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Abstract

Currently, the significance of oil refinery industry is unquestionable because of the in-
creasing demand for petrochemical products, such as fuels, monomers, and organic chem-
icals. Despite this, apart from high greenhouse gas emissions, numerous oil and natural
gas refining processes are distinctly associated with the generation of a considerable
amount of Oil Refinery Wastes (ORWSs) in different forms, which need proper disposal
and valorization. Nonetheless, at present, solid ORWSs are mainly sent to landfills. Such a
procedure, apart from high disposal costs, results in significant environmental pollution
related to the release of chemical contaminants to soil and water environment. Conse-
quently, these pollutants might poison natural flora and digestive systems of animals,
thereby contributing to the general degradation of useful land and a serious health risk.
To cope with that issue, ORW recycling in cement-based materials might be considered a
reliable course of action, as the hardened concrete is capable to bind contaminants that
ORW comprises. This article focuses on actual literature knowledge, limitations, and
chances in the scope of a comprehensive approach to sustainable management of ORWs
through their utilization in cementitious composites. The special emphasis was placed on
presenting the impact provided by the addition of ORWs on the numerous performances
of cementitious mixes and hardened concrete. The environmental and economic aspects
were also discussed, particularly in the scope of COz emission reductions and cost savings.
Finally, the proposal for future tests, including investigating the correlation between val-
orization of ORWs and toxicity of ORW-blended composites, were proposed.

Keywords: oil refinery waste; chemical properties; mechanical properties; cementitious
composites

1. Introduction
1.1. General Research Significance

Daily and industrial activities are indisputably associated with the significant
amount of CO: emissions released to the atmosphere. It is clearly known that CO, as a
greenhouse gas, contributes to serious environmental impacts, one of the most essential
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being global warming and its related issues. To overcome these challenges, the European
Green Deal was adopted by the European Union with the aim of achieving climate neu-
trality by 2050 [1]. Accordingly, the emission allowance prices are increasing constantly,
as reported by the EEX, to promote reductions in CO2 emission coefficient across EU mem-
ber states [2]. In this regard, industrial sectors which play a crucial role in global CO2
emission should be identified and developed by implementing various techniques and
innovative solutions to achieve emission levels acceptable by European laws and direc-
tives. Currently, one of the industries with the greatest environmental impact is the con-
struction sector, which widely uses cementitious composites, i.e., mortars and concretes.
This is primarily because the production process of cement, their crucial constituent used
as a binder, is based on processing natural resources, consists of limestone decarboniza-
tion, and requires high temperatures and considerable electricity effort. Accordingly, each
ton of cement consumes approximately 1.500 kg of raw materials [3] and generates emis-
sions of approximately 600-700 kg of CO2, according to the Association of Cement Pro-
ducers [4]. Taking into consideration the substantial scale of usage of various cementitious
composites, the estimated COz emission provided by the cement industry equals to be 5-
8% of its global emission [5]. Furthermore, extraction of virgin resources for the cement
and aggregate production inevitably leads to their depletion, as a consequence of the rob-
bery economy. Nevertheless, the significance of the construction sector is undeniable in
terms of meeting social needs and increasing people’s quality of life [3]. For this purpose,
high-quality materials with desired properties for special applications are required. Sim-
ultaneously, based on the abovementioned issues, attention has been paid to reducing
both production cost, and most notably, environmental impact of construction materials.
To accomplish this objective, the construction sector is shifting away from raw materials
and semi-finished products, such as natural aggregates and cement, in favor of more en-
vironmentally friendly, alternative materials, which are principally wastes or by-products
derived from various industries [6]. According to the literature, the most commonly used
waste materials are known as Supplementary Cementitious Materials (SCMs) [3]. Their
ability to replace certain cement dosage in composite’s binder blends is mainly associated
with their pozzolanic activity, i.e., ability to react with Portlandite to form a secondary
calcium silicate hydrate (CSH) phase, during the cement hydration process [7]. Some
SCMs might be also used as fine aggregate replacement while coarser particle size diam-
eters are more suitable in this case [8]. Most notably, such applicability of industrial wastes
enables the production of more sustainable cementitious composites without deteriora-
tion of their mechanical properties. Additionally, taking into consideration the potential
to solve waste management problems, it is found to be a prudent course of action, pro-
moting a more sustainable, low-carbon, and circular economy. Therefore, research on the
recycling of industrial wastes in mortars and concretes is of both scientific and industrial
interest, thereby focusing researchers’ attention all over the world. Nonetheless, despite
the fact that a huge number of various SCMs were investigated, mainly fly ash, ground-
granulated blast furnace slag, and silica fume, have already been consolidated in large-
scale industrial applications [9]. Recently, various waste materials derived from the pet-
rochemical industry, i.e., Oil Refinery Wastes (ORWs), attracted researchers’ attention as
promising materials capable of being reused as an alternative resource material in the
construction industry. Considering that, this paper presents a literature review on the ap-
plicability of various ORWs in cementitious composites from the sustainable development
point of view.

1.2. Types of Oil Refinery Wastes

Currently, life without petrochemical products, such as fuels, monomers, and or-
ganic chemicals, seems to be unimaginable, as they are commonly used for our daily ac-
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tivities or are precious semi-finished products for other industries. Therefore, the signifi-
cance of the oil refinery industry is unquestionable, and thus, the substantial development
of this sector was observed recently. On the other hand, oil and natural gas refining pro-
cesses and numerous related activities are closely associated with considerable amounts
of oil refinery wastes generated in different forms. In general, those wastes might be di-
vided into three main categories as presented in Figure 1.

(Oil refinery wasteJ

y

y
[ Sludges ) (Other refinery wastes) (Non-refining wastes)

s N

« contaminated soil
« spent catalysts
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« incinerator ash

« domestic
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« spent chemicals
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Figure 1. Types of oil refinery waste.

Nowadays, the general ORW recycling is unfortunately limited, as they contain var-
ious hydrocarbon compounds and heavy metals, adsorbed from crude oil resources dur-
ing the refining processes. In this regard, the majority of solid ORWs, such as spent cata-
lysts or waste process equipment, are disposed of in landfills. Meanwhile, liquid ORWs,
i.e,, various sludges, require complex methods of treatment, including thermal, mechani-
cal, biological, and chemical techniques, which are generally costly [10]. Currently, new
installations of hydrotreatment facilities, reforming, catalytic cracking, sulphur recovery,
and various emission abatement techniques are launched to raise both the quality of prod-
ucts and overall refinery efficiency, whilst reducing gases emission. As a consequence, an
upward trend was observed in the amount of waste catalysts produced [11]. Nonetheless,
it should be mentioned that refinery catalysts and facilities are designed for specific con-
ditions in the process to be used in [12]. What is more, different refineries process different
types of crude oil resources. Consequently, ORWs generated all over the world vary in
their chemical compositions, properties, structure, and contaminants. Considering this,
an individual approach is required in terms of appropriate ORW management and poten-
tial recycling. Different types of oil refinery waste are presented in Figure 2.

