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1. Introduction

Cement plants have considerable environmental impacts as they 
produce large quantities of CO2, which is responsible for the green-
house effect. It is thought that the cement industry sector represents 
5-7% of overall anthropogenic CO2 releases [1]. Many studies have 
been done to evaluate CO2 emissions and the consumption of energy 
[1-3]. In particular, during the cement manufacturing process, CO2 
is emitted by different sources [4, 5], and it has been estimated 
that around 850 kg of CO2 are emitted per ton of cement clinker 
produced in the manufacture of Portland cement.

The raw materials employed for cement production consist of 
80% limestone (CaCO3) and 20% clay [2]. Clay contains mainly 
three oxides: silica (SiO2), alumina (Al2O3) and iron (Fe2O3) [1, 
2]. The cement manufacturing process consists of three main stages: 

preparation and milling of raw materials, production of the cement 
clinker (pyro-processing or clinkerization) and grinding and blend-
ing of the cement clinker [4]. In the third stage, Portland cement 
is produced by inter-grinding 95% of the cement clinker and 5% 
gypsum [2, 3]. At this final stage, different additives can be used 
as partial replacement of cement clinker to produce environmentally 
friendly cements with low cement clinker content that will lead 
in turn to the reduction of CO2 released into the atmosphere [5, 
6]. This partial substitution of one or more additives for cement 
clinker results in a reduction in CO2 emission and energy saving 
in cement manufacture and provides heavier-duty cements that 
can be used in the construction industry.

Previous research has shown that the cement industry plays 
a leading role in waste utilization [7]. This is because of the abnormal 
types of the processes that are involved in its rotary kiln unit 
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which allow incorporation of different waste materials. In addition, 
the cement clinker has the capability to absorb other materials. 
This is mainly due to a high kiln temperature (1,450-1,500°C) and 
the chemical properties of the cement clinker [6, 8]. In general, 
industrial waste can be utilized in a cement plant for three different 
applications: as partial substitution for raw materials in the kiln 
feed to produce cement clinker; as partial substitution for cement 
clinker to compose a portion of final cement product; and as an 
alternative fuel source.

The main two ingredients of cement are clinker (95%) and gypsum 
(5%). Each must have a specific proportion to produce an acceptable 
quality of cement according to recognized international standards. 
As mentioned earlier, however, the cement clinker production process 
generates large quantities of CO2. Therefore, since cement clinker 
is the key source of CO2, a good approach to reducing CO2 emissions 
during cement manufacturing may be to use less cement clinker. 
According to the findings of an industrial trial which aimed to produce 
a low-clinker, low-carbon cement, CO2 reduction can be reached 
with the use of cement clinker substitutes [9]. This partial cement 
clinker replacement will not only help decrease CO2 emissions but 
also reduce costs due to the lower energy consumption during calcin-
ing and grinding [10]. Using industrial waste in cement manufacturing 
could reduce the environmental impact and cement production costs 
and make the cement more durable and efficient [11].

The use of different industrial waste products as additives in 
the manufacture of cement has garnered significant consideration 
throughout recent years [12]. Fly ash and blast furnace slag [3], 
natural perlite [10], limestone [13], volcanic scoria [14, 15], ternary 
binders such as cement/blast furnace slag/flash metakaolin [16], 
spent alumina catalyst and fluidized cracking catalyst [17], natural 
zeolite, coal bottom ash and fly ash materials [18], blast furnace 
slag, raw zeolite and municipal solid waste incineration fly ash 
[19], waste glass [20], coal combustion ash [7], and red mud [21] 
constitute the industrial waste products used. These waste materials 
are extremely attractive for their hydraulic and/or pozzolanic activ-
ities [22]. Evidently, different replacement additives have dissimilar 
impacts on cement’s properties owing to their different physical, 
chemical, and mineralogical characteristics [19, 23-25]. This fact 
has directed many researchers towards searching for new waste 
materials that would be suitable for sustainable cement production. 
In pursuit of this end, experimental studies must be conducted 
to find suitable partial substitutes among these industrial waste 
products to ensure that their utilization would be valid and appro-
priate for sustainable cement manufacturing [4]. Such products 
could be used to partially replace cement clinker without affecting 
the quality and price of cement.

