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Preface

The green approach is no longer (and can no longer be) a goal of the future, but it is a

concrete and practical necessity of the present. Recently, we have finally seen an acceleration in the

development and application of green materials and manufacturing processes, and the importance of

environmentally responsible materials or sustainable manufacturing processes has never been higher.

This Special Issue aims to line up some recently developed green materials and remarkable progress

and developments in manufacturing processes to take stock of new trends.

Stefano Guarino and Flaviana Tagliaferri

Editors
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Article

Environmental and Economic Assessment of Repairable
Carbon-Fiber-Reinforced Polymers in Circular
Economy Perspective
Elisabetta Abbate * , Maryam Mirpourian , Carlo Brondi , Andrea Ballarino and Giacomo Copani

STIIMA-CNR—Institute of Intelligent Industrial Technologies and Systems for Advanced Manufacturing,
National Research Council, Via Alfonso Corti 12, 20133 Milan, Italy; maryam.mirpourian@stiima.cnr.it (M.M.);
carlo.brondi@stiima.cnr.it (C.B.); andrea.ballarino@stiima.cnr.it (A.B.); giacomo.copani@stiima.cnr.it (G.C.)
* Correspondence: elisabetta.abbate@stiima.cnr.it

Abstract: The explosive growth of the global market for Carbon-Fiber-Reinforced Polymers (CFRP)
and the lack of a closing loop strategy of composite waste have raised environmental concerns.
Circular economy studies, including Life Cycle Assessment (LCA) and Life Cycle Costing (LCC),
have investigated composite recycling and new bio-based materials to substitute both carbon fibers
and matrices. However, few studies have addressed composite repair. Studies focused on bio-based
composites coupled with recycling and repairing are also lacking. Within this framework, the paper
aims at presenting opportunities and challenges of the new thermosetting composite developed at the
laboratory including the criteria of repairing, recycling, and use of bio-based materials in industrial
applications through an ex ante LCA coupled with LCC. Implementing the three criteria mentioned
above would reduce the environmental impact from 50% to 86% compared to the baseline scenario
with the highest benefits obtained by implementing the only repairing. LCC results indicate that
manufacturing and repairing parts built from bio-based CFRP is economically sustainable. However,
recycling can only be economically sustainable under a specific condition. Managerial strategies
are proposed to mitigate the uncertainties of the recycling business. The findings of this study can
provide valuable guidance on supporting decisions for companies making strategic plans.

Keywords: carbon fiber; composites; automotive; ex ante LCA; economic assessment; LCC; recycling;
repair; circular economy; sustainable manufacturing

1. Introduction
1.1. General Framework

Thermosetting Carbon-Fiber-Reinforced Polymers (CFRPs) are engineered composites
made out of carbon fibers (CFs) as the reinforcement and epoxy resin as the polymer
matrix [1], which acts as load transfer elements across fibers [2]. Among different types of
resin (epoxy, phenolic, polyester, urethane and vinyl ester) [2], epoxy is the chosen resin
when mechanical and resistance performance is required [3]. Indeed, CFRP composites are
characterized by outstanding mechanical properties such as high stiffness, long life span,
non-corrosive and high fatigue resistance [1,2,4]. Lightweight is an additional property of
CFRP that can reduce, for instance, the overall weight of a vehicle up to 10% compared to
steel and aluminum [5] with a reduction in fuel consumption or an increase in batteries
duration for electric vehicles [6], resulting in a lower environmental impact during the
use phase [7]. Indeed, CFRP composites are increasingly replacing other materials such as
steel [8] and aluminum [9] in a wide range of sectors such as sports equipment, wind energy,
aircraft, construction and automotive [4,10,11]. In recent decades, the global demand for
CF increased from 16 kt to 72 kt [12], reaching 100 kt in 2019 [6]. Furthermore, the global
demand for CF and CFRP is projected to reach, respectively, 117 kt and 194 kt in 2022, which
portrays an annual compound growth rate, respectively, of 11.50% and 11.98% [13,14].
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Although the undeniable potentialities of CFRPs, environmental and economic con-
cerns on the spreading of CFRPs have been raised by many studies, including Life Cycle
Assessment (LCA) and Life Cycle Costing (LCC) studies. LCA and LCC are the main
adopted tools, respectively, for the environmental and cost burdens assessment in the entire
life cycle of a product or a service [15,16]. Both tools allow not only the calculation of the
environmental and cost impacts but also the identification of the life cycle stages with the
most relevant impact and the potential drivers to reduce the impact [17]. Based on those
studies, current challenges on CFRP composites are mainly associated with its waste pro-
duction and management [8,18]. Firstly, albeit mechanical, thermal and chemical recycling
are potential technologies for CF recovery [10] currently in the market [19], landfill and
incineration are still the main routes of CFRP waste management. However, they are both in
contrast with the Circular Economy concept [14,20,21]. Secondly, recycling of thermosetting
CFRP is difficult because of its intrinsic properties, which do not allow it to be remolded
and reshaped once it is cured [3,4]. Moreover, even when CFs are recovered, the recycled
CFs could have a lower quality than virgin CFs [22]. Thirdly, 40% of CFRP scraps are gener-
ated during the manufacturing of the product [14]. Finally, several types of damages may
occur both during product manufacturing, for instance, porosity or undesired bodies in the
matrix, and during the use phase, for instance, delamination, matrix crack and fiber–matrix
debonding [23]. However, in the case of a damaged CFRP product, repairing techniques
are limited. Hence, its entire substitution is the most widespread approach, resulting in
a further increase in costs and resources [24]. Weak CFRP waste management combined
with the surging demand for CFRP has been leading to a tremendous amount of waste. It
is estimated that the global CFRP waste will reach 20 kt per year by 2025. Furthermore,
taking into consideration that the monetary value of CF is around 26.5 euro/kg [25], from
an economic and environmental perspective, a considerable amount of composite waste
accumulated every year results in a loss of valuable and energy intensive materials [12,14].

Among possible options for reducing the environmental and cost impact of CFRP
composites, repairing, recycling and using alternative bio-based materials have been identi-
fied on legislative, industrial and research levels. Firstly, at the legislative level, Council
Directive on End-of-Life (EoL) Vehicles defined the target on vehicles to reuse and recycle
up to 85% by 2015, which is currently under review by the European commission [26]. At
the industrial level, repairing technologies could extend the product lifetime, minimizing
resource depletion [27] and costs [28]. If repair is not possible, a potential reduction in the
environmental impact still occurs through used CF recovery [14]. Finally, at the research
level, extensive R&D activities have been conducted in the material field to develop a new
type of composite that can be recovered and reused [29] or to substitute CFs and traditional
matrices with bio-based materials [7,30].

Within this framework, the environmental and economic assessment of composites in
a circular economy perspective is urgent for the growth of CFRP, guiding potential future
development and strategies to minimize its environmental burden. However, studies
that focus simultaneously on the implementation of recycling, repairing and the use of
bio-based materials are still missing. Section 1.2 provides details about the goal of the study.
Sections 1.3 and 1.4 provide the current status, issues and challenges, respectively, of LCAs
and LCCs for the implementation of the above-mentioned actions on CFRP composites.

1.2. Goal of the Study

The goal of this paper is to perform an ex ante LCA coupled with LCC of new types of
composites developed in a laboratory by Politecnico di Milano that can be repaired and
recycled. In particular, this paper aims to:

1. Highlight the importance of simultaneously evaluating repairing, recycling and using
bio-based materials in CFRP sectors from a Circular Economy perspective to define
the main drivers both on the environment and the economy;

2. Couple LCA with LCC to obtain a broad assessment of the composites;
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3. Emphasize the importance of providing a preliminary environmental and economical
assessment of emerging technologies;

4. Outline the importance of needed efforts on repairing composite products to reduce
their environmental impact, resource depletion and cost.

Section 2 describes the methodology adopted to perform both the LCA and LCC,
including the scenarios developed, the data used and the assumptions made. Section 3
shows the results obtained regarding the environmental and economic aspects with a
discussion of the main outcomes and limitations.

1.3. Life Cycle Assessment on Composites

Nowadays, the LCA tool is adopted by companies in order to estimate the current
environmental footprint among several environmental categories and as a decision support
tool to reduce their environmental impact [31]. As a matter of fact, the International
Organization of Standardization (ISO) developed standards on LCA in order to consolidate
the methodology [32] and provide guidelines to LCA practitioners and companies willing
to apply this technique [33]. The tool estimates the current environmental impact of a
product through its entire life cycle, from the raw material extraction to its End-of-Life
(EoL), analyzing the entire supply chain. Moreover, it provides possible indications on
reducing the environmental impact and a range of results according to the developed
scenarios. LCA is divided into four iterative steps, which are Goal and scope definition, Life
Cycle Inventory (LCI), Life Cycle Impact Assessment (LCIA) and Interpretation [33]. Regarding
the LCI step, primary data are directly provided by companies; secondary data are available
from datasets and literature [34].

Although the LCA tool is mainly applied to existing technologies [31,35,36], a prelimi-
nary environmental assessment of emerging technology further enhances the knowledge
of this technology from an environmental point of view [37], improving its design and
further developing the product on an industrial scale [38]. As a consequence, this could
attempt at obtaining a product in the market with as little environmental impact as pos-
sible [35]. This is the case of the ex ante LCA. It simulates the environmental impact of
an emerging technology on an industrial level, for instance, a technology developed at
laboratory, in order to (1) estimate its environmental impact among possible scenarios in
case it will be developed on an industrial scale [31,39] and (2) compare it with existing
technologies that provide the same or similar service [40]. Difficulties and challenges
have emerged in developing an ex ante LCA mainly regarding the data collection [41] and
scenario selection due to the absence of data, differences between industrial and laboratory
scale and uncertainties on future scenarios of development [42] and large-scale technology
diffusion on the market [43]. Indeed, the ex ante methodology is applied in order to solve
the following two main issues related to primary data from a laboratory: (1) scale-up from
consumption to industrial scale [42,44] and (2) unavailable primary data [42,45]. On one
hand, technologies used as well as consumption of energy and materials on a laboratory
scale are different from the ones at the industrial level. As a matter of fact, the consumption
of raw materials and energy can be much higher on a laboratory scale than the one on
the industrial scale [42,46]. On the other hand, data on energy and auxiliary materials
consumption are usually not available at the laboratory scale [42], and hence, calculations
are needed in order to compute the LCI. Efforts on establishing a methodology through
which an ex ante LCA can be performed has been made by different authors [40]. Cucurachi
et al. [31] identified five types of ex ante LCAs in order to uniform the present literature on
this topic, provided a definition of ’emerging technology’ and outlined the main challenges
of performing ex ante LCAs. Moni et al. [42] focused on the challenges to perform LCA of
emerging technologies, identifying possible pathways and recommendations in order to
overcome those limits. Piccino et al. [46] provided an operational methodology of an ex
ante LCA through which data on a laboratory scale can be transformed to industrial-scale
data. However, few LCAs directly applied ex ante methodology in real case studies.
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Concerning the application of LCA to composites, many studies can be found in the
literature. LCAs on glass fiber polymers [47,48] and carbon fiber polymers [49–51] as well
as thermoplastic [52,53] and thermosetting composites [5,52] among different applications,
for instance, automotive [8,49,54], aviation [7,55] and construction [48,56,57] sectors. More
recent comparative LCAs on CFRP waste management included mechanical, chemical and
thermal recycling as alternatives to landfills and incineration [58]. Meng et al. [12] analyzed
recycling technologies of CF, concluding that all recycling routes could achieve environ-
mental benefits in terms of Global Warming Potential (GWP) and Primary Energy Demand.

As concerns composite repair, the use of composite patches is one the most suitable
methods to repair damages to composite products [59]. In particular, Mohammadi et al. [59]
discussed the mechanical and structural advantages of the use of composite patches. How-
ever, LCA studies on this topic are still missing. Tapper et al. [60] mentioned maintenance
and repair of vehicles which were, however, excluded in the study. Raugei et al. [49] ana-
lyzed a thermoplastic composite outlining its properties that enable repairing and recycling.
The LCA also analyzed the maintenance stage of a vehicle, which included a percentage
of substitution due to damages in its entire lifetime. However, the repairing was not
included in the LCA analysis. As concerns the ecodesign efforts for material circularity,
efforts have been made both on substituting the CF and traditional matrices with bio-based
materials. Hermansson et al. [30] outlined the environmental benefit of using lignin as
feedstock to produce CF, collecting several LCA studies compared to the traditional CF.
Cotton, flax, hemp, jute and bamboo are some of the bio-based fibers that can substitute
the traditional PAN used as a precursor to the CF [7,48]. Moreover, Mischantus fiber was
analyzed by Roy et al. [61] as potential promising feedstock in substitution of the traditional
CF. However, incineration with energy recovery of this type of material was mentioned as
a good alternative to chemical and mechanical recycling, which are instead less feasible
and efficient [7]. As concerns bio-based resin, the use of wood pulp or biofuels could con-
tribute to reducing the environmental impacts of composites [7]. At present, LCA studies
on composites that simultaneously focused on repairing, recycling and using bio-based
materials are missing. Furthermore, ex ante LCAs that preliminarily evaluate the potential
of new composites are lacking. Within this framework, this LCA attempts to provide (i)
preliminary potentialities of the new composites for further development on an industrial
scale and (ii) an environmental assessment of the implementation of recycling, repairing
and using bio-based materials from a circular economy perspective. The preliminary litera-
ture review on composites performed in this study is reported in Table S1 of Section S1 of
the Supplementary Materials.

1.4. Economic Sustainability of Composites EoL

The economic assessment of a new project or a technology under different system
configurations is of paramount importance to attain competitive edge since it helps busi-
ness management to compare the profitability of the new business under a wide range of
scenarios. To increase the competitive advantage of a product, the Life cycle cost (LCC)
analysis is a proper tool that is used to compare the profitability of the new business under
a broad range of hypotheses [16,62,63]. The U.S. military first introduced the LCC concept
in the 1960s [64]. The idea was then used by different industries, such as energy, trans-
portation, healthcare, etc., to assess a project’s economic sustainability and helped investors
compare the cost-effectiveness of alternative business decisions [16]. LCC analysis starts
with the cost breakdown structure (CBS) and revenue breakdown structure (RBS) of a
product or a new project. This approach measures and calculates the costs and revenues
of the product at its different stages of life. Then costs and revenues are discounted using
the discount rate. The discount rate represents the rate of inflation at the time when the
financial model is performed [64]. From a higher-level standpoint, the LCC procedure
aggregates all the discounted cash flows incurred over a project’s entire life span. These
discounted cash flows can be used to identify the profitability of the new project based on
financial indicators such as net present value (NPV) and discounted payback period [65].
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Although economic assessment and LCC are widely applied in different sectors, a very
limited number of studies have investigated the economic sustainability of composites
EoL solutions in the literature. Many studies on composites have evaluated the economic
sustainability of products during the manufacturing and use phase. For example, Witik
et al. [58] investigated the financial sustainability of CF composite products using diverse
manufacturing processes (autoclave vs. out-of-autoclave). Delogu et al. [25] carried out a
comparative analysis to evaluate the economic performance of CFRP during the manufac-
turing process compared to the use phase. Strogonov [66] analyzed the cost reduction of
products made out of composites compared to steel products during the manufacturing
process. However, very few studies have focused on evaluating the economic performance
for the EoL of composite waste. In this regard, for example, Castella et al. [67] assessed
the economic sustainability of a composite product in the automotive industry during
different value chain stages: raw material fabrication, manufacturing, use phase and the
end of life. It was found that using hybrid composites instead of steel can lower the
lifecycle cost by 16%. La Rosa et al. [62] also focused on the economic performance of
carbon fiber (CF)-thermoset composite during manufacturing and solvolysis recycling. The
finding of this study proved that the chemical recycling is not economically sustainable.
However, research on this topic is still lacking. In a broader sense, it can be argued that
most studies on composite EoL were focused on the technical performance of recycling
technologies [1,4,10,68]. Among these studies concentrating on the closing loop techniques,
a few have briefly evaluated the economic impacts of recycling technologies. For example,
Karuppannan Gopalraj and Kärki [10] carried out an extensive literature review on the
technical aspects of the mechanical recycling, thermal recycling and chemical recycling and
briefly pointed out that thermal and chemical recycling can be economically sustainable
under certain conditions. Finally, it can be stated that although within the circular economy
paradigm, repair is defined as one of the most effective approaches to address waste [69]
and composite repair has been proven technically feasible [59], the economic assessment
on this topic is still missing. Therefore, this paper aims to address this knowledge gap
by evaluating the economic sustainability of EoL composites through repair and thermal
recycling (CO2 assisted pyrolysis).

2. Materials and Methods

This section describes the methods adopted to perform the LCA and LCC of a couple
paddle of shifters used in the automotive sector. In particular, Section 2.1 describes the
methodology adopted for the LCA, which includes the goal of the study, the functional
unit, the system boundaries, the scenarios developed, the data collection of the LCA study,
the characterization method used and impact categories. Finally, Section 2.2 focuses on the
collection of data used for the costing analysis.

2.1. Environmental Assessment
2.1.1. Goal and Scope Definition

This ex ante LCA is used as an exploratory methodology for the introduction of new
technologies on the industrial level. The scope of this LCA is to provide a comparative
analysis of CFRPs, and scenarios were built according to the following criteria:

1. Type of materials used for the production of the CFRP product;
2. Possibility of repairing the damaged part of the CFRP product;
3. Different End-of-Life (EoL) of the CFRP.

As concerns the first criteria, two types of composites were developed. Generally, the
composite is made of CFs, an epoxy resin [70] and a curing agent that define the properties
of the composite [71]. In this study, both composites were developed using the same type of
epoxy resin and two different types of dynamic curing agents. The first type of composite
was produced using a fossil-fuel-based dynamic curing agent (i.e., CFRP-ff); the second
type of composite was produced using a bio-based dynamic curing agent (i.e., CFRP-bio).
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As concerns the second criteria, this LCA compares two scenarios of each aforemen-
tioned composite in order to evaluate the potential environmental benefits of repair during
the use phase. On one hand, the impossibility of repairing the composite requires the
substitution of the product. This means that the waste management of the damaged CFRP
product and the production of the second CFRP product are considered. On the other hand,
the possibility of repairing implies that no additional CFRP product is required to be manu-
factured. In this case, only the repairing process was included. In this study, one damage
in the entire life of the car was assumed. The third criteria aimed at comparing different
EoLs. In accordance with other studies on composites [8,12,49,52], as the base scenario of
LCA, 50% of the CFRP waste was assumed to be sent to a landfill, and the remaining 50%
was assumed to be sent to incineration. Two additional scenarios, respectively, mechanical
and thermal recycling, were analyzed to further evaluate the environmental benefits of
both recycling compared to the current waste management procedure. Further details on
scenarios are reported in Section ‘Scenario Description’.

Based on the properties of the developed CFRP, it can be used in automotive and
aeronautic sectors. The functional unit (FU) is one couple of paddle shifters used in the
automotive sector. The system boundaries are shown in Figure 1. The chosen LCA database
is ecoinvent attributional, cut-off v3.6. Additional data used for the inventory were taken
from the literature. The chosen LCIA method is ReCiPe in accordance with other LCA
studies on composites [53,72–74].
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Figure 1. System boundaries of each scenario of the comparative LCA.

Scenario Description

Six scenarios, listed in Table 1, were defined according to the criteria described in
Section 2.1.1. Figure 1 describes the steps included in the study for each scenario. Groups
of scenario A and B represent the life cycle, respectively, of CFRP-ff and CFRP-bio. Scenario
A1 and B1 are representative of the most likely situation of a composite EoL: landfill and/or
incineration [19]. Moreover, in the case of damage during the use phase, the composite is
substituted with a new composite, which results in another production and manufacturing
process of the composite.

Scenario A2 and B2 include the repairing of the composite after the damage instead of
its substitution. At the end of the entire life of the car, the composite is sent to mechanical
recycling.
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Scenario A3 and B3 include the repairing of the composite after the damage instead
of its substitution. At the end of the entire life of the car, the composite is sent to thermal
recycling. Both thermal and mechanical recycling allow the recovery of epoxy resin and CF.

Table 1. Description of the scenarios of the comparative LCA.

Number of Scenario Name of Composite Composition Repairing End-of-Life

A1
CFRP-ff curing agent 1+epoxy resin+CF

No 50% Landfill + 50% Incineration
A2 Yes Mechanical recycling
A3 Yes Thermal recycling
B1

CFRP-bio curing agent 2+epoxy resin+CF
No 50% Landfill + 50% Incineration

B2 Yes Mechanical recycling
B3 Yes Thermal recycling

2.1.2. Life Cycle Inventory
Production of the Prepreg

The production of prepreg, which is the pre-impregrated CF with the epoxy resin, is
the most widespread manufacturing route at the industrial level [14]. Firstly, the epoxy
resin is mixed with a curing agent, and secondly, the CFs are pre-impregnated with the
cured epoxy resin in order to obtain the prepreg [55]. The production of CFRP-bio requires
a further transesterification catalyst to be added to the mixing and additional pretreatment
for the activation of the curing agent prior to the mixing of the epoxy resin with the curing
agent. Figure 2 summarizes the production processes of prepreg at the laboratory scale for
both composites.

Fossil fuel
based curing
agent

Epoxy
resin

CF

Prepreg

Heating/stirring

Mixing of curing
agent and epoxy
resin

Impregnation of CF

Epoxy resin

CF

Prepreg

Heating/stirring

Mixing of curing
agent, catalyst and 
epoxy resin

Impregnation of CF

Pretreatment of 
curing agent and 

catalyst

Bio-based
curing agent

Catalyst

Manufacturing of the 
product

Manufacturing of the 
product

Prepreg production: CFRP-ff

Prepreg production: CFRP-bio

Figure 2. Prepreg production process on a laboratory scale. CFRP-ff (i.e., group of scenario A)
includes two main steps: firstly, mixing the dynamic curing agent with the epoxy resin, and secondly,
the impregnation of the CF. CFRP-bio (i.e., group of scenario B) includes the same steps of scenario A
plus two additional pretreatment steps needed for the dynamic curing agent and catalyst. Colors
represent the different scenarios.

An ex ante evaluation was needed in order to estimate the energy and materials
consumption at the industrial level starting from the data at laboratory scale. Table 2
shows the main differences between the primary data provided from laboratory tests and
the primary data needed for the LCA modeling usually provided at the industrial scale.
The transformation of primary data from laboratory to industrial scale was performed
for the following prepreg production steps shown in Figure 2: Mixing of curing agent and
epoxy resin, mixing of curing agent, catalyst and epoxy resin and pretreatment of curing agent
and catalyst. The scale-up of those steps was conducted according to the methodology
introduced by Piccinno et al. [46]. In particular, for each process listed in the first column of
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Table 2, the equations provided by Piccinno et al. [46] were implemented, and assumptions
were introduced in order to obtain the inputs to the LCA model starting the primary data
provided from laboratory tests (i.e., second column of Table 2). The overall electricity
consumption of the first step of prepreg production at the industrial scale was estimated
with the equations shown in Table 3 taken from Piccinno et al. [46]. The ratio between the
epoxy resin and the curing agent was taken from De Luzuriaga et al. [3]. Adjustments were
made for CFRP-bio to include the catalyst in the prepreg composition.

Tables 4 and 5 summarize, respectively, the two steps of production, outlining the
main information on materials and energy consumption both for CFRP-ff and CFRP-
bio. The electricity consumption for the impregnation of the CF in Table 5 was taken from
Song et al. [54]. Background data such as epoxy resin, CF, the fossil-fuel-based curing agent,
the bio-based curing agent and the catalyst were taken from the literature and ecoinvent
database. The epoxy resin was modeled according to ecoinvent database market for epoxy
resin, liquid|epoxy resin, liquid|Cutoff, U-RER. CF production was modeled according to
literature data. Data from Khalil [55] were used to model CF production from PAN.
Data from Duflou et al. [8] were used to model Polyacrylonitrile (PAN) starting from
Acrylonitrile, which is modeled in the used database. The fossil-fuel-based curing agent
was modeled according to the ecoinvent database with an aromatic amine market for meta-
phenylene diamine|meta-phenylene diamine|Cutoff. The material was chosen in accordance
with studies on epoxy resins [75,76]. The bio-based curing agent derives from different
routes, e.g., from fructose, polysaccharides [77], starch, glucose [78] and lignin [79]. Lignin
biomass was used as reference production routes starting from tetrahydrofuran (THF), and
data from Kim et al. [79] were used. The catalyst was modeled according to the ecoinvent
database with the market for ammonium thiocyanate|ammonium thiocyanate|Cutoff process.

Table 2. Differences in primary data available between laboratory and industrial scales. For each
production process, specific data are needed as input to build the LCA model. On the laboratory
scale, data on production processes are, for instance, temperature, duration of the process, pH, etc.
However, those inputs are not directly usable in an LCA study. On the industrial level, the available
data are directly usable in an LCA, such as energy and auxiliary material consumption.

Production
Process Laboratory Scale (Unit = [g]) Industrial Scale (Unit = [kg or t])

Heating Temperature, Duration Energy and auxiliary material consumption
Stirring Temperature, Rotation velocity, Duration Energy and auxiliary material consumption
Grinding Duration, Dimension of particles Energy and auxiliary material consumption
Filtration Auxiliary materials, Duration energy and auxiliary material consumption

Table 3. Calculation methodology adopted from Piccinno et al. [46] to perform the scale up of the
energy consumption from laboratory scale to industrial scale. Cp = Specific heat capacity [J/(kg*K)];
mmix = mass of the reaction mixture (kg); Tr = temperature of reaction (K); t = time of reaction (s);
ρmix = density of the mixture (kg/m).

Production Process Calculation

Heating Qreact = [Cp ∗ mmix ∗ (Tr − 298.15K) + 3.303 ∗ (Tr − 298.15K) ∗ t]/0.75
Stirring Estir = 0.018ρmix ∗ t
Grinding 8–16 kWh/ton
Filtration 1–10 kWh/ton
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Table 4. Mixing of the epoxy resin and the dynamic curing agent according to the two scenarios. Data are
referred to 1 kg of uncured vitrimer. Epoxy resin/dynamic curing agent ratio from de Luzuriaga et al. [3].

Input CFRP-ff CFRP-bio

Epoxy resin (kg) 0.7 0.70
Fossil fuel based curing agent (kg) 0.3 -
Bio-based curing agent (kg) - 0.27
Catalyst (kg) - 0.03
Electricity (kWh) 5.9 × 10−2 1.3 × 10−1

Steam (kg) - 33.4
Cooling water (kg) - 0.59
Other auxiliary materials (kg) - 21.8

Table 5. Impregration of the CF with the epoxy resin. Data refer to 1 kg of prepreg. Data on energy
consumption were taken from Song et al. [54].

Input CFRP-ff CFRP-bio

Epoxy resin (kg) 0.51 0.52
Carbon Fiber (CF) (kg) 0.49 0.48
Electricity (MJ) 40 40

Manufacturing the Product

Manufacturing the CFRP product mainly includes the cutting phase of the prepreg
and the lay-up phase. The latter phase is the core manufacturing process through which
the prepreg is modeled in order to obtain the final shape of the desired product, which,
in our case, is on a couple of paddle shifters. The lay-up phase can be performed with
different technologies [72]. Although primary data from a laboratory were available, the
manufacturing of the paddle shifters was modeled according to literature data for two main
reasons: i. experiments in a laboratory are performed with small quantities of materials
and a higher level of auxiliary materials consumption and scraps and waste generation
compared to the expected quantities consumed and generated at the industrial level [42,46];
ii. the autoclave is one well-established technology at the industrial level for CFRP products.
Hence, the auxiliary material and energy consumption were reasonably assumed not to be
linked to the prepreg composition.

The manufacturing phase was modeled according to Forcellese et al. [72], including the
mold and the master production. The data inventory is reported in Table 6. The auxiliary
materials used during the lay-up phase, such as the vacuum bag in Polyamide 66, the
breather (Polyethylene terephthalate), the release film (Polytetrafluoroethylene) and the
release agent, were assumed to be sent to a landfill at the end of the production since they
were not reusable. According to the scope of the study, the FU is the production of a CFRP
product in the automotive sector. As a consequence, the manufacturing of the product is
followed by the final assembly to the car. However, according to Raugei et al. [49], the
environmental impact due to vehicle manufacturing is low compared to the other life cycle
stage. Hence, assembly was assumed negligible compared to the entire life cycle, and it
was not considered in the study. Further details about distances and transportation are
described in Section ‘Transportation’.
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Table 6. Inventory data for the manufacturing of the paddle shifters taken from Forcellese et al. [72].

Material Quantity (kg)

Input
Prepreg (CFRP-ff or CFRP-bio) 15.7
Electric energy (kWh) 17.074
Master mold in polyurethane foam 30.5
Mold (in CFRP) 0.095
Polyamide 66 (PA66) 0.5
Polyethylene terephthalate (PET) 0.375
Polytetrafluoroethylene (PTFE) 0.055
Organic solvent 0.03
output
Paddle shifters 11
scraps of prepreg 4.7
scraps of master mold 9.5

Use and Repairing

The use phase of the paddle shifters is directly linked to the use phase of the car, which
is mainly related to fuel consumption determined by, for instance, the shape and weight
of the car [5]. The latter depends on the materials used. As a matter of fact, the use phase
of a car component is usually considered in LCA studies in order to evaluate its indirect
environmental impact [73]. However, the weights of the two CFRPs analyzed in this study
are almost the same. Moreover, the weight of the FU is 76 g, which is reasonably low
compared to the weight of the whole car, which is usually in the range of 500–1000 kg [80].
Hence, the comparison of their environmental impact during the use phase was reasonably
assumed not to be relevant to the comparative LCA.

Assuming the overall life cycle of the paddle shifters equals the life cycle of the car,
damage to the paddle shifters in the entire life cycle of the car was considered in the
study. Two main options were analyzed in this analysis. The first option, represented by
scenarios A1 and B1, describes the substitution of the product with a new one. As shown
in Figure 1, the damaged product is sent to a landfill or for incineration, and a new product
is manufactured with the same technologies of the first composite. It was assumed that
both paddle shifters were damaged and substituted. The second option represented by
scenarios A2, A3, B2 and B3 describes repairing of the damaged part and avoiding the
substitution of a new paddle shifter. The repairing of the damaged part is performed using
laser technology under development at the laboratory scale. Consequently, the operation
of substitution with patches is not required. Based on the development of this technology,
it was assumed in the present analysis that 1 cm2 of resin was damaged. Although the
electricity is the main contribution to this phase, the value is omitted for confidentiality
reasons. No waste is generated during the process.

End of Life

Scenario A1 and B1 represent the most likely situation and the worst scenarios from
a Circular Economy prospective [10,19]. As a matter of fact, the paddle shifters are sent
to a landfill and for incineration at the end of their life. Moreover, as described in Section
‘Use and Repairing’, after one paddle shifter is damaged, it is sent to a landfill and/or for
incineration, and a new one is manufactured. The process of landfill and incineration were
modeled using the ecoinvent database.

Scenario A2 and B2 describe the situation in which the paddle shifters are mechanically
recycled. The SELFRAG is a technology for mechanical recycling that aims at disintegrating
the composite through the principle of electrodynamic fragmentation: the composite is
subjected to electrical discharges that break the composite. The process occurs using
water [81,82]. SELFRAG technology has been used in laboratories in order to understand
the potentiality of recycling both the composite and the resin. Currently, 60% of the CF
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can be recycled, while the possibility to recycle the resin is still uncertain and under study.
Hence, an overall 60% of recycling was considered in this study without specifying the
composition of the recyclates. Data were collected from the official report of SELFRAG [81].
Inventory data are reported in Table 7.

Scenario A3 and B3 analyze the thermal recycling through CO2-assisted pyrolysis.
Thermal recycling of composite operates at high temperatures in the range of
350–750 °C [10,18,19,83], and at the end of the thermal process, the CFs are recovered.
Korec is CO2-assisted pyrolisis technology commercially available to recover glass fiber
composites; it is currently being tested in laboratories in order to analyze the potentiality
of CFRP recycling. Inventory data are reported in Table 8. According to KOREC data,
the glass fiber is recovered with an efficiency of 99% [84]. The same recovery efficiency
was assumed for the CF. Eighty-five percent of the resin can be recovered, and up to sixty
percent of recycled resin can be mixed with virgin resin [85]. CO2 is recovered and reused
internally in the process, and consequently, its consumption was assumed to be negligible.
The electricity consumption of the process was taken from Nunes et al. [52], with slight
differences in the process. During the process, solid residue is generally generated in the
case of inert mineral fillers in the composite. Non-condensable gas is produced during the
process and is used for energy purposes, fulfilling the energy requirement. However, it was
not possible to characterize and quantify the solid residue for our specific composite due to
its small quantities.

Table 7. Inventory data for the mechanical recycling of paddle shifters. The consumption of the
electrodes were allocated to 1 kg of CFRP waste on the mass basis. The data are valid both for CFRP-ff
and CFRP-bio.

Material Quantity

Input
Paddle shifters waste (kg) 1
Electric consumption (kWh) 1
electrodes (item) 0.005
Water (L) 5
output
recycled CFRP (kg) 0.6
waste CFRP (kg) 0.4
Water losses (L) 0.25

Table 8. Inventory data for CO2-assisted pyrolysis of the paddle shifters. The CO2 was not included
in the mass balance since it is recirculated in the process. CO2 losses were not considered. The
data are valid both for CFRP-ff and CFRP-bio. Data of electricity consumption were taken from
Nunes et al. [52].

Material Quantity

Input
Paddle shifters waste (kg) 1
Electric consumption (MJ) 54
output
CFs recycling efficiency (%) 0.99
Epoxy resin recycling efficiency (%) 0.85
solid residue (kg) 0.25

Transportation

Table 9 shows the transportation included in the study from the raw material produc-
tion until the composite’s EoL. Since the analysis was preliminary, and it was not focused
on evaluating the environmental impact of a product that is available on the market, the
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supply chain was unknown. Hence, the following assumptions were introduced. The
production of the prepreg and the manufacturing of the paddle shifters were assumed to
be located in Italy in different cities. The production of the CF, the curing agents and the
epoxy resin was assumed to be located in Europe by estimating an average distance to the
production site of the prepreg. Distance from the manufacturing site to the car assembly
site was not considered since the assembly phase was excluded from the system boundaries.
The repairing site was assumed to be the same as the manufacturing site. Distance from
the user to the repairing site was conservatively assumed to be 500 km due to the high
variability of the car user’s location. Information on mechanical and thermal recycling
locations were estimated from information on companies provided by Giorgini et al. [19].
Landfill and incineration were assumed to be located 50 km from the collection point.

Table 9. Inventory data of transportation.

Transportation Distance (km)

CF to prepreg production site 20,145
Fossil-fuel-based epoxy resin to prepreg production site 10,130
Bio-based epoxy resin to prepreg production site 10,130
Prepreg production to paddle shifter manufacturing site 1600
CFRP waste to landfill/incineration 50
CFRP waste to repairing site 150
CFRP waste to mechanical recycling 1000
CFRP waste to thermal recycling 1000

2.1.3. Life Cycle Impact Assessment Method

The LCIA was performed using OpenLCA software, version 1.11.0 (GreenDelta, Berlin,
Germany) with the Ecoinvent 3.6 database for the LCI phase and ReCiPe mid-point (hi-
erarchist) as LCIA methodology. The chosen LCIA methodoloy allows the assignment
of the LCI results to indicator results according to the chosen environmental impact cate-
gories, which represent the product profile [33]. The following eighteen mid-point metrics
were adopted to perform the LCA. Fine particular matter formation (kgPM2.5eq.), Fossil
resource scarcity (kgoileq.), freshwater ecotoxicity (kg1,4-DBeq.), freshwater eutrophication
(kgPeq.), Global warming (kgCO2eq), human carcinogenic toxicity (kg1,4-DCBeq.), human
non-carcinogenic toxicity (kg1,4-DCBeq.), ionizing radiation (kBqCo-60 eq), land use (m2a
crop eq.), terrestrial acidification (kgSO2eq.), marine ecotoxicity (kg1,4-DCBeq.), marine
eutrophication (kgNeq.), Mineral resource scarcity (kgCueq.), Ozone formation Human
health (kgNOx eq), Ozone formation terrestrial ecosystems (kgNOx eq), terrestrial acidi-
fication (kgSO2eq), terrestrial ecotoxicity (kg1,4-DCBeq.), Stratospheric Ozone depletion
(kgCFC11eq.) and water consumption (m3) were quantified for each stage of the paddle
shifters’ life cycle.

2.2. Economic Sustainability Assessment

To assess the economic sustainability of the new EoL composite solutions, which are
repair and thermal recycling, multiple supply chain perspectives have been taken into
account: the one of the composite parts producers and the one of composite materials
recyclers. The economic assessment of producer is performed for the two new composites
developed in a laboratory, i.e., CFRP-ff and CFRP-bio, as described in Section 2.1. Regarding
the repair, producers of composite parts are supposed to integrate the new CF composites
into their production system. Due to the properties of the new composites, they can be
repaired [86]. From a business standpoint, the producer would use the new material only
if it could take advantage of the repair of the material. Since the new CF composite price
is higher than the conventional ones, for the manufacturer, the main incentive of using
the new materials is to exploit the repair opportunity to address the defective products
coming from the production process. Therefore, in this new paradigm, a producer would
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also become a remanufacturer by integrating the repair facilities into its existing production
plant. Here, it is important to highlight that, based on the interviews with the production
manager of the case study company, it becomes evident that one of the main issues of CF
composite products is their high defect rate. Thus, in our hypothesis, the potential increase
in the cost of the raw materials could be compensated by the potential savings due to
the introduction of in-house repair practices enabled by the new composites. In addition,
another aspect of this business is the fact that product repair helps the producer abolish its
landfilling cost. In the current context, when products made from conventional CFRP have
a defect during the production process, they cannot be repaired and are sent to a landfill.
Thus, the manufacturer bears their landfilling cost, while in this new setting, producer
landfilling costs associated with defective parts are eliminated. Regarding the system
boundaries, the economic assessment consists of material production, manufacturing, and
repair of defective products (products that are damaged during the production process) for
a producer of the paddle shifter.

On the contrary, the economic assessment of thermal recycling represents an entirely
new business for a composites recycler. In this framework, the recycler receives CFRP
waste that is recyclable. The new thermal recycling technology enables both carbon fibers
(CF) and resin to be recovered and sold for secondary applications. In this study, we
restricted the economic simulation to the sales of CF, neglecting the possible revenue stream
from recycled resin. This was justified by the relatively higher added-value of the fibers
compared to resin and to the multiple criteria that have to be assessed for recycled resin
to be used in secondary applications, which cannot be forecast at the moment due to the
novelty of the developed material. The system boundaries consist of a recycler’s economic
sustainability receiving recyclable composite waste, i.e., CFRP-ff and CFRP-bio wastes, and
selling the recovered CF. The economic sustainability of composite parts manufacturers and
composites recyclers has been assessed through LCC techniques. In this study, parametric
modeling is used to perform the LCC analysis. Parametric models provide a high level of
flexibility in changing the parameters. These models are appropriate for identifying cost
drivers and carrying out the sensitivity analysis. They allow the user to define different
scenarios under a wide range of assumptions.

2.2.1. Case Study Definition

The case studies considered in the economic assessment of a producer of CFRP parts
and the recycler are presented in this section.

1. Two main industrial cases are taken into account for the repair producer. One case
investigates the economic sustainability of the repair business when the paddle shifter
is made from CFRP-ff, and the other assesses the profitability when the product is
made from CFRP-bio.

2. One main industrial case is taken into account for the thermal recyclers receiving either
CFRP-ff or CFRP-bio waste. From an economic standpoint, the recycling processes
of CFRP-ff waste or CFRP-bio waste are very much alike for the recycler for the
following three reasons. First, the recycling process of both materials is precisely the
same. Second, the acquisition cost of CFRP-ff and CFRP-bio wastes is the same for a
recycler. Based on the interview with the operation manager of a recycling company, it
is hypothesized that the recycler would pay no waste acquisition cost since companies
in charge of dismantling would be relieved from sustaining recycling costs. In this
framework, the recycler only bears the transportation cost of waste to its plant. Finally,
since the percentage of CF in new CFRPs materials is almost the same (49% for CFRP-
ff and 48% for CFRP-bio), it becomes evident that the financial results of a recycler
receiving CFRP-ff waste or CFRP-bio are almost the same. In addition, in this study,
the economic modeling of the recycler is not only restricted to the paddle shifter. Since
recycling is a high-volume business in which its sustainability is based on the economy
of scales, and the baseline product considered in our case study is a low-volume niche
component produced with a limited quantity of raw materials. Thus, we hypothesized
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that the recycler receives various products from multiple customers built with the
new recyclable material in order to aggregate massive volumes to be treated.