(b)

Figure 2. Oil refinery waste: (a) molecular sieves; (b) Claus and Hydrosulfreen; (c) ECat.
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1.3. The Recycling of Oil Refinery Wastes in the Construction Sector

The issue of comprehensive reduction in the total environmental impact is of high
priority for the petroleum industry. For this purpose, integrated development is required
not only in terms of waste management issues. Unfortunately, as previously mentioned,
the recycling of ORWs is significantly limited, and thus, instead of being reused, plenty of
them require various utilization methods, such as landfilling. Apart from rising disposal
costs and economic losses for a company, following procedures might cause environmen-
tal pollution and pose serious health risks [3]. It is therefore that undesired chemical con-
taminants, while released to soil and water, might poison natural flora and digestive sys-
tems of animals, thereby contributing to the general degradation. Furthermore, dusty
wastes might be moved around by wind, and thus, the risk is spread on a larger scale. In
terms of solving this problem, the recycling of oil refinery wastes in cementitious compo-
sites seems to be a reliable research direction. Overall, from the technical point of view,
solid ORWs might be used as a cement or fine aggregate partial replacement. Meanwhile,
those in liquid form might be used as a modifying admixture, plasticizing freshly mixed
concrete [10]. Nonetheless, according to the literature, mainly spent catalysts withdrawn
from the fluid catalytic cracking (FCC) unit were examined. The role of the FCC process
is significant in every oil refinery, as it allows the production of both high-octane hydro-
carbon components and low-carbon olefines, valuably used in blending high-quality com-
mercial fuels and as a resource (monomer) for polymer material manufacturing, respec-
tively. The cracking reaction requires a zeolite-based catalyst, which becomes deactivated
over a period of time used in the process due to oil impurities adsorption and thus be-
comes the largest catalyst waste category in refineries [11,13]. It is vital that the incorpo-
ration of waste FCC catalyst as a partial replacement cement or sand enables the immobi-
lization of heavy metals within the matrix of the hardened composite. That was confirmed
by Su et al. [14], as the concentrations of heavy metals leached from waste FCC-substituted
mortars were lower than in case of raw waste material. Additionally, organic compounds
(coke deposits) might be efficiently eliminated from waste’s structure through the appro-
priate chemical methods, e.g., oxidation, thereby improving their performance [13]. It
should be pointed out that cementitious composites without their general quality deteri-
oration were prepared with the incorporation of spent FCC catalyst derived from Lithua-
nian [8] and Portuguese refineries [9,15]. What is more, some of their properties have been
improved, after a certain dosage of spent FCC catalyst was supplied. In general, this might
be attributed to the outstanding pozzolanic activity of the catalyst, which is associated
with its very high specific surface area, provided by high porous crystalline structure of
zeolite, and most notably aluminosilicate chemical composition [9].

Nonetheless, many research gaps still deny it from the industrial implementation.
What is more, plenty of other ORWs have been slightly investigated or have not yet been
investigated, and thus, there is considerable room for exploration. Considerably, a com-
prehensive approach and extensive research are required to consolidate them as a sustain-
able resource material for the construction sector. This might be especially achievable in
Poland, as there is the biggest oil refinery in Central and Eastern Europe. The amount of
waste materials generated there in 2020 accounted for 291,600 tons, excluding municipal
wastes [16]. Furthermore, apart from waste FCC catalyst, other ORWs are also accessible
there. These include waste sulfur recovery catalysts. i.e., those derived from Claus and
Hydrosulfreen processes, and waste molecular sieve residues. It should be also mentioned
that Poland is one of the most important cement producers in Europe [17], which also
highlights the possibilities for such investigations that are planned by the authors right
there. Considering the above, the attention should be paid to systematizing the current
state of knowledge concerning a comprehensive approach to the applicability of various
ORWs in the construction industry. For this purpose, already investigated results must be
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(b)

clarified and compared. In this regard, the scope of this paper includes a conducted liter-
ature review. As such, limitations and chances were highlighted, and some research gaps
were determined. On the basis of the latter, some new research directions and trends were
finally proposed. Focusing on them might be vital for the future tests, aimed at the indus-
trial implementation of ORWs as green resource materials for the construction sector.

2. Review Methodology and Results

To provide the relevant literature data, the number of publications over the past 20
years was checked by implementing the ScienceDirect Elsevier database. Figure 3 presents
the number of publications in the last 20 years that contain the word “concrete” and the
phrase “oil refinery waste” in the article. Given the current number of publications in 2025,
it can be assumed that it will exceed 500 publications by the end of the year.
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Figure 3. Research interest in the topic of refinery waste: (a) type of waste used; (b) the number of
publications in the given years that contain the word “concrete” and the phrase “oil refinery waste”
in the article (data on 24 June 2026).

The subject of ORWs in construction materials has been known for a long time, but
the interest has seriously increased since around 2013, with particular growth in the last
three years. Given the current number of publications in 2026, we can expect that by the
end of the year, the total will exceed 500. As such, Figure 3 presents the number of publi-
cations devoted to the applicability of particular ORWs in cement materials. For this pur-
pose, a formula was used that searches for the words “refinery waste” in the title, key-
words, or abstract, and “oil refinery waste AND (concrete OR mortar)” in the article. The
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phrase “oil refinery waste” searched in the article was replaced with several examples of
popular ORWs. As such, the highest number of results was obtained for hydrocarbon
waste, molecular sieves, and spent catalysts. The interest in refinery waste was also
checked in Google Trends, as shown in Figure 4.
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~ » “ “ > ¢ < “ »

Figure 4. The interest in words: (a) concrete; (b) oil; (c) refinery; (d) waste (origin: Google Trends,
24 June 2026). (The color intensity corresponds to relative search interest, with darker blue denoting

higher interest.)

The greatest interest in the searched phrase was noted in India and the United States.
It is worth noting that both of these countries play a crucial role in the refining sector —
the United States as the largest producer and India as one of the largest crude oil consum-
ers [18]. Moreover, there is little interest in such research direction in Europe, proving that
it is worth expanding the state of knowledge and conducting research activities on ORWs
derived from this region.

3. State of the Art Knowledge

In the subsequent parts of the paper, the effects of incorporating ORWs in cement
composites on their numerous performances in different states have been listed.

3.1. Effects of Using ORWs on the Fresh Properties of Concrete Mix

Table 1 summarizes the results of the state-of-the-art research on the effect of utilizing
ORWs in cementitious composites on the properties of fresh concrete mix. It was noted
that most studies focus on replacing cement with waste material. In most cases, replacing
cement with catalyst causes a decrease in the workability of mixtures, which may be due
to the shape of the catalyst particles. Adding a catalyst also results in a shorter binding
time and less bleeding. In general, the use of catalysts shortens the setting time, which is
useful for quick installation but troublesome in laying and transport. The assessment
shows that the use of substitutes should be limited to 10-20% in order to maintain work-
ability and controlled setting time. Liquid fractions can act as plasticizing modifiers, which
opens up an interesting direction for research.

The use of ORWs in cement-based composites is also associated with certain limita-
tions, resulting primarily from the variability in the properties of this waste material and
its impact on the consistency of concrete mixtures. A reduction in workability may in-
crease the need for chemical admixtures, which could negatively affect the economic and
environmental benefits of using waste. Furthermore, changes in setting time can cause
practical difficulties during mixing, transport, and placement of the mixture, especially in
large-scale construction projects. The non-uniform properties of catalyst particles and
other waste materials can also make it difficult to achieve consistent fresh concrete mix
properties. Therefore, further research is necessary to optimize the proportion of ORW
admixture and minimize its adverse effects on concrete properties.
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Table 1. Effects of using ORWSs on the fresh properties of concrete mix.

