

	Conclusions
	Acknowledgement
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