2.2.2. Cost and Revenue Breakdown Structure of Manufacturer

Based on the various steps of the production and repair processes discussed in
Section 1.4, specific CBS and RBS have been defined for the producer. The input data
related to the manufacturing costs of the paddle shifter were collected during two rounds
of interviews in 2021, with the production manager, technical manager and marketing
manager of the case study company, as shown in Tables 10 and 11. In addition, data
related to laser technology were provided by Politecnico di Milano in 2021. The costs of
the business model of a producer that integrates new CFRP composites into its production
process and repairs its defective parts are as follows:

• The manufacturing cost includes the machinery, depreciation, labor, energy and
overhead cost. Due to data confidentiality, the manufacturing cost of product is shown
as a percentage of the whole product cost;

• The material cost of a product represents the cost of new repairable/recyclable com-
posites: CFRP-ff or CFRP-bio. Due to data confidentiality, the material cost of product
is shown as a percentage of the whole product cost;

• The investment cost of repair facilities includes purchasing the laser technology and
its accessories;

• The maintenance cost includes one operator cleaning and taking care of the optics of
laser technology;

• The repair cost consists of the energy consumption and labor needed to repair the
damaged area. As described in Section ‘Use and Repairing’, the dimension of the
damaged area is considered to be 1 cm2. Given that the energy consumption of 1 cm2

is 0.111 kWh, and as the time needed to heal the damaged part is 5 s, the total repair
cost of 1 cm2 is EUR 0.045 (as shown in Equations (1)–(3)).

Total costrepair = Energy Costrepair + Labor Costrepair (1)

Energy Costrepair = Electricity consumption ∗ CostElectricity power (2)

Labor Costrepair = Time needed to repair the damaged area ∗ CostPersonnel wages (3)

The revenues stream of manufacturer includes:

• Selling of the product made either from CFRP-ff or CFRP-bio. Here, it is impor-
tant to mention that the selling price of the paddle shifter made from the new re-
pairable/recyclable CFRP is assumed to be the same as the product made from con-
ventional CFRP. Since, based on the interviews with the case study company, the
market might not accept an increase in the product price, and the best strategy is to
keep the selling price at the same level of the conventional product. Here, it is also
important to mention that the profit margin of this product is relatively high (50%)
due to the high value-added of composite in the high-end automotive market.

Table 10. Input data of manufacturing cost of the paddle shifter.

Data Unit of Measure Value

Yearly product volume piece/year 800
Cost of conventional CFRP (prepreg) EUR/kg 50
Profit margin % 50
Defect rate % 20
Material cost compared to the total product cost % 2.2
Manufacturing cost compared to the total product cost % 97.8
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Table 11. Characteristics and cost of the repair technology. Electricity power cost were taken from [87].
Personnel wages data were taken from [88].

Data Unit of Measure Value

Investment cost EUR 200k
Yearly maintenance cost of laser facility EUR 10k
Dimension of damage area cm2 1
Electricity consumption to repair the damage area kWh 0.111
Electrical power cost EUR/kWh 0.1254
Personnel wages EUR/h 28
Time needed to repair the damage area seconds 5

2.2.3. Cost and Revenue Breakdown Structure of Recycler

Based on the various steps of the recycling processes discussed in Section 2.2, specific
CBS and RBS have been defined for the recycler. The input data of the thermal recycling
business model, as shown in Table 12, were provided by Politecnico di Milano, an operation
manager of a thermal recycling company located in Northern Italy and KOREC technology
in 2021.

In the following, all the recycler’s costs and then the recycler’s revenue stream is
presented:

• The investment cost includes purchasing the CO2-assisted pyrolysis facilities. The
investment cost of thermal recycling is EUR 550,000 for a plant of 250 ton/year;

• The maintenance cost includes the price of 1 h of work of an operator who cleans,
lubricates and adjusts the thermal recycling machine after every 8 h cycle;

• The recycling cost includes the processing cost in terms of the depreciation, labor and
energy cost;

• The overhead cost includes all administrative and accounting fees;
• The transportation cost includes delivering the EoL of CFRP waste to thermal recycler

facilities. As mentioned in Table 9, the distance between the waste management
company and the recycler is assumed to be 1000 km. Within these assumptions, the
operation manager of the recycling company provided us the transportation cost of
waste to be 0.20 EUR/kg, with a coefficient of +0.05 EUR/kg and −0.05 EUR/kg.

The revenue stream of the recycler is:

• Selling of the recycled CF to secondary applications. As mentioned in Table 8, the
recovery rate of CF within the CO2-assisted pyrolysis is 99%. Here, it is important
to mention that the market price for selling the recycled CF is 5 EUR/kg, with a
coefficient of +1 EUR/kg and −1 EUR/kg.

Table 12. Characteristics and costs related to thermal recycling. Electricity power costs were taken
from [87]. Personnel wages data were taken from [88].

Data Unit of Measure Value

Investment cost of thermal recycling facilities EUR 550k
Capacity of plants ton/year 250
Working days per year day 240
Working hours per day hour 8
Electrical power cost EUR/kWh 0.1254
Personnel wages EUR/h 28
Overhead and administration cost % 20
Maintenance time (after every cycle of 8 h) hour 1
Gas cost (CO2) EUR/ton 150
Transport cost EUR/kg 0.2
Recycled CF price EUR 5
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2.2.4. Assumptions

The assumption that were made to carry out the economic assessment are as following:

1. The cost estimation of new repairable/recyclable composites is an important piece
of information that is needed to carry out the LCC of the repair business model
of a manufacturer using CFRP-ff or CFRP-bio in its production system. From the
laboratory data, it is evident that the costs of the two new CF composites are higher
than the conventional ones. Thus, proper cost estimation of the new material is
critical. In this study, the top-down approach is applied to calculate the relative costs
of CFRP-ff and CFRP-bio. The rationale behind using this method is the fact that
there are uncertainties for cost analysis of the new CF composites that do not allow
a detailed level cost analysis of the product. These uncertainties arise from the fact
that these materials are developed in the laboratory, where the material costs are
much higher and not comparable to the industry costs. For the top-down method,
the expert judgement is used to calculate the relative costs of CFRP-ff and CFRP-bio.
Three experts were selected and interviewed to evaluate the relative cost of the new
CFRPs. A production manager, technical manager and the senior R&D manager of
the case study company are all experienced in composite materials’ formulation and
production and composite production technologies and processes. To estimate the
industrial cost of the CFRP-ff and CFRP-bio (prepreg), the first step was to add up the
costs of the production material and manufacturing as the initial building blocks of
the total cost. Given that the production procedure of the CFRP-ff and CFRP-bio is
the same as the conventional procedure, the manufacturing cost of the new materials
was considered similar to that of the conventional materials. In other words, the
main difference between newly developed CFRP and the conventional one lies in
the material cost. Using the top-down method first, the relative material cost of the
CFRP-ff and CFRP-bio is compared to the price of conventional CFRP. According
to composite experts, the relative material cost of the CFRP-ff at the industrial scale
can be 30% higher than the price of a conventional one with the coefficient of −20%
to +20%. In other words, a 30% cost increase in the CFRP cost is considered as the
base case, while the best case is where material increases by 10%, and the worst
case is when a material cost increases by 50%. On the other hand, as the material
cost of CFRP-bio is more expensive than the CFRP-ff, experts’ judgment indicated
that the relative material cost for CFRP-bio can be 50% higher than the conventional
CFRP with the coefficient of −20% and +20%. To estimate the final production cost
of the new CFRP in addition to the material cost, it also important to know the cost
breakdown structure of the CFRP. According to Graf et al. [89], in CFRP components,
the material cost accounts for 36%, followed by 64% for the manufacturing cost. Based
on this cost structure, when the material cost of CFRP-ff increases by 10%, 30% or 50%,
the total cost of CFRP increases by 3.6%, 10.8% and 18%. Concerning CFRP-bio, when
the material cost increases by 30%, 50% and 70%, the total cost increases by 10.8%,
18% and 25.2%.

2. In this study, a net present value (NPV) and discounted payback period of the invest-
ment are used to evaluate the economic performance of a system. The discount rate is
assumed to be 10%, and the NPV is calculated over a period of 10 years.

2.2.5. Sensitivity Analysis

Sensitivity analysis is used to investigate how the output is affected by the system’s
uncertainty. As a result, a sensitivity analysis is performed with assumptions on the
parameters with higher uncertainty [62,90]. In this study, the following steps were adopted
to carry out the sensitivity analysis:

1. Identification of the uncertain parameters;
2. Definition of the potential ranges for the parameters resulting in various scenarios;
3. The economic assessment of producer and thermal recycler carried out through

feeding different value parameters into the economic model.
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Based on the steps mentioned above, in the following, the most uncertain parameters
that were used to assess the profitability of producer and recycler business models, and
their ranges are presented. Concerning the repair business model of the producer, among
various input data affecting the LCC, the relative cost of new materials was identified as
the most uncertain parameter as it has the highest impact on the NPV and payback period.
Tables 13 and 14 present the variability of the parameter, resulting in three scenarios for
each type of composite. The investment cost is not considered as a variable parameter since
it is not affected by uncertainty, and we could rely on the result of the economic system.
In addition, the repair cost is not also considered as an uncertain parameter since this
cost is relatively low and has no impact on the financial output of the economic indicator.
In this regard, if the repair cost increased by 1000%, the NPV would increase by 0.24%,
representing that the impact of this parameter on the final results is almost negligible.

Table 13. Parameters used for sensitivity analysis of the repair business of paddle shifters made from
CFRP-ff. The conventional CFRP cost is 50 EUR/kg.

Range Relative Cost Increase Compared to the
Conventional CFRP(%) Cost of CFRP-ff (EUR/kg)

R1 3.6% 51.8
R2 10.8% 55.4
R3 18% 59

Table 14. Parameters used for sensitivity analysis of the repair business of paddle shifter made from
CFRP-bio. The conventional CFRP cost is 50 EUR/kg.

Range Relative Cost Increase Compared to the
Conventional CFRP(%) Cost of CFRP-bio (EUR/kg)

R1 10.8% 55.4
R2 18% 59
R3 25.2% 62.6

Regarding the thermal recycler business model, among various input data affecting
the LCC, the following parameters were used to conduct the sensitivity analysis: the annual
amount of CFRP waste, the selling price of recycled CF (rCF) and the transportation cost to
deliver the waste to the recycler’s plant. These parameters were affected by a considerable
level of uncertainty. To capture the uncertainties surrounding the recycled CF selling price
and the transportation cost, experts provided us with ranges for these parameters as it is
presented in Section 2.2.3. The amount of waste that the recycler can receive each year is
considered a variable since this parameter can have a high impact on the NPV and payback
period. The amount of waste that the recycler can receive each year was hypothesized as a
percentage of the saturation rate of the plant: 75%, 85%, 90%, 95% and 100%. Given that
the capacity of the plant is 250 ton/year, the potential ranges of the waste are presented in
Table 15. The combination of these three parameters with their ranges led to 45 scenarios.

Table 15. Parameters used for sensitivity analysis of the thermal recycling business of a recycler.

Ranges Price of Recycled
CF (EUR/kg)

Transportation
Cost (EUR/kg)

Annual Amount of
Waste (ton/Year)

R1 4 0.15 187.5
R2 5 0.20 212.5
R3 6 0.25 225
R4 - - 237.5
R5 - - 250
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3. Results and Discussion
3.1. LCA Results

This section provides preliminary results of a new technology still under development
at the laboratory scale in order to identify potential opportunities to be further developed at
the industrial level [31]. This section shows the variability across scenarios of the following
three challenges of composites in the circular economy perspective: use of bio-based
materials, repairing and recycling. Table 16 shows the LCIA of the FU of the study for
the six scenarios performed across the eighteen environmental categories of the ReCiPe
methodology listed in Section 2.1.3. Scenario A1 shows the highest results in almost all the
impact categories, except for Fine particulate matter formation—PM, Freshwater ecotoxicity—
FEX, Freshwater eutrophication—FE, Land use—LU and Stratospheric ozone depletion—SOD.
The highest value for Land use—LU is shown in scenario B1, meaning that the variability
of this category is more related to differences in the curing agent of the two composites.
The lowest value is shown for scenario A3. Scenario B2 and B3 show the lowest values for
several impact categories, meaning that a combination of bio-based materials, repairing and
recycling could result in a reduction in the environmental impacts. The highest values for
Fine particulate matter formation—PM, Freshwater ecotoxicity—FEX, Freshwater eutrophication—
FE and Stratospheric ozone depletion—SOD are shown in scenario A3, with slightly lower
values for scenario B3. Those results are mainly related to the thermal process of recycling
and in particular to the high energy intensity of the process. Normalization of the LCA
results is provided in Figures S1–S9 of Section S2.1 of the Supplementary Materials.

Table 16. LCA results of the six scenarios performed across the impact categories. symbol (+) shows
the highest value compared to the other scenarios; symbol (−) shows the lowest value compared to
other scenarios. The visualization shows A1 has the highest results for almost all categories, and B2
and B3 have the lowest values in several impact categories.

Impact Category Unit A1 A2 A3 B1 B2 B3

PM kgPM2.5eq 1.20 × 10−5 6.66 × 10−6 5.43 × 10−5 (+) 1.15 × 10−5 6.39 × 10−6 (−) 5.41 × 10−5

FRS kgoileq 2.67 × 10−3 (+) 1.38 × 10−3 1.89 × 10−3 2.50 × 10−3 1.29 × 10−3 (−) 1.80 × 10−3

FEX kg1,4-DCB 3.89 × 10−4 3.16 × 10−4 4.60 × 10−4 (+) 3.84 × 10−4 3.14 × 10−4 (−) 4.57 × 10−4

FE kgPeq 2.89 × 10−6 1.68 × 10−6 1.17 × 10−5 (+) 2.83 × 10−6 1.65 × 10−6 (−) 1.17 × 10−5

GW kgCO2eq 8.13 × 10−3 (+) 4.21 × 10−3 4.14 × 10−3 7.60 × 10−3 3.94 × 10−3 3.87 × 10−3 (−)
HCT kg1,4-DCB 3.51 × 10−4 (+) 2.19 × 10−4 3.34 × 10−4 3.46 × 10−4 2.17 × 10−4 (−) 3.32 × 10−4

HT kg1,4-DCB 6.54 × 10−3 (+) 4.37 × 10−3 4.19 × 10−3 6.47 × 10−3 4.33 × 10−3 4.15 × 10−3 (−)
IR kBqCo-60eq 1.02 × 10−3 (+) 5.37 × 10−4 5.29 × 10−4 1.02 × 10−3 5.35 × 10−4 5.26 × 10−4 (−)
LU m2a crop eq 6.99 × 10−6 4.76 × 10−6 4.71 × 10−6 (−) 7.70 × 10−6 (+) 5.12 × 10−6 5.06 × 10−6

MEX kg1,4-DCB 5.09 × 10−4 (+) 4.08 × 10−4 3.89 × 10−4 4.99 × 10−4 4.03 × 10−4 3.84 × 10−4 (−)
ME kgNeq 1.13 × 10−5 (+) 5.65 × 10−6 5.69 × 10−6 2.23 × 10−6 1.12 × 10−6 (−) 1.16 × 10−6

MRS kgCueq 2.04 × 10−6 (+) 1.30 × 10−6 1.16 × 10−6 2.02 × 10−6 1.29 × 10−6 1.15 × 10−6 (−)
OHH kgNOxeq 1.73 × 10−5 (+) 9.16 × 10−6 9.67 × 10−6 1.65 × 10−5 8.76 × 10−6 (−) 9.27 × 10−6

OTE kgNOxeq 1.83 × 10−5 (+) 9.69 × 10−6 1.07 × 10−5 1.74 × 10−5 9.26 × 10−6 (−) 1.03 × 10−5

SOD kgCFC11eq 5.64 × 10−8 2.83 × 10−8 2.14 × 10−6 (+) 5.17 × 10−8 2.59 × 10−8 (−) 2.14 × 10−6

TA kgSO2eq 3.32 × 10−5 (+) 1.81 × 10−5 1.78 × 10−5 3.18 × 10−5 1.74 × 10−5 1.72 × 10−5 (−)
TE kg1,4-DCB 1.86 × 10−2 (+) 1.68 × 10−2 1.67 × 10−2 1.69 × 10−2 1.60 × 10−2 1.59 × 10−2 (−)
W m3 3.11 × 10−2 (+) 1.73 × 10−2 1.69 × 10−2 3.08 × 10−2 1.72 × 10−2 1.67 × 10−2 (−)

The contribution of the environmental impacts across the life stages of the product
is shown in Figure 3. CF production and Manufacturing contribute to the entire life cycle
for scenarios A1 and B1 in the range of 29% and 49% for all the impact categories, except
for Marine Eutrophication of scenario A1, which is equal to 9%. This result is mainly due to
the several contributions of substitution of the composite. The contribution of those two
processes further increases considering scenarios with repairing (i.e., A2, A3, B2 and B3)
being in the range of 42% and 98% for almost all the impact categories, except for Marine
Eutrophication of scenarios A2 and A3, which is equal to 19%, and for Fine particulate matter
formation—PM, Freshwater ecotoxicity—FEX, Freshwater eutrophication—FE and Stratospheric
ozone depletion—SOD of scenario A3 and B3, mainly due to the energy intensive process of
thermal recycling. For those categories, the thermal process covers 86%–99% of the impacts.
The other EoL treatments have low contributions compared to the overall life cycle stages.
However, further clarification on different EoLs is shown below in this section. Fossil-fuel-

18



Materials 2022, 15, 2986

based curing agent synthesis and bio-based curing agent synthesis show similar contributions
across scenarios for almost all impact categories of between 1.8% and 13%. The exception is
shown for Marine Eutrophication of groups in scenario A due to the higher contribution to
the overall life cycle stages being in the range of 40% and 80%.

Focusing on Global warming category, Figure 4 shows the contribution of each life cycle
stage across the six scenarios. Excluding the EoL phase of composites, Manufacturing and
CF production phases cover the majority of the CO2eq emissions (from 42% up to 86% of
the total). However, their contribution is the same across the scenarios since the process
is the same. The synthesis of both curing agents have different contributions (from 4% to
13%), mainly due to the substitution. The substitution of the composite results to double
the environmental impact in the overall life cycle of the product. Indeed, the substitution
covers the majority of the impact since a second product with the same properties and
manufacturing pathway is required. Focusing on the curing agents, the substitution of
the fossil-fuel-based curing agent with the bio-based curing agent reduces the impact by
up to 40%. Finally, the recycling of the product avoids the production of CFs and epoxy
resin from virgin material, reducing the potential environmental impacts by 18–37%. The
negative bar represents the avoided primary production of CFs and epoxy resins due to the
recycling of CFRP waste. Differences in the negative impacts of recycling is due to different
efficiencies of recycling both materials.

As concerns the use of alternative bio-based materials, the blue bars in Figure 5,
which refer to scenarios A1 and B1, show that CFRP-ff and CFRP-bio have similar impacts
across almost all the environmental categories. The substitution of the dynamic fossil-fuel-
based curing agent with the bio-based material slightly reduces the impact for almost all
the categories. A more relevant reduction is shown for the Marine eutrophication impact
category. Indeed, the synthesis of the fossil-fuel-based cured epoxy resin covers 40% of
the overall impact of this category. Furthermore, 99% of the impact of the curing agent
synthesis is represented by the meta-phenylene diamine production—the proxy material used
to model the dynamic curing agent. Sensitivity analysis on curing agents modeling are
described in Section 3.1.1. CFRP-bio shows a slightly higher impact in the Land use impact
category, mainly due to the pre-treatment of the epoxy resin mixing with the catalyst and
the curing agent.

As concerns the repairing of damages in the composite, Figure 5 shows a clear reduc-
tion in the impacts in almost all the environmental categories in the case of repairing the
composite (scenario A2 and B2) instead of substituting the composite (scenario A1 and B1).
Repairing the composite results in a reduction in the impact of between 30% and 50% for
fifteen impact categories. Freshwater, Marine and Terrestrial ecotoxicity are the environmental
categories with a minor reduction in the impacts due to reparation compared to substitution
(in the range of 4% and 18%) because of the laser machine contribution. Figure 5 shows
little difference in results between the scenario A group and the scenario B group. This
outlines that differences in the curing agents slightly affect the final results. It is noted that
the comparison between scenarios with substitution and scenarios with repair excluded
the EoL evaluation in order to compare only the impact variation due to the repair.
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Figure 3. Impactcontribution of the life cycle stages of the product across the impact categories
analyzed for the six scenarios. CF production and Manufacturing cover the majority of the impact. This
contribution decreases for scenario A1 and B1 because of the substitution. Similar contributions are
shown for the synthesis of both curing agents for almost all categories. Limited contributions are
observed for Prepreg. Thermal recycling is the only EoL option that covers the majority of the impact
for three categories (i.e., A3 and B3).
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Figure 4. Impact contribution for the 6 scenarios across each life cycle of the FU for the Global Warming
impact category. Negative impact values of rCF and rEpoxy are due to the avoided impact of virgin
CF and epoxy resin because of their recycling. The quantitative avoided impacts are related to the
chosen recycling option and its efficiency of recovery.
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Figure 5. Comparative LCA between CFRP-ff with substitution (scenario A1), CFRP-ff with repair
and mechanical recycling (scenario A2), CFRP-ff with repair and thermal recycling (scenario A3),
CFRP-bio with substitution (scenario B1), CFRP-bio with repair and mechanical recycling (scenario
B2) and CFRP-bio with repair and thermal recycling (scenario B3). Repairing the composite reduces
the impact by up to 50% compared to scenarios with substitution. Less reduction in the impact
when repairing are shown for the Freshwater, Marine and Terrestrial Ecotoxicity impact categories. The
substitution of the curing agent slightly contributed to reducing the impacts among all the categories.
The same occurs comparing mechanical and thermal recycling.

As concerns the recycling, Figure 6 shows the results regarding the three scenarios
considered for both composites: landfill and incineration, mechanical recycling and thermal
recycling. As a reference, the scenarios with the highest value were set as 100%, and the
other scenarios were scaled accordingly. Comparing landfill/incineration with mechanical
recycling, across the eighteen environmental categories, the impact decreases from 21% in
the Mineral resource scarcity category up to 99% in the Stratospheric ozone depletion category.
Comparing landfill/incineration with thermal recycling, the results are less stable. Indeed,
thermal recycling shows the highest values for nine impact categories because of the high
intensity of the thermal process. However, the thermal recycling can recover CFs and epoxy
resin. This comparative assessment between different EoL treatments was not performed
considering the avoided production of new materials due to, respectively, mechanical and
thermal recycling. Indeed, from a circular economy perspective, both recycling treatments
reduce the request of new raw materials, which does not occur in the case of landfills
and incineration. Further assessments should include the additional production of CF
and epoxy resin that is instead recovered during mechanical and thermal recycling. The
negative impact values of rCF and rEpoxy shown in Figure 4 are due to the avoided impact
of virgin CF and epoxy resin because of their recycling, which are related to the chosen
recycling option and the efficiency of recovery. As a matter of fact, the pyrolysis treatment
recovers 99% of CF and 85% of epoxy resin, while mechanical recycling recovers 60% of
the CFs.

Summarizing the obtained results, LCIA shows that CF production and manufacturing
of the product through autoclave technology are the most relevant processes in the entire
life cycle of the product. Indeed, as shown in Figure 3, in scenarios with substitution (i.e.,
A1 and B1), both processes contributes to the entire life cycle in the range of 29% and
49% for all the impact categories, except for Marine Eutrophication of scenario A1, which
is equal to 9%. The contribution of those two processes further increases considering
scenarios with reparation (i.e., A2, A3, B2 and B3) to the range of 42% and 98%, except
for Marine Eutrophication of scenarios A2 and A3, which is equal to 19%, and for Fine
particulate matter formation—PM, Freshwater ecotoxicity—FEX, Freshwater eutrophication—FE
and Stratospheric ozone depletion—SOD of scenario A3 and B3, mainly due to the energy
intensive process of thermal recycling. Although comparison with other LCA studies on
composites is not always possible due to differences in the FU, these results are aligned with
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other studies [49,58,61,72]. According to these results, efforts to identify alternative fibers
to substitute CF have also been made by other studies [30,61,74]. However, the present case
study did not include alternative bio-based fibers since laboratory tests on the possibility
of repairing and recycling were not performed. Further research could be conducted in
studying the possibility of repairing and recycling these bio-based fibers. Limitations were
also due to Production of the prepreg, which was based on laboratory data that were scaled up
to industrial scale. Those data should be further updated with primary data on pilot tests
in order to verify the robustness of this process. It is noted that the analysis did not include
the use phase of the product because it was assumed that the impact to be allocated to a
small component compared to the entire car was limited. However, contributions of the
use phase could change according to the product considered in the study and its relevance
in the use phase. Indeed, Roy et al. [61] outlined that the use phase of a car component
covers the majority of the impacts of the overall life cycle.
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Figure 6. Comparative LCA between EoLs of composites. Incineration and landfill are representative
of the most common composite waste management and hence are the baseline of the analysis. Rele-
vant reduction in all the impact categories both for the thermal and mechanical recycling pathways.
Limited environmental benefits compared to the baseline are shown for mechanical recycling in
Mineral resources scarcity.

Across the scenarios developed, B3 included the substitution of the fossil-fuel-based
curing agent with the bio-based curing agent, the reparation of the composite and the
pyrolysis through thermal recycling of the composite at the EoL. As shown in Figure 5, B3 is
the scenario with the highest environmental benefit among the impact categories compared
to the baseline scenario (i.e., A1). This result outlines that the three above-mentioned
drivers of the circular economy perspective could provide a reduction in the environmental
impact from 10% up to 86% depending on the category considered. However, the highest
benefits in terms of environmental burdens could be obtained with the implementation
of repairing procedures on an industrial scale with a reduction up to 44–50% for eleven
impact categories. Indeed, the analysis of environmental impacts due to the substitution of
a damaged product to guarantee the entire life cycle of a service, for instance the car life
cycle, is not usually included in LCA studies. Furthermore, substitution could occur also
for aesthetic damages that do not compromise the structural properties of a product.

Finally, the lowest environmental benefits are observed substituting the traditional
material with the bio-based material, which results in a variation in the range of −9% and
+10%. According to the results obtained in this LCA, repairing is the driver with the highest
environmental benefits compared to recycling and using alternative bio-based materials.

3.1.1. Sensitivity Analysis of LCA

Uncertainties on LCA results are mainly due to (1) primary data from the laboratory
scale that were scaled-up to the industrial scale with assumptions and (2) the absence
of literature data of some materials modeled and further modeling according to proxy
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data provided by the chosen database. Thus, sensitivity analysis was performed within
this context to evaluate the robustness of the chosen modeling and how the results are
affected by modeling assumptions. Furthermore, a sensitivity analysis was performed on
the baseline scenario (i.e., A1), assuming that the damaged product is sent to mechanical or
thermal recycling. As a matter of fact, the following sensitivity analysis were performed:

1. Fossil-fuel-based dynamic curing agent modeling;
2. Electrodes modeling for mechanical recycling;
3. Different EoLs of the damaged product in scenario A1.

The fossil-fuel-based dynamic curing agent was modeled with market for meta-phenylene
diamine|meta-phenylene diamine|Cutoff. As explained in Section 2.1.2, meta-phenylene
diamine was chosen as the aromatic amine in accordance with the literature [75,76]. As
shown in Figure 5, the two chosen types of curing agents (i.e., fossil fuel and bio-based)
showed a similar impact for all the impact categories, except for Marine eutrophication.
The following two proxy materials were modeled in order to verify the trend: market for
diethanolamine|diethanolamine|Cutoff and market for diethanolamine|diethanolamine|Cutoff.
Variations in the results were observed to be in the range of -10% and +3% with respect of
the baseline scenario (i.e., A1). Furthermore, in both cases, Marine eutrophication decreased
by up to 20% compared to scenario A1, resulting in a similar value as CFRP-bio. Sensitivity
analysis on the fossil-fuel-based curing agent modeling showed that the chosen model did
not significantly vary with respect to other available options of modeling. However, this
evaluation is limited to available datasets, and further research on curing agents modeling
could change the results.

The use of electrodes was modeled with market for electrode, negative, LiC6|electrode,
negative, LiC6|Cutoff. Due to the absence of information on the electrode properties,
uncertainties of the modeling were analyzed. Two more scenarios of mechanical recycling
were developed, substituting the modeling of electrode production with market for electrode,
negative, Ni|electrode, negative, Ni|Cutoff and market for electrode, positive, LaNi5|electrode,
positive, LaNi5|Cutoff in order to verify the robustness of the modeling. Figure 7 shows
high variability in the results for Fine particulate matter formation, Stratospheric ozone depletion,
Terrestrial acidification and Terrestrial ecotoxicity. However, Freshwater eutrophication, Global
Warming, Ionizing radiation and Marine eutrophication are the impact categories with the
lowest variability across the three possible models. Sensitivity analysis on electrodes
used for mechanical recycling showed significant variation among the possible alternative
datasets for some impact categories (Figure 7). Further research on the used electrodes
could enhance the robustness of the data.

An alternative case was analyzed in order to evaluate the weight of the recycling in the
case of substitution. This sensitivity analysis aimed to evaluate how the results might vary
according to the selected EoL in case substitution is still necessary. Instead of sending the
damaged product to a landfill or for incineration, this sensitivity analysis assumes that the
damaged product is sent to mechanical recycling. The analysis comprises the production of
CF, epoxy resin and prepreg, the manufacturing of the paddle shifters and the substitution.
However, the contribution is almost the same as the base case (i.e., substitution without
recycling). This means that the EoL treatment has a minimum weight compared to the
rest of the life cycle stages. However, a reduction in the impact can be observed due to the
mechanical recycling of the composite if further analysis of the avoided production of new
CFs is considered.
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Figure 7. Sensitivity analysis on mechanical recycling. According to different providers of electrode
production, some of the impact categories are affected by the results. Compared to LiC6, which is the
base case, the highest and the lowest variability is observed, respectively, for Terrestrial acidification
and Marine eutrophication categories.

3.2. LCC Results

In this section, the LCC results of the repair producer and thermal recycling businesses
of a recycler are reported.

3.2.1. Repair Business Model of a Producer

The results of the economic assessment of the repair business model of the producer
when the product is made from CFRP-ff are demonstrated in Table 17. As can be observed,
the financial modeling indicates that for all three scenarios, with different ranges of CFRP-ff
costs, the manufacturing and repair business model of a producer is always profitable as
NPV is positive. Moreover, there is limited variability (0.8%) across the scenarios concerning
NPV. The discounted payback period for all scenarios is achieved within the fifth year.
Moving next to Table 18, the result of the economic assessment of a producer using CFRP-
bio is demonstrated. The financial results show that this business is also profitable with
limited variability (0.8%) across the scenarios with respect to NPV, and the discounted
payback period is also achieved in the fifth year. Here, it is also essential to emphasize
that the investment cost for the laser is high, whereas the sale volume of this product
is relatively low, particularly in the context of automotive, where sale figures are high.
Therefore, although the payback period is achieved within the fifth year, the payback period
decreases if the sale volume increases.

Table 17. Result of the economic assessment of the repair business of producer/remanufacturer for
product made from CFRP-ff based on various ranges of material costs.

Scenarios Cost of CFRP-ff (EUR/kg) NPV (EUR) Discounted Payback
Period (Years)

S1 51.8 +168,302 5
S2 55.4 +167,629 5
S3 59 +166,957 5
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Table 18. Result of the economic assessment of the repair business of producer/remanufacturer for
product made from CFRP-bio based on various ranges of material costs.

Scenarios Cost of CFRP-bio (EUR/kg) NPV (EUR) Discounted Payback
Period (Years)

S1 55.4 +167,629 5
S2 59 +166,957 5
S3 62.6 +166,284 5

To clearly understand why NPVs of all scenarios are positive, it is important to high-
light that by manufacturing products from CFRP-ff, the total cost of the product increases
by 0.08% to 0.39% compared to the total cost of the product built from the conventional
CFRP. Concerning the product made from CFRP-bio, the total cost of the product increases
by 0.23% to 0.55% compared to the total cost of the conventional CFRP product. Moreover,
the repair cost is relatively low, 0.05%, compared to the total production cost. Therefore, it
is clear that product repair can provide save a lot of costs as the producer can recapture the
monetary value of the manufacturing process. The economic assessment of a product built
from the new CF composites (CFRP-ff and CFRP-bio) and taking advantage of the reparabil-
ity of the material to address the defective products shows that, overall, the manufacturing
coupled with the repair business is very promising. In the current context, when the CF
composite product is damaged, the manufacturer loss includes the entire production cost
(both material and manufacturing cost will be discarded). By integrating the repair facilities
into the manufacturing plant and bearing a relatively low repair cost, the manufacturer
would avoid their loss of the whole production process. Therefore, the reparability of the
new material is a significant opportunity for manufacturers to save money.

3.2.2. Thermal Recycling for a Recycler

The economic assessment results of a thermal recycler are summarized in Figure 8.
The results display a positive NPV (10 years) for 4% of scenarios (2/45 scenarios) and
show significant variability across the 45 scenarios. The positive NPV is achieved when
the recycled CF price is at the maximum value (6 EUR/kg), and the transportation cost
is at the minimum value (0.15 EUR/kg), and the plant is at least 95% saturated. The
average discounted payback period for the two scenarios showcasing a positive NPV is
obtained within 9.5 years. The sensitivity analysis shows that recycled CF prices are the
most significant parameter impacting the NPV and discounted payback period. Moreover,
the transportation cost is also the second most impactful parameter on both the NPV and
the discounted payback period. Finally, a secondary element affecting the profitability of
results is the annual amount of CFRP waste.

The economic sustainability of the thermal recycler that receives CFRP-ff/bio waste
indicates that the business can be profitable only under a specific condition. Therefore, the
economic results are affected by uncertainties that arise from the market price of recycled
CF, the transportation cost, and the amount of waste. In this regard, a recycler cannot
control the price of the recycled CF since the variabilities associated with this parameter
are caused by the adverse economic cycle, uncertain financial stability and low demand
for products at the global level [91,92]. However, a recycler can reduce the variabilities
associated with the transportation cost and amount of CFRP waste. From a business point
of view, strategic management of the reverse supply chain is critical for the profitability
of the business of a thermal recycler. Strategic partnerships with organizations operating
in the reverse supply chain, such as compliance schemes or waste collectors, are potential
pathways to keep transportation costs minimal. In addition, such partnership can also
guarantee a steady supply of a certain volume of waste, which is crucial for the successful
implementation of the business.
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Figure 8. NPV of the thermal recycler based on various scenarios. The three parameters that affect
the NPVs are the selling price of the recycled CF, the transportation and the volume of waste. The
NPV is positive when the CF selling price is at a maximum, the transportation is at a minimum and
the plant is saturated at least by 95%.

4. Conclusions

The present study attempted to provide an LCA coupled with an LCC of a new CFRP
developed in a laboratory that could be repaired and recycled. The scope of this LCA
was to analyze in a single study the following three relevant drivers that could enhance a
circular economy: repairing, recycling and using bio-based materials. Firstly, according to
the LCA results, the substitution of a CFRP product can double the overall environmental
impact in the entire life cycle of a service. The introduction of repairing the product
could reduce the environmental impacts from 17% to 50% according to each category
(Figure 5). Furthermore, the substitution of the composite product may also occur for
aesthetic damages, for instance, in a luxury car, which means that the damaged product
becomes waste, even though its mechanical properties are not compromised. Nevertheless,
the substitution of a CFRP product is not usually included in LCA studies, and hence, the
environmental and cost effects of manufacturing an additional product are not quantified.
Indeed, damages to a product and its subsequent substitution is unexpected and not desired
considering the entire life cycle of a product. Secondly, the recovery of rCf and epoxy resin
through mechanical and thermal recycling allowed reducing the environmental impact
related to the waste management up to 99% for some categories (Figure 6). Finally, only the
curing agent was analyzed as a bio-based material in the composite (group of scenarios B)
in order to guarantee the properties of the developed composite to be repairable. Hence, the
curing agent is a small percentage if compared to the overall weight of the composite. As a
result, the two materials (i.e., CFRP-ff and CFRP-bio) had similar environmental impacts
across the eighteen impact categories (Figure 5). The results may change increasing the
percentage of bio-based materials to produce a CFRP composite.

From an economic point of view, the LCC assessment showed that repair technologies
and processes are highly convenient for composite parts’ manufacturers due to the typically
high defect rate of composites and the high reproduction costs that have to be sustained.
Under these conditions, investing in laser-based technology and the higher cost of the new
repairable composite materials that should be sustained are largely covered by cost savings
in short time periods. Regarding the thermal recycling of the newly assessed material and
technologies, it appeared that the business can be economically sustainable only if the
recovered CF is sold at its maximum price, the transportation cost is at its lowest and the
recycler receives high volumes of waste. In this regard, this business is characterized by
significant uncertainties, which can be reduced through a vertical integration or strategic
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partnerships with actors involved in the reverse supply chain in order to guarantee big
treatment volumes and a stable transportation cost.

The LCA and LCC results obtained are affected by uncertainties due to the ab-
sence of data or scaling up of laboratory data to the industrial scale, as analyzed in
Sections 3.1.1 and 2.2.5. The LCA and LCC allowed collecting preliminary environmental
and costing information that is crucial for further developing the product at pilot and indus-
trial scales. Further research on those two types of composites and repairing technologies
with a pilot test are fundamental to obtaining a new type of product that can be repaired,
which could push on the LCA and LCC’s robustness. Moreover, performing LCA and
LCC during all those steps could be crucial to both understanding how the results change
according to data availability and production scale (i.e., from laboratory to industrial scale)
and monitoring the environmental and costing efficiency as decision support tools for
its development.
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Abstract: To achieve a sustainable society, it is important to use biological resources effectively to
the extent that they are renewable. Rice husk, which is abundantly produced in various regions,
is a useful biomass resource. To promote their use further, it is important to expand the fields in
which they are used. Therefore, this study reviews the research on rice-husk-based materials that
can be used in digital fabrication, such as those used with 3D printers and Computer Numerical
Control (CNC) machines, which have become increasingly popular in recent years. After outlining the
characteristics of each machining method, the authors surveyed and analyzed the original research on
rice-husk-based materials for 3D printers and particleboard available in digital fabrication machines
for 2D machining. This review identifies issues and proposes solutions for expanding the use of
rice-husk-based materials. It also indicates the need for further research on various aspects, such as
the workability and maintainability of the equipment.

Keywords: green materials; rice husk; agricultural byproduct; 3D printing; digital fabrication; particleboard

1. Introduction

In recent years, a growing body of research has focused on design strategies aimed
at promoting sustainability. One prominent model proposed as a strategy for achieving
circular design, as discussed in the study conducted by Moreno et al. [1], is “Design for
resource conservation.” Furthermore, the butterfly system diagram put forth by the Ellen
MacArthur Foundation serves as a comprehensive overview of the circular economy and
delineates the following principles: “The second principle of the circular economy is to
circulate products and materials at their highest value. This means keeping materials
in use, either as a product or, when that can no longer be used, as components or raw
materials” [2]. Hence, effective utilization of biological resources, ensuring that they are
renewable, has emerged as a crucial approach for attaining sustainability.

Agricultural residues, such as rice husks from rice cultivation, can be considered
major biological resources. Rice husks are an important by-product of the rice milling
process and are a major agricultural waste product. Table 1 shows the statistical data
on global rice paddy production released by Food and Agriculture Organization of the
United Nations (FAO) [3]. Global rice production in 2020 was about 756 million tons,
and rice production has increasing compared to 2010, especially in Asia and Africa. In
addition to their mechanical properties, rice husks are useful materials from which its
main components, cellulose, lignin, and silica, can be extracted and used as functional
materials. Therefore, there have been many studies on rice husk reuse for a long time.
Table 2 summarizes the number of submissions of review articles published since 2013.
These results show that the number of submissions is increasing, indicating a high level of
interest in rice husk utilization.

32



Materials 2023, 16, 5597

Table 1. Annual production quantity of rice paddies in 2010 and 2020 (FAOSTAT).