T f Oil Re-
.ype of Oil Re Application Properties Tested Results Source
finery Waste
Oil-refinery Asan addlflve to the . When ECAT is added, the concrete mix’s den-
spent catalyst concrete mix, Density sity is decreased ]
p Y a substitute for fly ash Y '
Flowability . .
. Larger slump flow diameters are obtained
(slump flow diam- . . e
. which means improved flowability.
Cement subtypein  eters)
Spent the amount of 10%,  Viscosity (Vtunnel Every mixture satisfies the research viscosity re- [15]
catalyst 20%, and 30% of ce-  flow and t500 quirements outlined in European standard EN
ment in SCC mixtures times) 206-9.
Passing ability =~ L-box standard requirements for SCC concretes
(L-box ratios) with 30% FCC are not met.
Substitute of fine ag- . A decrease in workability and compaction is
Spent catalyst aregate with 5-15% Workability achieved. [14]
Cement subtype in o . N
Spent catalyst the amount of 20% The setting time = Adding the catalyst reduces the setting time. ~ [19]
Replacement of ce- . .
Ecat/Epcat ment with 5%, 10%, Workability Mo%‘e plast1c1ze1: has to be added to a'chle‘zve the [20]
desired workability for greater substitution.
and 15%
A high £ ituti -
Flowability 1g- er perc.entage o cenfl.ent substitution re
sults in a fall in the flowability.
Spent catalyst Cement subtype in Bleeding decreases with a greater percentage of
(ECat and EP-  the amount of 5%,  Bleeding substitution. Bleeding in EPcat is less significant [21]
Cat) 10%, and 15% than in Ecat.
L As the degree of substitution increases, the set-
The setting time . |
ting time decreases.
- Cement substitute in o s
fi[;e;t;?;ﬂg:— the amount of 15% in Workability l"fhe2 Zg/ldltlon of the catalyst reduces workability [22]
¥®"  UHPFRC yerr
Au’.cogenous The shrinkage is similar.
shrinkage
Fluid catalytic ~Cement subtype in - The inclusion of ECat results in a less flowable
. o Flowability )
cracking catalystthe amount of 6%, mix. [23]

residue

10%, 15%, and 20%

The setting time

Both of them are found to be shorter, as SOs con-
tent decreases with increasing FC3R incorpora-
tion levels.

Flowability The addition of 10% FCC results in larger slump
(slump flow diam-flow diameters, whereas the addition of 20%
C t subt ) eters) and 25% results in smaller diameters.
men n
Waste fluid cata- o0 Pe! Viscosity (Vtunnel All mixtures satisfy the requirements set out in
_ ) the amount of 10%, . .
lytic cracking o o flow and t500 European standard EN 206-9 in a research vis-  [24]
20%, and 25% in SCC .
catalyst . times) cosity —VS52 and VF1.
mixtures Passing abili
assing ab vy All FCC mixtures receive the same grade as the
(L-box ratio and J- .
. reference mixture.
ring)
Fluid catalytic Cement subtypein  Viscosity (Vtunnel All mixtures satisfy the requirements set out in
cracking catalystthe amount of 15%  flow and t500 European standard EN 206-9 in a research vis-  [25]
residue and 30% times) cosity —VS2 and VF1.
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Fluid catalytic Replacement of 15% Passing ab,lhty All FCC mixtures receive the same grade as the
. ) (L-box ratio and ) [26]
cracking catalystby weight of cement J-ring) reference mixture.
Spent fluid Cement subtype in The catalyst’s addition decreases the workabil
fa Kine catal tthe amount of 3%, 6%, Workability ; y [27]
cracking calalystand 12%. -
. Replacement of ce-
lsliie?z::;lljncata- ment with 10% in Flowability (flow In most cases, the flow diameter is greater for (28]
Y & combination with 20%table test that of FCC-added blends.
catalyst
FA
Organic As a modifying Freshly mixed concrete becomes plasticized
fraction of oil admixture Workability when OFOW is added. [10]
waste
Treated oil sand Replacemen"c of flr(:e N Concr.ete workability is 51g1.11f1c.antly affected by
waste aggregate with 10%, Workability reducing slump and requiring increased super- [29]
20%, 30%, and 40% plasticizer dosage.
Contaminated Sa.nd «© ntaminated Density Density decreases as oil content increases. [30]
sand with oil up to 20%
Workability improves at low dosages (up to 1%
. . - N :
Used engine oil As chemical admix Workability for high-strength concrete anfi up to 6% for nor [31]
tures mal-strength concrete) by acting as a water-re-
ducing agent through its sulfonate groups.
3.2. Effects of Using Oil Refinery Wastes on the Physical and Mechanical Properties of Concrete
Table 2 summarizes the results of the state-of-the-art research of the effect of utilizing
ORWs in cementitious composites on the various properties of hardened concrete.
Table 2. Effects of using ORWSs on physical and mechanical properties of hardened concrete.
Type of Oil
Refinery Application Properties Tested Results Source
Waste
Hydrophobic Compressive The addition of waste improves the compressive

The organic strength

strength.

plasticizer for building

fraction of oil
of materials up to 3%

Flexural strength

The addition of waste improves the compressive [32]

waste . strength.
weight of cement - -
Porosity The porosity has decreased.
Compressive A mixture with 33% ECat shows a lower
strength strength as all samples with FA.

Dynamic modulus
As an additive to con- y

Concretes with the addition of ECat show lower
values of the dynamic modulus of elasticity than

of elastic . .
Oil-refinery  crete mix ranging from mixes with FA. (9]
spent catalyst 16,7 and 33%, a substi- . The ECat in concrete increases water permeabil- .
Water absorption ,
tute for FA ity.
. . The ECat in concrete does not increase the risk
Chloride migra- . .
Hon of corrosion of the reinforcement under external

chloride attack.

All mortars that contain the catalyst exhibit re-
duced water absorption.

Waste oil- Replacing cement with Water absorption
ki ta- 5%, 10%, and 15% of th

cracking cata- 5%, 10%, an % of the Chioride migra-

lyst wFCC catalyst ton

[33
The resistance to chloride penetration is in- [33]

creased by using a waste catalyst.
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. The use of a waste catalyst makes it more sus-
Carbonation . .
ceptible to carbonation.
. . The use of 10% and 20% spent catalyst delays
Replacing cement with Compressive endurance development in the first 28 days. Af-
Spent catalyst 10%, 20%, and 30% in P an p , ~0qays: A" 151
sce strength ter this time, the concrete in the addition of 30%
achieves a similar strength.
Replacing cement with . An FCC content of 10% shows a higher com-
Compressive -
Spent catalyst 10% and strength pressive strength than the reference sample and [34]

35%

the sample with 35% FCC.

Flexural strength

After 3,7, 14, and 28 days, results were compa-
rable to the reference sample.

Spent Catalyst Replaclng cement with

Up to 3 days with the catalyst, it is lower; after 7 [35]

15% C i
’ OmPpressive days, it starts to be slightly higher. The highest
strength . .
value is noticed after 28 days.
Replaci t with
cplaciig cement Wi Compressive Samples with FCC obtain a higher value of com-
Spent catalyst 10% and 15%; replacing strength ressive strength than those without FCC [36]
sand with 10%. & P & ]
Compressive For all w/c ratios, mortar with 5% substitution
strength shows higher strength.
Spent catalvst Replacement of cement Mortars with Ecat and EPcat have comparable [21]
P YS! with 5%, 10%, and 15% Water absorption or higher water absorption. This value increases
of mortars with the increasing substitution level and is
higher in case of Ecat incorporation.
Replacement of sand in Compressive The compressive strength is within similar lim-
. strength its. .
Spent catalyst ultra-high-performance - — - - [12]
D A decrease in resistivity is noted with an in-
concrete. Resistivity . .
crease in the replacement ratio of the sand.
Compressive A catalyst is added, and the compressive
Replacement of L
Spent catalyst _ __ strength strength is increased at 7 and 28 days. [37]
25% by cement ; I
Flexural strength The bending strengths are found to be similar.
Spent catalyst Replacement of cement Compressive Strength rises with hardening time and sur- [20]
Ecat/Epcat  with 5%, 10%, and 15% strength passes that of additive-free samples.
The addition (5% and 10%) ECat increases the
. Compressive strength (w/c = 0.55). The addition of 15% causes
As fine aggregate re- . Do . .
strength a significant reduction, irrespective of the inves-

Spent catalyst placement in 5%, 10%,

tigated conditions. [14]

Increased absorption of water has been ob-
served.

and 15%
Water absorption
. . Compressive
..., Cement substitute in
Spent equilib- strength

The addition of catalyst causes a slight decrease
in compressive strength.

the amount of 15% in

rium catalyst UHPERC

Elastic modulus

[22]

The elastic modulus after 28 days is increased byl
up to 3% compared to that of the control sample.