There are many reasons behind selecting zeolite catalysts as 
additives in this work. Large quantities of zeolite catalysts are gen-
erated as industrial by-products in Oman. They are by-products 
of the residue fluidized catalytic cracking process carried out in 
Oman’s refineries and petroleum industries. Generally, disposal 
sites are needed for the final disposal of this waste. According 
to Sohar Refinery, it generates 18-20 tons of zeolite catalyst per 
day. Therefore, Sohar Refinery is looking for solutions to recycle 
the catalyst and diminish its accumulation in disposal sites. 
Consequently, the utilization of zeolite in the cement industry 
makes good economic sense in managing waste and reducing the 

cement industry’s demand for raw materials. From the viewpoint 
of recycling, this can be considered a sustainable approach to man-
age waste and reduce the amount sent for final disposal to a minimum. 
It would also aid in the development of cement whose manufacture 
is more sustainable and less damaging to the environment with 
lower emissions of CO2. Moreover, zeolite catalysts are materials 
used in oil refineries for catalytic reactions. They are suitable 
materials that can partially replace the clinker in the cement pro-
duction because they have some similar physical and chemical 
characteristics to that of cement. More than 80% of zeolite catalysts’ 
contents are silicate and aluminate, which are basic constituents 
that are required in the cement industry. However, zeolite can 
substitute for only a limited percentage of cement clinker (≤ 7%) 
since the extra addition of zeolite to the cement clinker will have 
an undesirable effect on the compressive strength of produced cement. 
This is mainly because zeolite does not contribute to the strength 
of the cement. Adding more zeolite on the expense of the cement 
clinker will lead to less hydration reaction, causing lower compressive 
strength values of the produced cement.

As a result, in the present work, kaolin in combination with zeolite 
catalyst was added to the cement clinker to be mixed in different 
proportions to enhance the cement’s compressive strength. The partial 
substitution of kaolin and zeolite for cement clinker will retain the 
strength of the zeolite-containing cement. The reason for selecting 
kaolin as a second additive is that it is a good source of alumina 
and silica. Kaolin is thermally activated when heated to 650-850°C 
for 1-2 h. In addition, the composition of kaolin is similar to that 
of cement, which finesses it and makes it consistent with cement. 

To reduce CO2 emissions, some additives can be used in the 
last stage of cement manufacturing after cement clinker production. 
These additives must replace a certain percentage of cement clinker 
to reduce CO2 emission. Additives should be mixed with cement 
clinker and gypsum in proper proportions to get cement with good 
properties. This paper focuses on a specific application (partial cement 
clinker replacement), where the industrial waste will be mixed in 
a suitable proportion with the cement clinker, thus composing a 
portion of the Portland cement product [4]. Therefore, partial replace-
ment of cement clinker with industrial waste products in Portland 
cement has been a topic ripe for exploration due to both environ-
mental causes and practicality. This approach would result in 
producing cement with a low clinker content, also allowing an 
associated reduction in energy requirements and a subsequent de-
crease in CO2 kiln emissions released to the atmosphere.

In this study, both a zeolite catalyst and kaolin were selected 
as additives to substitute partially for cement clinker. The additives 
were added when the cement clinker was mixed with gypsum. 
The objective of the current study was to indicate the optimum 
proportion of zeolite and zeolite-kaolin needed to produce environ-
mentally friendly cements, while maintaining the strength proper-
ties of produced cements. The study was basically carried out 
to fulfill a research gap in this field by focusing upon the possibility 
of using zeolite and kaolin as partial replacement of cement clinker 
and studying the effect of this addition on the compressive strengths 
of the produced cements. The results of the study will help in 
determining the effect of adding such additives to cement manu-
facturing to produce a sustainable cement with a low clinker content 
that will result in reducing the CO2 released into the atmosphere.
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2. Materials and Methods