Region
Production Quantity [×106ton]

2010 2020

World 694.5 756.7
Africa 26.0 37.9
Americas 36.5 38.1
Asia 627.5 676.6
Europe 4.3 4.1
Oceania 0.2 0.1

Table 2. Number of review articles published on rice husks (ScienceDirect). A keyword search for
“rice husk” was performed in ScienceDirect, and the results were sorted by checking the “Review
Article” checkbox. The results for 2013–2022 are listed and categorized into those where the research
content and application methods were analyzed broadly and those where a more detailed review
was conducted by narrowing down the application cases.

Research Target 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 Total

General
Rice husk 0 0 1 0 0 0 0 1 0 1 3

Rice husk ash 0 1 0 1 0 0 1 0 0 0 3
Rice husk derived silica 0 0 0 0 1 0 0 0 0 0 1

Application

Cement/concrete 1 0 0 0 2 2 1 3 4 2 15
Adsorbents, soil

conditioners, fertilizers 0 0 0 0 0 1 2 0 2 0 5

Energy 0 0 1 2 1 0 0 0 0 2 6
Fiber-reinforced

polymer composites 0 0 0 0 0 0 0 0 1 0 1

Application to
metal matrix 0 0 0 0 0 0 0 0 0 1 1

Application to alkali
activated materials 0 0 0 0 0 0 0 0 0 1 1

Total 1 1 2 3 4 3 4 4 7 7 36

In order to promote further utilization in the future, it is important not only to develop
technologies in existing areas of utilization, but also to increase utilization in new areas.
One of these new areas involves the use of materials for digital fabrication. One reason is the
recent development of digital fabrication technologies, such as 3D printers and laser cutters,
and the other is that rice husk utilization materials have traditionally been applied in the
fields of architecture and product design, where this technology is particularly actively
used. The most common application in this field is to mix it with concrete and cement
materials, but other research papers have been published on other materials that can be
applied to construction and products, as shown in Table 3.

Based on the above, it is expected that further research on rice husk materials that can
be used in digital fabrication will promote their use in the architectural and product design
fields and make even more effective use of unused resources. In fact, research papers have
already been published on the use of rice husks as a material for 3D printers in 2020 and
beyond. If other digital fabrication equipment, such as laser cutters and CNC machines,
can also make use of this material, it will see even greater use.

Hence, this study provides a comprehensive survey of original papers focusing on the
use of rice-husk-based materials for 3D printers and particleboard as a viable material for
digital fabrication. By identifying recent research trends, summarizing existing research
gaps, and providing recommendations for addressing these challenges, this study aims to
contribute to the development of this field.
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Table 3. Number of research articles published on the application of rice husks that can be used in the
construction and product fields (ScienceDirect and Springer). Keyword searches for “rice husk” were
conducted on Elsevier’s ScienceDirect and Springer’s article search sites, and the results from 2013 to
2022 that included the keyword in the title were listed. A total of 1243 search results were found in
ScienceDirect and 535 in Springer. The titles of each article were then checked, and the articles that
corresponded to the application items in Table 3 were extracted and classified.

Application 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 Total

Polymer composite 2 5 3 5 8 5 10 16 21 14 89
Metal matrix composite 3 1 2 0 1 3 2 2 1 4 19

Rubber composite 1 0 0 1 0 1 1 2 4 2 12
Glass 1 0 2 0 1 0 3 1 0 2 10

Particleboard 1 0 0 0 1 2 0 2 0 3 9
Building materials

(board/panel) 0 0 0 1 0 1 1 3 1 0 7

3D printing materials 0 0 0 0 0 0 0 1 1 1 3
Others 1 0 1 1 0 0 0 1 1 6 11

9 6 8 8 11 12 17 28 29 32 160

2. The Physical Properties of Rice Husks

Rice husk constitutes around 20% of the weight of paddy rice before milling [4]. It
consists of cellulose (25–35%), hemicellulose (18–21%), lignin (26–31%), silica (15–17%),
soluble matter (2–5%), and moisture (about 7.5%) [5]. In contrast to other biomass varieties,
rice husk is inherently high in silica and ash content. [6]. Furthermore, due to their higher
lignin content compared to wood, rice-husk-based products exhibit greater hydrophobicity
compared to wood-based products [7]. The combustion of rice husks as fuel generates
rice husk ash as a by-product, constituting about 20–25% of the weight of rice husks [8].
Generally, rice husk ash contains approximately 85–95% amorphous silica, but the physical
properties and characteristics of rice husk ash depend on the processing parameters, includ-
ing combustion methods, separation processes, and milling [9]. Materials derived from rice
husk ash are characterized by their porous nature and are used as adsorbents and fillers.

3. Targeted Digital Fabrication Machines

Digital fabrication machine is a generic term for machine tools that process materials
based on computer-designed data; a typical example is the 3D printer.

Three-dimensional (3D) printing technology, also called additive manufacturing, is
a method of layering materials based on data created by 3D computer-aided design (3D
CAD) or 3D data generated by a 3D scanner. Various layering methods exist, including
applying thermally melted resin or paste materials layer-by-layer, curing liquid resins
with ultraviolet light, and sintering powdered materials. Two typical types of machine are
shown in Figure 1.
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In addition to 3D printers, digital fabrication also uses equipment such as computer
numerical control (CNC) machines and laser cutters that can cut board materials and other
flat materials based on 2D data created with CAD or Graphic Soft. A CNC milling machine
is a tool that cuts materials according to 2D data using an end mill. The equipment is
shown in Figure 2.
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Figure 2. Computer numerical control (CNC) machine.

This tool can also utilize 3D data to perform 3D cutting. It is also known as “subtractive
manufacturing” because it removes unnecessary parts from the materials. A laser cutter is
a machine tool that cuts or engraves objects using a laser beam instead of an end mill. Both
technologies are expected to be utilized in the fields of architecture and product design.
Therefore, this section introduces research on materials utilizing rice husks for 3D printers
and board materials that can be used in 2D processing. The target machines and materials
are shown in Figure 3.
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4. Articles on Materials for 3D Printer Utilizing Agricultural Wastes Including Rice Husks
4.1. Method

Searches on ScienceDirect and Springer only produced one review article and three
research articles on the utilization of rice husk as a material for 3D printers. Therefore, in
this section, Google Scholar was additionally used to search for the keyword “rice husk
3D printer”. We extract relevant articles from 2013 to 2022 that contained the keyword
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in the title and extracted relevant articles after reviewing the abstracts. Among them, we
select only those articles that mentioned studies utilizing rice husks as a raw material. After
categorizing them into review articles and original articles, we will provide an overview of
each and mention some important issues.

4.2. Review Articles on Materials for 3D Printer Utilizing Agricultural Wastes Including Rice Husks

Among the various 3D printing methods, fused deposition modeling (FDM) is the
most popular method, in which a string of thermoplastic polymer filaments is melted and
layered with heat. Polylactic acid (PLA) and acrylonitrile butadiene styrene (ABS) are
typical materials used in FDM. Numerous studies have been reported on blending natural
fibers with these materials to produce composite filaments, and several review articles
have been published. Five review articles were extracted as a result of the survey using the
above methods.

Most recently, Rajendran et al. summarized an approach using natural-fiber-reinforced
polymer composites as filaments for 3D printers. They analyzed the effects of fiber treat-
ment, material preparation methods, and compatibilizer additions and reviewed methods
for producing filaments from composites [10]. Ahmed et al. also summarized a study on
the properties of polymers in 3D printing filaments with added natural fibers [11]. They
noted that in many studies, the average particle size of the fiber material used as filler was
described, but detailed fiber structure information was lacking. They suggested that it is
important to carefully analyze the quality and composition of the filaments before printing.
Mazzanti et al. noted that further investigations on other semicrystalline polymers would
be interesting, noting that materials less common in FDM, such as polyethylene (PE) and
polypropylene (PP), can benefit from composites with natural fibers and particles [12]. The
review also specifically focused on studies using PLA as a matrix, discussing the properties
of PLA-based bio-composites and printing requirements, as well as future opportunities for
applications, upcycling and recycling, and biorefineries [13]; Seker et al. proposed a method
for manufacturing acoustic panels using additive manufacturing and presented the acous-
tic properties of composites reinforced with natural fibers, noting that small voids form
between the deposition lines in the 3D-printed composites. The authors concluded that
these voids provided an advantage for the acoustic panels to effectively absorb sound [14].

As mentioned above, there are several review articles on 3D printing filaments with
added natural fibers. However, these articles mainly focus on FDM 3D printers, and there
are no papers that organize material studies for other 3D printers. Therefore, this paper
will research papers on the application of rice husks as a material for various 3D printing
methods, including FDM.

4.3. Original Articles on 3D Printer Materials Using Rice Husks

Examples of research articles on 3D printer materials using rice husks are listed in
Table 4. For each article, the method, matrix, and filler or binder materials are provided.

Table 4. Original articles on materials for 3D printers using rice husks.

3D Printing
Method Matrix Filler or Binder Authors Year

FDM PLA Rice husk Tsou et al. [15] 2019
FDM PLA Rice husk Wu and Tsou [16] 2019
FDM PLA Rice husk/wood le Guen et al. [17] 2019
FDM Recycled polypropylene Rice husk Morales et al. [18] 2021
FDM ABS Rice husk ash Peng et al. [19] 2021
SLS Co-polyamide Rice husk Li et al. [20] 2022

Material
Extrusion Cement Rice husk ash Muthukrishnan

et al. [21] 2022
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Table 4. Cont.

3D Printing
Method Matrix Filler or Binder Authors Year

Material
Extrusion Cement Rice husk ash Palaniappan [22] 2020

Material
Extrusion Soil Rice husk and lime Ferretti et al. [23] 2022

Material
Extrusion Rice husk Guar gum

(as a binder) Nida et al. [24] 2021

Material
Extrusion

Al2O3-SiO2 ink (includes
rice-husk-derived silica)

PVA solution, glycerol,
and dispersant

(as a binder)
Hossain et al. [25] 2022

Binder jetting

Miscanthus particles, wood
flour, seashell powder, fruit

stone flour, rice husk
(only mentioned)

Lignin
sulfonate/sodium
silicate/polyvinyl

alcohol (as a binder)

Zeidler et al. [26] 2018

4.3.1. Fused Deposition Modeling

The most common way to utilize natural resources as a material for 3D printers is to
mix them with a polymer as a matrix to generate a composite filament. As an example,
filaments mixed with wood and bamboo powders are shown in Figure 4.
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This method is also the most common way to apply rice husks as a 3D printer ma-
terial, and various studies have been conducted to improve material performance and
modeling quality. For example, Tsou et al. added methylene diphenyl diisocyanate as
an interfacial compatibilizer to improve the tensile strength and impact resistance (Izod
impact) of composite materials. They also observed that a porous morphology was gener-
ated in the composite material and that the pore size increased considerably with the rice
husk content [15] Contrastingly, Wu et al. fabricated filaments with acrylic acid-grafted
PLA (PLA-g-AA) and coupling-agent-treated rice husks to improve the properties of
bio-composites. They reported that the developed material achieved improved tensile
properties and water resistance [16]. le Guen et al. produced 3D-printed filaments by blend-
ing wood and rice husk powders with PLA and analyzed their properties. They observed
differences in the visual evaluation and process stability, attributed it to the silica content
and particle size in the powders, and considered that the particle size of the materials may
have a considerable influence on their rheological behavior [17].

There have also been studies that used materials other than PLA as the base material.
Morales et al. studied rice husks and filaments using recycled polypropylene (rPP). rPP
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with rice husk fibers has some problems, such as increased water absorption and swelling
diameter and faster degradation than rPP alone; however, it can reduce the warpage caused
by the printing process and can be used in applications where its mechanical properties
are acceptable [18]. Research on blends of rice husk ash and ABS was conducted, noting
that a powder mixture of ABS and rice husk ash is highly useful in the manufacture of
optical components by 3D printing because of its ability to increase the refractive index and
decrease the absorption coefficient [19].

4.3.2. Selective Laser Sintering (SLS)

The SLS method is a 3D printing technology in which a powder bed is selectively
scanned by a laser and processed during layer-by-layer sintering. It is characterized
by low material loss and the ability to create highly accurate models. Polycarbonate
and polystyrene powders are the commonly used materials. Although there are not
many examples of the utilization of rice husks using this method, a method of fabricating
composites for SLS by adding rice husk powder to CO-polyamide powder, which is utilized
as a hot melt adhesive, has been proposed [20]. This study confirmed the effect of rice husk
content on the mechanical properties, dimensional accuracy, and residual ash content of
parts, as well as the sintering properties of the material, and clarified the requirements for
optimizing the SLS 3D printer method for investment casting parts, which are frequently
applied in many cases.

4.3.3. Extrusion Printing

Extrusion printing is a 3D printing method in which a paste-like material is injected
into a cylinder and extruded through a nozzle using a screw or air pressure. The most
well-known example of this technique is the use of a large 3D printer to produce cement
to form architectural structures. Food 3D printers, which have been actively developed in
recent years, are also based on this method. In this method, the rheological properties of
the paste material to be extruded, as well as the means and time required for curing after
printing, are major issues.

The building industry has seen an increase in the research and use of 3D printing, and
research has been conducted on the 3D printing of cement using rice husk ash. Muthukr-
ishnan fabricated a rectangular structure with rice husk ash added, utilizing a screw-type
extruder, the same system used for 3D printing in architecture, and evaluated the properties
of the structure against bare mortar [21]. He then considered that the structure to which rice
husk ash was added showed less shape change over time, which was attributed to its faster
curing in the mortar and suppressed shape deformation owing to self-loading. Therefore,
he concluded that the addition of rice husk ash improved the model. Palaniappan et al.
detailed the potential of 3D printing in the construction industry in their study utilizing
waste materials, such as cow dung ash, rice husk ash, sugarcane bagasse ash, ground
granulated blast-furnace slag (GGBS), and marble dust as concrete materials [22]. Research
is also being conducted on the application of rice husks as a material for the 3D printer
architecture of soil structures. This is based on the traditional building technique called
cob, which is a method for building structures by layering moist clayey soil. The Italian
3D printer company WASP produces a 3D printer for soil structures. The material used
was a composite of soil mixed with rice husks and lime. The contact surface between
the rice husks and the soil matrix increases, promoting the formation of Si-O-Si bonds
and improving the stiffness of the material [23]. Nida et al. investigated the effect of the
addition of guar gum (GG) to ground rice hulls of different particle sizes, with and without
the addition of GG, on printability. The ratio of powdered rice hulls to guar gum was
determined, and its application in food packaging was proposed [24]. A case study of in
situ mullite (3Al2O3-2SiO2) foam development using silica extracted from rice husk ash was
investigated. Al2O3-SiO2 ink was prepared using an aqueous binder containing α-alumina
and two types of silica (rice-husk-ash-extracted biogenic nano-silica and commercial silica).
The material was extruded by air pressure through a conical nozzle, dried in an air furnace,
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and fired in a muffle furnace. Its application to high-performance products (e.g., insulators,
filters, and high-temperature operating devices such as burners) was proposed [25].

4.3.4. Binder Jetting

The binder jetting method produces a three-dimensional model object by repeatedly
placing the powdered material on a bed and injecting a liquid binder in layers. As with
SLS, there is little loss of material; however, there is a problem in that the strength after
modeling is low, and post-processing is sometimes required. For example, Zeidler et al.
applied lignin sulfonate, sodium silicate (water glass), and polyvinyl alcohol as binders to
Miscanthus sinensis particles, wood flour, shell powder, and fruit stone powder; evaluated
the properties of the moldings; and discussed the optimal combinations. Miscanthus/PVA
was proposed as an appropriate combination, and it was also confirmed that spray coating
with a sodium silicate solution can improve the mechanical strength and water resistance.
In contrast, they mentioned that the mechanical strength was weaker than that of polymer-
based components, making them suitable for applications where they are not subjected to
loads, and suggested their application in food packaging. The report mentioned that rice
husks were not included because no considerable results have been achieved; however,
they are interesting to investigate because they are abundantly available in many regions
and are expected to be developed in the future [26].

5. Articles on Materials for Particleboard Using Rice Husks

Particleboard is a material typically produced by hot-pressing wood chips sprayed
with an adhesive that serves as a binder. An intermediate layer composed of coarse
particles and fibers is sandwiched between layers of fine particles to achieve strength and a
light weight. However, obtaining the wood chips used as raw materials is fraught with
deforestation and raw material shortage problems. Urea-formaldehyde, which is mainly
used as an adhesive, has been pointed out to be harmful to the human body. Particleboards
can also be processed by CNC or laser cutters and are widely used as building and furniture
materials, along with veneer boards. Agricultural waste would be an effective means of
resource recycling and would help stabilize the supply of board materials if it could be
utilized as raw materials for these boards.

This study surveys research articles on the development of particleboards utilizing
rice husks, as there are currently no studies on the use of rice husks in digital fabrication.

Original articles were searched using the keywords “rice husk” and “particleboard”
on the ScienceDirect and Springer websites, and all keywords must be included in the title.
Table 5 shows the extracted articles organized by material/binder/characteristic treatment.

Table 5. Original article on particleboard utilizing rice husks.

Matrix Binder Treatment Authors Year

Rice husks/sawdust Synthetic adhesives Fevicol/
Ponal/Woodfix Olupot et al. [27] 2022

Mixture of groundnut shell
and rice husk particles

Cassava starch blended with
urea-formaldehyde Akinyemi et al. [28] 2022

Mixture of insect rearing
residue and rice particles Citric acid/tapioca starch Huang et al. [29] 2022

Rice husk particles/
hemp fibers Cornstarch Battegazzore et al. [30] 2018

Rice husk particles/
hemp fibers Cornstarch

Add ammonium
dihydrogen phosphate

to the binder
Battegazzore et al. [31] 2018
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Table 5. Cont.

Matrix Binder Treatment Authors Year

Rice husk particles Soy protein concentrate Impregnate the board with
tung oil Nicolao et al. [32] 2020

Rice husk particles Soy protein concentrate Add two jute fabric layers
to the board Chalapud et al. [33] 2020

Rice husk particles Phenol-formaldehyde resin Sandwiched between two
wood strand layers Kwon et al. [34] 2013

Rice husk particles Branched polyethylene imine
and poly acrylic acid

Layer by Layer-coating on
rice husks Battegazzore et al. [35] 2017

There are many examples of research on particleboards made from rice hulls, in which
different combinations of materials and binders were used to evaluate mechanical strength,
water resistance, and heat resistance. Olupot et al. found that the addition of sawdust
improved the properties of rice-husk-based, low-density particleboard. They utilized
commercially available synthetic adhesives as binders instead of the commonly used urea-
formaldehyde and phenol-formaldehyde for particleboard manufacturing, with promising
results [27]. Akinyemi et al. processed agricultural waste, peanut shells, and rice husks
into particles and used them to produce composite panelboards. In addition, cassava starch
blended with urea-formaldehyde was used as an adhesive to reduce the environmental
impact, presenting its potential as an eco-friendly interior panelboard material [28]. Huang
et al. evaluated the feasibility of manufacturing particleboard by combining insect breeding
residues and rice husks in different ratios and using citric acid/tapioca starch as a natural
binder. Although a decrease in the rupture factor was observed as the percentage of
insect breeding residue increased, they identified a combination ratio of materials that
met the Japanese Industrial Standard (JIS) specifications, showing its potential as a board
material [29].

Some studies have fabricated and characterized fiberboard and particleboard using
hemp staple fibers and rice husk particles, respectively. Cornstarch was employed as the
binder, and the boards were prepared by hot-pressing the binder-impregnated material.
Fiberboard is stiffer than particleboard and has been proven to be able to withstand greater
loads, meeting standards that allow it to be recommended as an interior material [30]. The
same material and binder combination is also used as a fire retardant, which is a challenge
when used as a building material. Ammonium dihydrogen phosphate was added as a
flame retardant, and boards were manufactured to find the optimal combination and meet
the high flame-retardant standards [31].

As confirmed from the above studies, it is difficult to guarantee the strength par-
ticleboards containing rice hulls, which have a smaller aspect ratio compared common
particleboards; and, when naturally derived adhesives are used, there is a high possibility
that various types of performance will be degraded. Therefore, some attempts have been
made to improve performance with additional treatments. For example, Nicolao et al.
studied how to improve the function of manufactured rice husk boards by utilizing soy
protein as a binder. They achieved functional improvements, including water resistance,
by impregnating the manufactured boards with tung oil [32]. Chalapud et al. also fab-
ricated boards using the same binder. They achieved improved mechanical strength by
sandwiching the surface of the board between jute cloth [33]. Another method to increase
the mechanical strength through sandwich construction is to build wood strand layers on
the surface. The binder was a common formaldehyde adhesive; however, it was a good
substitute for wood strand boards [34].

Finally, a special case is the manufacturing method of layer-by-layer treatment [35]. In
this method, a binder is coated on the surface of the rice husks by vapor deposition and
then hot-pressed to produce the board. Strong mechanical properties were obtained due to
structures bonded via strong electrostatic interactions that occurred at the molecular scale.
Furthermore, the polymer system used branched polyethyleneimine and polyacrylic acid,
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and layer-by-layer approaches have environmentally friendly features, such as the use of
water as a solvent and optimal performance at room temperature and low solution concen-
trations. Such an efficient surface modification method has shown promising sustainable
potential.

6. Discussion

This study reviewed the literature on the effective use of rice husks, focusing on their
utilization in the fields of architecture and product design. The results of the survey of
review articles on the use of rice husks showed a high number of review articles on the use
of incinerated ash as a concrete filler, indicating a high level of interest. They have been
published continuously since 2017 and the number is still increasing, suggesting that this
method is a promising means of incinerated ash utilization. In addition, it was confirmed
that rice husks have the potential for a wide variety of applications. In many cases, husks
are utilized as a base material or filler or the silica and lignin components of the husks
are extracted and utilized. In deciding which method to choose, the performance of the
rice-husk-derived materials and their economics and the balance between the yield of each
region and the amount of treatment with each utilization method are important guidelines.
Therefore, it will be necessary in the future to analyze the amount of rice husks processed
and the cost aspects of each utilization method.

The most common method when using rice husks as a material for 3D printers is to
mix them as a filler in filaments used for FDM 3D printers, which are the most widespread
type of 3D printer. PLA was the most common polymer used in these studies as the
base polymer for mixing rice husks. In general, adding natural fiber fillers reduces the
mechanical strength and durability; hence, efforts have been made to compensate for these
problems. However, additives are often included to overcome these problems, causing
costs to increase. In the future, it will be necessary to consider both the purpose and the
cost of the material. While it was noted that there was insufficient information on particle
size in each of the studies, other studies indicated that the particle size of the material could
have a significant impact on its rheological behavior. Therefore, it is important in the future
to establish a method for measuring filler particle size and to unify this information.

Rice husks also have the potential to be used as an additive to materials, especially
in cement extrusion printing. Because the addition of rice husks leads to retention of the
shape of the modeled object until hardening, it is very effective as a material for 3D printing
without using a mold. Although it is still a developing technology, rice husks have been
used as materials for concrete in the past and their usage is expected to expand along with
the spread of 3D printing in construction.

The possibility of using rice husks as materials for SLS has been confirmed. However,
the powder materials used in this method tends to scatter easily, affecting the installation
environment of the equipment. If rice husks are used, their particle size and specific
gravity should be compared with those of ordinary nylon materials to evaluate their ease
of handling, equipment cleanliness, and work environment.

Extrusion printing is a useful method for a wide range of applications from architecture
to the manufacture of functional products. However, the material in this method is wet,
and the state of the material changes with time until modeling. Material drying always
occurs using this method. In addition, when adding particles, such as rice husks, material
separation may occur depending on the rheological properties of the binder. Furthermore,
when mixing organic materials, excess material and residue in the cylinder can cause mold
and corrosion. In the case of rice husk ash, the risk is low. However, if the rice husk powder
is used directly, this issue should be considered. Based on the above, to expand the use of
rice husks in this method, it is necessary to obtain knowledge on the speed of aging and
deterioration of the physical properties of the material before firing or hardening. It is also
important to develop equipment that is easy to clean.

The use of rice husks in particleboards has been studied, regardless of the digital
fabrication trend. All of these particleboards tend to have reduced mechanical properties
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compared to common wood particleboards, and the focus is on how to reduce performance
loss and maintain this within the standard. These studies have focused on improving
properties such as mechanical strength and have not mentioned the workability of the
material. In particular, there is no research on the machinability of CNC or laser cutters
for these materials. Therefore, to promote the use of rice-husk-derived particleboard as a
material for digital fabrication, it is necessary to evaluate its workability.

7. Conclusions

The following is a summary of the issues and solutions associated with the use of rice
husks as materials for digital fabrication.

• Applications suited to material properties

Mixing rice husk fibers with neat materials, such as polymer composites, tends to lead
to performance degradation. However, the addition of other materials or treatments to
improve functionality can increase the costs. Therefore, it is important not only to aim for
improved functionality, but to also consider applications that match the characteristics of
the material.

• Evaluation of actual operation (long-term quality of materials/maintainability of
equipment)

The paste used in the material extrusion method tends to change over time, and the
material remaining in the syringe or at the nozzle tip can affect the printing characteristics.
However, previous studies have not considered the aging of these materials or operational
concerns. Therefore, future studies should investigate the changes in the material properties
over time and consider the maintainability of the equipment.

• Processability of board materials

When rice-husk-derived particleboard is cut by CNC, the silica component in the
material may shorten the life of the end mills. Depending on the internal density and
interparticle adhesion strength, the material on the cut surface may peel off when milled. If
the material peels off during processing by CNC, it may be improved by reducing the grain
size or increasing the adhesive strength. However, the amount of silica cannot be changed
significantly; therefore, when machining with CNC, it is effective to deal with this problem
by slowing down the machining speed or using end mills for metal rather than wood.
When processing with a laser cutter, it is also necessary to verify the reaction of the rice
husk components with the laser beam. Therefore, to utilize a rice-husk-based particleboards
for digital fabrication, research on their processability and optimal processing conditions
would help expand their use.

Despite the abovementioned issues, the use of rice husks as a structural material for
buildings and industrial products is an effective method of material recycling because it
leads to mass disposal of agricultural waste and long-term carbon fixation.

This study describes the research trend on the use of rice husks for digital fabri-
cation and discussed the possibilities of rice husk use, as well as issues and solutions.
The promotion of material research for digital fabrication, which is expected to be fur-
ther utilized in the future, will lead to further effective utilization of agricultural waste.
This review will help to expand the use of rice husks in the architectural and product
design fields.
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Abstract: Compared to conventional metal oxide nanoparticles, metal oxide nanocomposites have
demonstrated significantly enhanced efficiency in various applications. In this study, we aimed to syn-
thesize zinc oxide–copper oxide nanocomposites (ZnO-CuO NCs) using a green synthesis approach.
The synthesis involved mixing 4 g of Zn(NO3)2·6H2O with different concentrations of mangosteen
(G. mangostana) leaf extract (0.02, 0.03, 0.04 and 0.05 g/mL) and 2 or 4 g of Cu(NO3)2·3H2O, followed
by calcination at temperatures of 300, 400 and 500 ◦C. The synthesized ZnO-CuO NCs were charac-
terized using various techniques, including a UV-Visible spectrometer (UV-Vis), photoluminescence
(PL) spectroscopy, Fourier Transform Infrared (FTIR) spectroscopy, X-ray powder diffraction (XRD)
analysis and Field Emission Scanning Electron Microscope (FE-SEM) with an Energy Dispersive X-ray
(EDX) analyzer. Based on the results of this study, the optical, structural and morphological properties
of ZnO-CuO NCs were found to be influenced by the concentration of the mangosteen leaf extract,
the calcination temperature and the amount of Cu(NO3)2·3H2O used. Among the tested conditions,
ZnO-CuO NCs derived from 0.05 g/mL of mangosteen leaf extract, 4 g of Zn(NO3)2·6H2O and 2 g
of Cu(NO3)2·3H2O, calcinated at 500 ◦C exhibited the following characteristics: the lowest energy
bandgap (2.57 eV), well-defined Zn-O and Cu-O bands, the smallest particle size of 39.10 nm with
highest surface area-to-volume ratio and crystalline size of 18.17 nm. In conclusion, we successfully
synthesized ZnO-CuO NCs using a green synthesis approach with mangosteen leaf extract. The
properties of the nanocomposites were significantly influenced by the concentration of the plant
extract, the calcination temperature and the amount of precursor used. These findings provide
valuable insights for researchers seeking innovative methods for the production and utilization of
nanocomposite materials.

Keywords: Garcinia mangostana L.; green product; green synthesis; nanocomposites; zinc oxide-copper oxide

1. Introduction

Compared to individual semiconductor metal oxide nanoparticles (NPs), such as
zinc oxide (ZnO), copper oxide (CuO), nickel oxide (NiO), etc., the mixing of these NPs

45



Materials 2023, 16, 5421

has gained significant attention due to their excellent application in sensor, electrical and
electronic products. Mixing semiconductor metal oxides allows for control over their struc-
tural, morphological and surface properties, making them important in various practical
applications [1]. Among the p-n type mixed semiconductors, ZnO-CuO nanocomposites
(NCs) garnered considerable interest from researchers. Copper is preferred to combine
with ZnO due to its ability to easily overlap d-electrons with a valence bond of ZnO [2].
This results in enhanced surface area, smaller particle size and the formation of ZnO-CuO
heterojunctions, which strengthen the optical and electronic properties [2,3]. Consequently,
ZnO-CuO NCs find application in environmental remediation, photo-catalysis, fuel cell,
solar cell, antibacterial, UV protection and optoelectronics devices [1,4–6]. For example,
the effectiveness in degrading methylene blue was higher by using ZnO-CuO NCs (98%)
compared to ZnO (81%) [5].

Green synthesis of nanomaterial offers a simpler, more cost-effective, eco-friendly
alternative with lower energy consumption compared to conventional methods [7–12].
Generally, various parts of plants, including flowers, leaves, stems, roots and seeds, are
utilized in the green synthesizing of nanomaterials [13–15]. During the green synthesis
process, phytochemicals present in plants, such as phenols, aldehydes, ketones, carboxylic
acids, nitrogenous compounds, flavonoids, alkaloids, terpenoids, tannins and pigments,
accumulate and later interact with metals to cap, stabilize and reduce to NPs [9,16,17].
However, achieving the desired morphology and shape remains a challenge in the green
synthesis of NPs and NCs. As a result, extensive research has been conducted to optimize
the synthesis conditions, including plant extract concentration, temperature and precursor
concentration, to synthesize NPs and NCs with desired structural, morphological and
optical properties [18,19].

While aqueous extract from Aloe barbadansis leaf [3], Calotropis gigantea leaf [4], Theo-
broma cacao seed bark [6], Dovyalis caffra leaf [20], Verbascum sinaiticum Benth [21], Sambucus
nigra L. shoot [22], Alchornea cordifolio leaf [23] and Calotropis gigamtae leaf [24] has been uti-
lized for synthesizing ZnO-CuO NCs. The use of Garcinia mangostana L., commonly known
as mangosteen, in synthesizing ZnO-CuO NCs has not been explored. Mangosteen is a
seasonal fruit in the Clusiacae family and is commonly found in tropical countries [25–29].
It contains numerous phytochemicals, such as xanthones, flavonoids and terpene [30–33],
which have the potential to form stable colloidal nanomaterials.

In this study, we synthesized ZnO-CuO NCs using a mangosteen leaf aqueous extract
in a green, fast and simple manner. The mangosteen leaf aqueous extract-mediated ZnO-
CuO NCs were optimized by varying the concentration of the mangosteen leaf aqueous
extract (0.02, 0.03, 0.04 and 0.05 g/mL), calcination temperatures (300, 400 and 500 ◦C) and
the amount of Cu(NO3)2·3H2O (2.0 and 4.0 g). In this paper, we investigated the effects
of these parameters (plant concentration, calcination temperature and precursor weight)
on the optical, structural and morphological properties of the mangosteen leaf aqueous
extract-mediated ZnO-CuO NCs.

2. Materials and Methods
2.1. Materials

The mangosteen leaves were collected from a neighborhood in Kampar, Malaysia.
Zinc nitrate hexahydrate, Zn(NO3)2·6H2O, was purchased from HiMedia Laboratories Pvt.
Ltd. (Nashik, India), and copper nitrate trihydrate, Cu(NO3)2·3H2O was purchased from
HmbG (Hamburg, Germany). Both chemicals were used without further purification. All
glassware was washed with deionized water and dried in an oven before use.

2.2. Characterization

The selection of optimized parameters in green synthesizing ZnO-CuO NCs was based
on their structural, morphological and optical properties. The absorption spectra were
recorded by a UV-Visible (UV-Vis) spectrophotometer (Thermo Scientific GENESYS 10S,
Waltham, MA, USA). The recombination of electron-hole pairs (e−/h+) of the synthesized
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samples was investigated using photo luminance (PL) spectroscopy (Perkin Elmer LS
55 Fluorescence Spectrometer, Waltham, MA, USA) with an excitation wavelength of
350 nm in the range of 350 to 600 nm. The Fourier Transform Infrared (FTIR) spectroscopy
study was carried out at room temperature in the range of 4000 to 400 cm−1 with a resolution
of 4 cm−1 by using KBr pellets in a Perkin Elmer RX1 spectrophotometer. X-ray powder
diffraction (XRD) patterns were taken in the reflection mode with Cu Kα (λ = 1.5406 Å)
radiation in the 2θ range of 10◦ to 80◦ by using a Shimadzu XRD 6000 X-ray diffractometer
with continuous scanning which was operated at 40 kV/30 mA and 0.02 min−1. The
morphological, microstructural and elemental compositional of all synthesized samples
was determined using a Field Emission Scanning Electron Microscope (FE-SEM) (JEOL
JSM-6710F, Tokyo, Japan) with Energy Dispersive X-ray (EDX) analyzer (X-max, 150 Oxford
Instruments, Abingdon-on-Thames, UK).

2.3. Preparation of Mangosteen Leaf Aqueous Extract

The freshly plucked mangosteen leaves were washed with tap water to remove dust
and dried in an oven at 50 ◦C for 48 h and further dried in a vacuum oven at 60 ◦C for
8 h. Then, the leaves were ground into a fine powder by using a grinder. Then, 5 g of leaf
powder was added to 100 mL of deionized water and heated with stirring at 70–80 ◦C for
20 min to obtain 0.05 g/mL of leaf aqueous extract. Upon cooling, the leaf aqueous extract
was vacuum filtrated, and a reddish-brown filtrate was collected and immediately used for
ZnO-CuO NCs synthesis.

2.4. Synthesis of ZnO-CuO NCs

With minor modification from Chan et al. [34], the synthesis of ZnO-CuO NCs using
mangosteen leaf aqueous extract was performed. The reaction parameters, which included
mangosteen leaf aqueous extract concentration, calcination temperature and weight of
Cu(NO3)2·3H2O added, were optimized.

2.4.1. Leaf Aqueous Extract Optimization

The 50 mL of mangosteen leaf aqueous extract (0.02, 0.03, 0.04 and 0.05 g/mL) was
mixed separately with 4.0 g of Zn(NO3)2·6H2O and 2 g of Cu(NO3)2·3H2O. Immediately, a
greenish-brown solution formed. The solution was heated at 70–80 ◦C with constant stirring
until the formation of a brown paste. The paste was then cooled to room temperature
and calcinated at 500 ◦C for 2 h using the Muffle furnace to obtain a fine black-blue ZnO-
CuO powder.

2.4.2. Calcination Temperature Optimization

After the selection of the optimized mangosteen leaf aqueous extract concentration at
0.05 g/mL, the synthesis of ZnO-CuO NCs was repeated using 4 g of Zn(NO3)2·6H2O and
2 g of Cu(NO3)2·3H2O. The cooled brown paste was calcinated at 300, 400 and 500 ◦C for
2 h to have more energy savings during the ZnO-CuO NCs synthesis.

2.4.3. Precursor Optimization

After the selection of the optimized mangosteen leaf aqueous extract concentration at
0.05 g/mL and calcination temperature at 500 ◦C, the synthesis steps were repeated using
4 g of Zn(NO3)2·6H2O with different weights of Cu(NO3)2·3H2O (2 and 4 g). Until the
formation of brown paste. It was then calcinated at 500 ◦C for 2 h.

3. Results
3.1. UV-Vis Spectroscopy Analysis

Figure 1 shows the UV-Vis spectra of the mangosteen leaf aqueous extract, Cu(NO3)2·3H2O,
Zn(NO3)2·6H2O and mangosteen leaf aqueous extract-mediated ZnO-CuO NCs with their
energy bandgap. The absorption peak position had no significant changes in ZnO-CuO
NCs synthesized at different controlled parameters. The mangosteen leaf aqueous extract
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absorption peak was located at 479 cm−1, while for Cu(NO3)2·3H2O and Zn(NO3)2·6H2O,
it was located at 295 and 305 cm−1, respectively. On the other hand, the ZnO-CuO NCs
absorption peak was located at 369–375 cm−1.
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and green-synthesized ZnO-CuO NCs using (b) 0.02 g/mL, (c) 0.03 g/mL, (d) 0.04 g/mL and (e) 0.05 
g/mL of mangosteen leaf extract; calcinated at (f) 300 °C and (g) 400 °C, respectively, by using 2 g of 
Cu(NO3)2·3H2O. Meanwhile, (h) is the UV-Vis spectrum (left) and energy bandgap (right) of 4 g of 
Cu(NO3)2·3H2O calcinated at 500 °C by using 0.05 g/mL of mangosteen leaf aqueous extract. 

The energy bandgap of the mangosteen leaf aqueous extract-mediated ZnO-CuO 
NCs at different synthesizing conditions is tabulated in Table 1. The energy band gap of 
the ZnO-CuO NPs was expressed in eV and calculated using a Tauc-plot approach using 
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Figure 1. UV-Vis spectra (left) and energy bandgap (right) of (a) mangosteen leaf aqueous extract
and green-synthesized ZnO-CuO NCs using (b) 0.02 g/mL, (c) 0.03 g/mL, (d) 0.04 g/mL and
(e) 0.05 g/mL of mangosteen leaf extract; calcinated at (f) 300 ◦C and (g) 400 ◦C, respectively, by
using 2 g of Cu(NO3)2·3H2O. Meanwhile, (h) is the UV-Vis spectrum (left) and energy bandgap (right)
of 4 g of Cu(NO3)2·3H2O calcinated at 500 ◦C by using 0.05 g/mL of mangosteen leaf aqueous extract.

The energy bandgap of the mangosteen leaf aqueous extract-mediated ZnO-CuO
NCs at different synthesizing conditions is tabulated in Table 1. The energy band gap of
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the ZnO-CuO NPs was expressed in eV and calculated using a Tauc-plot approach using
Equation (1).

αhv = A
(
hv− Eg

)n (1)

where h is Plank’s constant (6.626 × 10−34 Js), n is the exponential factor for electronic
transition (n = 1

2 for the indirect band, n = 2 for the direct band) and α is the absorption
coefficient. The energy bandgap showed no significant difference when using 2 g (2.57 eV)
and 4 g (2.56 eV) of Cu(NO3)2·3H2O in synthesizing ZnO-CuO NCs. In contrast, a plant
aqueous extract concentration-dependent and calcination temperature-dependent shifts
were observed as the energy bandgap decreased from 3.31 eV to 2.57 eV and higher leaf
aqueous extract concentrations and calcination temperatures were applied.

Table 1. Energy bandgap of green-synthesized ZnO-CuO NCs at different synthesizing condition parameters.

Mangosteen Leaf Aqueous
Extract Concentration

(g/mL)

Calcination
Temperature (◦C)

Weight of
Zn(NO3)2·6H2O

(g)

Weight of
Cu(NO3)2·3H2O

(g)

Energy Bandgap
(eV)

0.02 500 4.0 2.0 3.31
0.03 500 4.0 2.0 2.70
0.04 500 4.0 2.0 2.61
0.05 500 4.0 2.0 2.57
0.05 300 4.0 2.0 3.31
0.05 400 4.0 2.0 3.27
0.05 500 4.0 4.0 2.56

3.2. FTIR Spectroscopy Analysis

The FTIR spectra interpretation of mangosteen leaf aqueous extract-mediated ZnO-
CuO NCs at different controlled parameters is shown in Table 2, and their FTIR spectra
are shown in Figure 2. The 3401–3436 cm−1 and 1629–1636 cm−1 bands corresponded
to v(O-H) and v(C=O) or v(C=C). Moreover, 1384 cm−1 and 1099–1114 cm−1 bands were
assigned to v(C-C aromatic) and v(C-O). The bond vibration of CuO and ZnO was indicated
by the bands at 649–674 cm−1 and 447–524 cm−1, respectively.

Table 2. Interpretation of FTIR spectra of green-synthesized ZnO-CuO NCs at different synthesizing
condition parameters with the data presented in cm−1.

