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Abstract

Equilibrium catalyst (Ecat), one of the spent fluid catalytic cracking (FCC) catalysts from oil companies, shows pozzolanic activity. In this

study, the effects on the pozzolanic activity of calcination of Ecat and on the compressive strength of the resulting cementitious materials

were examined. The pozzolanic activity of this mineral additive was indicated from DSC measurements. The results show that the pozzolanic

activity of Ecat increases with calcined temperature initially, reaches a maximum, and then decreases afterwards. Ecat calcined at about

650 jC becomes the most active. Mortars with 10% calcined catalyst at 3–28 curing days exhibit strength 8–18% greater than that with the

untreated. Concrete with a 10% calcined Ecat at 3–28 curing days exhibits strength 7–11% greater than that with the untreated. If the

calcined catalyst is further ground, its pozzolanic activity is enhanced, and the compressive strength of the resulting mortars or concrete

becomes higher.
D 2004 Elsevier Ltd. All rights reserved.
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1. Introduction they are mainly composed of silica and alumina and exhibit
As the world economy continues to grow and technology

to advance, more and more industrial wastes will be pro-

duced, and the disposal or treatment of these wastes becomes

a severe challenge. One possible way to release this situation

is to use them as mineral admixtures in concrete. Econom-

ically, it will reduce the cost and consumption of energy in

the production of structural materials by partial substitution

of cement. Environmentally, the disposal problems of these

wastes can be solved, and CO2 emission during cement

manufacture is reduced. Besides, the incorporation of them

in concrete will also improve engineering properties such as

compressive strength and durability of the resulting material

[1–4].

Among the industrial wastes, silica fume, fly ash, and

slag are the successful examples. The prerequisite of using

these wastes as concrete admixtures is that they should have

cementitious or pozzolanic properties. Recently, spent fluid

catalytic cracking (FCC) catalysts from oil companies have

also been considered as potential concrete additives because
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pozzolanic activity [5–9]. Some articles indicate that these

spent catalysts can partially replace cement or fine aggregate

without sacrificing the quality of cementitious materials

[10–17].

During the catalytic operation in FCC units, two kinds of

waste catalysts are generated. One is called electrostatic

precipitator catalyst (Epcat), and another is called equilibri-

um catalyst (Ecat). Although both catalysts show pozzolanic

activity, Chen et al. [17] indicate that a 5–15% cement

replacement by Epcat could greatly improve the compres-

sive strength of mortars cured at 3–28 days. In contrast, the

compressive strength of mortars with Ecat is generally less

than that without this catalyst. It is noted that the amount of

Ecat generated annually is much more than that of Epcat.

Therefore, it is worthwhile to enhance the pozzolanic

activity of Ecat and promote its utilization as construction

material.

Separately, it is well known that the pozzolanic activity

of clays can be improved greatly by proper thermal treat-

ment. For example, sepiolite, after being calcined at 830 jC,
becomes an active pozzolanic material and can increase the

compressive strength of the resulting mortar to 84% of that

the reference mortar [18]. Metakaolin is a pozzolanic

material obtained by calcination of kaoline clay at a tem-
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perature of between 650 and 850 jC [19–21]. Sabir et al.

[22] have reviewed its use as partial cement replacement for

mortars and concrete.

As the chemical composition of Ecat is close to that of

metakaolin; the pozzolanic activity of the waste catalyst is

expected to increase if it was calcined properly. In this study,

the effect of Ecat treated thermally at different temperatures

on the enhancement the pozzolanic activity was examined,

and the compressive strength of the resulting cementitious

materials were measured and discussed.
Fig. 1. SEM of Ecat.
2. Experimental

2.1. Materials

The materials used include Type I Portland cement,

standard Ottawa sand, river gravel (from Midwest Taiwan),

a superplasticizer, and an additive (Ecat). Cement is from

Taiwan Cement and complies with ASTM C150. Both sand

and stone meet the standard of ASTM C33. The basic

properties of cement and additive are listed in Table 1.

The superplasticizer used is Raymix, manufactured by

Lignal. Raymix is a naphthalene-based superplasticizer

(SNF) with 42.7% solids content; it was used to adjust the

workability of both mortars and concrete. Ecat comes from

China Petroleum and is composed mainly of SiO2 and

Al2O3. The average particle size and specific surface area

of Ecat are 67.2 Am and 114 m2/g, respectively. Fig. 1

shows the scanning electron micrograph (SEM) of Ecat,

indicating that this catalyst indeed has a porous structure.