Cement clinker produced by the Oman Cement Company (OCC) 
was used in this study for the preparation of mixture samples. 
Kaolin was also collected from the OCC as the company obtains 
it in its raw form from mountains in Oman. The used zeolite was 
the spent hydro-processing catalyst generated in Oman by the petro-
leum refining industry. In Oman, there are two oil refineries. The 
first refinery is located in Mina Al-Fahal whereas the second one 
is located in Sohar. Currently, these two refineries both belong 
to the Oil Refineries and Petroleum Industries Company (ORPIC). 
A large amount of zeolite catalyst is generated from those refineries, 
but the majority of zeolite catalysts are generated in Sohar. The 
type of synthetic zeolite additive used in this study, called synthetic 
zeolite, is a by-product of residue fluidized catalytic cracking 
(RFCC), which was obtained from ORPIC. It is mainly made up 
of SiO2 and Al2O3, which are basic constituents that are necessary 
in the cement manufacturing. The structural feature of the synthetic 
zeolite used in this study was reported by McCusker et al. [26]. 
Details about its chemical composition can be found in Zhdanov 
et al. [27].

It should be noted that in this study, a combination of zeolite 
and kaolin was added to this clinker produced by OCC to study 
the effect of this addition on the strength and durability of produced 
Portland cement. The procedure for cement preparation used in 
this study is shown in Fig. 1. Cement clinker, gypsum, and additives 
(zeolite and kaolin) are mixed together in the required proportions 
to produce the final cement product.

Fig. 1. The procedure for cement preparation used in this study (Y 
denotes the varying percentage of zeolite or zeolite-kaolin addi-
tives to cement clinker and gypsum samples).

2.1. Zeolite Sample Preparation

Four samples of zeolite-containing cement were prepared to conduct 
compressive strength tests. For each of these samples, zeolite catalyst 
was added to cement clinker in different proportions of 5%, 7%, 
10%, and 12% by weight. In addition, one sample was prepared 
as a reference sample containing 0% zeolite catalyst (Sample 1: 
C95G5Z0K0). In this experimental work, the British standard meth-
od was followed. Details of the zeolite-added mixes (Samples 2-5) 
are given in Table 1 for cement clinker (C), gypsum (G), and zeolite 
(Z), respectively.

Table 1. Main Variations (given as notations) of Each Component of 
Cement for Each Sample

Sample number
Cement content (%)

(cement clinker, gypsum, zeolite, kaolin)

1 (Reference) C95G5Z0K0

2 C90G5Z5K0

3 C88G5Z7K0

4 C85G5Z10K0

5 C83G5Z12K0

6 C75G5Z10K10

7 C70G5Z10K15

8 C65G5Z10K20

9 C73G5Z12K10

10 C68G5Z12K15

11 C63G5Z12K20

2.2. Zeolite-Kaolin Sample Preparation

To enhance the compressive strength of the produced cement, 
kaolin was heated to 650°C for 2 h and then used to prepare samples 
6-11 (Fig. 2(a) and 2(b)). Zeolite was added to cement clinker in 
proportions of 10% and 12% by weight. In these experiments, 
the kaolin was used as a second additive as 10%, 15%, and 20% 

a

b

Fig. 2. (a) Kaolin before heating, (b) kaolin after heating.
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of the total weight. Details of the zeolite/kaolin-added mixes 
(Samples 6-11) are presented in Table 1 for cement clinker (C), 
gypsum (G), zeolite (Z), and kaolin (K), respectively.

2.3. Compressive Strength Test

Compressive strength is the ability of materials or structures to 
support loads that have a tendency to reduce in size. The com-
pressive strength tests were conducted on base cement samples 
according to a standard procedure described in ASTM C109 
Compressive Strength of Hydraulic Cement [28]. First, 450 g of 
cement, 1,350 g of standard sand, and 225 g of water were combined 
in a mixer. It should be noted that the standard sand used as 
recommended by ASTM/API. The mortar was then placed on a 
mould with dimensions of 40 × 40 × 160 mm (Fig. 3(a)). The 
bubbles and gases were removed by vibration using a jolting machine 
(Fig. 3(b)). After finishing the jolting process, the extra material 
on top of the mould was removed by drawing a straight edge with 
a sawing motion. After that, the mould was placed in a moist 
curing chamber for 24 h with a temperature of 20°C and a humidity 