Functional
Groups

Parameters

Mangosteen Leaf Aqueous Extract
Concentration

(g/mL)

Calcination Temperature
(◦C)

Weight of
Cu(NO3)2·3H2O

(g)

0.02 0.03 0.04 0.05 * 300 400 500 * 2 * 4

v(O-H) 3429 3435 3435 3435 3436 3435 3435 3435 3401
v(C=O), v(C=C) 1629 1636 1636 1636 1633 1635 1636 1636 1635
v(C-C aromatic) 1384 1384 1384 1384 1384 1384 1384 1384 1384

v(C-O) 1114 1108 1108 1108 1102 1099 1108 1108 1106
v(Cu-O) 674 660 649 651 657 657 651 651 672
v(Zn-O) 447 455 485 486 502 498 486 486 524

* The ZnO-CuO NCs were green-synthesized in the same conditions.

The v(C-C aromatic) and v(C=O) or v(C=C) intensities increased when higher concen-
trations of mangosteen leaf aqueous extract were used. On the other hand, v(C-C aromatic)
and v(C=O) or v(C=C) intensities decreased, while v(Cu-O) intensity increased at ele-
vated calcination temperatures. Additionally, the bands, which included v(C-C aromatic),
v(C=O) or v(C=C), v(C-O) and v(Cu-O) intensities improved when more Cu(NO3)2·3H2O
was added.
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Figure 2. FTIR spectra of green-synthesized ZnO-CuO NCs at different controlled parameters:
mangosteen leaf aqueous extract concentration (M1 = 0.02 g/mL, M2 = 0.03 g/mL, M3 = 0.04 g/mL
and M4 = 0.05 g/mL), calcination temperature (T1 = 300 ◦C, T2 = 400 ◦C and T3 = 500 ◦C) and weight
of Cu(NO3)2·3H2O added (C1 = 2 g and C2 = 4 g), respectively.
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3.3. PL Spectroscopy Analysis

The potential recombination of the photo-generated electron-hole (e−/h+) pairs of
the mangosteen leaf aqueous extract-mediated ZnO-CuO NCs and the occurrence of their
electronic transfer in NCs were determined by using PL spectroscopy (Figure 3). Overall,
the ZnO-CuO NCs emission peaked in the violet region (390–405 nm). From Figure 3, it
can be observed that the PL intensity was more affected by calcination temperature as high
temperature-calcinated ZnO-CuO NCs had lower charge carrier separation compared to
lower temperature samples.
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Figure 3. PL spectra of green-synthesized ZnO-CuO NCs under different parameters: (a) mangosteen
leaf aqueous extract concentration, (b) calcination temperature and (c) weight of Cu(NO3)2·3H2O
added, respectively.

3.4. XRD Spectroscopy Analysis

The mangosteen leaf aqueous extract-mediated ZnO-CuO NCs with the reference
card number ICDD 01-081-9217 were in a hexagonal-wurtzite phase, a = 3.2459 Å and
c = 5.1975 Å, with space group P63mc. All peaks were very sharp and intense, indicating
the samples were of a crystalline nature. ZnO-CuO NCs had diffraction peaks at 2θ values
of 31.74, 34.41, 36.22, 47.57, 56.58, 62.90 and 69.03◦, matched with the ZnO phase, indexed
as (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3) and (2 0 1), respectively. Meanwhile, those 2θ
values of 32.60, 35.58, 38.80, 48.59, 61.57, 66.30 and 68.01o matched with CuO phase were
indexed as (−1 1 0), (0 0 2), (1 1 1), (−2 0 2), (−1 1 3), (0 2 2) and (−2 2 0), respectively. On
the other hand, the CuO-indexed peaks’ intensity magnitude was highest when using 4 g
of Cu(NO3)2·3H2O, especially (1 1 1). The ZnO-CuO NCs spectra are shown in Figure 4.
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Figure 4. XRD spectra green-synthesized ZnO-CuO NCs using (a) 0.02 g/mL, (b) 0.03 g/mL,
(c) 0.04 g/mL and (d) 0.05 g/mL of mangosteen leaf extract; calcinated at (e) 300 ◦C and (f) 400 ◦C,
respectively, using 2 g of Cu(NO3)2·3H2O. Meanwhile, (g) is the XRD spectrum of 4 g of
Cu(NO3)2·3H2O calcinated at 500 ◦C using 0.05 g/mL of mangosteen leaf aqueous extract. All
the lattice faces are represented in (a). Note that “*” represents ZnO, while “·” represents CuO.

The crystallinity of green-synthesized ZnO-CuO NCs was significantly affected by the
mangosteen leaf aqueous concentration compared to calcination temperature and added
Cu(NO3)2·3H2O weight (Table 3). As shown in Equation (2), Debye–Scherrer's formula
was used to calculate the crystalline size of ZnO-CuO NCs [35].

D =
0.94λ

βcosθ
(2)

53



Materials 2023, 16, 5421

where D is the crystalline size of NPs, λ is the X-ray wavelength, β is the full-width half-
maximum (FWHM) of the peak and θ is the Bragg angle. In general, the crystalline size of
the ZnO-CuO NCs was in the range of 18.17 to 28.51 nm. The decrement in crystalline size of
ZnO-CuO NCs at elevated mangosteen leaf aqueous extract concentrations (from 28.51 nm
to 18.17 nm) and calcination temperature (from 22.25 nm to 18.17 nm) was obtained. In
contrast, a slight increment in the crystalline size of ZnO-CuO NCs, from 18.17 nm to
22.29 nm, when the weight of the added Cu(NO3)2·3H2O increased from 2 g to 4 g.

Table 3. Crystalline sizes, dislocation density and micro strain of green-synthesized ZnO-CuO NCs
at different parameters of synthesizing conditions.

Mangosteen
Leaf Aqueous

Extract
Concentration

(g/mL)

Calcination
Temperature

(◦C)

Weight of
Zn(NO3)2·6H2O

(g)

Weight of
Cu(NO3)2·3H2O

(g)

ZnO
Crystalline

Size
(nm)

CuO
Crystalline

Size
(nm)

Crystalline
Size
(nm)

Dislocation
Density

(1014 cm−1)

Micro
Strain
(10−4)

0.02 500 4.0 2.0 31.98 25.03 28.51 12.31 1.35
0.03 500 4.0 2.0 28.67 25.23 26.95 13.77 1.32
0.04 500 4.0 2.0 27.42 23.23 25.32 15.59 1.40
0.05 500 4.0 2.0 21.10 15.23 18.17 30.30 2.77
0.05 300 4.0 2.0 23.13 21.37 22.25 20.19 1.69
0.05 400 4.0 2.0 21.94 18.52 20.23 24.42 1.86
0.05 500 4.0 4.0 20.47 20.31 22.29 20.13 1.63

The ZnO-CuO NCs dislocation density was estimated using Williamson and Small-
man’s formula [35] in Equation (3).

δ =
1

D2 (3)

where δ is the dislocation density of NPs and D is the NPs’ crystalline size. The ZnO-
CuO NCs’ dislocation density was in the range of 12.31 × 1014 to 30.30 × 1014 cm−1. An
increment in dislocation density was obtained when higher mangosteen leaf aqueous
extract concentrations (from 12.31 × 1014 cm−1 to 30.30 × 1014 cm−1) and calcination
temperatures (from 20.19 × 1014 cm−1 to 30.30 × 1014 cm−1) were applied. However,
their dislocation density decreased from 30.30 × 1014 cm−1 to 20.13 × 1014 when more
Cu(NO3)2·3H2O was added during the green synthesis of ZnO-CuO NCs.

Equation (4) was used to calculate the micro strain of the ZnO-CuO NCs [35].

ε =
βcosθ

4
(4)

where ε is the micro strain of NPs, β is the FWMH of the peak and θ is the Bragg angle.
Greater micro strain in ZnO-CuO NCs was found at higher concentrations of mangosteen
leaf aqueous extract (from 1.35 × 10−4 to 2.77 × 10−4) and calcination temperatures (from
1.69 × 10−4 to 2.77 × 10−4), which was contradictory to when more Cu(NO3)2·3H2O was
added (from 2.77 × 10−4 to 1.63 × 10−4).

3.5. FE-SEM Spectroscopy Analysis

The particle size of ZnO-CuO NCs was in the range of 39.10 to 74.53 nm, as tabulated
in Table 4. The particle size decreased at elevated mangosteen leaf aqueous extract concen-
trations (61.46 nm decreased to 39.10 nm) and calcination temperatures (74.53 nm decreased
to 39.10 nm). In contrast, a larger particle size was found when 4 g of Cu(NO3)2·3H2O
(65.18 nm) was used compared to 2 g of Cu(NO3)2·3H2O (39.10 nm) in green synthesizing
ZnO-CuO NCs. The trends of the particle size of the biogenic ZnO-CuO NCs were in
accordance with the analyzed XRD results and tabulated in Table 4. The SEM micrographs
are shown in Figure 5.
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Table 4. Particle sizes and morphologies of green-synthesized ZnO-CuO NCs at different synthesizing
condition parameters.

Mangosteen Leaf
Aqueous Extract

Concentration
(g/mL)

Calcination
Temperature

(◦C)

Weight of
Zn(NO3)2·6H2O

(g)

Weight of
Cu(NO3)2·3H2O

(g)

Particle Size
(nm) Morphology

0.02 500 4.0 2.0 61.46 Agglomerated with irregular nanostructure

0.03 500 4.0 2.0 56.27 Agglomerated with
quasi-spherical nanostructure

0.04 500 4.0 2.0 55.23 Agglomerated with lobed nanostructure

0.05 500 4.0 2.0 39.10 Agglomerated and uniformly distributed with
spherical nanostructure

0.05 300 4.0 2.0 74.53 Highly agglomerated with
quasi-spherical nanostructure

0.05 400 4.0 2.0 53.71 Agglomerated with spherical nanostructure
0.05 500 4.0 4.0 65.18 Agglomerated with spherical nanostructure
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3.6. EDX Spectroscopy Analysis

The copper-to-zinc atomic percentage ratio was similar to the copper precursor-to-
zinc precursor weight ratio used in synthesizing ZnO-CuO NCs. Neither the mangosteen
leaf aqueous extract concentration nor the calcination temperature applied significantly
influenced the detected element atomic percentage, as stated in Table 5. On the other hand,
compared to 2 g of Cu(NO3)2·3H2O, an obvious increment in copper atomic percentage
(18.44%) and its intensity (around 8 keV) were observed by using 4 g of Cu(NO3)2·3H2O
in synthesizing ZnO-CuO NCs. The previous copper atomic percentage was only 12.55%.
Overall, the synthesized ZnO-CuO NCs depicted the highest atomic percentage in oxygen
(60.16–66.25%), followed by zinc atomic percentage (20.10–26.98%) and copper atomic
percentage (11.64–18.44%). The presence of an oxygen peak indicated zinc and copper were
in oxidized form, and no impurity was found in EDX spectra (Figure 6).
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(c) 0.04 g/mL and (d) 0.05 g/mL of mangosteen leaf extract; calcinated at (e) 300 ◦C and (f) 400 ◦C, re-
spectively, using 2 g of Cu(NO3)2·3H2O Meanwhile, (g) is the EDX spectrum of 4 g of Cu(NO3)2·3H2O
calcinated at 500 ◦C using 0.05 g/mL of mangosteen leaf aqueous extract.

56



Materials 2023, 16, 5421

Table 5. Atomic percentage of green-synthesized ZnO-CuO NCs at different parameters of synthesiz-
ing conditions.

Mangosteen Leaf
Aqueous Extract-

Concentration
(g/mL)

Calcination
Temperature

(◦C)

Weight of
Zn(NO3)2·6H2O

(g)

Weight of
Cu(NO3)2·3H2O

(g)

Oxygen
Atomic

Percentage

Copper
Atomic

Percentage

Zinc Atomic
Percentage

0.02 500 4.0 2.0 62.28 13.03 24.68
0.03 500 4.0 2.0 60.16 12.86 26.98
0.04 500 4.0 2.0 63.25 13.10 23.65
0.05 500 4.0 2.0 62.41 12.55 25.03
0.05 300 4.0 2.0 66.25 12.28 21.47
0.05 400 4.0 2.0 66.20 11.64 22.16
0.05 500 4.0 4.0 61.45 18.44 20.10

3.7. Comparison with Other Studies

The lowest energy bandgap, and smallest crystalline and particle sizes of the mangos-
teen leaf aqueous extract-mediated ZnO-CuO NCs were selected to compare with other
reports, as shown in Table 6. By using less Cu(NO3)2·3H2O, the selected ZnO-CuO NCs’
energy bandgap, crystalline and particle sizes was comparable to other reports. This proved
that ZnO-CuO NCs green synthesized in the current study were more cost-effective and
eco-friendly when using a mangosteen leaf aqueous extract.

Table 6. Comparison of plant extract-mediated ZnO-CuO NCs with other studies.

Plant Extract

Plant Extract
Concentra-

tion
(g/mL)

Calcination
Tempera-

ture
(◦C)

Zinc Salt
Added

(g)

Copper
Salt

Added
(g)

Energy
Bandgap

(eV)

Crystalline
Size (nm)

Particle
Size (nm) Reference

Theobroma cacao
seed bark 0.20 1 400 0.03 M 0.01 M - 10.00 20.0–50.0 [6]

D. caffra leaf 0.10 400 18.35 2 3.19 3 - 23.21 20.0–32.0 [20]
V. sinaiticum

Benth 0.10 500 5.0 1.25 2.74 18.00 - [21]

S. nigra L.
shoot 0.14 400 1.6 0.8 - - 20.0–130.0 [22]

G. mangostana
L. leaf 0.05 500 4.0 2.0 2.57 18.17 25.4–60.4 Current

study
1 0.1 mol, 2 0.02 mol, 3 Extracted using methanol, fractional by distilled water and n-hexane.

4. Discussion

The appearance of an absorption peak at 479 cm−1 in mangosteen leaf aqueous
extract can be attributed to the π→ π* transition [36]. On the other hand, the absorption
peaks at 305 cm−1 and 308 cm−1 indicated the d-d transition of the Cu(NO3)2·3H2O and
Zn(NO3)2·6H2O, respectively. The presence of phytochemicals in the mangosteen leaf
aqueous extract led to the occurrence of surface plasmon resonance (SPR) phenomena at a
specific wavelength. The change in color of the leaf aqueous extract from light brown to
brown upon the addition of the precursors revealed the reduction of zinc(II) ions to zinc(0)
and copper(II) to copper(0), followed by oxidation into ZnO-CuO [17,37,38]. As a result, the
absorption peaks of the ZnO-CuO NCs were red-shifted to a higher wavelength due to the
formation of secondary electronic states, influenced by the metal oxide conjugation with
electronic transitions between the valence band and conduction band and the exchange
interaction of s, p-d spin within the atoms of metal and oxygen [23].

57



Materials 2023, 16, 5421

Regarding the energy bandgap, Ma et al. (2019) [39] reported that the copper precursor
did not significantly affect it. However, Fouda et al. observed a significant decrease in the
energy bandgap of ZnO-CuO NCs with an increase in the copper precursor amount [40].
Similarly, a decreasing trend in energy bandgap was observed when higher leaf aqueous
extract concentrations and calcination temperatures were applied. According to the energy
bandgap theory, the energy bandgap of NCs should increase or decrease due to the splitting
of each level into a number of levels equal to the number of interacting atoms. In the case
of hetero-structured NCs, the bands may overlap [41]. Moreover, the energy bandgap
of ZnO-CuO NCs involved coupled transitions from the O2 (2p) valance band to zinc(II)
(3d1–4s) and copper(II) (3d9) ion conduction bands [42]. Additionally, the presence of CuO,
acting as an impurity, reduces the energy bandgap in ZnO-CuO NCs [6,23], and this effect
became more significant with higher concentrations of mangosteen leaf aqueous extract
and higher calcination temperatures, suggesting the presence of a higher amount of CuO
in ZnO-CuO NCs. Also, the redshift in the energy bandgap could be attributed to the
interactions between electrons in the localized d-orbital of copper ions, which replaced zinc
ions and the band electrons in the NCs [43]. This phenomenon makes the NCs efficient in
light harvesting for photocatalytic applications [21].

The high PL indicates significant recombination of charge carriers, while low PL
suggests maximum charge separation, which is beneficial for the photo-degradation of
the processes [6,21,23,42]. The emission peaks of the ZnO-CuO NCs in the violet region
(390–405 nm) were attributed to near-band-edge (NBE) emission caused by the defect states
in ZnO and CuO [6,21,42]. Furthermore, the lower separation of charge carriers observed in
ZnO-CuO NCs calcinated at high temperatures could be attributed to the reduced presence
of oxygen vacancies, leading to the enhancement of NBE emission intensity [42].

The phytochemicals present in the mangosteen leaf aqueous extract, such as xanthones,
flavonoids and terpene [30–33], were responsible for the observed functional groups. These
compounds played a crucial role as capping, stabilizing and reducing agents during the
green synthesis of ZnO-CuO NCs, primarily through electrostatic and steric stabilization
mechanisms [32,44]. The vibration of the CuO and ZnO bonds was supported by previ-
ous studies [4–6,40,45,46]. The bands corresponding to metal oxides and hydroxides are
typically located below 1000 cm−1 (fingerprint region) due to interatomic vibrations [47].
The sharp band observed in the Zn-O bond vibration confirmed the presence of a strong
hexagonal-wurtzite single-phase of ZnO [18]. Additionally, the absence of Cu2O could be
inferred from the location of Cu-O bond vibration [42], as depicted in Figure 3. Further-
more, slight shifts in the bands indicated structural changes in ZnO-CuO NCs due to the
incorporation of an additional element [43]. Changes in the intensity of the bands may be
attributed to the variations in the interaction of functional groups from the plant extract
under different controlled parameters.

The XRD patterns shown in Figure 4 confirmed the successful biosynthesis of ZnO-
CuO NCs [35,40]. Previous literature reports have suggested that NCs with less than
15% of copper exhibited a one-phase wurtzite-like CuxZn1−xO, while those with a higher
copper content appeared as a tenorite-like oxide phase, ZnxCu1−xO [20,23]. The higher
peak intensity of ZnO peaks compared to CuO peaks indicate a higher percentage of ZnO
in ZnO-CuO NCs [20,22]. Furthermore, the role of ZnO as a coating material led to lower
peak crystallization of CuO [22]. The highest intensity at (1 0 1) corresponded to a ZnO
crystal structure grown in the a-direction [39]. The intensity of indexed CuO peaks was
highest when 4 g of Cu(NO3)2·3H2O was used, indicating the contribution of copper to
the formation of ZnO-CuO NCs [21,35,40], which also reflected its higher weight percent-
age [45,46]. The crystalline size of the ZnO-CuO NCs was similarly reported in Adeyemi
et al.’s study [20]. The decrease in crystalline size of the ZnO-CuO NCs with increasing con-
centrations of mangosteen leaf aqueous extract and calcination temperatures demonstrated
the effectiveness of phytochemicals in the plant extract for capping and stabilizing the
ZnO-CuO NCs [48], particularly when a high concentration of mangosteen leaf aqueous
extract and high calcination temperature were applied. In contrast, a slight increase in
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the crystalline size of the ZnO-CuO NCs was observed when more Cu(NO3)2·3H2O was
added, indicating that the crystallinity of the synthesized NCs was greatly influenced by the
variations in the precursor added [18]. However, these results differed from those reported
in Fouda et al.’s study, where the crystalline size of their ZnO-CuO NCs decreased with the
addition of more copper precursors during synthesis [40]. The broadening of peaks in the
XRD pattern of ZnO-CuO NCs was caused by the strain resulting from non-uniform lattice
distortion and crystal phase dislocation due to the mismatch in the sizes of zinc and copper
atoms [35,42]. Consequently, the presence of a greater number of interfaces in each volume
led to a smaller crystalline size [34], and the level of micro strain in the synthesized material
increased as the size decreased [42], which was consistent with the results obtained from
the calculated crystalline size.

Agglomerated spherical nanostructures were observed in mangosteen leaf aqueous
extract-mediated ZnO-CuO, as depicted in Figure 5. This can be attributed to several
factors, including the high viscosity of the plant extract [49], the surface physicochemical
characteristics [50–53], the strong forces of attraction between particles [44,54], and the
oxidation of metal oxide NPs or NCs [55]. The agglomeration of ZnO-CuO NCs was also
influenced by the reduction of salt precursors to zinc and copper ion nucleation mediated
by the mangosteen leaf aqueous extract, indicating their role as capping and reducing
agents during the formation of ZnO-CuO NCs [43]. The formation of spherical nanostruc-
tures (0.05 g/mL) progressively occurred with increasing concentrations of mangosteen
leaf aqueous extract, transitioning from irregular nanostructures at low concentrations
(0.02 g/mL) of leaf aqueous extract. This may be due to greater isotropic aggregation at the
isoelectric point, resulting in strong particle cohesion and the formation of nearly spherical
structures [53,56,57] accompanied by the coarsening and coalescence of the NCs [9,11].

Similar results have been reported in terms of EDX analysis by Elemike et al.’s
study [23]. The presence of only zinc, copper and oxygen peaks in all ZnO-CuO NCs
in the EDX spectra suggests the purity of the green-synthesized ZnO-CuO NCs [20].

Although Yulizar et al.’s study [6] suggested crosslinking between zinc hydroxide
and copper hydroxide in the formation of ZnO-CuO NCs, the mechanism and bond-
ing involved in the green synthesis of ZnO-CuO NCs were not clearly addressed by
researchers. Phytochemicals present in plants with functional groups, such as -C-O-C-,
-C-O-, -C=C- and –C=O- in flavonoids, alkaloids, phenols and anthracenes, have been hy-
pothesized to play a significant role in reducing, capping and stabilizing green-synthesized
nanomaterials [58,59]. Xanthones, such as 1, 5, 8-trihydroxy-3-methoxy-2-(3-methylbut-2-
enyl) xanthone and 1, 6-dihydroxy-3-methoxy-2-(3-methyl-2-buthenyl)-xanthone, are the
major compounds in mangosteen leaf [60]. During chelation, electrons from the precursors’
zinc and copper atoms were donated to form positively charged zinc(II) and copper(II)
ions, respectively, which then formed metal complexes with the phytochemicals. These
metal complexes subsequently bonded with negatively charged oxygen(II) ions during
calcination [61]. Another possible mechanism for the formation of ZnO-CuO NCs was
bio reduction, where the divalent oxidation state of zinc and copper were reduced to a
zero-valent state by the phytochemicals present in the mangosteen leaf aqueous extract, as
indicated by the immediate color change during the green synthesis [62]. ZnO and CuO
nuclei were formed after the metallic zinc and copper reacted with the dissolved oxygen
in the precursor solution [61], and coordinate covalent bonds were subsequently formed
between ZnO and CuO through the lone-pair electron from the oxygen atoms of the metal
oxides. A strong framework of ZnO-CuO NCs was then produced during calcination [6].
The possible mechanism and bonding in green synthesizing ZnO-CuO NCs is represented
in Scheme 1.
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Scheme 1. Possible mechanism of green-synthesized ZnO-CuO NCs via bio reduction and chelation
with the presence of phytochemicals (represented by xanthones). Coordinate covalent bond formation
between ZnO and CuO by lone-pair electrons from the bonded oxygen atom was proposed to link
both metal oxides in NCs.

5. Conclusions

ZnO-CuO NCs were successfully green synthesized using a mangosteen leaf aqueous
extract at different concentrations (0.02, 0.03, 0.04 and 0.05 mg/mL), calcination tempera-
tures (300, 400 and 500 ◦C) and weights of Cu(NO3)2·3H2O (2 and 4 g). The properties of
ZnO-CuO NCs were significantly influenced by the green synthesis parameters, including
the concentration of the plant extract, calcination temperature and precursor weight. The
energy bandgap and crystalline properties of the ZnO-CuO NCs were notably affected by
the concentration of the mangosteen leaf aqueous extract and the calcination temperature.
However, the intensity of the PL spectrum was solely dependent on the applied calcination
temperature. Moreover, the atomic percentage of copper-to-zinc was primarily affected
by the weight of the zinc and copper precursor used to synthesize ZnO-CuO NCs. The
particle size and morphology were significantly influenced by varied parameters employed
in the green synthesis of ZnO-CuO NCs. However, the locations of the FTIR bands in
the ZnO-CuO NCs remained consistent throughout the study. The presence of coordinate
covalent bonds between ZnO and CuO facilitated by the lone pair of electrons from the
oxygen atoms was suggested. The study clearly illustrated the effects of plant extract
concentrations, calcination temperatures and precursor amount on the optical, structural
and morphological properties during the green synthesis of ZnO-CuO NCs. These find-
ings provide valuable insights for researchers to synthesize ZnO-CuO NCs with specific
properties for future applications.
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Abstract: Rapid urbanization has negative effects on ecology, economics, and public health, primarily
due to unchecked population growth. Sustainable building materials and methods are needed to
mitigate these issues and reduce energy use, waste production, and environmental damage. This
study highlights the potential of agricultural waste as a sustainable source of construction materials
and provides valuable insights into the performance and benefits of using fired clay bricks made
from pomegranate peel waste. In this study, fired clay bricks were produced using pomegranate
peel waste as a sustainable building material. To optimize the firing temperature and percentage of
pomegranate peel waste, a series of experiments was conducted to determine fundamental properties
such as mechanical, physical, and thermal properties. Subsequently, the obtained thermal properties
were utilized as input data in Design Builder software version (V.5.0.0.105) to assess the thermal and
energy performance of the produced bricks. The results showed that the optimum firing temperature
for the bricks was 900 ◦C with 10% pomegranate peel waste. The fabricated bricks reduced energy
consumption by 6.97%, 8.54%, and 13.89% at firing temperatures of 700 ◦C, 800 ◦C, and 900 ◦C,
respectively, due to their decreased thermal conductivity. CO2 emissions also decreased by 4.85%,
6.07%, and 12% at the same firing temperatures. The payback time for the bricks was found to be
0.65 years at a firing temperature of 900 ◦C. These findings demonstrate the potential of fired clay
bricks made from pomegranate peel waste as a promising construction material that limits heat gain,
preserves energy, reduces CO2 emissions, and provides a fast return on investment.

Keywords: biomass waste; thermal insulation; building performance; energy efficiency

1. Introduction

There is a growing movement towards the use of renewable energy sources to address
the world’s expanding energy demands and mounting environmental concerns [1,2]. The
Kingdom of Saudi Arabia’s (KSA) strategy for growth in the year 2030 includes addressing
the country’s energy crisis. Saudi Arabia’s fast economic growth over the last three decades
may be attributed, in large part, to the country’s abundant natural gas and oil resources.
The KSA is home to over 31 million people, and its manufacturing sector is growing at a
rate of 5% to meet the country’s increasing need for energy [3]. However, the alarmingly
rapid rise in national energy and oil consumption in the KSA stands out dramatically when
compared to the rest of the world. Almost 70% of the projected population in 2030 will be
under the age of 30, driving an annual need for new homes of 2.32 million. It is predicted
that by 2040, if energy consumption drops by only 1% per year, savings of USD 35 billion
will have been realized. Around 80% of the kingdom’s reserves and industrial centers are
supplied with electricity from the dominant energy grid network [3–5].
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As the Kingdom of Saudi Arabia’s population and industrial sector continue to grow,
the country’s energy consumption is rapidly increasing, highlighting the need for sustain-
able solutions. This poses a significant challenge for the construction industry, which is
responsible for a significant portion of global energy consumption and carbon emissions.
To address this challenge, there is an increasing focus on using sustainable materials in the
building envelope, such as bio-based materials.

Bio-based architecture, or “green architecture”, is a new approach to planning, design-
ing, and constructing that promotes environmental sustainability by adhering to ethical,
economic, and social norms at the forefront of technological development [6]. Bioarchitec-
ture is a design approach that considers the usage of sustainable materials and renewable
energy sources, such as those found in nature. Stones like lime; agricultural byproducts
like potato peel, straw, and hemp; and farming byproducts like wool, etc., are all examples
of naturally derived materials that are increasingly being used in contemporary architec-
ture [7]. Paper-pulp, textile, and food-processing biowaste are only a few examples of
frequently used industrial biowaste. They generate a lot of biomass waste, which is a source
of interest in the quest to find innovative green materials with which to construct structures
with a low impact on the environment.

Agricultural waste is a readily available residue from renewable resources and is
abundant on the planet. However, the accumulation of agricultural waste in significant
quantities every year poses both environmental hazards and economic challenges [8]. There-
fore, the issue of waste management is a pressing concern globally, with large amounts
of plant waste being dumped in landfills [9]. This waste not only takes up space but can
also cause pollution of the air and water [10]. The sustainable management of agricultural
waste is therefore important in terms of reducing its negative impacts on the environment
and for exploring its potential for to generate economic value through the development
of innovative practices and products [11]. However, there are innovative solutions to this
problem, such as using plant waste as a substitute for clay in bricks [12]. This not only
reduces waste but also creates a building material that is less dense and more porous, mak-
ing it potentially advantageous during earthquakes. Moreover, the efficacy of using plant
waste as a replacement for clay in bricks has been demonstrated in reducing the energy
consumption required for climatic control in various regions [6,13–15]. Recent reports
indicate that pomegranate production is on the rise in Saudi Arabia [16], particularly in
regions such as Al-Qassim, Al-Madinah, and Al-Ahsa, which provide ideal environmental
conditions for cultivation [17]. Despite the health benefits and natural color associated
with pomegranate peels, they are often discarded in landfills. To address this issue, re-
searchers have proposed using pomegranate peel waste as a substitute for clay in bricks.
Pomegranate peels contain high levels of lignocellulose, a material that can enhance the
properties of bricks and reduce the amount of clay required in their production [18]. By
promoting the reuse of pomegranate peels and other plant waste, we can minimize waste
and promote sustainable practices, thereby mitigating the harmful environmental impacts
of waste disposal.

Agricultural waste is a significant environmental concern due to its potential contribu-
tion to greenhouse gas emissions and pollution if not appropriately managed. However,
recent research has demonstrated that agricultural waste can be an affordable and sus-
tainable source of raw materials for various industries, including brick manufacturing. In
recent years, there has been a growing interest in the use of agricultural waste in the pro-
duction of firing bricks, which are widely used in the construction industry. Various studies
have examined the feasibility of using agricultural waste as a substitute for traditional raw
materials in the manufacturing of firing bricks.

Huy et al. [19] conducted a study to evaluate the feasibility of using raw rice husk, bottom
ash, and fly ash in the production of unburnt building bricks. This study involved the design of
two mixtures with varying W/B ratios and the replacement of bottom ash content with rice
husk at percentages of 0%, 3%, 6%, and 9% by mass. The results indicated that incorporating
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9% rice husk led to a significant reduction in the unit weight and thermal conductivity of the
bricks, with values in the range of 1.06 ÷ 1.08 T/m3 0.201 ÷ 0.216 W/m.K, respectively.

Hassan et al. [20] examined the thermal characteristics of several brick samples made
from clay, sludge, and sugarcane bagasse ash and assessed their energy-saving potential.
The experimental findings revealed that the thermal conductivity of clay bricks was en-
hanced significantly by incorporating sludge and sugarcane bagasse ash as compared to
traditional brick types used in Egypt. The mean thermal conductivity of the brick samples
produced by mixing clay, sludge, and sugarcane bagasse ash (0.11 to 0.26 W/m. K) was
found to be lower than that of traditional brick types (0.33–1.6 W/m. K). The results indi-
cate that the predicted energy consumption for the traditional wall systems is 7525 kWh,
whereas the proposed wall system, i.e., walls constructed by incorporating sludge and
sugarcane bagasse ash into the clay brick, has an annual energy consumption of 6285 kWh,
resulting in an overall reduction of 16.5% in energy consumption. Mehrzad et al. [15] uti-
lized environmentally friendly sugarcane bagasse waste to create fiber samples of varying
densities and thicknesses and tested them for thermal insulation and sound absorption.
The thermal conductivity of the samples ranged from 0.034 to 0.042 W/mK.

Aravind et al. [14] reported the creation of a sustainable exterior wall panel with
thermal insulation and its mechanical, thermal, and durability features. Foam concrete
and rice husks were utilized to create the wall panel instead of fly ash, which is typically
used to create cement. The created wall panels’ thermal conductivity and durability were
significantly affected by the percentage of rice husk and fly ash present in the material.
Marques et al. [21] developed a new polymer-based composite material that utilized waste
materials from rice husk and expanded cork industries. Boards made from a variety of
composite mixtures were tested for their mechanical, thermal, and acoustic qualities. The
results indicate that construction solutions based on these composite materials may be
employed in buildings to minimize energy consumption during the lifecycle of a building.

In a study conducted by Ghorbani et al. [10], the effect of potato peel powder (PPP)
on sound insulation and other physicochemical parameters was investigated. Results
showed that the addition of 7% dried PPP resulted in improved compressive strength,
apparent dry density, saturated density, and thermal conductivity. These findings suggest
that the use of dried PPP in building materials can have several practical implications in
construction. Incorporating 7% dried PPP into bricks can potentially reduce the weight of
structures, making them more cost-effective and easier to transport. Moreover, the sound
insulation properties of the bricks can be beneficial in partition walls, which can improve
the acoustic performance of buildings. Additionally, the study provides a cost-effective
solution for crop residue management. Ramos et al. [22] compared the thermal properties
and environmental effects of two corncob particleboards made using different glue binders
and found that both could be used as sustainable construction materials for wall thermal
insulation. Chee-Ming [23] utilized oil palm fruit and pineapple leaves to create unfired
and fired clay bricks, discovering that fibers significantly reduce porosity in burned bricks
compared to unfired specimens while maintaining the same strength. Elinwa [24] used
sawdust ash to create lightweight bricks, recommending burning the bricks at 600 ◦C for
good porosity and reasonable strength. J. Vėjeliene et al. [25] investigated straw insulation
and found that laboratory-produced samples with most straw perpendicular to heat flow
had lower thermal conductivity than plant specimens obtained from straw bales and rolls
with most straw parallel to heat flow.

Huixia et al. [26] conducted a study to investigate the micro–macro characteristics of
sustainable mortar containing construction waste fines (0–0.15 mm) as a replacement for
cement and sand. The construction waste fines utilized in the study included both waste
concrete fines (WCF) and waste brick fines (WBF). The results revealed that the incorpo-
ration of WCF as cement replacement led to a reduction in the strength and permeability
resistance of the blended mortar. However, the addition of WBF content initially improved
the strength and permeability resistance of the mortar, although further increases in WBF
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content resulted in a decline in these properties. However, this study ignores all thermal
properties of the produced mortar.

Ahmed et al. [6] conducted a study evaluating the effectiveness of incorporating
different percentages of pomegranate peel waste (5%, 7.5%, 10%, and 15%) into clay bricks
used for the external walls of social residential buildings in New Aswan City, Egypt. The
study showed a gradual increase in energy savings with an increase in the percentage of
pomegranate peel waste. However, the study did not investigate the effect of varying firing
temperatures on the properties of the bricks.

Saudi Arabia experiences extreme temperatures during the summer months, with
daytime temperatures often exceeding 40 ◦C and nighttime temperatures remaining above
30 ◦C. As a result, air conditioning is essential for maintaining comfortable indoor tem-
peratures, which can lead to high energy consumption. Another factor contributing to the
increased energy consumption for cooling in Saudi buildings is inefficient building design.
Many buildings in Saudi Arabia are constructed with inadequate insulation, which can
result in heat gain during the day and heat loss at night.

The purpose of this article is to investigate the impact of replacing traditional brick
with a newly proposed brick containing 10% pomegranate peel waste fired at different
temperatures (700 ◦C, 800 ◦C, and 900 ◦C) on the indoor thermal performance and energy
consumption of a residential building located in Jazan City, Saudi Arabia. The study aims
to assess the potential benefits of using this new brick in terms of improving indoor thermal
comfort and reducing the energy required for cooling purposes, with the goal of promoting
sustainable building practices.

2. Materials and Methods

The primary objective of this research was to investigate the effectiveness of integrating
10% pomegranate peel waste (PPW) into fired clay bricks for use in external walls within
the Jazan region of Saudi Arabia. The research was conducted in four phases, with a
graphical illustration of the research work flow presented in Figure 1.
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The first phase involved the fabrication of brick samples at varying firing temperatures;
the resulting samples are recorded in Table 1. In the second phase, the produced brick
samples were subjected to rigorous mechanical, physical, and thermal testing. The third
phase entailed the utilization of Design Builder simulation software to evaluate the potential
energy savings that could be achieved using the developed brick samples. Finally, in the
fourth phase, the cost-effectiveness of the proposed building materials was assessed.

Table 1. Brick samples and their firing temperatures.

Sample Firing Temperature ◦C

S1 700
S2 800
S3 900

2.1. Study Area

Jazan City, the capital of the Jazan province in southwestern Saudi Arabia, is charac-
terized by hot and humid climatic conditions, with average high temperatures reaching
33.5 ◦C in June. Conversely, January is the coldest month of the year, with average temper-
atures falling to as low as 25.7 ◦C. Precipitation levels in Jazan range from 1 mm to 19 mm,
with the lowest precipitation level in June and the highest levels in the wettest month of
the year.

Figure 2 depicts the location of Jazan City in KSA. The present study aims to investigate
the potential benefits of incorporating pomegranate waste in clay bricks at a concentration
of 10% to reduce energy consumption and enhance thermal performance in buildings
located in Jazan. By utilizing clay bricks developed from pomegranate waste, this study
seeks to address the issue of uninsulated walls in Saudi Arabian buildings and contribute
to the promotion of sustainable building practices in the region.
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2.2. Raw Materials and Fabrication Process
2.2.1. Materials

The main raw material used in this study for brick production was clay, obtained from
the Aswan region of Upper Egypt. The studied clay exhibited similarities to the clay used
in brick manufacturing in KSA. PPW waste was collected from local juice shops. After
drying under normal sunlight, it was ground to achieve sufficient particle powder, then
dried in an oven at 100 ◦C for two days to obtain fully dried powder before being mixed
with clay. Table 2 explains the XRF of raw materials, which indicates high loss on ignition
(LOI) of PPW, which is attributed to its high organic content. X-ray diffraction (XRD) was
utilized to ascertain the mineral composition of the clay. Based on the XRD analysis, the
predominant components of the clay material are silica and alumina. Figure 3 presents an
analysis of the X-ray results of the utilized clay.

Table 2. XRF of raw materials.

Oxide Composition Pomegranate Peel Waste wt.% Clay wt.%

CaO 10.48 0.50
SiO2 0.38 48.93

Al2O3 0.1 32.90
Fe2O3 0.91 1.19
SO3 0.4 0.29

Na2O <0.01 0.09
P2O3 3.33 -
K2O 11.68 0.014
MgO 4.01 0.09
MnO 0.01 -
TiO2 0.1 5.92
CL 3.19 0.01

ZrO2 - 0.46
Cr2O3 - 0.14

LOI 65.35 9.2
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2.2.2. Brick Preparation

The brick samples were prepared according to our previous report [27]. Typically,
brick samples were prepared using fine-dried PPW powder as a partial replacement for
clay in the bricks and clay. The raw materials were combined to make a homogeneous dry
mixture; then, three samples from each investigation were examined to find the average
value of the investigated parameter. The clay was replaced by different percentages of
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PPW (0–15 wt.% of PPW) [27]. The mixtures were mixed in dry conditions for 2 min to
obtain a consistent dry mixture. The aforementioned mixtures were then blended again
using an electric mixer with the addition of 20% water to improve the compression and
consistency of the samples. The formed paste was molded in 50 × 50 × 50 mm cubic steel
molds. Then, a hydraulic pressure of 10 MPa with a 0.2 mm/min press rate was applied to
press the samples. Next, to ensure total moisture content elimination, brick samples were
oven-dried for 6 h at 120 ◦C, then cooled to room temperature. Finally, the produced brick
samples were fired at different temperatures (700 ◦C, 800 ◦C, and 900 ◦C) for four hours at
10 ◦C/min.

2.2.3. Characterization

Characterization (compressive strength (CS), bulk density (BD), cold-water absorption
(WA), apparent porosity (AP), and thermal conductivity) of the fabricated brick membranes
was conducted according to an identical procedure described in our recent publication [27].

2.3. Thermal Properties Tests

The thermal conductivity values of the brick specimens were determined using a
KD2 Pro Thermal Properties Tester, which adheres to the guidelines outlined in ASTM
D 5334 [28]. The transient heat conduction method was employed to obtain a digital
recording of thermal conductivity. This method involves applying a heat pulse to the
specimen and measuring the resulting temperature change over time using thermocouples.
The temperature change over time was then analyzed to calculate the thermal conductivity
of the specimens.