Fig. 2 shows the X-ray diffraction (XRD) diagram of an

Ecat, indicating that this catalyst is a crystalline material

with some amorphous phase in the structure. The crystal-

lized phase been identified is mainly Faujasite (sodium

aluminate silicate hydrate).

2.2. Treatment of waste catalyst

The calcination of Ecat was carried out in a laboratory

oven. The appropriate amount of the catalyst was put in
Table 1

Basic properties of cement and additive

Cement Ecat

Composition (%)

SiO2 20.0 50.1

Al2O3 5.35 38.5

Fe2O3 3.44 1.37

CaO 63.2 – a

MgO 2.31 0.71

SO3 2.03 –

LOI (%) 0.9 1.2

Average particle size (Am) 14.3 67.2

BET specific surface area (m2/g) 1.09 114

Specific gravity 3.11 2.46

a Not measured or trace.
alumina crucibles and thermally treated in the oven at a

heating rate of 10 jC/min from room temperature to 450,

650, 750, 850, 950, 1000, 1050, and 1100 jC, where it

remained for 1 h. The calcined Ecat was then removed out

of the oven and quenched in water to room temperature.

Besides, some heat-treated catalyst was further ball milled

for 2 h and the particle size was reduced to 3.2 Am.

2.3. Preparation of cementitious materials

Pastes were prepared by mixing water, CH, and additives

(the raw Ecat and the treated). The water/(0.9 CH+ 0.1

additive) ratio was 0.8. The paste samples were subjected to

DSC measurements to determine their amount of CH. Both

mortars and concrete were made according to ASTM C387

by mixing water, cement, sand, and/or stone, and with or

without the addition of additives. The appropriate amount of

SNF was added to both mortars and concrete to obtain

similar workability. Two sets of mortar samples were

prepared. The first set was for determining the activity of

additives, and the mixture proportions are listed in Table 2.

The second set was for testing the compressive strength of

the resulting mortars. The water/binder (W/B) ratio of this

set was 0.42; the binder/sand ratio was fixed at 1:2.75. The

replacement levels of cement by additives for the mixed

mortars were 0 and 10 wt.%. The mixture proportions of the

concrete are listed in Table 3, and the compressive strength

was measured.
Fig. 2. XRD diagram of Ecat.



Table 2

Mixture proportions of mortars and AI of mineral additives

Control m0a m1b m2c

Cement (g) 250 225 225 225

Sand (g) 687.5 687.5 687.5 687.5

Additive (g) 0 20.6 20.6 20.6

Water (g) 135 145 145 145

Workability (cm) 20.4 20.7 21.2 20.3

7-Day compressive strength (MPa) 32.9 28.3 29.1 29.9

AI 86.0 88.4 90.8

a Mortars with raw Ecat.
b Mortars with treated Ecat (650 jC, 1 h).
c Mortars with treated Ecat (650 jC, 1 h; grinding, 2 h).
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2.4. Pozzolanic activity of additives and testing of

cementitious mixes

The pozzolanic activity of additives was shown by (1)

the amount of CH consumed in pastes along with reaction

time, which was indicated by the difference of an endother-

mic peak area at 450–500 jC, measured by a differential

scanning calorimeter (Shimadzu TA-50I) and (2) the activity

index (AI) with Portland cement according to ASTM C311,

with some modifications. Namely, the cement was replaced

by additive in the test mix at a replacement level of 10

vol.%. Both the control and test mix cubes (5� 5� 5 cm)

were moist cured for 1 day at 23 jC and for 6 days at 65 jC,
and their compressive strengths measured after 7 days. The

AI value is defined as

AI ¼ 100A=B

Where A and B are the average compressive strength of the

test mix cubes and the average compressive strength of the

control mix cubes, respectively.

The workability of mortars was determined and indicated

by the spread diameter of tested samples on a flow table

according to ASTM C230. Mortar specimens of 5� 5� 5

cm were prepared and cured, and their compressive

strengths were measured at the ages of 3, 7 and 28 days

according to ASTM C109.
Table 3

Mixture proportions and compressive strengths of 1 m3 concrete

Control C0a C1b C2c

Cement (kg) 424 381.6 381.6 381.6

Sand (kg) 961 961 961 961

Stone (kg) 743 743 743 743

Additive (kg) 0 42.4 42.4 42.4

Water (kg) 178.1 178.1 178.1 178.1

SNF (kg) 6.36 6.36 6.36 6.78

Slump (cm) 25 25.7 25.2 25.7

Compressive 3 day 37.4 33.1 35.3 36.9

strength 7 day 48.0 45.2 50.2 52.4

(MPa) 28 day 50.6 50.0 53.4 54.2

a Concrete with raw Ecat.
b Concrete with treated Ecat (650 jC, 1 h).
c Concrete with treated Ecat (650 jC, 1 h; grinding, 2 h).
The workability of concrete was determined and indicat-