As cement replacement

Mechanical prop-

The application of both cement substitutes re-

Spent cata- in 2%, 4%, 6%, 8%, and ertios sults in a weakening of the long-term mechani-
lyser from two 10% cal properties of composites. [38]
different As sand replacement in Compressive Replacing fine sand in 5% and 10% gives higher L
sources 5%, 10%, 15%, 20%, and strength after 7 and 28 days. At higher substitu-
strength . . .

25% tion levels, the increase is no longer observed.
Purified and Replacement of 10%, Compressive Samples with pFCC show better strength values.
unpurified  20%, and 30% by strength The use of 10% and 20% of waste catalyst leads [13]
catalyst weight of cement to the enhancement in CS for FCC and pFCC.
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Catalytic
cracking cata-

Replacement of cement
with 6%, 10%, 15%, and

Flexural strength

Early flexural strength decreases with increasing
substitution levels. After 7 days, it is of a similar
value.

Early compressive strength decreases with in-  [23]

lyst residue  20% Compressive creasing FCC, but after 7 days, the strength in-
strength creases with the increasing amount of the cata-
lyst.
After 7 days, mixtures containing up to 20%
Fluid catalvtic wFCC show an increase in strength. The inclu-
crackin C;a Replacing cement with Compressive sion of 25% of the catalyst in FCC causes a delay [24]
& 10% and 20% strength in the strength in the first 28 days, but after this
lyst residue . . . . .
period, their strength is also slightly higher than
that of the reference.
The flexural strength of the samples is similar to
Replacement of cement
. Flexural strength or greater than that of the control sample, except
with 15% and 30% . . .
. . for the unmachined mineral admixture.
Fluid catalytic ) : - 5
. Replacement of cement . The maximum compressive strength is obtained
cracking cata- | Compressive o [25]
Ivst residue with strenath for the replacement of 15% and
Y 5-30% & 20% of cement.
. Compressive A continuous increase in strength is observed
Replacing sand . . . s
strength with the increasing degree of substitution.

As a cement
(15%) or sand

Strength value in
mortar samples

All mortars reveal strength gain, in comparison
to the reference, for all curing temperatures, as
confirmed by pozzolanic activity of FCC. The

i 109 1 ti d in temp. of
Catal?/tlc (10%) replacement in - cured in Oemp " use of FCC in cold weather mixing is recom- [39]
cracking cement mortars 5 and 20 °C . ’
mended especially as a sand substitute.
. Compressive The compressive strength is similar and
Replacing sand .
strength higher than that of the control sample.
Cracking cata Replacement of Compressive
& 15% by weight of ce- P The compressive strength is higher. [26]
lyst strength
ment
Replacement has a positive effect on the strength
Compressive when curing in salt water. An increase in the

strength in salt
and tap water

level of SFCC replacement leads to a slight, con-
stant decrease in the strength of samples cured

Spent in tap water.
pen . Replacement of 3%, 6%, £ ; - o
fluid cracking . There is a steady increase in air permeability ~ [27]
and 12% by cement Permeability . . .
catalyst with an increase in exchange.
. As the amount of cement replaced by SFCC in-
Carbonation L
creases, the depth of carbonation increases.
Chloride migra- The resistance to chloride penetration increases
tion as more SFCC is substituted for cement.
Compressive Strength increases with the addition of FCC af-
Spent fluid ~ Replacement of cement strength ter 7, 28, and 90 days.

catalytic crack-

ing catalyst

with 10% in combina-
tion with 20% FA

Flexural strength

Flexural strength ratings are generally compara- [28]
ble to and marginally below the standard val-
ues.

Spent fluid-
ized catalytic
cracking cata-
lysts

Replacement of cement
in high-density cement-
based materials
(HDCM)

Compressive
strength

After 28 days, the strength of HDCM containing
80 kg/m? increases by 6.6%. HDCM containing
150 kg/m? also shows good mechanical proper-
ties.

[40]
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The porosity increases with the amount of sub-

Porosity stitution, but HDCM containing ORWs still has
good durability and a compact microstructure.
Strength increased at 1% oil contamination. Con-
. crete containing fine sand from 2% to 6% con-
Compressive . )
. tamination shows lower strength. Increasing the
. Used sand contami- strength . o o . e
Contamina- 1 oil content from 10% to 20% results in a signifi-
nated with oil up to [30]
ted sand cantly lower strength.
20% ; ; Y
Strength increases at 1% oil contamination. At
Tensile strength  oil contamination levels higher than 1%, the ten-
sile strength decreases.
. The reduction in strength of concrete is a func-
. Used sand contami- . . . i
Contamina- . Compressive tion of the concentration of oil in the sand. The
nated with oil up to ) . [41]
ted sand 259 strength higher the concentration, the greater the reduc-
° tion in strength.
. Sand contaminated . . . .
Contamina- . . Compressive Sand contaminated with kerosene and diesel
with crude oil products [42]
ted sand o strength fuel can adversely affect the strength of concrete.
up to 1.5%
, Replacement of fine ag- . . . .
Treated oil ) o ~no, COmpressive Compressive strength is progressively reduced
sand waste gregate with 10%, 20%, strength with increasing replacement rates [29]
30% and 40% & B IeP ‘
. An optimal dosage of 2% UEQ increases
Compressive o
strength by more than 3%, whereas dosages ex-
strength . g . .
ceeding 5% result in a decrease in strength.
Used engine As chemical admixtures SEM observations revealed that concrete with [31]

oil

2% UEO exhibits a denser microstructure with

Microstructure  fewer micropores and cracks compared to the
control, a result of the filling effect of well-dis-
persed particles.

Although some cases reported a decrease in compressive strength, the analysis of all
the work indicates that replacing cement with up to 20% spent catalyst causes a slight
increase in compressive strength or does not change it. The noted differences may be due
to different sources of the catalyst and its properties. It is noteworthy that the catalyst in
purified form shows better mechanical properties than the unpurified catalyst. It is worth-
while to deepen research in this direction and confirm these conclusions with more re-
sults. In addition to compressive strength, bending strength and chloride penetration
were also studied. The results obtained do not make it possible to unequivocally state the
effect of the catalyst on these properties. Compressive and flexural strengths of concretes
containing oil-contaminated sand decrease because of the formation of inferior bonds.

However, the use of spent catalysts as a cement substitute also has certain limitations.
Variations in the composition of the catalyst, resulting from its origin and the processing
method used, make it difficult to predict the long-term properties of concrete mixtures
and limit the ability to establish universal cement replacement ratios. Another disad-
vantage is the potential presence of impurities and residues in untreated catalysts, which
can negatively affect hydration processes and the durability of cementitious composites.
Additional processing increases the complexity and costs of its use. Furthermore, most
studies focus primarily on short-term mechanical properties, while the impact of spent
catalysts on long-term durability, environmental stability, and resistance to aggressive
agents still requires further analysis.

To present a clear outlook on the impact of the addition of spent FCC catalyst, pri-
marily investigated ORWs were evaluated based on the most essential mechanical param-
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eter of cementitious materials, i.e.,, compressive strength (CS). Figure 5 was prepared
based on results obtained from 8 independent research works. As such, the changes in CS
values in relation to the reference ones are shown in percentages for three cement replace-
ment levels, i.e., 10%, 15%, and 20% by mass.