It is important to note that the ambient temperature at the time of testing is a crucial
factor to consider in thermal conductivity measurements because temperature has a signif-
icant impact on thermal conductivity, and measurements taken at various temperatures
can yield different results. To minimize the effect of temperature on the measurements,
the specimens were conditioned to a standard temperature of 23 ◦C prior to testing. Addi-
tionally, each specimen was tested three times to ensure the accuracy and repeatability of
the results.

2.4. Simulation Procedures

The daily schedule of the traditional Saudi Arabian lifestyle incorporates holidays,
work hours, and other events. Several festivals are celebrated throughout the year in
Saudi Arabia. As mandated by Saudi Arabian law, employers are required to abide by the
country’s standard work schedule, which runs from 8:00 a.m. to 3:00 p.m. from Sunday to
Thursday. Recent demographic data [29] indicate that the average Saudi Arabian family
comprises ten members, with building residents usually ranging from 15 to 65 years of
age. The building schedule was designed with consideration of holidays and the typical
weekday routine of building residents, who are expected to be at their workplaces during
weekdays. Furthermore, during holidays, more people may be present in the building,
which could lead to higher energy consumption for heating, cooling, and other activities.
To simulate actual family routines, the simulation program was fed with relevant data; all
the necessary input data for the simulation software are presented in Table 3.

70



Materials 2023, 16, 5372

Table 3. Study model input data.

Item Specification

Building type Residential building
Location Jazan City—hot desert climate (Köppen: BSh)

Floor area (m2) 240
No. of floors Ground floor and one floor

Floor height (m) 3.6
Occupancy (persons per building) 10

Window glazing 6 mm single clear glazing
Window-to-wall ratio 10%

Lighting (Lux) 400
HVAC 4 split air conditioning units for each flat

Cooling setpoint (◦C) 25
Heating setpoint (◦C) 18

2.4.1. Model Description

Weather conditions such as temperature and humidity can impact the energy demands
of buildings. In hot and arid climates, the energy requirements for cooling of buildings
can be significant, which shows the importance of using materials with better insulation
properties to reduce energy usage for both heating and cooling. As a result, this study aims
to investigate the energy demand required to cool a family home located in the city of Jazan
using a new insulated brick. The residential model under consideration features a two-
story building with a total area of 240 m2 designed to accommodate up to ten individuals
comfortably. The architectural designs for this model are depicted in Figure 4. It is worth
noting that this residential model can be found in various locations throughout the city of
Jazan and shares similar attributes, including the use of concrete construction techniques
that comply with the building thermal insulation guidelines outlined in the Saudi Building
Code (SBC) [30].
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2.4.2. Weather Data Collection

The U.S. Department of Energy (DOE) website provides the 2002 EPW (energy plus
weather) file for the Jazan climate zone in the modeling software Design Builder version
(V.5.0.0.105). The EPW file is a textual CSV file containing hourly weather data for the
research site throughout the year. As noted in prior research studies [31–34], we replaced
the default weather data file in the software with data obtained from the weather station at
Jazan University, which reflects the local climate conditions in the year 2022.

The objective was to create an environment that closely resembles the conditions
observed in reality. To access the weather station’s extracted data, the original EPW file had
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to be converted to a CSV file, which was a crucial step for obtaining accurate information.
The dry-bulb temperature, relative humidity, global radiation, wind speed, and wind
direction were used as inputs, with all measurements taken at the local weather station.
The dew point and direct radiation were calculated using Element software Version (1.0.6).
The newly generated EPW file was then utilized to import the updated CSV file into the
Design Builder simulation software for the study.

2.4.3. Model Validation

To ensure the accuracy of the simulation results, a comparative analysis was carried
out between the simulated data and the actual observations of air temperature. Specifically,
field measurements were conducted in a selected bedroom located on the southwestern
side of the investigated building on June 21; the first-floor bedroom air temperature was
compared to verify the base case model.

The Hobo U12 data logger was utilized to record the temperatures and relative hu-
midity of the selected bedroom throughout the day, which included work hours from
8:00 a.m. to 5:00 p.m., Sunday through Thursday, while the remaining hours were assumed
to represent typical residential occupancy. The difference between the calculated and
observed air temperatures in the studied bedroom varied from 0.08% to 4.61% throughout
the day, which is within the acceptable margin of less than 5% [35]. The model validation is
presented in Figure 5.
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2.5. Electricity Prices

The monthly expenses associated with energy consumption are presented in Table 4,
with the cost illustrated in Saudi Arabian riyal (SAR). The tariff utilized to calculate the
energy consumption expenses is determined by the Saudi Electricity Company (SEC) for the
residential sector. The SEC tariff system is designed to consider various factors, including
the type of customer, the amount of energy consumed, and the time of day when the energy
is utilized. The tariff system is periodically reviewed and updated to ensure its accuracy
and alignment with the prevailing economic conditions and market dynamics. The use of
the SEC tariff system to calculate the monthly energy consumption expenses in this study
provides a reliable and consistent basis for evaluating the cost-effectiveness of the proposed
building materials and energy efficiency measures.
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Table 4. Residential electricity prices.

Bracket Category (kWh) Price (SAR)

First 0:6000 0.18
Second more than 6000 0.30

3. Results and Discussions

The present study is designed to investigate the efficacy of utilizing bricks made from
pomegranate peel in enhancing the thermal performance and cost-effectiveness of building
structures. The study is divided into four distinct parts, each addressing a specific aspect of
the building’s thermal performance and energy efficiency.

The first part of the study focuses on evaluating the mechanical properties and physical
characteristics of bricks. This involves assessing the compressive strength, water absorption,
and density of the bricks, among other relevant parameters that can affect their performance
in building applications. The second part of the study is concerned with investigating the
thermal conductivity of bricks. This involves measuring the rate at which heat is transferred
through the bricks and assessing their insulation properties.

The third part of the study presents simulations of the building’s interior thermal
performance, cooling energy consumption, and CO2 emissions. This involves utilizing ad-
vanced modeling software to simulate the thermal behavior of the building under different
scenarios and evaluate the potential benefits of incorporating pomegranate peel bricks in
building construction. The fourth and final part of the study assesses the cost-effectiveness
of utilizing bricks made from pomegranate peel to maintain appropriate indoor tempera-
tures. This involves analyzing the cost implications of utilizing pomegranate peel bricks
compared to conventional building materials and assessing the potential for long-term cost
savings associated with improved thermal performance and reduced energy consumption.

3.1. Properties of Bricks: A Mechanical and Physical Assessment

This study focuses on the use of (PPW) as a replacement for clay in the fabrication
of bricks. The study measured the effects of different percentages of PPW on the density,
compressive strength, water absorption, and apparent porosity of the bricks.

Table 5 summarizes the density, compressive strength, water absorption, and apparent
porosity of brick samples with different PPW percentages fired at 900 ◦C. As expected, the
bulk density decreased when the PPW content increased in the brick samples. It is well
demonstrated that the bricks fabricated with PPW have lower densities, varying between
1922 and 1348 kg/m3 for 0% and 15% PPW contents, respectively, which corresponds to a
decrease of about 29.9% in the density. A 17.2% decrease was obtained with the addition of
10% PPW. This may be due to the fact that during the firing of PPW bricks, more material
was lost due to the decomposition of carbonaceous matter [36]. Replacing PPW with clay
decreases the compressive strength of bricks in most low-rise buildings, and the acceptable
compressive strength is about 8.6 MPa according to ASTM C 62 [37]. Thus, it can be easily
seen that all the tested bricks overwhelmingly satisfy this limit, except those replaced with
15% PPW. Nevertheless, 10% PPW is the highest amount that can be added to achieve the
specifications and may be the best choice among the single-component replacement groups.

Table 5. Average values for AP, CS, BD, and WA of bricks with different waste additives fired at 900 ◦C.

PPW (%) AP (%) CS (MPa) BD (kg/m3) WA (%)

0 27.7 18.5 1922.02 13.9
5 29.9 13.9 1713.45 14.7

7.5 32.9 11.2 1607.1 16.2
10 33.03 10.3 1562.9 17.5
15 34.6 4.6 1348.3 20.1
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Different amounts of PPW addition and firing at different temperatures impact the
compressive strength of the produced bricks. This can be explained by the size of the capil-
lary channels and voids that are created by porosity in the brick. Additionally, the amount
of clay inside the brick sample decreases, which is a key reason why the compressive
strength decreases as the PPW proportion rises and the firing temperature decreases. The
samples with a compressive strength between 2.5 and 3.8 MPa, referred to as Earth Blocks
Class 2 (EB2), can be used in low-height construction, where loads are lower. They can also
be employed in secondary buildings in which they are adopted as insulating, exterior, or
partition constructions. Test bricks known as Earth Blocks Class 3 (EB3), which have a mean
compressive strength value between 3.8 and 5 MPa, can be deployed as non-load-bearing,
self-supporting walls. Bricks with a compressive strength value above 5 MPa, referred to
as Earth Blocks Class 4 (EB4), can be used as inner walls and load-bearing walls of low-rise
and mid-rise buildings [38].

Higher percentages of PPW content resulted in an increase in water absorption: 20.1%
for 15% PPW compared to 13.9% for 0% PPW, which confirms that PPW increased the
pore volume. Furthermore, the apparent porosity increased from 27.7% to 34.6% with an
increase in the PPW content from 0% PPW to 15% PPW. A similar trend was observed
with the incorporation of biosolids in fired clay bricks. The increase in the percentage
of biosolids resulted in an increase in the rate of absorption due to the creation of pores
during the firing process [39]. Water absorption values signify the long-term durability
performance of the bricks. Therefore, excessively high values can lead to cracking because
of the increase in the volume.

Among the tested percentages, the results show that the fired brick samples made
with 10% PPW have optimal characteristics. Thus, the sample composed of 10% PPW was
fired at three different temperatures (700 ◦C, 800 ◦C, and 900 ◦C). Table 6 summarizes the
results of density, compressive strength, water absorption, and apparent porosity of bricks
samples with 10% PPW fired at different temperatures. In general, increasing the PPW
content in the mixtures decreased the specimen weights. Replacing clay (dense materials)
with PPW (light materials) resulted in a total volume increase, even after compaction at
10 MPa. Increases in the compacted mix volume resulted in decreases in specimen weights
and densities. Increasing the firing temperature of 10% PPW causes a linear increase in bulk
density; such an impact on raw samples may result from the low bulk density level of PPW
relative to that of clay and from the change in particle packing of the clay mix originated by
incorporating a lightening additive, as well as the formation of a glassy phase. Compared
to the sample with 0% PPW content, the addition of 10% PPW reduced the bulk density by
19.04% at 700 ◦C, 19.6% at 800 ◦C, and 18.7% at 900 ◦C.

Table 6. Average values and standard deviations for AP, CS, BD, and CW of bricks with 10% PPW at
different firing temperatures.

Firing Temperature (◦C) AP (%) CS (MPa) BD (kg/m3) WA (%)

700 35.80 6.7 1480.8 18.6
800 34.04 7.97 1507.7 17.5
900 33.03 10.3 1562.9 17.3

D. Eliche-Quesada and Yuecheng reported similar findings, revealing that the incorpo-
ration of coffee grounds and cigarette butts in the development of masonry components
decreases their compressive strength and load-bearing ability [40]. Therefore, increased loss
of organic material during firing leads to a higher level of total porosity in clay. Pursuant
to current regulations, the bulk density in bricks may not be lower than 1050 kg/m3. The
bricks made with 10% PPW at 700 ◦C presented high porosity because the generation of gas
from the decomposition of carbonaceous matter generates more porosity; in addition, the
LOI of PPW bricks is higher than that of control bricks fired at 900 ◦C. This may be caused
by the partial closure of open pores or by a decrease in the interconnectivity between pores
due to the formation of a glassy phase at 900 ◦C.
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Generally, the results show that as the percentage of PPW increased, the density of the
bricks decreased, while the water absorption and apparent porosity increased. However,
the compressive strength remained within acceptable limits, except for the bricks with 15%
PPW. This study suggests that adding 10% PPW may be the best choice for achieving both
the desired specifications and durability performance.

3.2. Thermal Conductivity Assessment of Bricks Incorporating Pomegranate Peel Waste

This study investigated the thermal conductivity values of bricks fabricated using
pomegranate peel waste (PPW) as the primary ingredient and fired at different tempera-
tures. The results show that the thermal conductivity values of the bricks decreased with
increasing firing temperature. The decrease in thermal conductivity was attributed to the
increased porosity of the bricks, which resulted from the development of larger pores in
the brick structure when exposed to high temperatures. The highest thermal efficiency
was observed in sample S3, which exhibited the lowest thermal conductivity value of
0.29 W/m.◦C among all tested samples, as shown in Table 7. The rates of improvement
in thermal conductivity values for S1, S2, and S3, when compared to conventional bricks,
were 52.77%, 54.16%, and 59.72%, respectively, as shown in Figure 6.

Table 7. The characteristics of the investigated brick samples.

Sample Firing
Temperature (◦C)

Thermal Conductivity
W/m.◦C

Specific Heat
(J/kg−1.K−1)

Density
(kg/m3)

Base case 900 0.72 800 1922
S1 700 0.34 2013 1480
S2 800 0.33 1800 1507
S3 900 0.29 1500 1562Materials 2023, 16, x FOR PEER REVIEW 13 of 23 
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(S1–S3) compared to the conventional brick sample.

The findings suggest that utilizing PPW bricks in building construction can be an
effective approach to reducing energy consumption and minimizing carbon emissions.
Additionally, the use of sustainable materials in building construction can contribute to the
achievement of environmental sustainability and a reduction in the carbon footprint of the
construction industry.
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Moreover, the results of this study emphasize the importance of firing temperature in
determining the thermal conductivity and porosity of the fabricated bricks. Higher firing
temperatures were found to increase the porosity and decrease the thermal conductivity
of the bricks, leading to improved thermal efficiency. However, excessive porosity can
compromise the structural integrity of the bricks, indicating the need for careful control of
the firing process to obtain the desired properties.

The findings of this study have significant implications for the development of sus-
tainable building materials and design. The use of PPW bricks in building construction has
the potential to contribute to the reduction in energy consumption and carbon emissions
while also promoting the use of sustainable materials. This study also highlights the need
for further research to explore the full potential of PPW bricks and to develop new and
innovative building materials for sustainable building design.

3.3. Thermal and Energy Performance of the Investigated Building
3.3.1. The Effect of the Investigated Bricks Made from Pomegranate Peel Waste on the
Indoor Air Temperature

This study aimed to assess the insulation ability of bricks made from pomegranate
peel waste against weather conditions. The tested brick wall samples were made from
pomegranate peel waste and fired at different temperatures, then compared to a conven-
tional brick case using Design Builder simulation software. The study was conducted on
21 June, the official longest day of the year in the northern hemisphere, as it is a day with
high solar radiation and temperature fluctuations, as reported in previous studies [41]. The
temperature of the air inside the building was monitored and recorded for conventional
brick (BC) and the other brick wall samples under investigation. The results show that the
installation circumstances of the pomegranate peel waste bricks significantly influenced
the interior air temperature.

Figure 7a displays the thermal efficiency of the proposed brick samples made from
pomegranate peel waste and shows the possible reductions, along with the conventional
brick used as a comparison. It was found that incorporating pomegranate peel waste into
exterior brick walls considerably reduces interior air temperature fluctuations throughout
the day, which has significant implications for energy efficiency and indoor comfort.

The thermal performance of the proposed brick samples made from pomegranate peel
waste was found to be highly comparable, despite their evident variances. Among all the
tested samples, S3 showed the largest reduction in interior air temperature, with a potential
decrease of 2.07 to 5.02 K, making it significantly different from BC. However, S1 exhibited
the least desirable thermal performance, with an average reduction in air temperature of
only 0.93 K to 3.34 K, indicating that it had fewer benefits than any other brick sample. The
thermal performances of S1 and S2 tended to be similar, which could be attributed to their
comparable thermal conductivity. The greatest rate of improvement regarding internal air
temperature was observed during daylight hours, with an average improvement ranging
between 13% and 15% for S3, 10% to 13% for S2, and 7% to 9% for S1. These outcomes are in
line with previous studies that have reported a significant enhancement in internal thermal
performance through the integration of agricultural waste in fired bricks [6,9,13,14,19].

To assess the building’s thermal performance, Fanger’s predicted mean vote (PMV)
was employed [41], which is a popular statistic used in studies of thermal environmental
modeling, design, assessment, and management. PMV takes into account various pa-
rameters, such as air temperature, humidity, clothing insulation, and metabolic rate to
evaluate the thermal comfort of occupants. PMV results were extracted from Design Builder
simulation software according to ASHRAE and depending on the following equation:

PMV = [(0.303 ∗ e−0.036 ∗ M + 0.028) ∗ (M − W) + (0.1 ∗ W)] − 3.05 ∗ 10−3 ∗ M ∗ (M − 58.15) − 0.42 (1)

where PMV is the predicted mean vote of thermal sensation, ranging from −3 (cold) to
+3 (hot); M is the metabolic rate of the occupant, expressed in metabolic equivalents (met),
with 1 met equaling the metabolic rate at rest (58.15 W/m2); W is the external work rate
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of the occupant, expressed in W/m2; and e is the vapor pressure of water vapor in the air,
expressed in kPa.
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The results show a wide variation in PMV prediction across all evaluated brick samples,
with PMV following the same patterns as the indoor air temperature in the analyzed
environments. Figure 7b displays a comparison of the tested brick samples for PMV. The
PMV values of S3 were the lowest among all the tested brick samples, making it the most
successful of the set. Specifically, at the morning and afternoon hours of 3:00, PMV levels
in S3 were reported to be 0.1 and 3.72, respectively. S2 was the second-best choice after
S3 for creating acceptable temperature conditions, with PMV levels between 0.2 and 4.09.
According to these findings, the building’s interior environment met the standards set out
by the Saudi rating system (MOSTADAM).
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It is important to note that this study is subject to some limitations. First, the study
was conducted in a specific climatic region and may not be representative of other regions
with different weather conditions. Additionally, the study focused only on the optimum
percentage of pomegranate peel waste (PPW) according to the mechanical and physical
properties of the bricks and did not consider other factors, such as the long-term durability
of the bricks. Therefore, further research is needed to fully evaluate the potential of using
pomegranate waste in brick production under different climatic conditions and to assess
the long-term durability of the bricks. Nonetheless, the study’s findings provide a valuable
contribution to the field of sustainable building practices and offer a unique approach to
reducing waste and promoting energy efficiency.

3.3.2. An Analysis of Cooling Energy Demands

This section presents an evaluation of the cooling energy requirements of buildings
constructed with pomegranate peel waste (PPW) bricks using Design Builder modeling
software. The simulation results illustrated in Figure 8 provide insights into how the firing
temperature of PPW bricks affects the cooling energy requirements of the building. The
results demonstrate that conventional bricks achieve poor cooling energy performance
compared to PPW bricks, which can significantly reduce cooling energy usage.Materials 2023, 16, x FOR PEER REVIEW 16 of 23 
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It is noteworthy that the highest variation in energy use was observed during the
summer months, between March and October, as shown in Figure 8a. During this period,
cooling systems consume their annual maximum energy due to the high temperature
in Jazan, which can reach up to 40 ◦C. Figure 8b shows that substituting conventional
bricks with S3 can reduce the building’s cooling energy consumption by 10,499.65 kWh,
corresponding to an improvement rate of approximately 13.89% compared to using conven-
tional bricks as a base case. Bricks made from PPW fired at 800 ◦C reduced cooling energy
consumption by 6457.05 kWh, representing an improvement of 8.54%. Similarly, firing
PPW bricks at 700 ◦C reduced cooling energy usage by 5296 kWh, with an improvement
rate of 6.97%. According to Figure 8c, the monthly cost of energy in SAR for a building
located in Jazan City is lowest for the S3 brick sample and highest for the BC brick sample.
The cost of energy decreases as the firing temperature of brick samples increases. Abdel
Hamid et al. reported that using varying percentages of PPW ranging between 2.5% and
12.5% in building bricks can result in energy savings of approximately 23.3% [42]. In com-
parison, this study found that incorporating 10% of PPW material in building construction
can lead to energy savings of about 13.89%. The results from both studies suggest that
PPW has the potential to significantly reduce energy consumption in buildings in various
climatic regions.

The findings of this study are significant because space cooling accounts for a sub-
stantial portion of a building’s overall energy demand, ranging from 37% to 42% [34,43].
Therefore, the use of PPW bricks in building construction could significantly reduce the
energy usage of buildings, resulting in lower energy costs and reduced carbon emissions.
The results of this study suggest that PPW bricks can be a viable alternative to conventional
bricks in terms of reducing cooling energy consumption in buildings.

This study aimed to investigate the annual energy consumption and associated costs
required for cooling in buildings constructed with different materials, including BC, S1, S2,
and S3. The results demonstrate that the annual energy costs for cooling in the BC building
were SAR 20.6/m2. In contrast, the buildings constructed with S1, S2, and S3 materials
exhibited annual energy costs of SAR 19.2/m2, SAR 18.8/m2, and SAR 17/m2, respectively.

Comparison of the proposed building materials with the BC revealed that the use
of S1, S2, and S3 materials resulted in significant reductions in energy consumption and
associated costs for cooling. Specifically, the energy cost reductions were 7.02%, 8.97%, and
17.71% for S1, S2, and S3, respectively.

3.3.3. Analysis of Pomegranate Peel Waste Bricks’ Potential Impact on Carbon Dioxide
Emissions

The issue of increasing carbon dioxide (CO2) emissions in buildings over their entire
life cycle is a growing concern. Despite technological advancements that have helped
reduce CO2 emissions from building activities, embodied carbon dioxide in buildings
has been on the rise in recent decades. CO2 emissions from utilities in buildings, such
as heating, cooling, ventilation, and lighting, are a major contributor to this trend [44].
Embodied carbon dioxide [45] is influenced by various factors, such as resource extraction,
manufacturing, transportation, construction, maintenance, and demolition. The materials
and components used in buildings play a significant role in increasing the amount of CO2
in the atmosphere. Past research has linked CO2 emissions to air conditioning use in hot
desert buildings. Studies have investigated various building materials, including window
layouts, roofing tiles, and wall bricks, to improve thermal performance, reduce cooling
energy use, and mitigate operational CO2 emissions. Such studies have highlighted the
potential of using more sustainable building materials and design strategies to reduce the
embodied carbon footprint of buildings. However, further research is needed to explore
effective approaches for reducing embodied carbon dioxide in building construction and
operation, especially in the context of changing climate conditions and evolving building
codes and standards.
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The results of this study show that CO2 emissions increase significantly during the
summer season due to rising energy consumption for cooling purposes. August, the
hottest month in Jazan City, had the highest CO2 emissions. This study evaluated the CO2
emissions associated with S1, S2, and S3 brick samples made from pomegranate peel waste
(PPW) at firing temperatures of 700 ◦C, 800 ◦C, and 900 ◦C, respectively, using Design
Builder modeling software. Among all tested samples, S3 exhibited the most efficient
performance, with an improvement rate of 12% in reducing CO2 emissions. Samples S1
and S2 also showed a reduction in CO2 emissions, with improvement rates of 4.85% and
6.07%, respectively, as shown in Figure 9.
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These findings suggest that using more energy-efficient materials for cooling purposes
can significantly reduce CO2 emissions in buildings, particularly during the summer season.
The use of PPW bricks fired at higher temperatures resulted in a lower embodied carbon
footprint, which can be attributed to the reduction in cooling energy requirements. This
study highlights the potential of using sustainable building materials, such as PPW bricks,
to reduce the embodied carbon footprint of buildings.

However, it is important to note that this study only evaluated the CO2 emissions asso-
ciated with cooling energy consumption and did not consider other factors that contribute
to embodied carbon dioxide, such as transportation and maintenance. Further research
is needed to comprehensively evaluate the embodied carbon footprint of buildings and
explore effective strategies for reducing it.

In conclusion, the use of sustainable building materials such as PPW bricks has the
potential to significantly reduce the embodied carbon footprint of buildings. The study
findings demonstrate that the firing temperature of PPW bricks plays a crucial role in
reducing cooling energy requirements and associated CO2 emissions during the summer
season. This study highlights the importance of using more energy-efficient materials in
building construction to mitigate the impact of buildings on the environment. The findings
suggest that the use of PPW bricks in building construction can be an effective strategy
for reducing the embodied carbon footprint of buildings, which is crucial in mitigating
the impact of buildings on climate change. However, further research is required to fully
evaluate the potential of using PPW bricks and other sustainable building materials in
different situations and to explore effective approaches for reducing the embodied carbon
footprint of buildings. This research is essential in promoting sustainable building practices
and addressing the challenges presented by climate change and evolving building codes
and standards.

3.4. The Advantages of Using Fabricated PPW Bricks: A Building Economic Study

The global trend towards energy conservation driven by high energy costs and envi-
ronmental concerns has led to increased interest in sustainable building practices. While
insulation of ceilings has been a common practice, exterior walls, despite their large sur-
face area, have often been overlooked. This study aims to investigate the feasibility of
using pomegranate waste as a substitute for clay in the production of conventional bricks,
with the potential for significant cost savings. The objective is to explore the potential of
this approach in contributing to energy conservation efforts and promoting sustainable
building practices.

During the months of May to August, energy consumption exceeding 6000 kWh was
observed in all studied samples, with the addition of two months (April and October) in
BC. Consequently, all the aforementioned months were evaluated according to the second
energy price category. Conversely, the remaining months were evaluated according to the
first energy price category due to low energy consumption levels below 6000 kWh. The
study involved the use of brick samples containing 10% pomegranate peel waste (PPW)
with firing temperatures of 700 ◦C, 800 ◦C, and 900 ◦C for S1, S2, and S3, respectively. The
impact of the firing temperature on production costs was deemed negligible, and therefore,
the most efficient sample (S3) in terms of energy savings as compared to the conventional
brick sample (BC) was investigated in terms of cost analysis.

The study findings indicate that S3, among all firing temperature options, has the
potential to achieve energy savings of up to 13.89%. This promising result motivated us to
explore the feasibility of producing bricks from pomegranate waste. While energy savings
are an important factor, it is equally crucial to evaluate the financial benefits of such a
production process. Therefore, a cost analysis was conducted, which involved determining
the additional investment required for each suggested brick sample, as well as evaluation
of the total annual energy cost savings in Saudi riyals (SAR).

This study assumed that the primary expenses for constructing both a conventional
brick wall and the proposed PPW brick sample wall would be comparable, with a minor
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increase in the cost of the PPW brick sample due to the low cost of pomegranate peel
waste. To determine the economic viability of the suggested PPW brick sample, we ob-
tained production cost data (in SAR/m2) for both the conventional brick wall and the
manufactured S3 brick sample from the local market, as shown in Table 8. The initial cost
analysis considered the costs of materials and workers. In addition, the cost of transporting
pomegranate peel waste (PPW) from Medina, which is considered one of the major cities in
pomegranate cultivation and pomegranate juice production, to Jazan, the area under inves-
tigation, was determined using local market data, with a cost of SAR 1000 per 1000 m2 of
PPW [46]. The labor costs per production rate (SAR/m2) were determined by dividing the
total investment in the production process (SAR) by the production amount (m2). The data
on labor costs were obtained from the statistics report provided by the Ministry of Human
Resources and Social Development in KSA (HRSD) [47]. Based on the data presented in
Table 9, we evaluated the annual energy costs, total construction costs, annual savings, and
simple payback period (SPP) for each brick sample. The SPP was calculated as follows [48]:

SPP =
Additional Investment

Annual Saving

Table 8. The material costs for both conventional and PPW brick samples.

Material Material Unit Cost (SAR/m2)

Clay (kaolin) 6
Pomegranate peel waste 1.2

Cement mortar 4

Table 9. The calculated simple payback period associated with the brick samples.

Wall Cost
(SAR)

Additional Investment
(SAR)

Energy Cost
(SAR/Year)

Annual Savings
(SAR/Year)

SPP
(Year)

BC 22,628.39 0 20,795.34 0
S3 25,454.97 2826.58 16,476.54 4318.8 0.65

The study found that S3 demonstrated the potential to achieve substantial energy
and financial savings, with a short SPP of 0.65 years. Notably, the additional investment
required for the suggested brick sample was deemed minor, with a small increase in cost
due to the low cost of pomegranate peel waste. The study’s findings indicate that S3
is a promising option for building owners seeking to reduce energy costs and enhance
sustainability aspects. Finally, this study provides valuable insights into the potential of
using pomegranate waste in brick production to achieve energy and financial savings while
promoting sustainable building practices.

4. Conclusions

The purpose of this study was to investigate the potential effects of incorporating
pomegranate peel waste (PPW) into brick clay at a concentration of 10% and firing at
varying temperatures on the thermal and energy performance of the produced bricks. The
study focused on evaluating the thermal parameters of density, thermal conductivity, and
specific heat. Additionally, the mechanical and physical characteristics of the bricks were
extensively tested. Based on the study findings, the following conclusions were drawn:

First, the addition of PPW to the brick samples resulted in enhanced thermal insulation
properties by promoting the formation of pores, which directly reduced thermal conductivity.

Secondly, among all the fabricated brick samples, the insulation brick made from S3 and
fired at 900 ◦C exhibited the most efficient thermal performance. It displayed a density of
1562 kg/m3, a specific heat of 1500 J/kg−1 K−1, and a thermal conductivity of 0.29 Wm−1 K−1.

Thirdly, S3 was found to be 13.89% more effective in preserving cooling energy, pro-
ducing 12% less annual carbon dioxide emissions than conventional bricks. Additionally, it
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had the shortest simple payback period (SPP) of 0.65 years, indicating its cost-effectiveness.
These findings are consistent with previous research [6,10,14] that has demonstrated a
noteworthy enhancement in thermal properties, energy efficiency, and reduction in CO2
emissions, resulting in the shortest simple payback period (SPP).

This study provides recommendations for reducing thermal, energy, and total energy
expenses and proposes the use of an environmental brick sample composed of 10% PPW
fired at 900 ◦C instead of conventional bricks. Additionally, the study recommends that
national authorities utilize the findings to improve national energy codes and insulation cri-
teria for building envelopes. Finally, the study highlights the potential use of pomegranate
peel waste in fired bricks for construction in hot and arid regions and its generalizability
to other regions with similar climates. However, several limitations should be considered,
such as resource availability and cost, construction suitability, and policy and circular
economic factors. Further research is necessary to fully evaluate the feasibility and po-
tential impact of using recycled PPW bricks. This should include an assessment of their
environmental and economic implications; durability; thermal and energy performance;
and potential for reuse, recycling, or repurposing. Regulatory frameworks, incentives, and
market demand must also be considered.
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Abstract: This research investigates the feasibility of developing clay composites using natural
materials and incorporating waste by-products suitable for plastering diverse support structures.
The study identified a versatile composition suitable for a wide range of support materials and
explored the potential of revaluing industrial waste and by-products by reintegrating them into the
Circular Economy. The experimental investigation outlines the process of evaluating the influence
of different raw materials on the performance of the clay composite. The findings confirm that
using limestone sludge and fly ash as additives to clay contributes to reducing axial shrinkage and
increasing mechanical strengths, respectively. The optimal percentage of additives for the clay used
are identified and provided. Using hydraulic lime as a partial substitute for clay reduces the apparent
density of dried clay composites, axial shrinkage, and fissures formation while improving adhesion to
the substrate. Introducing dextrin into this mix increases the apparent density of the hardened plaster
while keeping axial shrinkage below the maximum threshold indicated by the literature. Mechanical
strengths improved, and better compatibility in terms of adhesion to the support was achieved, with
composition S3 presenting the best results and a smooth, fissure-free plastered surface after drying.

Keywords: clay plasters; drying shrinkage; plaster characterization; physical and mechanical properties;
sustainable building materials

1. Introduction

Nowadays, there is a global interest in identifying sustainable solutions that are as
environmentally friendly as possible for the construction industry. The highly polluting im-
pact of the cement industry—currently the primary raw material used for developing and
maintaining the built environment—is well known. Therefore, a series of research studies
have turned to innovation based on traditional “heritage” using vernacular materials [1].
The results of this research, besides offering the possibility of preserving traditional identity,
support the documented development of construction made from raw-clay-based mate-
rials in combination with various additives (mineral, plant, animal, derived from waste
or industrial by-products). In addition to the great advantage of reduced environmental
impact, buildings made from raw-clay-based materials have several benefits in terms of
indoor air quality and, implicitly, the health of the population: water vapor permeability,
the ability to regulate indoor air humidity, and high storage/heat release capacity, thus con-
tributing to thermal comfort, increasing indoor air quality and energy efficiency. However,
the difficulties these materials present are primarily in terms of mechanical strength and
resistance to the action of climatic factors being lower compared to concrete buildings, as
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well as a reduced degree of compatibility with classic finishing materials available on the
market [2–13]. Consequently, there is a need to develop plaster and finish materials that
are compatible with the primary materials used for traditional construction (natural stone,
burnt ceramic brick, and masonry elements based on raw clay, wood, and wood-based or
other lignocellulosic materials).

Indoor finishing materials play a significant role in shaping the indoor climate due to
their moisture-buffering capabilities. These capabilities arise from the sorption and diffu-
sion properties of the materials, which help maintain a balanced indoor environment [2–5].
The inherent thermal properties of clay building elements and finishes contribute to their
capacity to effectively regulate indoor temperature. This is particularly beneficial when
faced with significant daily temperature fluctuations, as highlighted by [6]. Their substan-
tial thermal mass facilitates the absorption and storage of heat throughout daylight hours,
subsequently releasing it during cooler periods. This natural temperature modulation
fosters a comfortable interior ambiance and impacts the building energy efficiency [7–12].
Additionally, clay’s permeability to water vapors enables earthen walls to function as a
moisture buffer, adeptly managing humidity levels. Minke shows that, when in equi-
librium with saturated moisture air, clay blocks can absorb eight times more moisture
than burnt bricks [13]. By absorbing excess water from the indoor air, then gradually
releasing it when conditions are dry, clay walls maintain a balanced indoor environment,
further enhancing their appeal in contemporary construction. In regions with naturally
lower air humidity, such as northern climates, these aspects become particularly important.
McGregor [14] shows that the nature of clay minerals has a significant impact on moisture
capacity. Moisture storage capacity is affected by the clay particles’ variable surface charge
and size. Incorporating finer and more active clay minerals, like montmorillonite, can
substantially boost moisture capacity. However, this may also introduce secondary effects,
such as increased swelling and shrinkage when moisture levels change. Addressing the
issue of increasing water permeability, researchers have discovered innovative methods to
enhance the moisture buffering capabilities of clay plasters by incorporating cellulose from
waste paper [15]. However, in a milder climate, clay alone may be sufficient to provide
humidity-buffering properties. In a newly constructed German house, with both interior
and exterior walls made of earth, measurements taken over an eight-year period revealed
that the relative humidity inside the home remained consistently close to 50% all year
round [13]. This natural regulation of temperature and humidity reduces the need for
artificial heating and cooling systems and is beneficial in reducing the risk of respiratory
illnesses, allergies, and many other issues.

The specialized literature showcases numerous studies that highlight the durability
of buildings constructed using clay and indigenous techniques in diverse geographic
and climatic conditions. These studies emphasize the adaptability and resilience of
clay-based construction, which has been used for centuries across different cultures and
environments [16–20]. The oldest example of using mudbricks in Europe is in Heuneburg,
Germany, dating back to the 6th century BCE. Writings by Pliny the Elder indicate the
construction of rammed earth forts in Spain at the end of the 100s BCE [20]. Bugini et al. [21]
examines a clay plaster consisting of illite, chlorite, kaolinite, and fine quartz, which is
believed to be the first-ever identified example in Roman Lombardy. This unique sample
was discovered at the Santa Maria alla Porta site, located in the area of Milan’s Imperial
Palace, dating back to the first century CE.

In the past couple of decades, houses with earthen building elements have gained
significant popularity and recognition. This surge in interest can be attributed to several
key factors that make clay houses an appealing choice. However, an essential characteristic
is that using natural, non-toxic materials in the building process significantly reduces the
risk of indoor air pollution and other health hazards, making clay homes a safer and eco-
friendlier option [22]. One important parameter that characterizes the indoor air quality
is ozone (O3). It readily reacts with various indoor materials and compounds in indoor
air, leading to lower indoor ozone concentrations when outdoor air is the primary source.
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However, the byproducts of indoor ozone reactions can be irritating or harmful to building
occupants. Darling et al. [23] suggest that clay-based coatings could serve as efficient
passive removal materials, exhibiting relatively low emission rates of by-products that
diminish quickly within a two-month period. Another study [24], assessing clay plaster as a
passive removal material (PRM) for improving air quality, found that clay plaster improved
the perceived air quality and considerably decreased aldehyde concentrations. However,
there are relatively few data in the literature on the characteristics of clay plasters [25].

Clay houses have become increasingly popular and well-regarded, with more and
more specialists showing interest in this type of construction [26,27]. The results of studies
conducted on the possibility of using natural materials in construction are presented in
the specialized literature, but these results, in addition to their many benefits, also reveal
some drawbacks of clay that are worth investigating for potential improvements [13,28–30].
These drawbacks include a high risk of fissuring during the drying process for clay plaster
due to significant axial shrinkage and a high sensitivity to water. To be used in the
manufacture of construction materials, clayey soil must contain at least 15–16% clay to
achieve the necessary plasticity and workability for labor [29,30]. To avoid the appearance
of fissures, a linear shrinkage between 3 and 12% for soft mixtures or between 0.4 and 2%
for drier mixtures is acceptable [13,28–31].

Given that there is limited research on the addition of waste materials to clay compos-
ites, and considering that in Romania, 80% of such waste is stored in vast areas set up in
nature [32,33], constituting a potential environmental hazard, this study aims to valorize
these wastes as additives in clay mixtures. Composites based on clay with added ash and
sludge have been studied for the production of masonry elements [34,35], and optimal
recipes with good results have been developed, thus continuing the study of composites
based on clay with added ash and sludge for plastering. The study continues by examining
clay mixtures with added ash and sludge for plastering applications.

Clay plasters are known for their eco-friendly and sustainable characteristics [3,13,22–24,36]
but also have certain drawbacks [13,37]. One of the main concerns is the shrinkage during
the drying process. As the water content in the plaster decreases, the material contracts,
which can lead to the formation of fissures or cracks. This affects the plaster’s appearance
and compromises its ability to adhere properly to the substrate, potentially reducing the
structural integrity of the overall construction [13,36,37]. Furthermore, the compatibility of
clay plasters with various substrates can be an issue. In construction projects, a wide range
of materials may be used as substrates, including wood, brick, stone, and even modern
materials like concrete or oriented strand boards (OSB). To simplify the application process
and increase the adoption of clay plasters, it is crucial to develop composites that can bond
effectively with a diverse array of substrates. This may involve the incorporation of addi-
tional binders, fibers, and other additives that can enhance adhesion without compromising
the plaster’s environmental profile.

The study focused on examining the potential for developing clay compositions suit-
able for plastering surfaces constructed from various support materials. The research
highlights the impact of different raw materials on the overall performance and charac-
teristics of the clay composite. As a result, the originality and value of the experimental
research conducted lie in the following:

- Investigating the realm of eco-friendly materials with negligible environmental impact;
- Assessing the impact of additional or substitute raw materials on the performance of

clay composites;
- The objective was to identify a composition that could be widely used across multiple

support materials. This would eliminate the need for adapting the plaster composition
every time the support layer changes. Ultimately, this would create a favorable
framework for achieving a homogeneous and uniform appearance and reduce any
delays in the plastering process.

- The research aimed to identify ways to reintroduce and revalue industrial waste and
by-products. This would help create a favorable framework for implementing the
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principles of the Circular Economy. By finding new uses for these materials, the
research aimed to reduce waste and promote sustainability.

2. Materials and Methods

To achieve a low-embedded energy material, it is essential to prioritize the use of
locally sourced raw materials. For preparing clay-based composite materials intended for
plastering the surfaces of structures, the research focused on locally produced materials,
such: clay extracted directly from the soil in Valea Draganului, Cluj Napoca, Romania
(46◦54′10′′ N 22◦49′53′′ E); fly ash generated by the Mintia power-plant, Romania (a by-
product of Romania’s third largest power-plant); limestone sludge, a by-product of lime-
stone processing industry in Hunedoara, Romania; hydraulic lime with the commercial
name RÖFIX NHL5; dextrin purchased from a local producer in Cluj Napoca, Romania;
and sodium chloride, NaCl, with 90% purity.