ed by the slump value of tested samples on a slump cone

according to ASTM C143. Concrete samples of 10u� 20

cm were prepared, cured, and their compressive strengths

measured at the ages of 3, 7 and 28 days according to

ASTM C39. Each strength value of the cementitious mate-

rial is an average of three measured data.

2.5. Analytical techniques

The microstructure of the Ecat particles was observed

using a scanning electron microscope (JEOL JSM-6300).

The mineralogy of waste catalyst was analyzed by a powder

X-ray diffractometer (JEOL JDX-8030). The particle size of

the additive was measured by a Particle Size Analyzer

(Coulter LS 230), and the specific surface area measured

by a Surface Area Analyzer (Micromeritics ASAP 2010).
3. Results and discussion

The pozzolanic activity of mineral admixtures can be

determined from the change of the amount of CH consumed

in pastes containing these additives along with reaction

time, which was indicated by DSC measurements. The

more the CH has been reacted, the higher the pozzolanic

activity of the mineral admixture. Fig. 3 shows the DSC

curves of the pastes with 0.8 water/(0.9 CH+ 0.1 additive)

ratio cured at 7 days. The endothermic peak at about 450–

500 jC corresponds to the decomposition of calcium

hydroxide to calcium oxide and water [8,23]. The control,

which is the paste containing 90% CH and 10% quartz by

weight, clearly shows a larger endothermic peak area. The

peak area becomes decreased when Ecat was incorporated

in pastes, indicating that some CH been consumed and the

added catalyst have certain pozzolanic activity. The peak

area is reduced further if the added Ecat undergone calci-

nation at 450 jC for 1 h. Fig. 4 shows the effect of
Fig. 3. DSC curves of the pastes [water/(0.9 CH+ 0.1 additive) = 0.8] cured

at 7 days.



Fig. 4. Percentage of CH in hydrated pastes containing calcined Ecat.
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calcination temperature on the percentage of CH consumed

in hydrated pastes containing treated Ecat for 3–28 days.

The amount of CH in the control was defined as 100%. As

temperature increases, the amount of CH consumed

increases initially, reaches the maximum value, and then

decreases afterwards. Apparently, Ecat calcined at about

650 jC exhibits the highest pozzolanic activity.

Separately, the AI of the raw or treated Ecat was

determined. The procedure to determine AI was described

in Section 2.4. The mixture proportions of mixes containing

different additives, the compressive strength of specimens,

and the calculated AI value of each additive are listed in

Table 2. It is clear that the mortar with treated Ecat (calcined

at 650 jC for 1 h) shows higher AI value than that with

untreated catalyst.

Fig. 5 shows the effect of calcination temperature on the

compressive strength of mortars incorporated with 10%

treated Ecat. Similar trend with that in Fig. 4 was observed.

That is, the compressive strength is increased with temper-

ature first, reaches a maximum value at about 650 jC, and
then decreases subsequently.
Fig. 5. Effect of calcination temperature on the compressive strength of

mortars with 10% treated Ecat.
The reasons that Ecat calcined at high temperatures

shows improved activity and higher compressive strength

of the resulting mortars could be twofold: one is the change

of mineralogy and the other is the change of particle

characteristics.

Fig. 6 shows the XRD diagram of Ecat particles

calcined at various temperatures for 1 h. As mentioned

before, the uncalcined Ecat possesses mainly Faujasite

phase (see Fig. 2). When the catalyst was thermally treated,

the intensity of the phases appears to be changed gradually

with increasing temperature. For temperatures below 850

jC, the calcined catalyst possesses similar crystalline

phases as the untreated, but with lower intensity. When

the temperature is up to 950 jC or above, the crystalline

phases of Ecat change and become mainly mullite phase.

Although the crystalline phases remain almost the same

from 450 to 850 jC, the crystal lattice structure of Ecat

would be like that of metakaolin to be broken down, or

partly broken down, due to dehydration and forms a

transition phase. This leads to an improved activity of the

treated catalyst [22].