CEM 142.5, w/c=0.3, A Replecement of cement
curing in chamber with 10 %
(20 £ 2°C and RH =z 95%) ® Replecement of cement
; ; : with 15 %
CEM 1525 wie=04 Laginha, gaposelro Da Silva & Replecement of cement
ey ! osta, 2014 . o
curing in water Y with 20 %
Vaiciukyniene, Grinys,
Vaitkevigius & Kantautas, o Anténio, Silva & Costa, 2013
2015 0 CEM 1 42.5, wic=0.3 (10%),
A o w/c=0.4 (20%), curing in chamber
CEM [ 52.5, w/c=0.5, ) A (20 £ 2 °C and RH = 95%)
curing in water AQ
- Garcia de Lomas, Sanchez de
Soriano et al., 2013 ° Q A Rojas & Frias, 2007
" é CEM 1 42.5, w/c=0.5,
OPC (ASTM type I), @ curing in water
w/c=0.5, curing in water
Paya, Monzo & Borrachero, o) Bernabeu, Borrachero, Monzo

& Soriano, 2009

CEM 142.5, w/c=0.5,
Monzé et al., 2004 air curing at 20 °C

CEM | 52.5, w/c=0.45,
air curing at 20 °C

Figure 5. The effect of replacing cement with spent FCC catalyst on compressive strength after 28
days of curing [13],[15],[23],[24],[34],[35],[361,[39].

As it is presented in Figure 5, a few papers reported that the replacement of up to
15% of cement with spent FCC catalyst led to the increase in CS of hardened composites
by up to 45%. Figure 6 illustrates the percentages of research work emphasizing on several
ORW types in which their addition to cementitious composites revealed positive or neg-
ative impact on the basic performances, i.e., consistency and compressive strength. The
lack of a sufficient number of studies in case of adsorbents, such as ceramic balls derived
from molecular sieves and oil sludges, presents the research gaps in this area.
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Figure 6. The percentages of work carried out on several ORWs, showing positive or negative im-
pact of the performances of cementitious composites.
3.3. Chemical Methods of Investigation of ORWs and Cementitious Composites
Table 3 lists the broadly understood chemical analysis and valorization methods of
ORW materials aimed for increasing their reactivity in cement systems, as well as their
impact on various properties in case of both ORWs and ORW-blended cementitious com-
posites.
Table 3. Effects of using ORWs in pure and valorised forms on properties of concrete together with
physicochemical properties of ORW materials.
.. Properties or Parameters .
Type of ORW Application Tested Achievements and Results Source
Mean particle size diame- After 20 min of grinding, it is reduced to around
ter as a function of grind- 20 um. Grinding FC3R is conducted to increase
. As a ground o . .
Spent fluid ing time its reactivity.

. material incor-
catalytic crack-

ing catalyst
(FC3R)

porated in Port-
land cement
pastes

Spent equilib-
rium catalyst
(Ecat) and
electrostatic

As a cement
substitute in the
range of 6%,

The concentration of hy- CSH/CASH phases increase, whilst Ca(OH): di-
dration products in ce-  minishes, as the FC3R content increases, based
ment paste on TGA measurement.
Fixed lime increases as the cement replacement
level rises, with 15-20% found to be optimum.
Both catalysts exhibit similar chemical composi-
Chemical composition  tion (mostly made up of SiO2 and Al:Os); how-
and element analysis ever, EPcat contains more heavy metals than
Ecat.

[7]

Fixed Ca(OH): percentage

[21]
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precipitator
catalyst (EP-
cat)

Spent fluid
catalytic crack-
ing catalyst
(FC3R)

Spent equilib-
rium catalyst
(ECat)

Spent fluid
catalytic crack-
ing catalyst
(FCC)

Spent fluid
catalytic crack-

10%, 15%, and Mean particle size diame- The average particle size diameter of Ecat is
20% . about 10 times larger than that of EPcat while
ter and specific surface . s .

consequently its specific surface is about three
times that of EPcat.
EPcat is more acidic than ECat, as it contains
more sulfur.
Crystal structure of cata- Both catalysts have similar crystal structure,
lysts and substituted mor-close to that of Faujasite zeolite. Crystal compo-
tars sition of every hardened mortar is also similar.
TCLP analysis confirmed that the amount of
heavy metals leached from both Ecat and EPcat
is low and meets the regulatory standards in

area

pH value

Toxicity analysis of cata-
lyst and hardened mor-

tars .
Taiwan.

Water ab tivity of cat-
Arer absoTPHVILY 9T 4% gpcat has higher water absorptivity than Ecat.

alysts
The hydration heat of mortars incorporating
. 10% and 15% of catalysts is close to the unsub-
Hydration heat .

stituted one, as these waste catalysts are exo-

thermic.
As a cement Blended cements reveal similar LOI value and
substitute of 6%, . . .. chloride content, in comparison to the plain one.
10%, 15%, and Chemical characteristics SO:s content decreases with the increase in ce-

., of blended cements , ) .

20%; as a partial ment replacement level, in contrast to increasing
sand replace- IR value. [23]
ment (0-30%) in Ca? and OH- ions content in the solution de-
ultra-high-per- Pozzolanicity of blended creases with the increase in FC3R content in the
formance con- cements cement (Fratini method). Vital pozzolanicity is
crete noticed when FC3R content is 15% and higher.

High specific surface of ECat
Asasand re-  Specific surface and water (157,070 m?/kg) provides its significant water ab-
placement (0—  absorption of ECat sorption, i.e., 30% by mass after 24 h, according
30%) in ultra- to EN 1097-6.
high-perfor- According to the Modified Chapelle test [12]
mance concrete Direct pozzolanic activity method, 1540 mg of Ca(OH):2 is consumed by 1 g
As a cement re- of ECat, revealing its high pozzolanic activity.
placement (15%) ECat mainly consists of Al2Os and SiOz, which

Chemical composition

in cement pastes
P and density of ECat

accounts for 54.45% and 40.30% by mass, respec-

tively, while its density equals to by 2660 kg/m?.

. . . .. Inorder to increase reactivity, FCC was ground

Mean particle size distri- . . . .
for 20 min to achieve a mean particle size of

19.73 um (laser granulometry).

FCC catalyst mainly consists of Al20s (49.25%)

and SiO:2 (47.76%) determined by the XRF

method. LOI and IR were found to be 0.51 and [39]

0.00, respectively.

Fixed lime percentages in All pastes content revealed positive fixed lime

cement paste cured in ~ percentages for all curing times and all curing

As a cement re- bution of FCC
placement in the

range of 15% in Chemical composition,
cement pastes  LOI, and IR values of
Asa30%ce-  FCC

ment substitute
in cement mor-

tars temperatures of 5, 10, 15 temperatures, so that the pozzolanic reaction oc-
and 20 °C curs at low temp.