Clay is a fine-grained sedimentary rock composed of a blend of silica and fragments
of materials such as quartz and mica [38] (X-ray diffraction (XRD) using a high-resolution
Brucker D8 diffractometer). The particular clay used in this study, considered to be mostly
of montmorillonite type, from the point of view of the particle size distribution, consists
of approximately 38.15% clay minerals, 41.93% sand, and 19.92% silt, determined by the
sieving and sedimentation method according to the Romanian standard STAS 1913-5 [39].
Based on its size distribution, it is classified as clay loam (Figure 1). It was characterized in
terms of oxide composition by XRF analysis and the relevant data are provided in Table 1.
From a mineralogical perspective (Figure 2), experimental tests indicated the presence of
predominant minerals: quartz 66%, muscovite 32.4%, and vermiculite 1.6%. The tests were
carried out in the research laboratories of the Technical University of Cluj-Napoca (XRD
analysis) and the Babes, -Bolyai University of Cluj-Napoca (XRF analysis). According to
the specialized literature [13,40,41], the mineralogical composition of this raw material
indicates that it is appropriate for creating compositions that can be used in construction.
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Table 1. The oxide composition of the clay, determined by XRF analysis (X-ray fluorescence).

Oxides SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O TiO2 PC

Content [%] 74.17 12.74 4.38 0.7 1.0 1.43 0.73 0.05 4.78
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The fly ash underwent a comprehensive analysis to determine its properties and
potential applications. Its chemical characteristics were assessed by examining the oxide
composition (as shown in Table 2), revealing the percentages of various oxides present in
the ash. In addition, the fly ash’s physical properties, such as fineness and bulk density,
were evaluated and documented in Table 3. The fineness was determined by dry-sieving
using a HELOS RODOS/L, R5 (dry dispersion in the free aerosol jet for laser diffraction),
and the bulk density was determined as a ratio between mass and volume using the
pycnometer method.

Table 2. The oxide composition of the fly ash, determined by XRF analysis (X-ray fluorescence).

Oxides SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O P2O5 TiO2 Cr2O3 Mn2O3 ZnO SrO PC

Content [%] 53.75 26.02 7.91 2.54 1.54 0.35 0.59 2.57 0.12 1.02 0.05 0.09 0.02 0.03 2.11

Table 3. Physical characteristics of ash samples.

Fly Ash from Mintia
Power Plant

Fineness R0.045 Apparent Density (Mg/m3)

39.20% 1.67
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The limestone sludge underwent experimental analysis to determine its properties,
focusing on particle size distribution and bulk density, which are presented in Table 4. This
characterization provides insights into the sludge’s potential applications and performance
in various settings, particularly when used as an additive in construction materials.

Table 4. Physical characteristics of the limestone sludge.

Sieve mesh sizes (mm) 0.063 0.125 0.250 0.500 1

Passings through the sieve (%) 69 93 95 99 100

Apparent density (kg/m3) 1780

The hydraulic lime, introduced into the composite as a substitute for part of the
clay, was characterized by experimentally determining the bulk density and compressive
strength (Table 5).

Table 5. Physical characteristics of the hydraulic lime.

Characteristics Apparent Density (kg/m3) Compression Strength (N/mm2)

Hydraulic lime 520 5

Dextrin are constituted from water-soluble amorphous carbohydrates with a small
molecule, obtained from the hydrolysis reaction of starch or glycogen, with the chemical
formula (C6H10O5)n. Dextrin is available as a white, pure powder, soluble in water and
poorly soluble in alcohol. When mixed with water, they form a very sticky syrup, which
can be used as a substitute for gum arabic and gum tragacanth. Dextrin was characterized
by experimentally determining its bulk density, 800 kg/m3.

The water used for preparation was dosed so that the sum of the liquid raw material
quantities was constant in relation to the sum of the dry material quantities, specifically,
33% by mass, ensuring a consistency of the fresh mixture of 95 ± 5 mm.

2.1. Preliminary Experimental Composites

In order to identify and analyze the performance of clay compositions intended for
plastering work, a series of mixtures made from three or more of the previously presented
raw materials were prepared under laboratory conditions. The compositional design was
based on preliminary research regarding the influence of different raw materials on the
performance of clay composites and considered a series of guidelines:

- Fly ash was considered a potential raw material due to its pozzolanic performance [32,42–54].
Preliminary experimental research analyzed the axial shrinkage of four clay compos-
ites prepared with fly ash used as an additive to a constant amount of clay, specifically
15 g, 20 g, 25 g, and 30 g of limestone sludge added to 50 g of clay, according to Table 6.

- Limestone sludge was selected based on preliminary experimental tests and literature
reports that indicate beneficial effects [13,41,55–57] due to the additional calcium oxide
contribution in reducing the volume variations of the composite. Thus, preliminary
experimental research analyzed the axial shrinkage of four clay composites prepared
with limestone sludge used as an additive to a constant amount of clay, precisely 15 g,
20 g, 25 g, and 30 g of limestone sludge added to 50 g of clay, according to Table 7.

- NaCl was identified in preliminary tests, and in accordance with the specifications
of the specialized literature [13,41,58–61], as a beneficial additive in clay-based com-
posites. It helps in reducing axial shrinkage and minimizes the risk of cracking by
moderating and standardizing the drying process. In clay composites, NaCl was
introduced as an 8% saline solution prepared by dissolving the salt in potable water.

- Hydraulic lime was chosen based on initial experimental tests and numerous literature
findings that highlight its positive impact in reducing drying shrinkage and the
likelihood of fissuring, due to the added calcium oxide content [62–71]. In this instance,
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preliminary experimental research examined the effects of partially substituting clay
with hydraulic lime in compositions consisting of clay, fly ash, and limestone sludge.
The study focused on evaluating the risk of fissuring, adhesion to clay-based support,
axial shrinkage, apparent density, and mechanical resistance in four clay composites,
as outlined in Table 8. In all the mixtures, sodium chloride was incorporated as an 8%
mass concentration aqueous solution. The amounts of fly ash and limestone sludge
were kept constant. The ratios were determined based on prior experimental studies,
keeping a constant mass proportion of additive materials (limestone sludge/fly ash)
to clay. In instances where clay was partially replaced by hydraulic lime, a constant
mass proportion of additive materials (limestone sludge/fly ash) to the combination
of (clay + hydraulic lime) was maintained.

- Dextrin was selected based on literature reports indicating beneficial effects of similar
organic additives [3,37,72–74], which include improved paste workability, decreased
drying rate, increased uniformity in the drying process, and, ultimately, a reduction in
fissures within the dried plaster layer.

Table 6. Composition of the preliminary clay composites experimentally prepared to assess the
influence on mechanical resistance of adding fly ash to clay.

Sample Code PA1 PA2 PA3 PA4 PA5

Clay (g) 50 50 50 50 50

Fly ash (g) - 15 20 25 30

Table 7. Composition of the preliminary clay composites experimentally prepared to assess the
influence on axial shrinkage of adding limestone sludge to clay.

Sample Code PS1 PS2 PS3 PS4 PS5

Clay (g) 50 50 50 50 50

Limestone sludge (g) - 15 20 25 30

Table 8. Composition of the preliminary clay composites experimentally prepared to assess the
influence of the partial substitution of clay with hydraulic lime.

Raw Materials
Clay (g) Hydraulic Lime (g) Fly Ash (g) Limestone Sludge (g) Saline Solution

NaCl, 8% (g)Clay Composition Code

PV1 50 0 25 25 17

PV2 30 20 25 25 17

PV3 25 25 25 25 17

PV4 20 30 25 25 17

2.2. Clay-Based Compositions Developed in Accordance with the Preliminary Research Findings

Following the preliminary experimental research results, the aim was to determine
the impact of dextrin on the performance of clay composites for plastering surfaces in
eco-traditional buildings. As a result, five different composites were developed, as shown
in Table 9.

The chosen substrates for applying clay composite plasters were selected from com-
monly used construction materials in eco-traditional wall buildings. These include ceramic
bricks, limestone, oriented strand boards (OSB), unfired clay masonry units, and masonry
elements made from a composite material consisting of clay and cereal straw.
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Table 9. Composition of the experimental clay composites (percentage composition reported to the
total mass of the mixture).

Raw Materials
Clay (g) Lime (g) Fly Ash (g) Limestone

Sludge (g)
Saline Solution

NaCl, 8% (g) Dextrin (g)
Clay Composition Code

S1 30 20 25 25 17 2

S2 30 20 25 25 17 4

S3 30 20 25 25 17 6

S4 30 20 25 25 17 8

S5 30 20 25 25 17 10

2.3. Experimental Testing Methods

For preliminary clay composites PA1–PA5, PS1–PS5, PV1–PV5, and dextrin-containing
clay composites S1–S5, prismatic samples of 40 × 40 × 160 mm were produced by casting
in metal molds. After maintaining for 24 h in constant laboratory conditions of 23 ± 2 ◦C
and 65 ± 1% relative humidity, the samples were removed from the molds and stored for
40 days for curing/drying.

For the clay composites PV1–PV5 and S1–S5, which underwent experimental testing
for adherence to the substrate, the process involved preparing flat samples using different
substrates. These substrates included ceramic bricks, limestone, OSB boards, unfired clay
masonry units, and masonry elements made of composite material based on clay and cereal
straw. A 3–5 mm thick layer of the clay composite material was applied to the previously
mentioned substrates. The surfaces of the substrate were treated with bone glue aqueous
solution before applying the clay composites. For this purpose, an 8% concentration bone
glue solution was prepared by dissolving bone glue in warm water. The application of the
clay composites was carried out only after the drying of the support surfaces treated with
the bone glue solution.

All samples were stored for 40 days until reaching constant mass. The constant mass
of the sample was regarded as an indication of both material maturity and dryness. The
samples were maintained under constant laboratory conditions of 23 ± 2 ◦C and 65 ± 1%
relative humidity and were then experimentally tested under the same environmental
conditions to analyze the following parameters:

- identification of fissures through visual analysis;
- axial shrinkage after 40 days of drying, following the testing method established by

Romanian standard STAS 2634 [75], as a percentage reduction of the length of the
specimen when it reaches the equilibrium humidity (40 days), in relation to the initial
length recorded at de-molding;

- apparent density in hardened and dried state, 40 days after casting, following the
testing method established by European standard EN 1015-10 [76], as a ratio between
the mass and the volume of the specimen;

- mechanical strengths of the dried state, 40 days after casting, following the testing
method established by European standard EN 1015-11 [77], using an automatic press.
In order to determine the flexural strength, the concentrated load method was used
halfway between the supports, positioned at a distance of 100 mm from each other,
each at a distance of 20 mm from the ends of the prismatic specimen. Later, on the two
halves of the prism resulting from the tensile testing by bending, investigation was
carried out to determine the compressive strength as a ratio between the maximum
load recorded at the time of breaking and the surface of the plates through which the
compressive stress was applied (40 × 40 mm).

- adherence to substrate in the dried state, 40 days after casting, following the testing
method established by European standard EN 1015-12 [78], by the pulling method,
using an Elcometer pull-off device.
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To ensure repeatability of the experimental tests, a minimum of 3 samples were pre-
pared for each case. The reported values represent the arithmetic mean of individual values.

3. Results and Discussions
3.1. Preliminary Experimental Research Results

The preliminary experimental research revealed aspects that were later incorporated
into the design of the tested clay compositions to determine the optimal variant for creating
plaster material:

- Using limestone slurry as an additive to clay, as in Figure 3, resulted in a 1.63–2.54%
reduction in axial shrinkage compared to the control clay sample (without limestone
slurry). The most suitable limestone slurry to clay ratio, which produced the desired
effect of reducing axial shrinkage, was determined to be 1:2 parts by mass (sample
code PS4).

- Incorporating fly ash as an additive to clay increased mechanical strengths relative to
the control clay sample (without limestone slurry). This aligns with the findings of
other experimental studies in the field [79]. While compressive strength increases with
higher levels of fly ash (as shown in Figure 4), flexural tensile strength was adversely
affected when the ratio of fly ash to clay exceeded a certain percent (as demonstrated
in Figure 5). Aggregating this information, the optimal ratio of fly ash to clay from the
point of view of mechanical strengths was established as 1:2 parts by mass (sample
code PA4).

- Using hydraulic lime as a partial substitute for clay led to a significant reduction in the
apparent density of dried clay composites, axial shrinkage, and mechanical strengths
(Figures 6–9), especially when the amount of clay replaced by hydraulic lime was
higher. In this context, it is important to weigh the advantages and disadvantages of
using hydraulic lime as a substitute for clay in these composites, which are intended
for plastering surfaces of eco-traditional construction. On one hand, the use of hy-
draulic lime leads to reduced axial shrinkage, which is a positive outcome. On the
other hand, it results in decreased mechanical strengths, which is not advantageous.
Therefore, the presence or absence of fissures and the adherence of the composites to
clay support (clay masonry elements) are considered crucial factors in determining the
appropriate quantity of hydraulic lime to be used. Visual evaluation of the samples in-
dicated the absence of fissures for composites PV1–PV3. The PV4 composite detached
from the support while drying, making visual evaluation inconclusive in this instance.
However, the maximum adherence to support was recorded for composite PV2, in
which clay was replaced by hydraulic lime at a ratio of 40% (mass percentages). There-
fore, this composite is considered the most appropriate option to further experimental
investigation.
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3.2. Results of Experimental Research for Clay-Based Compositions Developed Following
Preliminary Research Results

The experimental results obtained are presented in Figures 10–13. Experimental
outcomes for clay compositions PV1–PV4 and S1–S5 (Figure 10) showed axial shrinkage
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below the maximum allowable limit indicated by specialized literature (12%). Therefore,
all the analyzed compositions satisfy this requirement from this viewpoint.
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Considering that these mixtures are intended for plastering applications, it is important
to attempt for reduced shrinkage levels. By doing so, the potential for cracking and fissuring
can be minimized, ensuring a more durable and long-lasting plaster performance. Clay
compositions PV3 and PV4, which contain a large amount of hydraulic lime, have the
lowest axial shrinkage compared to the other samples. Moreover, analyzing the axial
shrinkage recorded for clay compositions PV1–PV4 (compositions that do not contain
dextrin), a decreasing trend of this indicator is observed as the amount of lime increases.
Therefore, the beneficial effect of lime in reducing the axial shrinkage of the composite
is confirmed. On the other hand, the introduction of dextrin into the composite matrix
results in increased axial shrinkage. The values are within a range comparable to the axial
shrinkage of sample PV1, which contains neither hydraulic lime nor dextrin. However,
these compositions (S1–S5) possess a lower lime content compared to the compositions
that demonstrated the best performance regarding axial shrinkage. When comparing
the experimental results of samples S1–S5 to the performance of sample P2 (composition
without dextrin, identified as the most suitable for designing composites S1–S5), there was
a 37–44% increase in axial shrinkage. However, since these values fall within the limit
specified by specialized literature (max. 12%), this increase was not considered a drawback
for the development of clay composites with dextrin intended for plastering.

According to specialized literature, density values within the range of 1600 kg/m3 and
2000 kg/m3 provide the advantage of good thermal resistance for the material [2,8,13,14,19].
However, these indications from the literature mainly consider the behavior of masonry
elements intended for constructing walls made of clay composites. In this case, the intended
use of the analyzed clay composites is plastering. Therefore, although thermal resistance
characteristics are not negligible, they are not as important a parameter in performance
evaluation. Consequently, it was determined that several factors are more crucial for
evaluating composite performance. These include a smooth surface free from fissuring
risks, strong adherence to the supporting material, vapor permeability, and resistance to
environmental agents.

The experimental results recorded for the density of the analyzed clay composites
(Figure 11) indicated several interesting aspects. It can be observed that using hydraulic
lime as a substitute for clay in clay composites PV2–PV4 leads to a reduction in apparent
density by 8%, 20%, and 25%, respectively, compared to the apparent density of the clay
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composite prepared without hydraulic lime (PV1). However, this decreasing trend in
apparent density is not maintained in the case of clay composites prepared with dextrin
(compositions S1–S5). In this case, the parameter followed shows a slight increase, even
above the 1600 kg/m3 limit indicated by specialized literature as the minimum for good
thermal resistance behavior. Thus, in the case of compositions with dextrin, apparent
density values ranging from 1610 to 1623 kg/m3 were recorded, increasing as the amount
of dextrin used was higher. Therefore, it is considered that the use of dextrin in clay
composites brings slight benefits, leading to an apparent density within a range of values
favorable for good thermal resistance behavior.

Regarding the compressive strength of the analyzed clay composites (Figure 12), two
clear trends were observed: on one hand, the partial substitution of clay with hydraulic
lime leads to a decrease in compressive strength by approximately 45%, 58%, and 64%
(samples PV2–PV4). On the other hand, the introduction of dextrin into the clay composite
(samples S1–S5) slightly improves compressive strength, with the improvement increasing
as the amount of dextrin used is higher. Comparing the experimental data to sample PV1,
which lacks hydraulic lime, reveals a 30–33% reduction in compressive strength for com-
posites made with partial substitution of clay with lime and added dextrin (samples S2–S5).
This is seen as a minor improvement in performance when contrasted with the 45–64%
decrease observed in samples without dextrin. Still, considering that samples with dextrin
also have hydraulic lime, their compressive strength, although improved, does not reach
the value recorded for sample PV1, the clay composite made without partially substituting
clay with lime. In this case, when comparing the experimental results of samples S1–S5
with the performance of sample P2 (the composition without dextrin identified as the
most suitable for designing compositions S1–S5), an increase in compressive strength for
composites with a minimum content of 4 g dextrin per 50 g (clay + hydraulic lime) was
observed. Examining the compressive strengths of compositions with dextrin (S1–S5)
reveals that this additive may have a minor positive impact on the composite’s mechanical
performance. However, this beneficial effect is constrained, with a maximum benefit that
cannot be surpassed.

On the other hand, analyzing the experimental results in the context of the classification
limits indicated by EN 998-1 [80], a specific standard for industrially produced plaster and
skimming mortars based on inorganic binders, it can be said that all tested clay composites
fall within the minimum limits imposed by this standard (0.4 N/mm2—minimum value
for class CS I). Furthermore, all tested clay composites could be classified in the second
class in terms of compressive strength, CS II, indicated by this standard, except for the
clay composite PV1, which would fall into a higher class, namely CS III. This finding is
particularly valuable in terms of the applicability of these composite materials. The ease of
their in situ use increases when they can be compared to cement-based plaster or skimming
mortar products, which are commonly employed in the construction industry.

In terms of flexural tensile strength, as shown in Figure 12, a pattern similar to
compressive strength is observed. With the partial substitution of clay with hydraulic
lime in samples PV2–PV4, the flexural tensile strength decreases by 18%, 32%, and 47%.
This reduction is in comparison to the flexural tensile strength of the composite that does
not contain lime (sample PV1). Upon introducing dextrin to the clay composition, there is a
visible trend of reduced strength loss as the dextrin content increases. This trend continues
up to a certain threshold, as seen in samples S1–S5. However, when the amount of dextrin
is further increased, the mechanical performance and flexural tensile strength decline, as
observed in samples S4–S5, falling below the maximum value recorded for sample S3. This
behavior suggests that the flexural tensile strength can experience slight improvement
with the addition of a small amount of dextrin in the clay composite, but the extent of this
improvement is limited. This finding aligns with the observation made during the analysis
of compressive strength performance. As a result, it can be inferred that while adding
dextrin to the clay composition may provide some benefits to the mechanical performance,
these positive effects are relatively reduced and limited.
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Analyzing the compressive strength and axial shrinkage for the clay composites S1–S5,
in relation to their density, it was observed that these parameters show a progression that
can be mathematically expressed through functions of density (f(density)), as shown in
Figure 13, with a sufficiently good accuracy indicated by the R2 factor being greater than
0.9. Both compressive strength and axial shrinkage can be mathematically modeled using
polynomial functions. In both cases, the existence of these functions allowing mathematical
reproducibility with a high degree of accuracy is considered a useful tool for designing
subsequent clay compositions.

Identifying mathematical functions for adhesion to the support in relation to density or
compressive strength of clay composites is not as straightforward. In this case, mathematical
functions satisfying the R2 > 0.9 condition are polynomial functions of degree 3 or higher,
indicating reduced accuracy and challenges in modeling the phenomenon. This implies
that numerous factors influence the adhesion parameter to the support, and it does not
solely depend on the clay composite’s characteristics, as initially anticipated.

The key characteristics of plaster mortars involve their ability to adhere strongly to
substrates and resist fissuring. A good plaster mortar should maintain a solid bond with
the underlying surface while remaining fissure-free, ensuring durability and a visually
appealing finish. These properties are crucial for the performance and longevity of plas-
tered surfaces in construction applications. Regarding the adhesion to the clay composite
masonry element substrate, Figure 14 shows an undeniable increase in this parameter
with the introduction of dextrin in the composition (S1–S5 vs. PV1–PV4). It is important
to note that the compositional design of samples S1–S5 was based on composition PV2.
This further highlights the advantages of adding dextrin to the mixture, as it significantly
improves the adhesion of the composites to their respective substrates.
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laboratory conditions.

When examining the behavior of clay composites that incorporate dextrin (S1–S5), it
becomes evident that composition S3 stands out, exhibiting the best performance irrespec-
tive of the underlying support layer. Concurrently, the type of support appears to play a
role in influencing the adhesion of the clay composite. Different support materials might
lead to varying levels of adhesion, which could affect the overall performance and stability
of the clay composite when applied.

To enhance adhesion to the support, before the clay composites were applied, all
support surfaces were pre-treated with an 8% aqueous solution of bone glue. Despite this
treatment, the oriented strand board (OSB) surface seems to pose the greatest challenge
when it comes to compatibility with clay-based plaster. This varying behavior of clay
plasters in relation to different support types may be due to specific properties of the
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support surface, such as water absorption capacity and surface roughness. This hypothesis
can also be supported by analyzing the presence or absence of fissures that appeared at the
end of the drying period on the surface of clay plasters.

A visual analysis of the surface appearance of various clay composites, after drying, is
provided, which can be found in Table 10. This analysis offers insights into the texture and
appearance of these composites, which can clarify their suitability for different applications
and their overall performance in terms of aesthetics and functionality. It can be observed
that there are cases of micro-fissuring, fissuring, and cases where fissures or even detach-
ment from the surface are identified (composition S1 on OSB support), depending on the
type of composition and the nature of the support, but there are also cases where the dried
plaster surface is smooth, without traces of fissuring or other defects. Composition S3 is
identified as having the best compatibility with all analyzed supports. Figure 15 shows
exemplary images of the samples made by applying clay composites S1–S5 on different
support layers.

Table 10. Visual analysis of the clay composite layer applied to the support, after drying.

Clay
Composite Code

The Appearance of Plaster Layer after Drying

Ceramic Brick Limestone OSB
Masonry Element

Made of
Unfired Clay

Masonry Element
Made of Clay and

Cereal Straw

S1 no fissures no fissures detachment no fissures fissures

S2 no fissures no fissures fissures no fissures fissures

S3 smooth appearance,
without fissure

smooth appearance,
without fissures

smooth appearance,
without fissures

smooth appearance,
without fissures no fissures

S4 no fissures micro-fissures fissures micro-fissures micro-fissures

S5 fissures fissures Major fissures, cracks fissures deep fissures
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Examining the adherence performance of clay composites S1–S5 to various supports (as
depicted in Figure 14), we find that the results are rather promising when compared with
benchmarks found in the literature (Table 11). The minimum recorded value was 0.3 N/mm2

and the maximum was 0.6 N/mm2, suggesting the suitability of these composites for both
finishing and decoration purposes in construction. When cross-reference the obtained data
with other studies, as represented in Table 11, it is noticed that both limestone sludge and,
more notably, hydraulic lime result in reduced axial contractions. These contractions are
within the 12% limit suggested by the literature. The use of hydraulic lime, and particularly
fly ash, in clay composites enhances mechanical strength, both in terms of compression and
bending. Regarding the density of the clay composite, it is slightly lower than average but still
aligns with references from the literature. Given these data, we can conclude that our results
are reasonably in line with those from other studies. However, we must take into account two
important considerations:

- the experimental findings cited in scholarly sources are influenced by various fac-
tors. These include the clay’s compositional, oxide and mineralogical characteristics,
along with the type and quantity of added materials [13,18,21,26,29,41,67,81]. These
characteristics can vary based on the region where the clay is sourced. Hence, any com-
parison of these results should be general, focusing on the overall trends in physical
and mechanical properties, rather than exact numerical similarities;

- From the point of view of adherence to the support layer of the composite material
based on clay, performance improvements can be achieved. This improvement was
notably demonstrated in the later developed composites, namely S1–S5.

Table 11. Benchmarking against previous research findings.

Bibliographic Reference/Sample Code
Axial

Shrinkage
[%]

Compression
Strength
[N/mm2]

Flexural
Strength
[N/mm2]

Density
[kg/m3]

Adherence to
Support
[N/mm2]

Clay from Dallgow-Döberitz area, Germany [13] 15.0 3.30 0.63 1748 -

Clay from Cluj-Napoca area, Romania [19] - 2.40 - 1960 -

Four clay types from
Toulouse area, France [25] 1.5–2.1 1.30–2.10 0.49–0.64 - 0.06–0.8

Clay from Albi, France [25] 2.5 1.70 0.57 - 0.06

Clay from Poland [37] 2.2 1.34–1.50 0.49–0.58 1802–1853

Clay from Oluvil, Sri Lanka [41] - 2.8-8.9 - 0.15-0.44

Clay from Chom Thong, Thailand [82] 17.1 0.32 - 1050 -

Clay from Middle Belt, Nigeria [83] 25.0 10.2 - 1700 -

Clay from Guimaraes, Portugal [84] - 1.50 - 1748 0.10

Clay from Bath area, UK [85] - 2.50 1960 0.11–0.28

Sandy-loam soils from
Kôdéni, Burkina Faso [86] 3.13 1.80 0.57 1720 -

Clay used for the developed composites 9.20 4.30 1.55 1600 -

Composites PS2–PS5 8.97–9.05 - - - -

Composites PA2–PA5 - 6.95–7.80 1.55–1.83 - -

Composites PV1–PV4 2.70–6.40 2.1–5.8 0.9–1.8 1190–1606.7 0.0–0.4

Composites S1–S5

Masonry element made of
unfired clay

6.3–6.6 2.6–4.1 1.2–1.5 1610–1623

0.5–0.6

Ceramic brick 0.5–0.6

Masonry element made of
clay and cereal straw 0.4–0.5

Limestone 0.4–0.6

OSB 0.0–0.4
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4. Conclusions

The experimental findings are remarkable and practical because the research focused
on identifying and highlighting the impact of alternative or additive raw materials, such as
clay, and by-products from other industries on the performance of clay composites.

The experimental research investigated the potential of using clay composites as plas-
ters for various surfaces commonly found in eco-traditional construction. These surfaces
included ceramic brick, limestone, OSB boards, masonry elements made of clay, and ma-
sonry elements made of composite material based on clay and cereal straw. Based on this
research, the following observations can be made:

- The research found that adding limestone sludge to clay helped reduce axial shrink-
age. For the best results, the recommended ratio of limestone sludge to clay was
1:2 by mass;

- It is demonstrated that adding fly ash to a clay composite resulted in increased
mechanical strengths, particularly compressive strength. For the best results, the
recommended ratio of fly ash to clay was 1:2 by mass;

- Utilizing hydraulic lime as a partial substitute for clay leads to a decrease in the appar-
ent density of dried clay composites, axial shrinkage, and mechanical strengths. This
reduction is more significant when a larger amount of clay is replaced by hydraulic
lime. Additionally, this partial substitution has a positive impact on minimizing
fissures formation and enhancing adhesion to the substrate. As a result of the exper-
imental findings, the preliminary composition PV2 was determined to be the most
appropriate for designing and developing dextrin-containing clay composites;

- The addition of dextrin to clay composites with fly ash, limestone sludge, and hy-
draulic lime resulted in a higher apparent density of the hardened mortar. This
increase surpassed the minimum threshold of 1600 kg/m3, which is considered to
provide good thermal resistance according to the specialized literature. Furthermore,
clay composites with dextrin exhibited axial shrinkage below the maximum threshold
of 12% mentioned in the literature. These composites also showed improved me-
chanical strengths and better adhesion compatibility to the support. Composition
S3 demonstrated the most favorable outcomes, displaying a smooth and fissure-free
surface after drying.

The experimental research, on the one hand, demonstrates the possibility of making
clay-based plastering mortars even at an industrial level. On the other hand, it underlines
the importance of a detailed analysis of the clayey raw material whose characteristics differ
depending on the place of extraction. Therefore, each case must adapt and customize the
recipe and the production process. These observations and the need for customized design
need to be extended to fly ash, whose characteristics differ from one power plant to another.
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Abstract: This study explores the potential for making lightweight bricks via the use of dry, pulver-
ized spent mushroom materials (SMM) as a thermal insulator. There are five distinct replacement
proportions of SMM that are used, and they range from 0% to 15% of the weight of the clay. The
firing of the fabricated bricks at temperatures of 700, 800, and 900 ◦C led to the development of pores
on the interior surface of the bricks as a consequence of the decomposition of SMM. The impact of
SMM on the physicomechanical characteristics of fabricated bricks is assessed based on standard
codes. Compressive strength, bulk density, and thermal conductivity decreased as the SMM content
increased, reaching up to 8.7 MPa, 1420 kg/m3, and 0.29 W/mK at 900 ◦C and 15% substitution
percentage. However, cold water absorption, boiling water absorption, linear drying shrinkage, linear
firing shrinkage, and apparent porosity increased with the increase in SMM, reaching 23.6%, 25.3%,
and 36.6% at 900 ◦C and 15% substitution percentage. In the study simulation model, there was a
significant improvement in energy consumption, which reached an overall reduction of 29.23% and
21.49% in Cario and Jazan cities, respectively.

Keywords: lightweight bricks; spent mushroom materials; bio-based materials; thermal insulation;
energy efficiency buildings

1. Introduction

Due to the overexploitation of numerous natural resources, there is a lack of natural
resources in the world for manufacturing conventional bricks [1]. Huge amounts of raw
materials are consumed in the brick industry [2,3]. To overcome this issue, several attempts
have been made to incorporate different waste materials into the brick-making process,
including natural fibers, textile laundry wastewater sludge, foundry sand, granite sawing
waste, perlite, processed waste tea, sewage sludge, structural glass waste, fly ash, sugar
cane bagasse ash, organic residue, steel dust, bottom ash, rice husk ash, silica fume, and
municipal solid waste incineration fly ash [4–7]. An innovative biotechnological method for
recycling lignocellulosic waste involves growing oyster mushrooms. Mushroom substrates
have a limited ability to condition and fertilize soil due to their high salt, nutrient, and
alkaline contents [8]. Cellulosic substrates, including cotton wastes, maize cob wastes, bean
straws, crushed bagasse, molasses wastes, coffee husks, paper wastes, industrial cardboard
wastes, tree sawdust, and rice straws can be used to grow mushrooms. The majority of
commercially grown Agaricus mushrooms are grown on straw or hay substrates. Rice
straw mushrooms (RSM) are regarded as a nutritious food (USITC 2010) [9,10]. Growing
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edible mushrooms meets the dual goals of treating rice straw, which acts as a substrate
for the production of food (mushrooms), and as a source of food for the mushroom-spent
bedding. One of the biggest environmental problems in the mushroom production process
that utilizes rice straw as soil is the vast amounts of spent mushroom material (SMM)
generated as solid waste by-products—1 kg of mushrooms produces around 5 kg of solid
waste [11]. SMM waste is frequently disposed in landfills [12]. About 27 billion kg of culti-
vated mushrooms were produced worldwide in 2012 [13]. Governments and researchers
are examining the potential uses of these leftover materials as a result of careful environ-
mental management of this by-product of mushroom production. Today, around 50% of
the population lives in cities, using a lot of energy resources and emitting more than 70%
of the world’s carbon emissions. This is mainly because of urban development, which
has been identified as the cause of issues with sustainability [14]. One approach for ad-
dressing this is using sustainable materials such as SMM in the production of construction
materials. This has some beneficial effects on the environment and the economy and, in
addition to optimizing the thermal performance of the urban block form, is necessary
for the management of daily wastes that cause significant environmental problems [15].
Beyond the context of the surrounding, the building’s shape and the windows’ parameters
have an impact on energy consumption [16]. Using sustainable materials with thermally
isolated behavior is considered the most effective parameter for achieving sustainability.
Inefficient thermal materials, which cause high energy consumption, have environmental
and economic consequences during the building’s life [17,18]. Hence, avoiding or even
reducing as much thermal gain as possible in buildings decreases the internal temperature
and improves the indoor thermal quality, thus directly decreasing the need for air condi-
tioning, resulting in a decrease in the energy consumed in the building and the city. The
main distinguishing objectives and novelty of this study are managing waste materials
by producing lightweight bricks made by replacing clay with SMM materials in various
ratios that meet the obligatory values of the physicomechanical characteristics assigned by
standards. It was also critical for manufacturing lightweight bricks with effective thermal
insulation for controlling energy usage. These bio-based, lightweight bricks can both help
with trash disposal and resource conservation because they are made from rice straw
waste that has undergone the mushroom biodegradation process. Thus, it makes economic
and environmental sense to utilize SMM as a clay body addition. Table S1 contains the
physicomechanical and thermal characteristics of bricks substituted with different waste
materials.

2. Experimental
2.1. Materials and Methodology

Clay was obtained from Aswan, Egypt, and spent mushroom materials (SMM) was
grown in the laboratory. Pleurotus florida spawn (culture) was obtained from the Agricultural
Research Centre, Ministry of Agriculture, Giza, Egypt.

2.2. Preparation of Spent Mushroom Materials from Cultivated Pleurotus florida

Spent mushroom materials (SMM) of Pleurotus florida—also known as the oyster
mushroom or the white oyster mushroom—were prepared after cultivation (Figure 1).
The SMM was prepared in the laboratory to show the process of mushroom growth. The
preparation was carried out following the protocol by Stoknes et al. [19], with slight
modifications as follows: To ensure that water completely soaked through the rice straws,
the straws were cut into 20–30 cm lengths, soaked in water that was three times as heavy
as the straw, left to soak for 24 h, and then air dried. After soaking, the rice straws were
placed and sealed in sterile plastic bags. The bags were subjected to a 15-min sterilization
process at 121 ◦C and then cooled at room temperature for 24 h. Each bag was filled with
50 g of Pleurotus florida spawn (culture) that had already been prepared and cooled; the bag
was then sealed. The inoculated rice straw was incubated at 25 ◦C with light requirements
of 1000–1500 (2000 lux) for not less than 30 days, until fruit body development. The first
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harvest was carried out after 30–40 days, and the yield during the first harvest was 250 g.
The raw materials of this edible fungus, as well as the cultivation and harvesting conditions
for spent mushroom material preparation, are shown in Figure 1a–k. After autoclaving for
20 min and drying at 60 ◦C for 48 h, each piece of residual Pleurotus florida spent mushroom
material was crushed using a pulverizer (Elaraby, Cairo, Egypt, MX 900/2). Each substrate’s
powder was then separated into two parts using a sieve (through a mesh with a 2-mm pore
size sieve). The sieving process is performed to separate the impurities and ungrounded
particles, and only the finer part was used for the experiments.
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2.3. Characterization of Clay and Spent Mushroom Materials

In this investigation, X-ray fluorescence (XRF) was used to assess the chemical compo-
sition of Aswan clay and SMM after they had been ground into powder using an AXIOS,
Panalytical 2005 (Malvern Panalytical, Malvern, UK), and a wavelength dispersive (WD)
XRF sequential spectrometer (Malvern Panalytical, Malvern, UK). By utilizing the Brukur
(Billerica, MA, USA) D8 advanced computerized X-ray diffractometer apparatus with
monochromatized CuK radiation operated at 40 kV and 40 mA, it was possible to establish
the mineralogical composition of the raw material. The acquired SMM powder was used
directly without further processing. The ASTM C136 standard sieve analytical approach
was used to calculate the mean particle size [20].

2.4. Preparation and Testing of Samples

The clay was substituted with six different percentages of SMM ranging from 0% to
15% by weight. In order to obtain a homogenous mixture, the raw components were stirred
at a speed of 50 rpm for 10 min. The pastes were produced by adding 18 wt.% of water
to each of the aforementioned mixtures to get the desired consistency. They were molded
into steel cube molds (50 × 50 × 50 mm3) and compressed under 10 MPa pressure. The
formed samples were left out in the open for a period of 12 h where they were exposed
to direct sunlight. The samples were then de-molded and dried overnight in an oven at
a temperature of 120 ◦C. In the final stage, the samples were sintered at three different
temperatures: 700, 800, and 900 ◦C. The samples were kept in the furnace for a total of 4 h at
each temperature. Figure 2 shows the preparation procedure for the bricks. The percentages
of linear drying shrinkage for the dried samples were measured. Additionally, linear firing
shrinkage, cold and boiling water absorption, apparent porosity, bulk density, compressive
strength, and thermal conductivity tests were used to analyze the characteristics of fired
samples based on ASTM standard codes and similar to our previous work [3]. The samples
were tested in triplicate, and the average value of the parameter under investigation was
computed. Figure 3 shows the photo-image of the fabricated bricks.
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2.5. Raw Material Characterization

Figure 4 shows the XRD of the raw materials. As seen in the figure, silica and alu-
mina were the two primary compounds present in the clay (Figure 4a), while SMM is
composed of sodium aluminum silicate, davidsmithite, trinepheline, sodium aluminum
silicate hydroxide, and wollastonite (Figure 4b). Table 1 displays the XRF analysis of the
raw materials. The results indicate that SiO2 and Al2O3 are the major compounds in clay,
with compositions of between 20% and 50% of SiO2 and between 10% and 20% of Al2O3,
which were within the recommended ranges [68, 69].

Table 1. Chemical composition of raw materials.