Meanwhile, the particle size and specific surface area of

treated Ecat were measured, as is shown in Fig. 7. The

particle size of the calcined catalyst in the temperature range

of 25–1000 jC was found almost the same as that of the

untreated. Similarly, the specific surface area of the calcined

catalyst is also close to that of the untreated up to 850 jC.
However, the specific surface area of the treated Ecat was

found to decrease sharply afterwards. This is attributed to

the sintering of particles and closing of the pore channels.

As a result, the activity of the catalyst declines greatly from

850 jC, and the compressive strength of mortars with Ecat

calcined at 950–1100j is clearly less than those at lower

temperatures, i.e., 550–850 jC (see Figs. 4 and 5).
Fig. 6. XRD diagram of calcined Ecat.



Fig. 7. Particle size and specific surface area of treated Ecat.

Fig. 9. Effect of treated Ecat on the compressive strength of concrete.
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Fig. 8 shows the effect of treated Ecat on the compressive

strength of mortars (W/B = 0.42) cured at 3, 7, and 28 days,

respectively. As expected, the compressive strength of

mortars with or without treated catalyst was found to

increase with curing time. The compressive strengths of

mortars containing 10% Ecat without any treatment (named

as M0) are 26, 34.3, and 40.4 MPa, cured at 3, 7, and 28

days, respectively. These values are lower than those of the

control, i.e., mortars without the incorporation of waste

catalyst. Mortars with 10% catalyst calcined at 650 jC for

1 h (named as M1) show higher strength values than those

with the untreated. The compressive strengths of M1 are 28,

40.4, and 47.1 MPa, cured at 3, 7, and 28 days, respectively.

These values are 8%, 18%, and 17%, respectively, greater

than those of M0. They are � 13%, 12%, and 7% greater

than those of the control. The improvement of the material

strength is due to the enhancement of the pozzolanic activity

of the catalyst after calcination. The compressive strengths

of mortars could be further improved if the mix contains

calcined catalyst that was further ground. The AI value of

the catalyst after calcination at 650 jC for 1 h and ball
Fig. 8. Effect of treated Ecat on the compressive strength of mortars.
milled for 2 h is 90.8, which is higher than that of the

calcined one without any grinding (see Table 2). M2 in

Fig. 8 is the mortar incorporated with 10% calcined and

ground Ecat. After a 2-h grinding, the average particle size

of the calcined catalyst is reduced from 67.4 to 3.2 Am. The

compressive strengths of M2 are 31.9, 43.1, and 49.7 MPa,

cured at 3, 7, and 28 days, respectively. These values are

23%, 26%, and 23%, respectively, than those of M0.

Obviously, further improvement in pozzolanic activity and

the resulting strength was achieved because of the increased

fineness of the catalyst.

Similarly, concrete with 10% Ecat after calcination and/or

ball milling also exhibits higher strength value than that with

10% untreated catalyst, as is shown in Fig. 9. The mix design

of tested concrete is listed in Table 3. The compressive

strengths of concrete containing untreated Ecat (named as

C0) are 33.1, 45.2, and 50 MPa, cured at 3, 7, and 28 days,

respectively. Concrete with 10% catalyst calcined at 650 jC
for 1 h (named as C1) shows higher strength value than those

with 10% untreated. The compressive strengths of C1 are

35.3, 50.2, and 53.4 MPa, cured at 3, 7, and 28 days,

respectively. These values are 7%, 11%, and 7%, respective-

ly, greater than those of C0. Concrete with 10% catalyst

calcined at 650 jC for 1 h and ground for 2 h (named as C2)

shows even higher strength values. The compressive

strengths of C2 are 36.9, 52.4, and 54.2 MPa, cured at 3,

7, and 28 days, respectively. These values are 11%, 16%, and

8%, respectively, greater than those of C0.
4. Conclusions

Ecat is one spent FCC catalyst from oil companies and

shows pozzolanic activity. This waste material has been

considered as a concrete additive. This study indicates that

its pozzolanic activity could be improved by heat treatment

at 450–850 jC and/or grinding. Therefore, the treated waste

catalyst could improve the compressive strength of the

resulting cementitious materials. Mortars with 10% calcined
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(M1) and calcined/ground Ecat (M2) at 3–28 days exhibit

strength 8–18% and 23–26% greater than those with the

untreated (M0). Concrete with a 10% calcined (C1) and

calcined/ground Ecat (C2) at 3–28 days exhibit strength 7–

11% and 8–16% greater than those with the untreated (C0).
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