Asa30%ce-  Chemical composition of FC3R mostly consists of S5iO:2 (48.2%) and Al:Os [25]

ment substitute FC3R (46.0%)
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ing catalyst  in cement mor- Specific gravity (density) Spe.c1ﬁ.c gravity of 1.3C3R is found to be 2.45,
(FC3R) tars ; while its bulk density accounts for only 0.863.
and bulk density of FC3R _, . . . .
As a cement This reveals the high porosity of particles.
substitute (30%) SEM analysis indicated the very porous appear-
in cement mor- Structure of FC3R and its ance of FC3R particles. Their specific surface
tars and pastes specific surface area area equals to be extremely high (about 83,000
(15%) m?/kg).
. As FC3R is an aluminosilicate material with an
Water requirement to . i
. extremely high specific surface, the demand for
produce cement mixtures . . . .
. water might be higher. Consideringly, a plasti-
with FC3R . . .
cizing admixture is recommended.
o . No flow decrease was observed, indicated that
FC3R grinding in relation . . I
o the effect of grinding FC3R (increasing fineness)
to workability of freshly o ) ) .
. on workability might be considered as negligi-
mix mortars
ble.
FC3R grinding in relation Grinding time (until 20 min) increases CS value
to CS of hardened mor- . . .
tars of mortars with FC3R incorporation.
As a cement The impact of grinding At the 28th curing day, Al increased with longer
. time on the Al value of e . .
substitute (30%) . grinding time, as it enhanced the reactivity of
. mortars containing FCC
. in cement mor- the FCC catalyst.
Waste fluid tars and pastes catalyst
catalytic crack- (15%) p Secondary hydration products (CSH, CSAH, [19]
ing catalyst ’ . and CAH) were identified in hardened FCC- ce-
As a cement Secondary hydration .
(FCC) e . ment pastes by the TGA method. Simultane-
(3%, 6%, and products quantification
o . ously, Ca(OH):2 content was found to decrease.
12%) substitute . . .
. Both might be attributed to the pozzolanic reac-
In mortars .
tion occurrence.
As a cement Chemical composition of The FCC catalyst comprises mainly SiOz and
(3%, 6%, and oxides of FCC Al20Os and residual amounts of other species.
v Specific surface area and Its specific surface area was found to be
12%) substitute i . . . .
. specific gravity of the 118 m?/g, investigated using the BET method,
. In mortars _— g .
Spent fluid As a cement re- FCC catalyst while its specific gravity accounts for 2.17 g/cm?®.
cracking cata- Direct pozzolanicity was confirmed using elec- [27]
placement (10— . . . ..
lyst (FCC) 30%) in self- trical conductivity variation. The conductivity
COII: acting con Pozzolanic activity of the decrease was found to be 2.21 mS/cm after 2 min
P . & ) FCC catalyst (more than 1.20 mS/cm), which is attributed to
cretes with lime- )
the decrease in Ca(OH): caused by the presence
stone powder . .
of FCC (pozzolanic reaction occurred).
XREF analysis revealed that FCC mainly consists
As a partial ce- Chemical composition of Al20s and SiO2 (52.81% and
. ment replace- comp " 39.59%, respectively), while the LOI was found
Spent fluid LO], specific surface area,
cracking cata- ment (0, 10%, specific density, and to be [15]
& 20%, and 25%) p . ty., 1.48% by mass. Its specific surface area, deter-
lyst (FCC) . mean particle size of . . . .
in self-compact- mined by nitrogen adsorption—desorption iso-
. waste FCC catalyst o .
ing concretes therm, equals to be 150 m?/g. Specific density:
2.71 g/cm?® and mean particle size: 86.05 um.
As a partial Chemical composition XRF analysis revealed that FCC mainly consists
Spent fluid  sand substitute LOL specific sEr face a1:ea of Al20s and SiO2 (52.81% and 39.59%, respec-
cracking cata- (5%, 10%, and an d’s peci fic density of " tively), while the LOI was found to be [24]
lyst (FCC), 15%) in cement P Y 1.49% by mass. Its SSA, determined by nitrogen

waste FCC catalyst

mortars adsorption—desorption isotherm, equals to be
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150,000 m?/kg, and its specific density is 2.71
g/cmd.

ECat mainly consists of SiOz2 (51.69%) and Al2Os
(41.12%), while the LOI was found to be 3.31%.
The mean particle size diameter was measured

Chemical composition,
LOJ, and mean particle
size diameter of ECat

As a partial as 68.5 pum.
parhia Bulk density and specific The bulk density of ECat is 0.88 g/cm?, while its
sand substitute . - .
gravity specific gravity accounts for 2.48 g/cm3.
(5%, 10%, and o . L
o/r - Specific surface area and ECat reveals a very high specific surface area,
... 15%) in cement . , .
Spent equilib- pore volume i.e., 249 m%g, and its pore volume is 0.265 cm3/g.
; mortars . . .

rium catalyst As a partial sub Water absorption capac- The absorption capacity of ECat (from the oven [14]
(ECat) P ity of ECat dry to the SSD condition) is 31%.

stitute of cement
(0, 10%, 20%,
and 30%) in ce-
ment pastes

ECat meets the regulatory standards in Taiwan
Toxicity analysis of the = regarding the concentration of heavy metals
catalyst leached and, thus, might be classified as non-
hazardous.
Toxicity analysis of hard- The concentration of heavy metals leached from
ened mortars containing cement mortars containing ECat is lower than
ECat ECat.
Even though the PSD is identical in case of FCC
and pFCC, the specific surface area of pFCC is
higher than that of FCC (0.1525 m?/cm? and
0.1403 m?/cm?, respectively).
The exothermal effect at about 604 °C was ob-
Thermal analysis of FCC served only for FCC sample. This might be at-
and pFCC (DTA) tributed to elimination of oil pollutants from
pFCC through H20: treatment.
Thermal analysis of hard- The amounts of Ca(OH): in hardened pastes are
ened cement pastes sam- lower when FCC and pFCC are incorporated.
ple containing 10% of This is due to the lower cement content and poz-
FCC and pFCC zolanic reaction which occurs in the system.
Samples exhibit higher CS values. At every sub-
stitution level, pFCC samples revealed strength
enhancement compared with FCC. It indicates
the profitability of purification process.

Particle size distribution
(PSD) and specific surface
area of FCC and pFCC

Waste FCC  As a partial sub-
catalyst (FCC) stitute of cement
and purified (0, 10%, 20%,
waste catalyst and 30%) in ce-
(pFCC) ment pastes

[13]

The impact of purification
process on the compres-
sive strength of pastes

The role of materials science and chemistry is vital considering the recycling feasibil-
ity of various waste materials, such as ORWs, since their composition, contaminants, pro-
cessing, properties, and microstructure are highly variable [10], and thus, such materials
might provide different impacts on final cement products.

It should be stated that spent FCC catalysts are always mainly composed of Al:O3
and SiO2 in different proportions with slight addition of Fe20s. This finding reveals their
pozzolanic activity in the cement system, even though that the proportions between those
two oxides (alumina and silica) vary between 97/3 in the case of the alumina catalyst and
44/56 in the case of the silica catalyst. Hence, it is obvious that understanding the complete
physical and chemical properties of ORWs, carried out by means of chemical methods,
gives grounds to predict their impact on the final cement product [10].

It should be stated that spent FCC catalysts are mainly composed of Al2Os and SiO:
in the more or less equal mass ratio with slight addition of Fe20s [39]. In contrast, the
proportion between alumina and silica oxides varies between 97/3 and 44/56 in the case
of alumina catalyst. Hence, it is obvious that understanding the complete physical and
chemical properties of ORWs, carried out by means of chemical methods, gives grounds
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to predict their impact on the final cement product [10]. In general, the higher the Al2Os
and SiO:2 content in ORWs, the better the pozzolanic properties they exhibit [12,27,39], also
probably due to the fact that the increasing content of those oxides means a lower LOI
value. Nonetheless, the correlation of the chemical composition of ORWs with the impact
on concrete is challenging due to the variabilities in concrete composition, substitution
levels of cement, applied admixtures, and concrete components. However, it is notewor-
thy that pozzolanicity is affected not only by the chemical composition but also by the
mineralogical form of silica and alumina oxides (a high amorphous content is highly pre-
ferred) and the specific surface area, an increase in which leads to superior pozzolanic
activity but also enhances the water demand of ORWs (due to a higher surface area avail-
able both for chemical reaction and absorption of water). The knowledge on chemistry of
ORWs might allow us to tailor and develop them for various applications from a technical,
economic, and also environmental point of view. What is more, as it has been presented
in Table 3, certain chemical methods, such as the purification of ORWs, enable the efficient
elimination of undesired organic contaminants, which are the main factors retarding the
cement hydration process [23]. As such, the pozzolanic activity and general performance
of ORWs might be improved, resulting in higher quality of cementitious composites pre-
pared from them. Therefore, the chemical purification of ORWs might be found as an in-
teresting research direction for the future. Additionally, the efficiency of heavy metal
binding within the matrix of the composite might be evaluated using toxicity tests, such
as TCLP, carried out on both ORWs and ORW-included composites ([21]; [14]. Overall,
the obtained results in Table 3 give highly valuable information regarding environmental
and health risk assessment of such applicability of petroleum wastes, which might be cru-
cial in terms of their implementation feasibility.