level of more than 95% to avoid any evaporation of water (Fig. 
3(c)). After 24 h, the cubes were hardened. They were then removed 
from moulds and placed in an accelerated water curing tank for 
2, 7, and 28 d of curing. The compressive strength test was conducted 
with a compressive test machine by applying a relative load rate 
of 2 kN/s until the cube started to fracture (Fig. 3(d)). The compressive 
strength was calculated by dividing the load by the cross-section 
area (40 × 40 mm). Results presented in this study were confirmed 
throughout repetitive experimental work.

3. Results and Discussion

3.1. Compressive Strength of Different Cement Samples

The compressive test results of experimental cement samples meas-
ured at curing ages of 2, 7, and 28 d of curing are given in Table 
2 and Fig. 4. Reference mixture samples without any added zeolite 
or kaolin were used as benchmark samples. It should be noted 
that the compressive strength in these reference mixture samples 

a b

c d

Fig. 3. (a) Samples placed in mould, (b) jolting machine, (c) samples stored in moist curing chamber, and (d) compressive testing machine and 
digital load recorder.
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depends primarily on the hydration rate of cement clinker only. 
According to the test results, the addition of only zeolite (Samples 

2-5) led to a noticeable fall in the compressive strength values 
of produced cement with regard to the reference mixture samples. 
At all testing ages, the reference samples (95% cement clinker 
and 5% gypsum) showed higher values of compressive strength 
than those of zeolite-containing cement sample mixtures. A reduc-
tion of compressive strength was observed at all testing ages and 
was more noticeable when a higher percentage of zeolite was used. 
At all testing ages, the compressive strength of the zeolite-containing 
cement reduced with regard to the reference mixture when the 
ratio of zeolite increased.

Although the mixture with 5% zeolite (Sample 2: C90G5Z5K0) 
revealed nearly identical consequences to the reference samples, 
the results indicated that the addition of zeolite, especially in the 
larger amount of 12%, led to pronounced negative effects on the 
compressive strength of the produced cement (Sample 5: 
C83G5Z12K0) at all testing ages. Therefore, the lowest value of 

Fig. 4. Compressive strength (MPa) of different cement samples at curing 
ages of 2, 7, and 28 d.

compressive strength at all testing ages was for Sample 5. The 
poor performance of Sample 5 was due to its high zeolite content, 
which contributed negatively to strength at all ages. It seems that 
the level of zeolite in the sample tended to delay compressive 
strength development.

For all percentages of zeolite (5%, 7%, 10%, and 12%), although 
a reduction in compressive strength value was observed, the resulted 
cement satisfied the Omani allowable limits of the compressive 
strength for testing a 2-day curing age (> 10 MPa). On the other 
hand, when curing ages reached 7 and 28 d, a clear decrease in 
the usefulness of the zeolite-containing cement was seen, and the 
observed values were less than the Omani allowable limits (> 
25 MPa and > 42.5 MPa, respectively) upon adding 10% or more 
zeolite. This observation indicated that up to 7% zeolite can be 
introduced without disturbing the compressive strength values of 
the produced cement. In a previous study, Ozvan et al. [29] inves-
tigated the potential effects of using scoria (a natural material of 
volcanic origin used in cement industry as natural pozzolan) as 
supplementing cementitious material and its amount on the com-
pressive strength of concrete. The authors observed a similar de-
crease in the compressive strength of 40 and 50% scoria-added 
concrete mixtures and concluded that more than a certain amount 
(up to 30%) of additive replacement was not suitable for structural 
concrete. In another study, Zaharaki and Komnitsas [30] aimed 
to evaluate the effect of various additives (e.g., kaolinite, pozzolan, 
fly ash, red mud, CaO, pulverized silica sand or commercial glass) 
on the compressive strength of inorganic polymers synthesized 
using low Ca electric arc ferronickel slag and alkali activating 
solutions. Likewise, they emphasized that the compressive strength 
dropped slightly when the quantity of the additive was increased 
to a certain percentage (up to 20%) by weight. Similar results, 
which are in line with the findings obtained in the present study, 
were also reported in other studies [31, 32].