Composition Clay wt. (%) SMM wt. (%)

Al2O3 32.906 0.07
SiO2 48.931 30.2

Na2O 0.094 0.38
K2O 0.014 0.66
CaO 0.505 1.58
MgO 0.09 --
TiO2 5.918 --

Fe2O3 1.193 0.1
SO3 0.291 --

F -- --
Cl 0.011 --

Cr2O3 0.138 --
ZrO2 0.465 --
LOI 9.2 32

TOTAL 99.756 64.99
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SiO2 and Al2O3 were present in lower quantities in SMM. However, it contained
more calcium oxide (CaO) and potassium oxide (K2O) than clay. Furthermore, its high
organic content is thought to be the cause of its significant loss on ignition (LOI) [21].
Kaolin dehydroxylation is considered the primary cause of the LOI and raising thermal
conductivity [22]. Figure 5 displays the particle size distribution of the raw materials. This
graph demonstrates the differences in their median sizes (D50), which equal 0.26 mm for
clay and 0.6 mm for SMM, demonstrating that clay is finer than SMM.
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2.6. Simulation Procedure

The study optimized the building design, aiming to achieve optimum thermal perfor-
mance. First, the model was built in Grasshopper (Figure 6). Then, the thermal model was
written in Grasshopper using Honeybee, ladybug, and climate studio (Grasshopper plug-
ins). The plugins work as engines for EnergyPlus, Radiance, Daysim, and OpenStudio [11].
Different materials were identified and inserted into the model as exterior wall materials.
The materials were made from Energy Plus 23.1.0 materials. Optimization began with
simulation of different types of bricks in a room as a case study. The simulation included
studying cooling loads and CO2 emissions.
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2.7. Description of the Study Model

The case study consisted of one unit with dimensions of 4.0 m width, 6.0 m length, and
3.0 m height, located in Cairo, Egypt (Figure 7a). Figure 7b shows the average temperature
in Cairo, Egypt. The impact of the new wall section made of different fabricated bricks
was compared with the base case. The energy saved using different fabricated bricks was
calculated. The exterior walls were 0.25 m thick and contained three layers (plaster–brick–
plaster). The material used was EnergyPlus Material. For the HVAC system, the Honeybee
plugin acted as an engine for EnergyPlus, and the air conditioning system was set to 24 ◦C.
The building operated 24 h/day as it is a residential unit. Energy loads were simulated
using Honeybee as an engine for Radiance, Daysim, OpenStudio, and EnergyPlus, and
energy performance was evaluated through cooling loads. The building’s annual energy
consumption (kWh/m2) was computed for easier comparison between various materials.
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3. Results and Discussion
3.1. Linear Shrinkage

Due to water loss, the clay particles became compact as a result of shrinkage. The
increase in the SMM content led to an increase in linear drying shrinkage (Figure 8a).
Compared with the control sample, which displayed a linear drying shrinkage of 3.17%, the
sample composed of 15% SMM had a maximum linear drying shrinkage of 4.9%. This effect
can be attributed to the reduction in quartz content, which helped to increase the volumetric
stability of the mixture [23]. The degree of densification during a fire is often determined in
part by shrinkage. SMM particles fuse during sintering at high temperatures, resulting in
more closely packed particles that improve linear firing shrinkage. Firing temperature is a
crucial factor influencing the degree of shrinkage, and large shrinkage could be problematic
since it might result in fissures and dimensional flaws. To reduce shrinkage, the firing
temperature must be managed during the sintering process. It is worth mentioning that
the mechanical performance of the bricks can be maintained after sintering if the linear
firing shrinkage is less than 8%. As shown in Figure 8b, firing shrinkage increases with
the increase in the amount of SMM and the firing temperature. The findings revealed that
shrinkage in the fired clay brick samples ranged from 6.6% to 7.6% with the addition of
15% SMM, while firing shrinkage in the control fired clay bricks ranged from 0.29% to 1.7%
without the addition of any SM; thus, shrinkage is influenced by the concentration of the
added SMM. All brick samples’ shrinkage after firing fell within the permitted range for
commercial manufacturing, as stated in ASTM C326 [24]. However, the linear shrinkage of
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all the evaluated additions was under 8%. The sample composed of 15 wt.% SMM showed
7.6% linear firing shrinkage at 900 ◦C.
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3.2. Bulk Density

The specific gravity of the raw material source, the manufacturing process, and the
firing temperature can all influence the bulk density of fired clay bricks. Figure 9 shows

115



Materials 2023, 16, 4905

the influence of SMM and firing temperature on the bulk density of the fired clay bricks.
The findings indicate that the maximum replacement percentage (15% SMM) produced
the lowest bulk density of 1385.2, 1420.8, and 1419.99 kg/m3 when the samples were
subjected to firing temperatures of 700, 800, and 900 ◦C, respectively. Under the same firing
temperatures of 700, 800, and 900 ◦C, the bulk density was 1828.7, 1874.2, and 1922 kg/m3,
respectively, for the brick composed of 0% SMM. Accordingly, the bulk density reduced as
SMM content increased, possibly due to the increased formation of pores that occur as a
result of the degradation of carbonaceous matter in SMM during the sintering process [25].
On the other hand, bulk density increased slightly as the firing temperature increased at
each percentage of SMM, possibly due to the verification or higher consolidation between
body particles during the sintering process. Based on the results of the bulk density
measurement, the brick can be categorized as lightweight if it has a density lower than
1680 kg/m3 in accordance with the requirements of the standard ASTM C90 [26,27]. The
bricks met the lightweight standard at all SMM percentages analyzed.
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3.3. Water Absorption

The findings of water absorption by fabricated bricks at 700, 800, and 900 ◦C, and
the clay replacement percentages varying from 0% to 15% SMM are shown in Figure 10.
Brick durability can be assessed by measuring its ability to absorb water or by its physical
characteristics. As shown in the figure, water absorption by bricks is linearly correlated
with the percentage of SMM present, indicating that SMM serves as a pore-generating
agent. When clay was substituted with 15 wt.% of SMM, the rate of absorption of cold
water rose to 34.7%, 29.6%, and 23.6% at 700, 800, and 900 ◦C, respectively, compared with
16.4%, 14.5%, and 13.9% at 0% SMM substitution (Figure 10a). On the other hand, boiling
water absorption was 37.6%, 34.5%, and 25.3% when 15% SMM was used as a substitute for
clay, up from 19.3%, 18.2%, and 17.2% at 700, 800, and 900 ◦C, respectively, when 0% SMM
substitution was used (Figure 10b). Furthermore, the bricks demonstrated the lowest water
absorption percentage and pore volume at 900 ◦C in accordance with the requirements of
the standard ASTM C62 [6,28], likely due to the increase in the formation of a glassy phase
at high firing temperatures. In general, water absorption increased with the increase in the
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SMM in the mixtures and decreased with increasing firing temperature. Brick samples with
high water absorbency had greater total porosity, improving the insulating characteristics
of the clay bricks.
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3.4. Apparent Porosity

Figure 11 illustrates the findings of apparent porosity tests conducted on brick samples
burnt at temperatures of 700, 800, and 900 ◦C using SMM clay-replacement percentages
varying from 0 to 15%. It was noted that the brick samples containing SMM had more
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porosity than the control bricks at different temperatures. This could be due to the gases
resulting from the decomposition of carbonaceous materials and the fact that SMM has a
higher LOI than clay [23]. According to Sutcu and Akkurt [29], an increase in overall poros-
ity of over 50% is effective at improving the insulating qualities of fired clay bricks. Overall,
total porosity increased almost linearly as the percentage of SMM rise, demonstrating the
effectiveness of SMM as a pore-forming agent. The results demonstrated an increase in
porosity of 29.6, 27.9, and 24.2% when clay was substituted with 15 wt.% SMM at firing
temperatures of 700, 800, and 900 ◦C, respectively. Brick samples fired at 900 ◦C exhibited
the lowest porosity, likely due to the formation of the glassy phase at high temperatures.
Although the formation of pores in the brick structure is the cause of decreased compressive
strength, higher water absorption, and total porosity, the increased porosity has a positive
impact on the performance of bricks because these pores make it easier for water vapor to
move inside the brick skeleton, thereby preventing cracks from spreading, especially in
humid climate zones [30].
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3.5. Compressive Strength

Figure 12 indicates the findings of compression tests conducted on fired brick speci-
mens. The compressive strength of the samples was determined using the equation below;
the burnt samples were tested by applying a perpendicular force that is consistent with
ISO 9652 [31].

C =
P
A

,
(

N
mm2

)
(1)
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The variable C denotes the compressive strength of fired samples, measured in units
of N/mm2 (MPa). The variable “P” denotes the maximum load, while the variable “A”
represents the average cross-sectional area of the fired samples. The mean compressive
strength of the specimen was determined by computing the average of the compressive
strengths of three distinct brick specimens. Based on the findings in the figure, the addition
of SMM and firing temperature had a significant impact on the compressive strength of
fired clay bricks. While the addition of SMM did enhance some physical features, it had a
detrimental effect on some mechanical characteristics. After sintering the fabricated bricks
at 700 ◦C, the compressive strength of the brick specimens decreased from 10.23 MPa to
6.06 MPa for 5 SMM, 6.04 MPa for 7.5 SMM, 6 MPa for 10 SMM, 5.89 MPa for 12.5 SMM, and
5.8 MPa for 15 SMM. Due to the significant number of pores and cavities produced by the
decomposition and combustion of organic matter, the integration of SMM, as anticipated,
decreased the compressive strength [32]. The greater the pore size due to the decomposition
of SMM, the smaller the exposed area of the compressive-resistant brick section, suggesting
that this may be the cause of the drop in compressive strength. However, increasing the
brick firing temperature to 800 ◦C increased the compressive strength to 12.9 MPa for the
0 SMM sample, 10 MPa for the 5 SMM sample, 9.5 MPa for the 7.5 SMM sample, 8.2 MPa for
the 10 SMM sample, 7.6 MPa for the 12.5 SMM sample, and 7 MPa for the 15 SMM sample.
In addition, increasing the brick firing temperature to 900 ◦C substantially improved the
compressive strengths of the 0 SMM, 5 SMM, 7.5 SMM, 10 SMM, 12.5 SMM, and 15 SMM
samples to 18.4 MPa, 18.8 MPa, 14.6 MPa, 10.13 MPa, 9.5 MPa, and 8.6 MPa, respectively. By
sealing off internal pores, raising the firing temperature significantly accelerated verification
and improved the development of strength. This is consistent with other studies that found
that bricks produced at higher firing temperatures have higher densities and mechanical
strengths [33,34]. Many studies [19] have shown that when firing temperatures rise, the
bulk density of the brick framework increases, leading to greater compressive strength in
the brick. The compressive strength requirements for non-load-bearing clay bricks are set at
3.5 N/mm2 by the IS 1077-1992 standards [35]. Therefore, bricks having 15% SMM sintered
at 800 or 900 ◦C still meet the required standards. The ASTM C62 [28] minimum suggested
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a compressive strength value of 8.6 MPa, which is consistent with brick samples fired at
800 and 900 ◦C. Furthermore, bricks containing 5% SMM and fired at 900 ◦C produced the
highest compressive strength of 18.9 MPa.

3.6. Thermal Conductivity

Figure 13 shows the variance in thermal conductivity of bricks fired at 900 ◦C as a
function of the SMM content. As shown in the figure, thermal conductivity reduced as
the SMM content increased. The brick-free SMM had the greatest thermal conductivity
(0.77 W/mK), with the brick being denser than other formulations; on the other hand,
bricks composed of 15% SMM had the lowest thermal conductivity (0.293 W/mK). As is
known, heat is transferred through solid materials by free electrons and/or lattice vibration
waves (phonons). In ceramic materials, thermal conduction results from phonons. The
presence of pores in the structure of ceramic materials facilitates phonon scattering, which
may reduce the thermal conductivity of ceramic materials [36]. The bricks fired at 900 ◦C,
including 5 SMM, 10 SMM, 12.5 SMM, and 15 SMM, showed significant reductions of
0.481, 0.43, 0.37, 0.32, and 0.29 (W/mK), respectively, in thermal conductivity compared
with 0.77 (W/mK) of 0 SMM. The development of pores during sintering as a result of the
production of gases that arise from the decomposition of carbonate materials and the high
LOI in the SMM may be a possible explanation for the decrease in heat conductivity that
occurs with the increase in the proportion of SMM in the material.
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3.7. SEM Microstructure Analysis

Figure 14 shows the microstructural characteristics of bricks that were burned at
900 ◦C and contained either 5% or 15% SMM. It is plain to see that the bricks that were
infused with SMM produced a sizeable number of micropores, all of which were dispersed
throughout the matrix of the hardened bricks. The pores that were visible took on a number
of different shapes, including spheres and ovals. When the SMM percentage was increased,
both the number of micropores and their diameters also increased. The average pore size
increased from 2.92 to 5.71 µm when the percentage of SMM increased from 5% to 15%.
This helps to explain the decrease in thermal conductivity, compressive strength, and bulk
density, as well as the rise in water absorption and apparent porosity.
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3.8. Estimation of Annual Energy Consumption for Cooling

The effect of bricks with different SMM proportions on a case study’s cooling demands
was evaluated using Grasshopper plugins Rhin 7 thermal simulation software. The ap-
plication starts by simulating a room as a basic case to identify the optimal SMM ratio in
terms of energy efficiency. As can be seen in Figure 15, the monthly variation in energy use
was largest during the summer months of April through October. In addition, traditional
bricks consumed the highest energy for cooling (Figure 15a,b) in both Cairo and Jazan cities.
Samples with 15 SMM bricks used substantially less energy for cooling than their standard
counterparts (Figure 15c,d) in Cairo and Jazan cities. The highest monthly average for
cooling energy used occurred in July, the warmest month of the year; this was particularly
true in the mornings. Figure 16 shows the simulation results, which indicate that different
SMM brick compositions affect cooling energy consumption. The replacement of standard
bricks with a 15 SMM brick sample reduced the building’s cooling needs by 129.514 kWh,
which is approximately 29.23%, compared with the 0 SMM (183 kWh) bricks (Figure 16a).
The total amount of energy that was utilized for cooling reduced by 134.606 kWh, which is
an improvement of 26.44%, when 12.5 SMM was used. Furthermore, cooling energy con-
sumption can be reduced by 141.898 kWh with 10 SMM, 148.611 kWh with 7.5 SMM, and
154.63 kWh with 5 SMM, representing improvement rates of 22.46%, 18.79%, and 15.50%,
respectively, (Figure 16b). This significantly reduces the building’s energy consumption, as
space cooling accounts for 37–42% of its overall energy requirement [37,38]. The suggested
manufactured brick samples were examined for thermal and energy efficiency in the city of
Jazan in the Kingdom of Saudi Arabia (Figure 16a,b), which has a climate characterized by
hot, arid desert conditions. The sample bricks were compared with a standard brick for
the purpose of establishing a reference point. The hypothesis posits that a model identical
to that implemented in Cairo should be utilized in Jazan. Using 15 SMM resulted in a
reduction in energy consumption of 21.49%. Utilization of clay bricks derived from SMM
exhibited promising prospects of enhancing thermal efficiency and energy conservation
and reducing the carbon footprint in arid and high-temperature settings.
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sources of operational CO2 emissions are HVAC and lighting; the major sources of em-
bodied CO2 emissions are construction materials [39]. The results of this study suggest a 
link between CO2 emissions from building operations and the increasing prevalence of air 
conditioning in hot climates. The construction industry likely contributes to the rising at-
mospheric concentrations of embodied and operational CO2. Construction materials have 
been the subject of extensive studies and developments. As a result, buildings’ thermal 
performance has improved, the amount of energy required to keep them cool has de-
creased, and CO2 emissions have decreased. The results of this research suggest that SMM 
bricks may benefit building occupants’ health by decreasing their dependence on air con-
ditioning and slowing the rate at which heat travels through walls. As a result, indoor 
temperatures will be more pleasant. In addition, it is possible that cutting down CO2 emis-
sions would be possible thanks to the utilization of SMM in bricks. Figure 17 shows the 
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3.9. Influence of the Proposed Fabricated Bricks on CO2 Emissions

Embodied CO2 has become an increasingly significant contributor to the entire life-
cycle of construction in the last few decades. This is the case despite the fact that develop-
ments in technology have led to a decrease in operational CO2 emissions. The main sources
of operational CO2 emissions are HVAC and lighting; the major sources of embodied CO2
emissions are construction materials [39]. The results of this study suggest a link between
CO2 emissions from building operations and the increasing prevalence of air conditioning
in hot climates. The construction industry likely contributes to the rising atmospheric
concentrations of embodied and operational CO2. Construction materials have been the
subject of extensive studies and developments. As a result, buildings’ thermal performance
has improved, the amount of energy required to keep them cool has decreased, and CO2
emissions have decreased. The results of this research suggest that SMM bricks may benefit
building occupants’ health by decreasing their dependence on air conditioning and slowing
the rate at which heat travels through walls. As a result, indoor temperatures will be more
pleasant. In addition, it is possible that cutting down CO2 emissions would be possible
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thanks to the utilization of SMM in bricks. Figure 17 shows the massive amounts of CO2
emissions produced in order to provide cooling. It was demonstrated that using 5 SMM
might result in an annual decrease of 2.2% in CO2 emissions.
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Figure 17. Annual CO2 emission of the fabricated bricks.

4. Conclusions

The following are inferences drawn from the study’s practical findings:

• The use of SMM as a pore-forming material allows for the production of fired bricks
with low heat transmission and sufficient compressive strength. Linear firing shrink-
age is adversely affected by the replacement of SMM waste. When the operating
temperature is raised, there is a corresponding rise in firing shrinkage; the bricks
produced at 900 ◦C with 15% SMM showed a major increase (7.6%) in firing shrinkage.

• The results demonstrate that increasing the quantity of SMM as a substitute for clay
leads to a loss in compressive strength. The most modest compressive strength,
8.7 MPa at 900 ◦C, was achieved at the highest SMM % and may be adequate to fulfill
the standards for load-bearing blocks in ordinary constructions in accordance with
ASTM C62 [28].

• The bulk densities of all samples reduced as the percentage of SMM added as a re-
placement for clay increased, and samples containing SMM were less dense compared
with the control sample.

• Because of the correlation between SMM and water absorption and porosity, decreased
compressive strength, bulk density, and thermal conductivity are observed when
SMM is increased. Regardless of firing temperature, higher SMM concentrations
result in lower thermal conductivity by the brick specimens. When burnt at 900 ◦C,
brick samples containing 15 wt.% SMM exhibited the smallest thermal conductivity
(0.29 W/mK).

• SEM analysis of the SMM bricks indicated that the number and diameters of microp-
ores increased as the SMM ratio increased.

• Thermal efficiency is maximized in bricks containing 15% SMM. In the case study pro-
vided, a 2.2% decrease in CO2 emissions and a 29.23% decrease in energy consumption
were achieved.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma16144905/s1, Table S1: Demonstrates physco-mechanical and
thermal characteristics of bricks substituted with different waste material. References [40–52] are
cited in the supplementary materials.
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Abstract: Every year, millions of tons of red mud (RDM) are created across the globe. Its storage is a
major environmental issue due to its high basicity and tendency for leaching. This material is often
kept in dams, necessitating previous attention to the disposal location, as well as monitoring and
maintenance during its useful life. As a result, it is critical to develop an industrial solution capable
of consuming large quantities of this substance. Many academics have worked for decades to create
different cost-effective methods for using RMD. One of the most cost-effective methods is to use RMD
in cement manufacture, which is also an effective approach for large-scale RMD recycling. This article
gives an overview of the use of RMD in concrete manufacturing. Other researchers’ backgrounds
were considered and examined based on fresh characteristics, mechanical properties, durability,
microstructure analysis, and environmental impact analysis. The results show that RMD enhanced
the mechanical properties and durability of concrete while reducing its fluidity. Furthermore, by
integrating 25% of RDM, the environmental consequences of cumulative energy demand (CED),
global warming potential (GWP), and major criteria air pollutants (CO, NOX, Pb, and SO2) were
minimized. In addition, the review assesses future researcher guidelines for concrete with RDM to
improve performance.

Keywords: red mud; eco-friendly concrete; durability; slump; mechanical strength

1. Introduction

To make constant strides toward sustainable growth, a massive revolution in the
cement and concrete sector is required to decrease environmental pollution, particularly
carbon dioxide [1]. Concrete manufacturing has increased in recent decades, and it is
currently one of the top concerns of scholars who are interested in sustainable develop-
ment [2–5]. The utilization of waste materials in concrete manufacturing has been shown
to minimize natural resource use [6–9]. Construction uses more raw materials and energy
than any other economic activity on the planet today. Concrete is a common construction
material used all over the globe. Cement, being a fundamental component of concrete,
is produced via an energy-intensive process. Cement manufacturing produces a lot of
greenhouse gas emissions, which contribute to global warming [5,10]. The cement factories
are the second-largest industrial carbon dioxide emitter, accounting for 5 to 7% of total
CO2 emissions [11,12]. The use of various waste materials as cement substitutes has been
researched for CO2 reduction [13–15]. In contemporary civilizations, using garbage as a
secondary material in the building sector is a cost-effective and environmentally friendly
means of disposing of waste [16,17]. Sustainability in the construction industry has become
crucial, and numerous solutions have emerged to lessen the environmental effect of present
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building operations [18,19]. Rising energy supply costs, decreasing CO2 ejections, and the
delivery of unrefined, low-quality ingredients all pose risks to the cement business [20].
As a result, alternative suppliers must be sought instead of cement. According to research,
concrete created from waste materials such as plastic waste is one of the waste disposal
alternatives [21]. Furthermore, in this century, most researchers are concentrating on de-
veloping sustainable concrete by incorporating various industrial wastes such as waste
glass [22], waste marble [23], silica fume [24], copper slag [25], waste foundry sand [26],
cellulosic materials [27], recycled aggregate concrete [28], as well as fly ash [29,30]. In
addition to utilizing different waste materials cementitious materials in concrete, RMD is
also a good option.

1.1. RMD

Bauxite residue is an insoluble byproduct of the Bayer alumina manufacturing process.
The high alkalinity of the liquid phase isolated from the RMD slurry is a major environ-
mental concern. The challenges related to bauxite waste formation were first overlooked
and ignored throughout the discovery and usage of bauxite for profit. However, when the
world’s population exploded in the mid-twentieth century, resources began to deplete and
waste products began to accumulate on the planet’s surface [31]. As a consequence, by
the end of the twentieth century, the use of bauxite waste had become a worldwide issue.
Every year, roughly 150 million tons of bauxite residue are generated worldwide [32]. In
general, 1–2.5 tons of bauxite residue are created for every ton of alumina produced, with
the amount varying depending on the kind of bauxite ore utilized [33]. The RMD collected
from an alumina refinery is shown in Figure 1.

Figure 1. RMD [34].

Bauxite is a mineral composed of hydrated aluminium oxides and mixtures of other
elements, such as iron. The aluminium mixtures in the bauxite may be found in many kinds
of aluminium parts, and contaminations may influence extraction conditions. Aluminium
oxides and hydroxides are amphoteric, which means they are acidic and fundamental at the
same time. Al3 solubility in water is minimal, although it increases dramatically with high
or low PH. Bauxite metal is warmed in a weight vessel beside a sodium hydroxide setup
at a temperature of 150 to 200 ◦C in the Bayer technique. In an extraction technique, the
aluminium is broken down as sodium aluminate (basically [Al(OH)4]) at these temperatures.
Gibbsite is accelerated when the fluid is cooled and seeded with fine-grained aluminium
hydroxide precious stones from previous extractions after partitioning the accumulation by
sifting. The RMD process is seen in Figure 2 [35].

128



Materials 2022, 15, 7761

Figure 2. Manufacturing Process of RMD [35].

The chemical difference in every circumstance, applying RMD is a challenge. However,
detecting the RMD features for each location where it is created and establishing a template
as a foundation is achievable. Two variables influence the quantity of RMD produced. The
first pertains to the ore quality, while the second refers to the processing conditions. The
amount of RMD produced has been approximated by many writers. The reported values
vary from 0.3 to 2.5 tons per ton of poorer grade bauxite treated [36]. Patents for RMD
applications were created between 1964 and 2008, according to research [37]. It is expected
that 33 percent of them are used in civil building projects, as shown in Figure 3. Although
RMD has a variety of uses, as seen in Figure 3, its primary use is in the building industry.

Figure 3. RMD Application (1964 to 2008): Data source [38].
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Figure 4 depicts data on bauxite residue applications research publications by com-
panies, academic institutions, and research organizations during a 20-year period. The
biggest number of research articles have been published in the field of building and con-
struction. The largest volume of RMD consultation materials was released from 1971 to
1990, and subsequently, quickly declined, as seen in Figure 4. As a result, a concise review
is needed to highlight current developments and prospective applications of RDM in the
construction industry.

Figure 4. No. of Publication on RMD (1931 to 2018): Data Source [36].

1.2. Weaknesses of RMD

RMD affects agricultural landscapes due to its strong alkalinity, hence, it should be
cleaned numerous times before usage. There is a chance that the RMD lake may leak. If it is
organized underground, it pollutes the ground water table. Based on the writing overview,
RMD fills in as an excellent folio material and has proven to be a decent cementation
material. The tiny pores of cement are diminished by RMD, and as the amount of RMD in
solid increments increases, the amount of water swallowed decreases. A basic combination
of 70% RMD and 30% CaO yields a product with a compressive quality of 7 MPa. Ca(OH)2,
C4AH13 and C4AH11 are the hydrates framed after 4 days. Later investigations have
confirmed these findings. When compared to fly powder, RMD does not impart much
compressive quality, although flexural quality and resistance to porousness have been seen
in RMD bond concrete. Despite the fact that RMD is less accessible than flies’ fiery remnants,
it is critical to use or reuse RMD since it has several harmful ecological effects [39].

1.3. Chemical Composition

Table 1 shows the chemical components of RDM while Figure 5 shows the XRD of
RDM. The primary components are alumina and iron oxide, as assumed, but the relative
proportions of SiO2 and Na2O are also important. In addition to aluminium hydroxide
and a complicated Na5Al3CSi3O15 phase, XRD detects several of these oxides. Different
researchers have reported different chemical compositions, as can be shown in Figure 5. It
is likely that the chemical composition of RDM varies as the source changes. However, the
accumulation of different ingredients such as silica, alumina, and iron reported by each
author is higher than 50%, indicating that RDM has the potential to be employed as binding

130



Materials 2022, 15, 7761

material. According to ASTM [29], the sum of the three principal oxide constituents, namely,
silica, alumina, and iron, must be at least 50% for a material to be classed as pozzolanic.
According to Table 1, all the RDM samples used in the various research projects may be
classified as pozzolanic as per ASTM [29].

Table 1. Chemical Composition of RMD.

Authors [40] [41] [42] [43] [44]

SiO2 14.7 9.0 14.88 45.76 17.60
Al2O3 17.7 12.0 23.53 40.69 43.43
Fe2O3 27.6 37 36.48 2.85 0.65
MgO 1.7 - 1.61 0 -
CaO 14.7 6.0 1.83 4.98 2.87

Na2O 5.4 5.0 9.41 0 10.55
K2O 0.1 - - 0.45 2.0

Figure 5. XRD of RDM [45].

1.4. Significances

The use of RMD in the manufacturing of concrete as a cement substitute has a number
of environmental and economic advantages, including minimizing soil and groundwater
contamination, reducing dust pollution, conserving natural resources for cement clinker,
and lowering the cost of concrete production. The purpose of this paper is to present a
detailed review of current progress on the use of RMD in concrete production, as well as to
clearly point out four directions for using RMD in concrete production, namely, fresh prop-
erties, mechanical properties, durability aspects, and environmental aspects. Furthermore,
the review also evaluates the future researcher guideline for better performance.

2. Fresh Properties
2.1. Workability

As indicated in Figure 6, the slump flow diminishes dramatically as the quantity of
RMD supplied boosts. The rise in adsorbed water generated by the porous nature and
the greater specific surface area of RMD causes the reduction in workability. Although
the addition of RMD may cause water between particles to relax, it also raises the packing
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density, which squeezes the free water between the particles and improves workability [46].
This might be due to the porous RMD which enhanced water absorption ability [47]. RDM,
which has smaller particles than cement, reduces the fluidity of concrete by absorbing
more moisture in the fresh concrete condition. However, since water made up around 48
percent of the total mass of the RDM employed in this investigation, adequate moisture
could be provided in the fresh concrete phase [48]. However, the larger surface area of the
seawater-neutralized bauxite refinery residence is most likely to blame for the decrease in
a slump. Furthermore, unlike water added to natural sand during concrete production,
water in seawater-neutralized bauxite refinery reside containing mix may not be as readily
available to lubricate the mix, as it may be held within the fine-particle aggregates or
chemically bound with the hygroscopic seawater-neutralized bauxite refinery reside [49].
A study [42] explored the slump flow of self-compacting concrete as per standard [50] and
claimed that RMD decreased the slump flow of concrete.

Figure 6. Slump Flow: Data Source [51].

2.2. Fresh Density

Figure 7 depicts the changes in the fresh density of concrete after 28 days in relation
to RDM cement replacement. The dry density ranges from 1685 to 1789 kg/m3, whereas
the fresh density ranges from 1752 to 1844 kg/m3. When RDM concentration in concrete
is raised, the specific gravity of the concrete drops. The specific gravity of the concrete
specimen having 25% RDM is around 5% lower than the reference specimen with 0% RDM,
according to the findings [40]. In contrast, a study claimed that the fresh density of concrete
was enhanced due to the micro filling effect of pozzolanic material which gives more dense
concrete. Furthermore, due to the pozzolanic reaction, the binding properties of concrete
paste also contribute to the improved density of concrete. The combined micro filling
voids and pozzolanic reaction have a positive influence on the density of concrete [52].
According to research, due to improved particle packing, there was an initial rise in density
and a reduction in porosity due to micro filling voids in concrete aggregates. However, at
20% RMD addition, the behaviour becomes restrained because of additional challenges in
moulding and shaping samples due to lack of flowability [45].
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Figure 7. Fresh Density: Data Source [40].

2.3. Setting Time

The addition of RMD has the effect of speeding up the setting process, as shown in
Figure 8. For mortars without RMD and those containing 20% waste, the end of the setting
time changes from 345 to 300 min.

Figure 8. Setting Time [45].

The presence of aluminium and sodium hydroxides, which are known as acceler-
ators [53], might explain this impact, in the mud, and also because of its high alkaline
content. The fineness of waste particles might potentially help to retain water by competing
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with cement. As all formulas have the same amount of water, the leftover free fraction,
which may be coupled with cement particles, will be consumed quickly [54]. In contrast,
another study suggests that the pozzolanic materials decrease the setting time of cement
paste as the reaction proceeds slowly [55]. The change in behavior might be possible due to
a change in chemical composition.

3. Mechanical Properties
3.1. Compressive Strength (CMS)

Figure 9 depicts the CMS of concrete with various RDM replacement ratios. It can
be shown that with 10% RDM replacement, maximum CMS is obtained. According to
research, samples with a low level of RDM had good CMS [56]. The characteristics of
RMD cementitious content change when 20% of the RMD is replaced with cement by
weight. As a result, more than 20% RMD substitution reduces the concrete solid mass’s
compressive quality and stiffness [57]. Increases the load-bearing capability of RMD-based
concrete samples by up to 10% by increasing the RMD component [58]. The self-compacting
concrete (SCC) mixes created with RMD inclusion showed equivalent CMS to the control
at 28 days, according to the findings. However, the impacts of red dirt content on CMS
were more significant at 56 and 90 days. At 56 days, the strength of the SCC mixture
samples containing 30% and 40% RMD was 89.4 MPa and 90.1 MPa, respectively, which
were 8% and 9% higher than the control sample [43]. The addition of RMD had no effect
on the hydration process, but when the RMD content was more than 20% (by weight of
cement), the hydration of cement paste was reduced [54]. The result shows that the CMS of
20 percent partly substituted RMD concrete is higher than that of conventional concrete.
This is due to an increase in the cement’s pressure quality and bond with the aggregate.
As the contribution of bonding between cement and aggregate is reduced as compared
to the former, increasing the amount of RMD in concrete does not result in an increase in
CMS values [59]. The biggest changes were noted in the 7-day strength improvements,
with 13% disparities between the 12.5 percent and 50 percent replacement levels. The
major explanation is most likely owing to a high concentration of hatrurite in the cement
matrix, which will be explained later. Enhanced RMD content increased CMS somewhat at
56 days, with a maximum difference of less than 4%. As a result, it is possible that RMD
concentration has no effect on compressive strength, however, RMD SCC mixes in general
had greater CMS than control concrete [48]. The impact of RMD on the properties of cement
mortars in terms of setting time, pozzolanic activity, and mechanical strength was explored
in the research. They discovered that adding RMD sped up the setting process and lowered
the pozzolan reaction and that the CMS fell as the quantity of RMD increased. It was
discovered that RMD may be used to partly substitute cement in non-structural mortars
and concrete [60]. The compressive strength and TS of a cement mortar, in which RDM
substituted up to 50% of the cement, were observed to decline when the RDM concentration
was increased [48]. With an increasing amount of replacements, RMD accelerates the curing
time of concrete and lowers CMS [61]. According to research, replacing 6% of RMD in
concrete boosted CMS by 6%. This might be attributed to microstructure densification,
as seen by the decrease in calcium hydroxide concentration after RMD replacement [62].
The strength of the concrete was reduced after 10% RMD substitution, however, it was not
lower than regular concrete mixtures. CMS was lowered at 15% and 20% RMD replacement
in concrete owing to inadequate cement hydration due to the presence of increased RMD
content at higher replacement levels [63]. A similar justification was given by Cheng
et al. [64], the large specific surface area of RMD absorbs more water in the concrete mix,
resulting in a lack of water for adequate cement hydration. Table 2 shows a summary of
CMS with partial substitution of RDM.
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Figure 9. Compressive Strength: Data Source [44].

Table 2. Summary of Compressive strength.

Reference RDM Replacement with Cement Compression Strength (MPa)

[6] 0%, 2.5%, 5%, 7.5%, and 10% 28 Days: 42, 45, 43, 35, and 30.
56 Days: 45, 47, 45, 40, and 33.

[40] 0%, 5%, 10%, 15%, 20%, and 25% 7 Days: 21, 21, 20, 19, 18, and 17.
28 Days: 28, 27, 26, 25, 22, and 17.

[65] 0%, 10%, 20%, 30%, 40%, 50%, and 60% 28 Days: 62, 40, 110, 92, 78, 50, and 60.

[43] 0%, 10%, 20%, 30%, and 40%
28 Days: 80, 81, 81, 82, and 83.
56 Days: 82, 84, 85, 90, and 90.
90 Days: 90, 91, 92, 100, and 97.

[66] 0%, 1.0 F% + 10 B%, 1.0 F% + 20 B%, and 1.0 F% + 30 B%
7 Days: 26.95, 26, 26.35, and 25.87.
28 Days: 38.87, 35.72, 36.87, and 36.
90 Days: 47.51, 46.21, 46.58, and 44.48.

[44] 0%, 2.5%, 5%, 7.5%, 10%, 12.5%, and 15% 7 Days: 30, 31, 33, 35, 40, 36, and 32.
28 Days: 42, 45, 49, 50, 53, 49, and 45.

[34] 0%, 20%, and 40%
28 Days: 35, 29, and 18.
56 Days: 38, 32, and 18.
90 Days: 41, 35, and 19.

[51] 0%, 5%, 10%, 15%, and 20% 56 Days: 48, 48, 55, 46, and 45.
180 Days: 37, 33, 41, 41, 26, and 28.

[58] 0%, 2.5%, 5%, 7.5%, 10%, 12.5%, and 15% UTRM: 40, 40, 43, 40, 35, 34, and 32.
TRM: 40, 42, 43, 41, 45, 43, and 40.

[59] 0%, 10%, 20%, and 30%
7 Days: 20, 21, 22, and 23.
14 Days: 27, 28, 27, and 27.
28 Days: 32, 31, 35, and 33.
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Table 2. Cont.

Reference RDM Replacement with Cement Compression Strength (MPa)

[46] 0%, 20%, 40%, and 60% 28 Days: 159.7, 139.8, 129.8, and 107.3

[63] 0%, 5%, 10%, 15%, and 20%

7 Days: 30.16, 33.65, 35.67, 34.54, and 31.27.
28 Days: 43.55, 45.34, 48.1, 46.05, and 44.09.
90 Days: 48.2, 55.61, 59.75, 53.79, and 52.18.
150 Days: 49.5, 61.1, 67.5, 60.2, and 57.5.

[67] 0%, 5%, 10%, 15%, and 20% 28 Days: 42, 43, 47, 44, and 41.
56 Days: 45, 46, 49, 46, and 43.

[68] 0, 96, 115, 144, and 192 kg 28 Days: 58, 77, 91, 71, and 70.

[48] 0%, 12.5%, 25%, and 50%
7 Days: 30, 35, 32, and 35.
28 Days: 47, 53, 50, and 50.
56 Days: 57, 58, 60, and 61.

[39] 0%, 10%, 20%, and 30% 7 Days: 21.09, 25.36, 24.64, and 21.53.
28 Days: 33.50, 36.47, 34.26, and 31.78.

[69] 0%, 2%, 4%, 6%, 8%, 10%, and 12% 28 Days: 40, 45, 40, 36, 34, 33, and 31.

Fiber = F; Bauxite = B; RMD = RDM; Treated RMD = UTRM; Untreated RMD = TRM.

Figure 10 shows a relative examination of concrete CMS with various amounts of
RDM. For testing, the optimal dosage of RDM (10%) is used. The reference concrete is the
control concrete’s CMS after 7 days. The CMS of RDM concrete with a 10% replacement
is 33 percent higher than reference concrete after 7 days of curing. The CMS of 10% RDM
replacement is 76 percent higher than reference concrete CMS after 28 days of curing.
Furthermore, after 7 and 28 days of curing, all the RDM replaced mix had higher CMS than
reference concrete (control concrete CMS at 7 and 28 days).

Figure 10. Relative Strength: Data Source [44].
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3.2. Flexural Strength (FLS)

Figure 11 depicts the FLS of concrete with various RDM replacement ratios. In a similar
approach to compressive strength, maximum FLS is reached at 10% RDM replacement.
However, according to one study, FLS diminishes as the amount of RDM increases [40].
The FLS of concrete dropped by 1.6, 10.7, 17, 17.6 and 28.4% for RDM levels of 5, 10, 15, 20,
and 25% replacement, respectively, compared to the reference sample with no RDM [40].
Tang et al. [70] found that increasing the RDM concentration as a cement substitute reduced
flexural strength. According to research [71], increasing the RDM content of a hybrid
composite produced using RDM as a filler and sisal fiber as the reinforcement in a polyester
matrix boosts the tensile and impact strengths by up to 20%. Under tensile and impact
loadings, the composite showed good resistance to fracture formation and propagation.
Another study found that adding RDM to a polyester composite reinforced with sisal
and banana fibers improved impact and flexural strength, making it ideal for applications
requiring high load-bearing capability [72]. Ganeshan et al. [73] discovered that adding
RDM to natural fiber–polyester composites significantly boosted the flexural strengths
of the polyester composites while lowering the TSs. The findings of research on self-
compacted concrete using a mixture of 10% iron ore and 2% RDM by cement weight
indicated that the flexural, tensile, and compressive strengths were raised [74]. According
to research, when RDM concentration grows, compressive and FLS falls, yet, 5% of RDM
addition produces superior results [75]. A study explored using RDM as a substitute for
fly ash in self-compacting mortar and concrete. RDM shows lowered the flowability of
mortar and concrete but increased their compressive and flexural strengths [76]. The 28-day
FLS of ultra-high-performance concrete (UHPC) with 20%, 40%, 60%, and 70% RDM (by
volume and mass) is 41.6 MPa, 37.6 MPa, 35.3 MPa, 19.6 MPa, 40.7 MPa, and 32.4 MPa,
respectively. Due to the toughening effect of steel fiber, the drop in FLS is not as noticeable
as the decrease in compressive strength. Steel fiber toughening is the most important factor
in flexural strength. As a consequence, the FLS loss caused by RMD is less noticeable than
the CMS deterioration [46]. The FLS of concrete with 30% RDM substitution is greater than
the other test samples [59]. Table 3 shows a summary of FLS with partial substitution of
RDM. It can also be noticed that fewer studies consider FLS of concrete with RDM.

Figure 11. Flexural Strength: Data Source [44].
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Table 3. Summary of Flexural strength.

Reference RDM Replacement with Cement Flexure Strength (MPa)

[40] 0%, 5%, 10%, 15%, 20%, and 25% 28 Days: 8.0, 8.0, 7.1, 6.8, 6.7, and 6.0.

[65] 0%, 10%, 20%, 30%, 40%, 50%, and 60% 28 Days: 52, 30, 22, 26, 15, 13, and 24.

[44] 0%, 2.5%, 5%, 7.5%, 10%, 12.5%, and 15% 7 Days: 3.3, 3.4, 3.5, 3.7, 4.0, 3.8, and 3.6.
28 Days: 4.4, 4.5, 4.7, 4.9, 5.3, 5.1, and 4.8.

[51] 0%, 5%, 10%, 15%, and 20% 28 Days: 5.0, 5.5, 6.2, 5.8, and 6.1.

[58] 0%, 2.5%, 5%, 7.5%, 10%, 12.5%, and 15% UTRM: 4.4, 4.3, 4.5, 4.4, 4.1, 4.0, and 3.9.
TRM: 4.4, 4.4, 4.4.4.5, 4.5, 4.4, and 4.4.

[59] 0%, 10%, 20%, and 30% 28 Days: 6.2, 4.3, 6.3, and 7.0.

[46] 0%, 20%, 40%, and 60% 42.43, 41.6, 37.6, and 35.5.

Figure 12 depicts the relationship between compressive and FLS with various RDM
replacement ratios at 7 and 28 days of curing. With an R square value larger than 0.90,
a substantial connection between CMS and FLS may be noticed. As a result, the linear
regression equation may be used to forecast the FLS of concrete.

Figure 12. Correlation between Flexural and Compressive Strength: Data Source [44]. Green diamond
is the data point.

3.3. Split Tensile Strength (TS)

The TS of concrete with different substitution ratios of RDM is shown in Figure 13. It
can be observed that maximum TS is achieved at 10% substitution of RDM in a similar way
to compressive strength. According to research [63], the strength of concrete improved up
to 10% substitution of RDM, and more substations of RDM after 10% caused the strength
to decrease. Another study found that when up to 2.5 percent of cement was replaced with
RDM, the splitting TS rose before declining as the RDM content was increased [6]. When
compared to normal concrete, the strength parameters of concrete, such as compressive
strength and TS, improve with a 20% substitution of RDM [59]. Increases in RDM content
seem to result in minor increases in CMS and elastic modulus, as well as a little loss in
TS [48]. According to research, the SCC with 2% RMD and 10% iron ore tailings had
the greatest compressive, tensile and flexural strengths [77]. Furthermore, the internal
curing of the RDM might be the cause of TS growth at higher curing ages [78]. There was
no significant variation in TS across any of the samples, particularly after 56 days. The
inclusion of RMD had no significant effect on the TS of SCC, according to the findings [48].
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For 28 and 56 days, the RMD concrete had lower TS than the control, but for 90 days, the
RMD concrete had higher TS than the control. The porosity of RMD was credited with
increasing its tensile and compressive strength. It was said that RMD absorbed water and
then released it later to help with hydration [43]. The optimal value of split TS was reached
by replacing 10% of the cement with neutralized RMD and adding 5% of hydrated lime [39].
Furthermore, Table 4 shows summary of TS with partial substitution of RDM.