4. Research Gaps

Table 4 presents the number of studies in which the given properties of spent cata-
lysts and cement composites were tested. The focus was put on this material as it appeared
most frequently in the analyzed articles. For this purpose, a formula was used that
searches the words “spent catalyst” in the title, keywords, or abstract and “cement/fine
aggregate AND properties tested” in the article.

Table 4. The number of publications with tested properties (data on 8 December 2025).

Physical, Rheological, and Mechanical Properties of

Physicochemical Properties of ORWs and Cementitious

Cementitious Composites Composites
The Number of Publications
. : . The Number of
Properties Tested Cement Sub- Fine Aggregate Properties Tested . ..
e R Publications
stitution Substitution
Consistence 169 116 Chemical composition 114
Flowability 174 157 Mean particle size diameter 86
Viscosity 45 44 Bulk density 108
Passing ability 16 15 Specific gravity 42
Bleeding 7 3 Pozzolanic activity 51
The setting time 61 34 Specific surface area 231
‘:‘;“’gemus shrink-, o 7 Water absorptivity 158
Volume change 182 147 LOI value 38
Workability 30 19 Chemical characteristics of loss on ignition 37
Compressive 89 52 Chemical characteristics of insoluble residue 48
strength
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Flexural strength 24

Tensile strength 21
Porosity 105
Water absorption 115
Dynamic modulus

of elastic

Carbonation 26
Chloride migration 17
Resistivity 32
Permeability 28
Water absorption 115
Hardness 17
Abrasion 18

Chemical characteristics of sulfur trioxide

10

content
19 Chemical characteristics of chloride content 78
95 Secondary hydration products quantification 13
95 Calcium hydroxide quantification 20
2 Thermal analysis 256
16 pH value of the fresh mix 56
10 Toxicity test of ORWs 0
33 Toxicity test of hardened composite 8
17 Microstructure of hardened composite 16
95 Pore volume of ORWs 0
13 Purification of ORWs 0
14

Accordingly, the focus of analyzed articles was mainly placed on consistency, flow-
ability, viscosity, and the setting time in the testing of the fresh mixes. On the other hand,
from the properties of hardened concrete, the most frequently evaluated were compres-
sive and flexural strength. In addition to tests carried out on concrete, there are also stud-
ies in the literature aimed at evaluating the suitability of the catalyst to be used as a sub-
stitute kaolin in ceramic materials, e.g., in tiles or frits [43].

Although the interest in utilizing ORWs in the construction sector is growing, they
have not yet been thoroughly researched. The work focused mainly on the study of con-
sistency, flowability, volume change, and compressive strength. The influence on dy-
namic modulus of elastic, autogenic shrinkage, hardness, and tensile strength was studied
the least frequently. In addition, substitution of cement was studied much more fre-
quently than in the case of aggregate, which leaves a lot of room for future research. Avail-
able studies on durability are limited, particularly with regard to resistance to sulfates,
freeze-thaw cycles, and abrasion. These issues remain poorly understood and represent a
significant research gap. Further research on the long-term durability of these materials is
necessary.

Moreover, according to the literature, ORWs were mostly investigated in the original
form, i.e., straight from the process or only after grinding, less often after various chemical
activation and purification operations, mentioning that usually few analytical methods
were used to evaluate their efficiency. Hence, in this case, the complete waste properties
before and after the purification processes were not compared with each other and with
the impact on concrete, with special emphasis on its toxicity. Such research gaps are worth
filling as the purification of ORWSs might increase their value as a resource for cement
production (the elimination of organic deposits might reduce the loss on ignition value of
ORWs and hence increase the silica and alumina content per gram of ORWs). Despite this,
the purification might allow for reducing the risk associated with the toxicity of cement
composites to a minimum. However, this direction was not investigated in the literature.
The general ideas for the purification of several types of ORWs, presenting the perspective
on future research, are shown in Figure 7.
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Figure 7. General ideas for the purification of ORWs presenting the perspective on future research.

Accordingly, numerous research gaps are provided in this area, and thus, there is
still huge room for exploration in the future. The most essential research gaps are outlined

in Figure 8.
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of cement composites (a) and in the case of research on physicochemical properties (b).

5. Environmental and Economic Impact of REUSING of ORWs in
Cementitious Composites

Currently, the situation in the global raw materials market is unstable, providing sig-
nificant problems for companies due to their deficiency, inaccessibility, and rising costs.
Simultaneously, as a consequence of daily and industrial activities, enormous quantities
of waste materials are generated worldwide, which in many cases might be problematic
and harmful [3]. To overcome these challenges, converting wastes or by-products into
sustainable resource materials is found to be inevitably course of action. Without any
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doubt, the following procedure is found to be in accordance with the latest trends and
strategies, such as Cleaner Production, Sustainable Development, Green Chemistry,
thereby providing a key opportunity to implement a circular economy. At present, this
might be achievable by tackling waste management through the 5 Rs—reduction, recov-
ery, recycling, reuse, and research [14]. Following this path, the recycling of ORWs in the
construction sector might ensure numerous benefits for both industries and, ultimately,
for our planet and health, which are generally listed in Figure 9.

Environmental safety is a key criterion for assessing the feasibility of using oil refin-
ery waste in cement composites. Refinery waste, particularly spent FCC catalysts, may
contain heavy metals, sulphur compounds, hydrocarbon residues, and coke deposits.
Since their composition depends heavily on the quality of the crude oil, the degree of cat-
alyst wear, and the refinery’s operating conditions, each waste stream requires individual
characterization before being subjected to a disposal process [44]. The incorporation of
spent FCC catalysts into cementitious materials effectively reduces the mobility of con-
taminants by physically trapping them within the structure of the material and chemically
stabilizing them within the cement hydration products. Environmental risk assessments
based on TCLP tests have shown that the concentrations of heavy metals released from
cement products containing spent FCC catalysts generally do not exceed permissible lim-
its [45]. However, recent studies indicate that refinery waste should not be assessed solely
on the basis of short-term leaching tests. Residues of heavy metals and process chemicals
may continue to pose a threat to the environment under conditions of long-term exposure
to atmospheric factors, carbonation, erosion, or following the demolition of a structure,
which underscores the need to consider material durability in environmental assessments
covering the entire life cycle of cement-based composites [46].

Reduction of global

Producting construction CO2 emision
materials tailored for Protection of
various applications non-renewable
resources
e i =4
recycling in
cementitious
) composites
Solving the problem of Economical
benefits

waste management

Circular economy implementation

Figure 9. Benefits of ORW recycling in cementitious composites.