For all testing ages, the best compressive strength values were 
obtained from cement produced with 88% cement clinker, 5% 
gypsum, and 7% zeolite (Sample 3: C88G5Z7K0). The cement clinker 

Table 2. Compressive Strength (N/mm2) after 2, 7, and 28 Days

Sample number
Cement content (%)

(cement clinker, gypsum, zeolite, kaolin)

Compressive strength (N/mm2)

2 d 7 d 28 d

1 (Reference) C95G5Z0K0 17.1 32.8 42.8

2 C90G5Z5K0 17.1 32.5 41.8

3 C88G5Z7K0 15.3 29.0 41.9

4 C85G5Z10K0 11.2 23.4 35.0

5 C83G5Z12K0 10.6 22.5 35.9

6 C75G5Z10K10 18.8 34.4 48.4

7 C70G5Z10K15 16.3 29.7 49.3

8 C65G5Z10K20 10.9 21.3 37.8

9 C73G5Z12K10 12.5 23.4 39.7

10 C68G5Z12K15 9.4 18.4 32.8

11 C63G5Z12K20 11.6 22.1 37.8

Omani allowable limits > 10 MPa > 25 MPa > 42.5 MPa
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percentage, therefore, was reduced from 95% to 88%, which means 
an equivalent reduction in CO2 emissions will be achieved. It is 
worth mentioning here that the compressive strength of the zeo-
lite-containing cement depends mainly on the combination of ce-
ment hydration and the pozzolanic activity of zeolite. On the other 
hand, pronounced positive effects on compressive strength values 
were obtained when adding zeolite and kaolin together to the cement 
clinker samples. In a previous study regarding the simultaneous 
effect of silica fume and limestone on compressive strength and 
sulfate resistance of mortars, a similar phenomenon was observed 
by İnan Sezer [33]. With the addition of kaolin, there was a persistent 
enhancement of the performance of the mixtures, and the observed 
values of Samples 6 and 7 (C75G5Z10K10 and C70G5Z10K15) 
complied well with the Omani allowable limits at all testing ages. 
This finding is consistent with the results by Kamarudin et al. 
[34], who asserted that the kaolin binder showed an adequate com-
pressive strength and could be utilized for non-loading environ-
mentally friendly construction materials.

For Samples 6 and 7, the compressive strength values of all 
the cement mixtures were better than the values found in the 
reference samples. This spectacular increase in the performance 
of the mixtures of Samples 6 and 7 was noticed at the age of 
7 d. When curing ages were extended to 7 and 28 d, comparable 
common attitudes as in the 2-day strength data was also spotted. 
This was possibly attributable to the large pozzolanic reactivity 
of zeolite and kaolin in combination. Together, they possessed 
sufficient pozzolanic characteristics to be used in the production 
of cement. For all testing ages, the best compressive strength values 
were obtained from cement produced with 70% cement clinker, 
5% gypsum, 10% zeolite, and 15% kaolin (Sample 7: C70G5Z10K15). 
The cement clinker percentage, therefore, was reduced from 95% 
to 70%, resulting in a 25% reduction in CO2 emissions.

3.2. Zeolite-containing Cements

In the first set of experiments, only zeolite was used to replace 
cement clinker at 5%, 7%, 10%, and 12%, and the properties of 
the produced zeolite-containing cements were examined at 2, 7 
and 28 d for compression. When the zeolite was present at 5% 
of the total mixture, the compressive strength of the mixtures got 
closer to that of the reference samples. Generally, it was found 
at all curing ages that the compressive strength values decreased 
with respect to the reference mixtures upon incorporation of zeolite 
at 7% or above. Lower compressive strength was observed with 
respect to the corresponding reference samples for higher additions 
of zeolite. For the age of 2 d, the inclusion of zeolite at 7% or 
above resulted in a reduction in compression. However, the values 
were still acceptable as they were above the Omani allowable limit 
of > 10 MPa. On the other hand, when curing was extended to 
7 and 28 d, the addition of zeolite at 10% or above showed poor 
performance and was found to have a disadvantageous influence 
on the strength of the sample mixtures. The values did not satisfy 
the Omani allowable limits (i.e., 25 MPa at 7 d of age, and 42.5 
MPa at 28 d of age). The optimum substitution of zeolite was 
determined to be 7% for all ages and required cement to contain 
at least 88% cement clinker. In this category, the cement clinker 
percentage was reduced from 95% to 88%, meaning the attainment 