Accordingly, from the point of view of the petroleum industry, ORW disposal costs,
and most notably, their environmental impact described in earlier sections, might be sig-
nificantly reduced. Moreover, it is obvious that adding value to waste materials must also
be a profitable business. From the point of view of the construction industry, the recycling
of ORWs as partial cement or aggregate replacements will clearly reduce the manufactur-
ing costs and the need for processing virgin resources in this sector, as well as the carbon
footprint of final products. Moreover, such innovative products might also ensure better
acceptance by end-users and customers in the global market (designers, engineers, con-
structors, and authorities).
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The potential for cost and CO2 emission savings is presented in Tables 5 and 6, re-
spectively. The prices of resource materials, i.e., water, CEM 142.5R Portland cement, and
aggregates (0/2 mm, 2/8 mm, and 8/16 mm, respectively), necessary for manufacturing 1
m? of concrete mix, were assumed based on generally available data. The emissions asso-
ciated with concrete components assumed for the calculation are as follows: 0.9 kg
COz/ton of water, 5.4 kg COz/ton of aggregates [47], and 712 kg CO2/ton of cement [48]. A
spent catalyst, as an example of ORWSs, was assumed to be free of price and CO: emissions.
The spent catalyst was treated as industrial waste that were already completed its primary
life cycle in the refining process. Consequently, no environmental impacts associated with
its production were attributed to it. Assuming a zero economic value for the catalyst
should be considered a conservative assumption, since in practice refineries incur costs
associated with its management or disposal [49]. Both economic and environmental cal-
culations were performed for 1 m? of concrete, in which cement was substituted with spent
analyst at replacement levels of 10% and 20% by mass and the results were compared with
those of the reference concrete. It should be noted that transportation costs and emissions,
as well as CO2 emissions from the manufacture of the concrete mix, were not included.

Table 5. Economic benefits of utilizing ORWs (the Euro rate on 24 June 2026).

Cement Substitution Fine Aggregate Substitu-

Control Mix tion
Ingredients 10% 20% 10% 20%
Amountin m3 Unit Price  Price in m?3 of
of Concrete [kg] [€/tonne] Concrete [€/m’] Cost [€/m3 Concrete] Cost [€/m3 Concrete]
Water 175 1.16 0.20 0.20 0.20 0.20 0.20
Portland cement 310 209.3 64.90 58.40 51.9 64.90 64.90
Spent catalyst 0 0 0 0 0 0 0
Aggregate 0/2 715 18.6 13.30 13.30 13.30 13.30 13.30
Aggregate 2/8 445 18.6 8.28 8.28 8.28 8.28 8.28
Aggregate 8/16 717 20.9 15.01 15.01 15.01 12.00 10.60
z 101.68 95.19 88.70 100.35 99.02
Difference 6.49 12.98 1.33 2.66
Table 6. CO2 emissions of concrete mixes.
) Cement Substitution Fine Aggre{;ate Substitu-
Control Mix tion
. 10% 20% 10% 20%
Ingredients CO:2 Emis- CO: Emission in
Amount in m3 ) CO:2 Emission in m3 of  CO2 Emission in m?3 of
of Concrete [kg] ston m’ of Concrete Concrete [kg CO2/m3] Concrete [kg CO2/m3]
[kg/tonne] [kg CO2/m3]
Water 175 0.90 0.16 0.16 0.16 0.16 0.16
Portland cement 310 712 220.72 198.65 176.58 220.72 220.72
Spent catalyst 0 0 0 0 0 0 0
Aggregate 0/2 715 5.4 3.86 3.86 3.86 3.47 3.09
Aggregate 2/8 445 5.4 2.40 2.40 2.40 2.40 2.40
Aggregate 8/16 717 5.4 3.87 3.87 3.87 3.87 3.87
z 231.01 208.94 186.87 230.63 230.24
Difference 22.07 44.14 0.38 0.77
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The difference in costs and CO2 emissions for the preparation of 1 m? of concrete with
the given substitution levels of cement and aggregate are graphically illustrated in Figure
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Figure 10. (a) Differences in the cost of the 1 m?® concrete mix (the Euro rate on 24 June 2026); (b)

differences in the CO2 emissions of the 1 m3 concrete mix.

Considering the above, as spent catalyst is a waste material which is considered to be
free of cost and CO2 emissions, while cement is the most expensive and COz-emitting com-
ponent of a concrete, the greatest benefits in terms of cost savings and CO2 emission re-
ductions were obtained with its substitution. Overall, replacing 10% and 20% of cement
offers resulted in the cost reductions of 6.49 and 12.98 €, respectively, as well as COzemis-
sion reductions of 22.07 and 44.14 kg per 1 m?® of concrete, respectively. In the case of fine
aggregate replacement, the corresponding values are 1.33 and 2.66 €, as well as 0.38 and
0.77 kg of CO2 per 1 m? of concrete, respectively.

6. Conclusions

Overall, the research interest regarding ORW recycling in cementitious composites
has increased in recent years. On the basis of the conducted research review, the main
conclusions and research directions might be drawn as follows:

e Various ORWSs appear to possess huge potential to be recycled as sustainable re-
sources in the construction sector, providing valuable environmental and economic
benefits in both the construction and petrochemical sectors.

e Waste FCC catalysts derived from miscellaneous oil refinery plants revealed high
pozzolanic activity, contributing to compressive strength enhancement of cementi-
tious composites. Despite this, more extensive investigations carried out on resulting
composites are recommended to clarify the complete impact of ORWs on their vari-
ous properties, listed in the research gaps section.

e Apart from partial cement substitution, ORWs might also allow the replacement of a
certain proportion of fine aggregate (sand) in mortar and concrete formulations. For
this purpose, more research should be conducted. Nonetheless, such an application
reveals less potential for both cost savings and CO2 emission reductions.

e  Considering the recycling feasibility of ORWs, the first step should be focused on
investigating their complete properties. Such knowledge is invaluable, in terms of
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understanding their impact on both freshly mix and hardened concrete. For this pur-
pose, considering the variable characteristics of ORWs, an individual approach and
more comprehensive analytical methods are recommended to be applied.

e ORW recycling in cementitious composites gives grounds to address the issue of en-
vironmental pollution with oil originated impurities, i.e., heavy metals, as they might
be bound in the matrix of hardened composites. Moreover, chemical purification and
activation of ORWs is found to be especially interesting as it might allow the valori-
zation of ORWs, thereby contributing to the enhancement of their potential poz-
zolanic reactivity and mechanical properties of concrete as well as minimizing the
risk of toxicity through the elimination of organic contaminants from their particles.

e  An interdisciplinary approach and collaboration between researchers from various
disciplines are highly preferable for the industrial implementation of ORWs in the
construction sector.

Generally, four main research directions have been clarified, which are vital to be
extended in the future. The topics present the perspectives for the future research activi-
ties that are planned to be conducted by the authors of the following paper:

e There is still huge room for exploration regarding the recycling of ORWs as both a
cement substitute and a fine aggregate (sand) substitute in various types of cementi-
tious composites, i.e., concretes and mortars, prepared with different formulations
and conditions.

e Moreover, broadly understood chemical methods seem to be an interesting research
trend, as they enable the purification of ORWs, thereby giving them additional value.
Various analytical methods allow for the understanding of both the complete prop-
erties of ORWs and the performance of ORW-blended composites, which might be
crucial in terms of their implementation possibility.

e  Special effort should be made to determine the correlations between the perfor-
mances of valorized and non-valorized ORWs using different methods, such as
chemical oxidation and calcination, and the impact they provided to concrete espe-
cially in the case of the toxicity values, which is not known according to the literature.

e  Artificial intelligence (Al) and machine learning (ML) offer compelling tools for op-
timizing the use of refinery waste in cement composites. By establishing predictive
relationships between material properties, mix parameters, and composite perfor-
mance, ML models can support mix optimization and reduce the need for extensive
experimental testing. Similar approaches have recently been successfully applied in
the field of construction materials [50,51].
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