of a 7% reduction in CO2 emissions.

3.3. Zeolite-Kaolin-based Cements

In the second set of experiments, to overcome the disadvantages 
of the low compressive strength values of cement containing zeolite, 
kaolin was added as a second additive to the binder sample mixtures. 
The properties of the zeolite-kaolin-based cements were then inves-
tigated and reported through compression. Kaolin’s effect on com-
pression was investigated with its addition constituting 10%, 15%, 
and 20% of the total weight in combinations of 10% and 12% 
zeolite. The addition of kaolin in the appropriate proportions with 
zeolite to the cement clinker was found to be effective on com-
pression as it provided a significant improvement of the strength 
of the cement. Quantities of 10% zeolite and 10-15% kaolin gave 
the best results. In a similar study, Ilić et al. [35] explored the 
effect of metakaolin and mechanically activated kaolin as cement 
replacement materials on cement strength and microstructure under 
different curing conditions. The authors obtained the highest com-
pressive strength for mortar with 10% of mechanically activated 
kaolin, which is compatible with the quantity of kaolin determined 
in the present study. It is noted that the zeolite-kaolin-based cement 
enabled the substitution of more than 25% cement clinker (i.e., 
from 95% to 70%) without compromising performance. This im-
provement in cement manufacturing with a low cement clinker 
content may have a great influence on the reduction of CO2 
emissions.

4. Conclusions

This study was undertaken to determine the compressive strength 
values of different cement samples prepared with different percen-
tages of zeolite and kaolin which were added to different cement 
clinker samples in varying proportions. The compressive strength 
values of these samples were then compared with those of the 
corresponding properties of the reference samples and with the 
Omani allowable limits. The study was aimed to find the best 
acceptable zeolite and zeolite/kaolin combination that can be added 
as a partial replacement for cement clinker in cement production 
for improving the sustainability of cement manufacturing in Oman 
and the world. Based on the experimental findings, the main con-
clusions obtained within the framework of this study were drawn 
as follows:

i) For all testing ages of zeolite-containing cement mixture, the 
best compressive strength values were obtained with cement mix-
ture quantities of 88% cement clinker, 5% gypsum, and 7% zeolite. 
The cement clinker percentage, therefore, was reduced from 95% 
to 88%, which means an equivalent reduction in CO2 emissions 
will be achieved.

ii) The cement mixture of 70% cement clinker, 5% gypsum, 
10% zeolite, and 15% kaolin gave the best results for zeolite-kao-
lin-based cement mixture. This zeolite-kaolin-based cement en-
abled the substitution of more than 25% cement clinker without 
disturbing the compressive strength values of the produced cement.

iii) Cement mixtures obtained with partial replacement of cement 
clinker with up to 7% zeolite, or 10% zeolite + 10% kaolin, or 
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10% zeolite + 15% kaolin provided adequate compressive strength 
and required less cement clinker.

iv) Use of locally available materials, such as zeolite and kaolin, 
was found to be a suitable option to produce cement with a low 
cement clinker content. Partial cement clinker replacement using 
these additives may have a great influence on energy saving and 
the reduction of CO2 emission in cement manufacturing.

v) It is believed that the experimental findings obtained within 
the scope of this study will play a leading role in encouraging 
the use of zeolite and kaolin to manufacture environmentally sus-
tainable cement in Oman and the world. This will result in reducing 
the amount of cement clinker needed as well as saving in significant 
amounts of natural resources used currently in cement 
manufacturing.
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