Figure 13. Tensile Strength: Data Source [44].

Table 4. Summary of TS.

Reference RDM Replacement with Cement Split TS (MPa)

[6] 0%, 2.5%, 5%, 7.5%, and 10% 28 Days: 4.8, 5.2, 4.8, 3.9, and 3.5.
56 Days: 5.1, 5.3, 5.1, 4.3, and 3.8.

[40] 0%, 5%, 10%, 15%, 20%, and 25% 7 Days:1.8, 1.7, 1.6, 1.6, 1.6, and 1.5.
28 Days: 2.8, 2.7, 2.5, 2.3, 2.2, and 1.8.

[65] 0%, 10%, 20%, 30%, 40%, 50%, and 60% 28 Days: 30, 20, 13, 08, 10, 07, and 04.

[43] 0%, 10%, 20%, 30%, and 40%
28 Days: 5.2, 5.2, 5.0, 5.5, and 5.8.
56 Days: 5.7, 5.4, 5.2, 5.8, and 5.9.
90 Days: 6.0, 6.0, 6.0, 7.2, and 7.3.

[66] 0%, 1.0 F% + 10 B%, 1.0 F% + 20 B%, and 1.0 F% + 30 B%
28 Days: 1.73, 2.16, 2.34, and 1.99.
56 Days: 2.42, 2.76, 3.0, and 2.37.
90 Days: 2.97, 3.30, 3.59, and 2.75.

[44] 0%, 2.5%, 5%, 7.5%, 10%, 12.5%, and 15% 7 Days: 3.0, 2.8, 3.1, 3.4, 3.6, 3.2, and 2.9.
28 Days: 4.1, 4.3, 4.5, 4.6, 4.8, 4.5, and 4.0.

[58] 0%, 2.5%, 5%, 7.5%, 10%, 12.5%, and 15% UTRM: 3.8, 4.1, 4.3, 4.1, 3.8, 3.7, and 3.7.
TRM: 3.8, 4.2, 4.2, 4.2, 4.5, 4.2, and 4.1.

[59] 0%, 10%, 20%, and 30% 28 Days: 2.9, 2.5, 3.3, and 3.0.

[67] 0%, 5%, 10%, 15%, and 20% 28 Days: 4.2, 4.8, 5.0, 4.6, and 4.4.
56 Days: 4.6, 5.0, 5.2, 4.8, and 4.6.

[68] 0 kg, 96 kg, 115 kg, 144 kg, and 192 kg 28 Days:7.5, 9.5, 10.3, 9.7, and 8.7.

[48] 0%, 12.5%, 25%, and 50% 28 Days: 4.6, 4.7, 4.4, and 4.6.
56 Days: 4.8, 4.8, 5.0, and 4.9.

[39] 0%, 10%, 20%, and 30% 7 Days: 2.1, 2.6, 2.2, and 2.1.
28 Days: 2.1, 2.6, 2.2, and 2.1.
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Figure 14 shows the correlation between the CMS and TS with different substitution
ratios of RDM at 7 and 28 days’ curing. It can be seen that a strong correlation between CMS
and TS exists with an R square value greater than 0.90. Therefore, the equation developed
based on linear regression can be used to predict the TS of concrete.

Figure 14. Correlation between Tensile and Compressive Strength: Data Source [44]. Green diamond
is data point.

4. Durability
4.1. Water Absorption

As indicated in Figure 15, increasing the amount of RDM replacement reduces the
percentage of water absorption. The water absorption test was performed after a certain
curing age, such as 7, 28, 90, and 150 days. The goal is to determine the water absorption
resistance of RMD concrete as hydration progresses. The findings show that when the
curing age increases and the replacement amount of RDM increases, the water absorption
values decrease. The micro filling effect of pozzolanic material which gives more dense
concrete by filling voids results in decreases in water absorption. Furthermore, due to the
pozzolanic reaction, the binding properties of concrete paste also contribute to the improved
density of concrete leading to lower water absorption. The combined micro filling voids
and pozzolanic reaction have a positive influence on the water absorption of concrete [52].
RMD promotes pozzolanic activity at a later age, resulting in fewer connections between
pores. The fineness of RMD particles (average particle size 14 microns) is another cause
of less water absorption; all micro-cracks and holes in the concrete are filled. As a result
of its enormous specific surface area, RMD may help concrete absorb less water [58]. The
greater Ca(OH)2 crystals were fractured into multiple tiny crystals and less orientated in
the RMD-based cement hydration process, which leads to minimizing pore connections
and water absorption, according to Manfroi et al. 2014 [79]. Due to the existence of multiple
“pits” and “folds” on the surface of the RM particles, increasing the RDM concentration
had a negative influence on the water absorption of SCC, and therefore the capacity of
absorbing water increased [43]. Overall, it can be claimed that as the RDM ratio grew, the
ability of concrete to absorb water improved. A concrete containing 2.5 percent RDM, on
the other hand, behaved similarly to the control mix [6]. The results revealed that using

140



Materials 2022, 15, 7761

15, 20, and 25% RDM as a cement substitution increased water absorption by 23 and 30%,
respectively, as compared to a control specimen with no RDM. According to other research,
the key explanation for the enhanced water absorption is the increased porosity caused by
the usage of RDM [60,80] in terms of quality, it divides concrete into three categories: bad,
average, and excellent, with water absorption of 0–3 percent, 3–5 percent, and 5% or more,
respectively. Water absorption levels of over 3% and below 5% were found in all concrete
specimens evaluated in this study, putting the concrete in the average absorption category.
According to another study [81], high-quality concrete has a water absorption rate of less
than 5%.

Figure 15. Water Absorption [63].

4.2. Chloride Permeability

The resistance of the samples to chloride ion penetration was determined by testing the
chloride permeability of the RDM-based concrete. The RCPT was performed in accordance
with ASTM C 1202 [82] and the charge that travelled through the samples was measured in
coulombs. Figure 16 shows the total charges that travelled through concrete samples made
RDM and cured for 28 and 56 days, respectively. With increasing curing age, the resistance
to chloride-ion penetration definitely increased. The reason for this is that as curing age
increases, hydration products develop. The RDM-based concrete had superior chloride-
ion penetration resistance than the control samples. As RDM is alkaline, it increased
the resistance of the concrete to chloride ion penetration and hence reduced the total
charge transferred. Thus, substituting RDM for cement in the concrete reduced the charge
transmitted, indicating increased resistance to chloride ion penetration. Research indicated
that tiny RM particles are responsible for the decrease of chloride ions penetration and
carbonation depth [83]. The combined pozzolanic and filling voids, RDM improved the
resistance of concrete against chloride-ion penetration.
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Figure 16. Chloride Permeability [67].

4.3. Sorptivity Test

With an increase in the degree of RMD replacements in concrete, the sorptivity values
displayed in Figure 17 decreased. The sorptivity values are lowered after 28 days of curing
from 0.562 mm/min0.5 (control) to 0.266 mm/min0.5 (20% RDM) which is ascribed to the
fineness of RDM, which makes the concrete surface extremely thick by filling all the spaces.
This filling property would aid in the development of a continuous pozzolanic reaction
between RMD and cement, improving the strength and durability of concrete over time. As
C–S–H filled all of the capillary holes during hydration, microstructure analysis indicated
that replacing RMD in concrete lowered sorptivity values. This occurs because RMD fills
holes and cracks in concrete, which results in lower sorptivity [83].

Figure 17. Sorptivity of Concrete [63].
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4.4. Surface Resistivity Test

The surface resistivity test may be performed to determine the electrical resistivity of
water-saturated concrete and provide a quick indication of its resistance to chloride ion
penetration. The resistance to current leakage along the surface of insulating material is
characterized by the substance’s surface resistivity. A voltage is transmitted between the
two electrodes and a test specimen is placed between them. A resistivity meter is used to
determine the value [84]. The surface resistivity of RMD-replaced concrete specimens is
similar to that of normal concrete, according to test findings. The test specimens’ resistivity
values are shown in Figure 18. Less information is available on the surface resistivity of
concrete with RDM, and detailed investigation is required.

Figure 18. Surface Resistivity [59].

5. Microstructure Analysis
5.1. Interfacial Transition Zone

The area between aggregate and paste is known as the interfacial transition zone (ITZ).
When a porous fracture separates the two locations, the ITZ is at its weakest. The ITZ is
highly established and must correspond to strong strength if there is just a little fracture
evident or it virtually seems like one uniform surface. Figure 19 shows SEM images of ITZ
of reference and RMD concrete. The dark fissures in (0% RDM) ITZ were used to identify
the porosity. As demonstrated in Figure 19a, the fly ash did not bind effectively with the
cement paste or aggregate, resulting in a loss in compressive and TS. RDM 12.5%, RDM
25%, and RDM 50% seem to have the same porosity ITZ as the control. The cracks of RDM
12.5%, RDM 25%, and RDM 50% were comparable in breadth to the controlled crack. In
terms of porosity and microfractures, RMD concrete samples bonded similarly to control
concrete samples. It can be seen from a comparison of the SEM pictures of the different
mixes that there was no significant variation in ITZ for all mixes in terms of penetrability
and fracture size. All blends may have identical compressive and TS [48].
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Figure 19. Interfacial Transition Zone (ITZ): As per Elsevier Permission [48]. (a) 0% (b) 12.5% (c) 25%
and (d) 50% RMD.

When cement is hydrated, quartz and calcium oxide react, assisting in the develop-
ment of CSH gel. The presence of larnite and hatrurite in the red mud concrete provides
conclusive proof that CSH gel was formed, giving the concrete strength qualities. According
to research [63], the Ca/Si ratios are 1.13, 0.99, 0.95, 1.01, and 1.08 for red mud replacement
levels of 0%, 5%, 10%, 15%, and 20%, respectively. Based on the findings, concrete with 10%
red mud replacement has a lower Ca/Si ratio than other mixtures. The creation of CSH
gels increases with decreasing Ca/Si ratios and decreases with increasing Ca/Si ratios [67],
which accounts for the increased strength shown in mixes with 10% red mud replacement.
The findings demonstrate that RMD has a good pozzolanic activity that is comparable to
that of fly ash [43].

5.2. Energy Dispersive Spectroscopy (EDS)

EDS was employed on the hardened cement paste samples during the SEM investi-
gation. This would allow researchers to establish what compounds appear and whether
the structure is modified significantly when RMD concentration increased compared to
the control. Since calcium hydroxide intensity impacts the Ca/Si ratio of the CSH and
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the creation of the CSH network, the calcium/silicon (Ca/Si) ratio was tested to see how
effectively the cement had formed [85]. CSH is critical for the development of strength as
it works as a binder [86]. According to research, there was no significant variance in ITZ
for all mix in terms of penetrability and fracture size when comparing SEM images of the
various mixtures. As a result, the compressive and TSs of all mixtures may be similar [48].
The sites of the EDS analyses on the RMC0 simple are displayed in Figure 20. Table 5
reveals the quantitative findings of the elemental. The EDS data show that there was a high
concentration of calcium and silicate, with a Ca/Si ratio of 1.44.C-S-H values for concrete
was typically about 1.7, with CH being somewhat higher [87].

Figure 20. EDS Results: As per Elsevier Permission [48]. (a) areas (b) spots.

Table 5. Energy dispersive spectroscopy (EDS) Results [48].

Chemical Name Control RDM-12.5% RDM-25% RDM-50%

Na 0.74 1.70 1.43 5.53
Mg 0.69 0.57 0.87 1232.47
Al 4.09 12.82 4.99 13.03
Si 37.38 33.98 50.05 28.03
P - - - 0.08
S 0.67 0.08 0.91 2.39

CI - - - 0.28
K 0.86 3.40 1.30 1.60
Ca 53.96 42.87 38.28 37.76
Ti - 1.51 - 0.92
Fe 1.61 3.07 2.17 8.20

6. Environmental Impact Analysis

Figure 21 depicts the effects of CO2 vs. RDM replacement in concrete. As can be
shown in Figure 21, increasing the RDM concentration from 0% to 25% reduces CO2 from
556.8 to 409.9 kg·m3. As a result, CO2 rises in proportion to the amount of cement. In
general, it can be said that cement is the source of the most CO2 releases. As a result, even
when delivery distances are much larger than the cement delivery distance, the usage of
RDM is viable.
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Figure 21. GWP during Concrete Production: Data Source [40].

The concentration of CO2 discharges per unit volume of concrete per 28-day strength
characteristics (compressive and tensile) for the concrete employed in the research are
displayed in Figure 22. As this index allows for the consideration of both performance
(strength) and contribution of concrete to GWP per unit volume and strength, it is char-
acterized as a good alternative for assessing the various effects of concrete usage [88]. As
can be observed, the concentration of CO2 discharges normalized by various strength
qualities including RDM up to 20% substitute is less than the intensity of CO2 emissions
for a reference specimen with no RDM.

Figure 22. Normalized GWP W.r.t Compressive strength and TS: Data Source [40].
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The energy needed throughout the life cycle of lightweight concrete is shown by CED
in this research. Figure 23 shows a graphical evaluation of normalized CED in concrete
with various RDM contents. As can be observed, improving the RDM from 0 to 1% reduces
the value of CED by around 31%.

Figure 23. CED for Concrete with various percentages of RDM: Data Source [40].

The comparison of normalized main criterion air pollutants in concrete with varying
RDM concentrations is displayed in Figure 24. It can be examined, that as the RDM
content boosts, the amounts of CO, NOX, Pb, and SO2 decreased by roughly 32.5 percent,
17.1 percent, 31.8 percent, and 22.4 percent, respectively, as compared to 0 percent RDM. In
general, the primary criterion air pollutants of CO, NOX, Pb, and SO2 rise with increased
cement concentration owing to fuel-burning during the pyro processing step.

Figure 24. Air Pollution for Concrete with various percentages of RDM: Data Source [40].
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7. Conclusions

The use of RMD as a cement substitute provides a variety of environmental and
economic benefits, including reduced soil and groundwater contamination, reduced dust
pollution, conservation of natural resources for cement clinker, and lower concrete con-
struction costs. The goal of this analysis is to provide a comprehensive overview of current
progress in the use of RMD in concrete production, as well as to clearly identify four
directions for using RMD in concrete production: fresh properties, mechanical properties,
durability aspects, and environmental aspects. The detailed conclusion is given below.

• The chemical composition of RDM shows that it can be used as pozzolanic material.
• The flowability of concrete decreased as the substitution ratio of RDM increased due

to its porous nature.
• Mechanical performance such as compressive strength, flexural strength and TS im-

proved with the substation of RDM up to a certain level. Maximum CMS was achieved
at 10% substitution of RDM which is 43% higher than reference concrete compres-
sive strength. Further, the substitution of RDM results in the decreased mechanical
performance of concrete. Therefore, finding an optimum is important for maximum
performance. Different researchers recommend a different optimum dose of RDM.
This might be possible due to different sources of RDM. However, the majority of
researchers recommend 10 to 15% substitution of RDM as an optimum dose.

• Water absorption and chloride permeability decreased concrete considerably with
substitution RDM. However, less information is available in this regard.

• The velocity of ultrasonic waves is reduced when the RDM concentration is increased.
• SEM results show that the substation of RDM improved the interfacial transition zone

(ITZ). It is a result of the micro filling effect of RDM which fills the crack (ITZ), leading
to more dense concrete.

• EDX results ensure the pozzolanic activity, creating additional compounds (CSH),
which enhanced the cementitious properties of the paste.

• CO2, a rate of worldwide warming, reduces from 556.8 to 409.9 Kg·m3 as RDM content
rises from 0% to 25%, showing that concrete sustainability improves as RDM content
increases.

• When the RMD content is increased from 0% to 25%, the amounts of CED, CO, NOX,
Pb, and SO2 are reduced by around 31%, 32.5 percent, 31.8 percent, 17.1 percent, and
22.4 percent, respectively.

Overall, the analysis reveals that RDM has the potential to be used as a cement substi-
tute. Decreased soil and groundwater contamination, reduced dust pollution, conservation
of ecological assets, and cheaper concrete production costs are some of the environmental
and economic advantages of using RMD as a cement alternative in concrete manufacturing.

8. Recommendation

• Fewer data are accessible on durability aspects particularly dry shrinkage and creeps.
Therefore, this review recommends a detailed investigation of dry shrinkage and creep
properties of concrete with RDM.

• Different methods, such as thermal activation or alkali activation, should be applied
to improve the pozzolanic activity of RDM.

• Thermal conductivity and heat insulation characteristics with RMD should be investi-
gated in detail.

• Although RDM improved the strength of concrete, but concrete is still weak in tension.
Therefore, this review also recommends fibers in RDM-based concrete to enhance the
tensile capacity.
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Abstract: The purpose of this study was to verify the feasibility of using biochar from oat hulls (BO)
as a potential bio-modifier to improve the physical properties of conventional asphalt binder. The BO
and asphalt binder were characterized by confocal (fluorescence) laser microscopy, scanning electron
microscopy and Fourier transform infrared spectroscopy. Then, an asphalt binder modification
procedure was established and modifications with 2.5, 5.0 and 7.5% of BO on the weight of the
asphalt binder were evaluated, using a particle size < 75 µm. The physical properties of the evaluated
modified asphalt binder with BO were: rotational viscosity in original and aged state, aging index,
Fraass breaking point, softening point, penetration, penetration rate and storage stability. The results
indicated that the BO has a porous structure, able to interact with the asphalt binder by C=O and
C=C bonds. In addition, modification of the asphalt binder with BO increases the rotational viscosity
related to high-temperature rutting resistance. The results obtained from the Fraass breaking point
and softening point indicated that the use of BO extends the viscoelastic range of the asphalt binder.
In addition, the evaluated modifications present low susceptibility to aging and good storage stability.

Keywords: biochar; asphalt binder; physical properties

1. Introduction

Nowadays, material engineers and scientists are becoming increasingly interested in
modifying the properties of conventional asphalt binders using waste from an industry
that causes tremendous pollution. This interest is based mainly on increasing the service
life of asphalt pavements, generating a lighter environmental impact [1].

The performance of asphalt binder under different climatic and traffic conditions
causes the appearance of certain failure modes that affect the structure of the pavement.
One of the important characteristics in the performance of asphalt binder is its work range,
which is the ability to change from a solid-elastic to a viscous state (viscoelastic range)
according to the temperature changes it undergoes [2]. This, added to its response to the
application of loads at different speeds, conditions the performance or rheological behavior
of the asphalt binder, which affects the performance in a pavement structure [3].

One of the alternatives used to achieve more resistant and durable pavements is the
use of different types of modified asphalt binder, which can improve such properties as
rutting resistance, fatigue cracking, thermal cracking and other types of deterioration. In
this context, the use of commercial polymer has contributed to the performance of asphalt
binder, with SBS (styrene-butadiene-styrene) being one of the most used polymers in in-
dustry for the modification of asphalt binder. However, its use also involves a considerable
increase in the cost of the end product compared to a conventional asphalt binder [4].
Therefore, various studies have been conducted of late that seek to assess other material
additives that can improve the rheological properties of the asphalt binder. One of the
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lines of study is the addition of nano-modifiers, such as carbon nanotubes, graphene oxide,
nanosilica and others [5–8]. Although these nano-modifiers have yielded good results, their
performance and production costs mean that their industrial use is not yet economically
viable as an asphalt binder-modifying additive [9,10]. On the other hand, micro-sized
modifying materials (<150 µm) or micro-materials have been used with good results to
improve the performance-related properties of the asphalt binder. Such is the case of
asphaltite, graphite and activated carbon [11–13].

In this same line of enquiry, an alternative potential to modify asphalt binder may be
biochar. Biochar is a solid, carbon-rich by-product obtained from pyrolysis [14]. Pyrolysis
is a thermochemical process carried out between 300 and 1000 ◦C in the absence of oxygen
to produce biofuels and transform waste biomass into biochar [15,16]. This technique
reduces emissions caused by biomass incineration and reduces the use of landfills for
waste disposal [17]. In addition, the biochar produced can be used as a tool for reducing
greenhouse effect gases (GEG) and sequestering CO2 in the air [18–20].

Research into the use of biochar from different types of biomass of plant origin,
with particle sizes < 75 µm to modify asphalt binder, have shown that it can increase
the anti-aging properties, maintain resistance to thermal cracking and improve rutting
resistance [1,14,21,22]. In addition, it could be a cost-competitive modifier in relation to
other modifiers with similar characteristics, such as graphite and activated carbon [23–26].
However, there is a very limited number of studies on the effects of biochar in asphalt
binder [27], and studies of biochar from oat hulls in their application as an asphalt binder
modifier do not exist. Biochar from oat hulls has a high content of carboxylic groups, low
heavy metal content and high carbon content [28,29]. Additionally, some countries have
states or regions that have oats as a large surface of their agro-industrial crops. For example,
the region of La Araucanía in Chile has the widest distribution of its crops with oats, of
which 62.1% of the surface is dedicated to agriculture [30]. These crops generate a large
amount of residual biomass which mainly comes from oat hulls. Oats are estimated to have
a hull:grain ratio being 30:70% by weight [31].

Accordingly, the aim of the present study is to verify the feasibility of the use of biochar
from oat hulls (BO) obtained by slow pyrolysis at 300 ◦C as a potential bio-modifier to
improve the physical properties of asphalt binder.

2. Materials and Methods
2.1. Materials

The asphalt binder used in this study is a conventional CA-24 asphalt binder (according
to Chilean specifications), and its characterization is in Table 1.

Table 1. Physical properties of reference asphalt binder (CA-24).

Tests Specs. [32] CA-24

Original viscosity at 60 ◦C (P) Min. 2400 2940
Penetration at 25 ◦C, 100 g, 5 s (dmm) Min. 40 63

Ductility at 25 ◦C, 5 cm/min (cm) Min. 100 100
Trichloroethylene solubility (%) Min. 99 99.8

Flash point (◦C) Min. 232 310
Softening point (◦C) - 52.2

Penetration index −1.0 to + 1.0 −0.1

RTFOT
Mass loss (%) Max. 0.8 0.08

Viscosity at 60 ◦C (P) - 7860
Ductility at 25 ◦C, 5 cm/min (cm) Min. 100 100

Durability index Max. 3.5 2.7

The biochar selected is a by-product of the slow pyrolysis of oat hulls for 2 h of
residence time, with a heating rate of 3.6 ◦C/min and a pyrolysis treatment temperature
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(PTT) of 300 ◦C. Figure 1 shows the schematic diagram of the pyrolysis used, where the
reactor is stainless steel and has a capacity of 0.117 m3, approximately. This reactor is
equipped with an inert gas connection (N2) with a flow of 0.001 m3/min to purge the
oxygen generated during the reaction. The furnace parameters were programmed using
a programmable logic controller (PLC). The oven is heated by the resistances installed
inside, the temperature of which is controlled by a K-type thermocouple sensor (Ni-Cr-
Ni). According to the procedure, the volatile by-products present in the synthesis gas
were condensed by the circulation of water at room temperature; the reception of these
condensable gases (bio-oil) took place in a TAR container, while the gaseous fraction was
released into the atmosphere.
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Figure 1. Schematic diagram of pyrolysis.

When the reaction was complete, a 44% BO yield was obtained. The BO obtained was
subjected to a mid-sized reduction process using a 180 W grinder with a processing time of
30 s. Then, to obtain a particle size <75 µm, a sieve with a 0.075 mm mesh (N◦ 200) was
used. Figure 2 shows the BO production sequence.
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2.2. Asphalt Binder Modification Procedure

To establish the procedure of asphalt binder modification with BO, a matrix was
created, composed of: three mixing times (30, 60, 120 min), three modification temperatures
(160, 170, 180 ◦C) and a single BO content, equivalent to 5.0% in weight of the asphalt
binder. Modification temperatures higher than the mixing temperature of the asphalt
binder were considered because the addition of BO can increase the viscosity of asphalt. For
each configuration, the modification of 1000 g of asphalt binder was carried out. Initially,
the asphalt binder was heated in an oven to 130 ◦C for 30 min and then BO was added and
the mixing process began, which was carried out using an electronic stirrer at 350 rpm. The
BO was added gradually. The modification temperature was verified every 5 min using a
digital thermometer with an accuracy to 0.1 ◦C until the mixing time was complete. Then,
the samples were analyzed by confocal laser microscopy to evaluate the distribution and
integration of the BO with the asphalt binder. The results determined that, with a constant
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temperature of 160 ◦C and 30 min of mixing, a homogenous sample between the BO and
the asphalt binder is obtained without clumping.

2.3. Experimental Plan

For the temperature and selected mixing time, the additions of 2.5%, 5.0% and 7.5% of
BO (<75 µm) on the weight of the asphalt binder were evaluated, along with a reference
sample of asphalt binder (CA-24). Figure 3 provides the experimental plan to assess
the effect of modification with BO on the physical properties of the asphalt binder at
different stages. This experimental plan used physicochemical characterization procedures
from scanning electron microscopy (SEM), energy-dispersive x-ray spectroscopy (EDS),
confocal (fluorescence) laser microscopy, infrared spectroscopy (FTIR) and assay methods
to evaluate physical properties of the asphalt binder related to its mechanical behavior and
industrial use.
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2.4. Test Methods
2.4.1. Physicochemical Characterization of Raw Materials and Samples

The SEM and EDS assays made possible an advanced analysis of the surface of the
materials included in this study. In this way, the microscopic morphology, particle size
and elemental chemical composition of the surface of the materials were obtained using a
SU3500 scanning electron microscope from Hitachi High-Technologies Corporation, Tokyo,
Japan, equipped with an energy-dispersive X-ray detector.
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To verify the distribution and integration of the BO in the asphalt binder after the
modification process, a FV1000 Olympus confocal laser (fluorescence) microscope was used
in the excitation/emission spectra in 2 wavelengths: 488/590 nm and 530/590 nm, with a
20× magnification and a 30 µm depth in steps of 2 µm/slide.

To detect the functional groups present on the surface of the carbon materials, FTIR
was carried out using Perkin Elmer Spectrum Two infrared spectrometer that includes an
ATR (attenuated total reflectance) system. The FTIR assay was executed between 3400 cm−1

and 400 cm−1, with a resolution of 4 cm−1 and a laser repetition rate of 20 at 20 ◦C.

2.4.2. Evaluation of the Physical Properties of Modified Asphalt

The rotational viscosity test (RV) was applied to measure the flow resistance and
the workability of the samples at high operating temperatures of 52, 58, 60, 64, 70 and
76 ◦C, and at working temperatures of 135 and 165 ◦C, in both original and short-term
aged samples using a rolling thin-film oven. The testing procedure was done according
to AASHTO T316-19 using a Brookfield RVDV-III ULTRA rotational viscometer at a shear
speed of 20 rpm.

The rolling thin-film oven test (RTFOT) was performed to simulate the short-term
aging that occurs in asphalt during the manufacturing process of the mixture and its
spreading in the pavement, subjecting the samples to the effect of heat and air at 163 ◦C for
85 min according to the procedure described in AASHTO T240-13 using a Controls Group
81-PV1612 thin-film rolling oven.

The aging index (Iag
r) is a parameter used to determine the susceptibility to short-term

aging of the asphalts evaluated, using Equation (1):

Iagr=VRTFOT/Voriginal
(1)

where,

Iag
r = aging rate of the asphalt binder,

RVRTFOT = rotational viscosity of the asphalt binder aged by RTFOT (poises),
Voriginal = rotational viscosity of the asphalt binder in original state (poises).

The Fraass breaking point test was performed to evaluate the behavior of the asphalt
at low operating temperatures since it determines the transition temperature at which
asphalt goes from a viscoelastic state to an elastic state [33]. The testing procedure was
done according to EN 12593:2007 using the Control Breaking Point apparatus, subjecting a
thin film of asphalt to successive bending cycles at decreasing temperatures at a cooling
rate of 1 ◦C/min.

The softening point test (SP) was conducted to determine the softening point tempera-
ture of asphalts evaluated according to the procedure described in ASTM D36-76 using the
ring and ball apparatus. The softening point temperature obtained defines the transition of
the asphalt from a viscoelastic state to a purely viscous state [34]. The lowest temperature
at which the asphalt sample, suspended in a horizontal ring, was forced to fall due to the
weight of a steel ball while it was heated at 5 ◦C/min in a water bath was recorded.

The penetration test (Pen) described in ASTM D5-13 was used to determine the
hardness of the asphalts according to the penetration depth of a stainless-steel needle on
their surface, the greatest values of which indicate softer consistencies of the material and
vice versa. The procedure was done using a B057 automatic penetrometer, applying 100 g
of weight for 5 s at 25 ◦C.

The penetration index (PI) or Pfeiffer index is a parameter to describe the thermal
susceptibility of asphalt to temperature changes. In addition, it offers an indication of its
colloidal structure and rheological behavior [32,33]. Table 2 provides a description of the
characteristics of the asphalt binders based on the PI values.
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Table 2. PI classification of asphalt binders [32].

IP Value Description

PI > +1 Asphalts that are not very susceptible to temperature and show
non-Newtonian flow behavior, with certain elasticity and thixotropy.

PI < −1 Asphalts that are highly susceptible to temperature and exhibit
Newtonian flow behavior.

−1 < PI < +1
Asphalts that have rheological and flow characteristics intermediate
between the two previous cases. Most of the asphalt binder used in

paving has these characteristics.

This parameter can be calculated using Equation (2), with the results of the penetration
tests at 25 ◦C and softening point.

PI =
1952 − 500· log(Pen) − 20SP

50· log(Pen) − SP − 120
(2)

where,

PI = penetration index of the asphalt binder,
Pen = result of the penetration test at 25 ◦C,
SP = result of the softening point test using the ring and ball apparatus.

The storage stability test was conducted according to the procedure described in
ASTM D58-92. Although this assay evaluates the storage stability of asphalts modified
with polymers, like SBS, it was also used to evaluate the asphalt modification with BO
because the test results offer the data required for the analysis of this study. The modified
asphalt binder samples were poured into 1” diameter tubes and conditioned in an oven at
163 ± 5 ◦C for 48 h. The samples were then conditioned in a freezer at −6.7 ± 5 ◦C for 4 h.
Next, the tubes were cut into three sections of equal length, and the central part of each
tube was discarded. Finally, these samples were poured into appropriately marked rings to
perform the softening point test by means of the ring and ball apparatus according to ASTM
D36-76. To consider storage stability good, the difference in the results of the softening
point between the upper and lower sections of the sample cannot exceed 5 ◦C [33].

3. Results
3.1. Physicochemical Characterization of Raw Materials and Samples
3.1.1. Scanning Electron Microscopy (Sem) and Energy Dispersive X-ray
Spectroscopy (EDS)

The image of oat hulls in Figure 4a obtained by SEM shows a great predominance of
large particles (≤1 mm) with heterogenous geometry, whereas the micrograph of the BO
in Figure 4b shows particles of different sizes with an irregular surface and a certain pore
development, with few cases of vitreous surfaces.
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Table 3 shows the results of SEM+EDS micro elemental analysis of the evaluated
samples. It is observed that the predominant chemical element is carbon. Sulfur as well
as oxygen are elements in common among all BO-modified asphalt binder samples. Thus,
Fisher’s least significant difference (LSD) method with a 95% confidence level was used
for multiple comparisons of sample means. It was determined that there is a significant
difference between the amount of carbon (C) in the reference asphalt binder (CA-24) and
the BO-modified asphalt binders. However, among the modified asphalt binders, there is
no significant difference in the amount of this chemical element (C), despite increasing the
percentage of BO in the sample. With regard to the amount of sulfur (S) and oxygen (O),
there are no significant differences between the samples of asphalt binder modified with
BO, but the latter element (O) decreases significantly compared to the modifier (BO). It is
also possible to observe other chemical elements in the samples modified with BO, such
as silicon, potassium and phosphorus. These are inherent to the modifier used (BO). The
higher the percentage of BO, the higher the presence of these elements.

Table 3. Micro elemental analysis of the samples.

Chemical
Element

BO CA-24 CA-BO2.5 CA-BO5.0 CA-BO7.5

Content (%) σ Content (%) σ Content (%) σ Content (%) σ Content (%) σ

Carbon (C) 70.51 3.09 92.60 3.93 91.39 3.13 86.54 8.39 87.03 5.10
Sulfur (S) - - 3.80 0.15 3.36 0.26 3.08 1.60 3.58 0.64

Oxygen (O) 22.72 0.48 2.92 1.69 3.82 2.95 8.24 6.73 5.16 4.01
Calcium (Ca) 1.38 0.29 - - 0.67 0.39 - - - -
Nitrogen (N) - - 7.87 4.54 - - 4.31 2.49 7.35 4.24

Silicon (Si) 3.29 3.25 - - - - 1.62 0.96 - -
Potassium (K) 1.89 0.53 - - - - - - 3.51 2.03

Phosphorus (P) 0.61 0.35 - - - - - - 1.22 0.70

Note: σ: standard deviation.

3.1.2. Confocal (Fluorescence) Laser Microscopy

The images in Figure 5 show that for all the percentages of modification with BO a
good distribution in the asphalt binder is achieved, without the presence of clusters. This
indicates that there is a homogenous integration between the two materials, which is why
the modification procedure used is the one suitable for the asphalt binder modification with
up to 7.5% BO. On the other hand, it is observed that the maximum sizes of BO particles are
around 30 µm despite having separated the BO fraction using a 75 µm sieve. This result is
attributed to the downsizing process used, because it was highly efficient in the production
of small particles due to the characteristics of the grinder and the BO processing time.

3.1.3. Fourier Transform Infrared Spectroscopy (FTIR)

Figure 6 shows the spectra of the BO, CA-24 and the asphalt binder modified with BO.
In the BO, the main infrared signals are in the band 3005.0 cm−1 corresponding to C-H,
1540.5 cm−1 corresponding to C=C type rings and 1077.61 cm−1 corresponding to C=C or
C-O-C bonds. These peaks can be attributed to the lignin, cellulose and hemicellulose of
the biochar used (BO), which have a content of 7.5%, 34.3% and 26.0% respectively [28,29].
The spectrum of CA-24 shows more noise than that of other studies but has characteristic
signals similar to them [35]. The stretches at 2919.38 cm−1 and 2850.99 cm−1 correspond to
methylene CH2, the peak at 1591.9 cm−1 corresponds to the C=C rings of benzene, the peak
at 1454.51 cm−1 corresponds to CH2, the peak at 1375.33 cm−1 corresponds to methyl CH3
and the peak at 1023.8 cm−1 corresponds to C-O-C or C-O. The peaks at 810.18 cm−1 and
723.56 cm−1 correspond to C-H. Several peaks are noted in the spectra of the modifications
that corroborate the interaction between the functional groups present on the surface of
the BO and the asphalt binder. The main interactions observed are C=O and C=C bonds
in the band of 1021 cm−1 (represented by a vertical dotted line). When the percentage of
BO in the asphalt binder is increased, a trend reduction in the transmittance is observed,
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confirming the interaction between the two matrices, however more trials are needed to
quantify this reduction. The CA-BO2.5 and CA-BO5.0 samples present equal intensity
of interaction. By contrast, the CA-BO7.5 sample is the one with the greatest interaction
between the polymeric mixture, observing a greater reduction in the transmittance. In
addition, the modifications of the asphalt binder bands suggest an interaction with the BO
through functional groups present on the surface of the BO, forming C=O and C=C bonds
without there being large differences in the fixations between the mixtures of 2.5%, 5.0%
and 7.5% of BO.
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3.2. Analysis of Physical Properties of Modified Asphalt
3.2.1. Rotational Viscosity (RV)

The results shown in Figure 7a indicate that the RV of the asphalt binder modified
with BO increased for all the addition percentages considered and temperatures evaluated
in relation to the CA-24. For example, at 60 ◦C the viscosities increased by 27.5%, 32.1%
and 47.1% for the CA-BO2.5, CA-BO5.0 and CA-BO7.5 samples, respectively. These results
show that as the amount of BO in the asphalt binder increases, a growing trend is registered
in the increase in RV. This behavior indicates that the modification with BO can increase
the viscosity of the asphalt binder in a high range of operating temperatures, which could
aid in improving rutting resistance of the wearing course of a pavement [36]. These
results are consistent with other studies, such as the study by Muhammed et al. [37], who
modified asphalt binder with biochar from the pyrolysis of ground walnut shells and
apricot seed shell granules, determining that the increase in the concentration of these
bio-modifiers also increased the rigidity of the asphalt binder. This effect also was identified
by Walters et al. [38], who used a thermo-chemical process to convert pig dung into bio-oil
using biochar obtained to modify asphalt binder. The results indicated that the viscosities
tended to increase as the addition percentages of biochar in the asphalt binder increased. In
relation to the particle size of BO used in the modification of the asphalt binder (<75 µm),
the effect on the RV is considered high, agreeing with the report by Zhang, et al. in 2018 [21],
who described the particles of BO < 75 µm as registering higher RV than those modifications
with larger particles (between 75 and 150 µm). This effect is because a greater number of
small particles can be located in the same surface area. In addition, the porous structure
and surface area that the BO possesses can produce a better adhesion and interaction with
the asphalt binder, reducing its fluidity and increasing its viscosity. In this same context,
the structure of the BO would allow a possible absorption of the lightest components of the
asphalt binder, thereby increasing its RV [35].

Figure 7b shows that the RV of the reference asphalt binder and the RV of the asphalt
binder modified with BO increased compared to the results obtained from these same sam-
ples in their original state due to the oxidation process that the asphalt binders underwent
after aging by RTFOT. It is also worth noting that the RV of the asphalt binder modified
with BO is greater than the RV of the reference asphalt binder (CA-24). This increase in the
RV is proportional to the amount of BO added to the asphalt binder. In this sense, at 60 ◦C
the CA-BO2.5, CA-BO5.0 and CA-BO7.5 samples increased their RV by 28.4%, 42.1% and
57.6% compared to the RV of the CA-24, respectively. These increases are greater than those
determined in the original state of the asphalt binder as shown in Figure 7a.

In Figure 8 it is noted that both the optimal temperature to obtain the recommended
mixture viscosity (~2 poises) and the optimum temperature to obtain the compaction
viscosity (~3 poises) of the asphalt binder modified with BO increased compared to the
temperatures of the reference asphalt binder, at 5 ◦C and 7 ◦C respectively. The highest
temperatures corresponded to CA-BO7.5 (164 and 158 ◦C) and the lowest temperatures to
the reference asphalt binder (159 and 151 ◦C). Within this range are the optimum mixture
and compaction temperatures of CA-BO2.5 and CA-BO5.0, respectively. According to the
data shown in Figure 8, CA-BO5.0 increases 38% and 44% more with the RV at 135 ◦C
than the biochar from ground apricot seed shell and ground walnut shell, respectively.
By contrast, at 165 ◦C, the RV increases by 23% and 26% more than those same modifiers,
respectively [37].
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Figure 7. Rotational viscosity between 52 and 76 ◦C of asphalt binder samples analyzed at: (a) original
state and (b) aged by RTFOT.
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3.2.2. Aging Index (Iag
r)

Figure 9 shows the evolution of Iag
r for different evaluated temperatures. A trend

is observed when the Iag
r decreases as the temperature increases. This indicates that the

aging effect in the reference asphalt binder and the asphalt binder modified with BO
decreases as the evaluated temperature increases. On the other hand, for the highest
contents of BO in the modification (CA-BO5.0 and CA-BO7.5), greater values are obtained
in the parameter Iag

r, with increases that vary in the range of 5% and 8% compared to the
reference asphalt binder. However, these fluctuations do not generate significant differences
between the samples with 5.0% and 7.5% of BO and Iag

r of the reference asphalt binder
(CA-24), consistent with the results from the Kruskal–Wallis test, where a significant value
of 0.323 was obtained. With respect to the CA-BO2.5 sample, this presents a behavior
similar to the reference asphalt binder, showing equal variances according to Levene’s test
with a significant value >0.05, whereas the Student t-test results indicated that there is no
significant difference between the means of CA-BO2.5 and the reference asphalt binder
with a significant value equal to 0.680. These results could be due to the morphology of
the BO particles, which are characterized by their heterogenous and porous shapes that
could adsorb the asphalt binder, causing a reduction in the exposure of the asphalt binder
to heat during the oxidation process, which would reduce the effects of aging [14,21]. On
the other hand, the fluctuations obtained in the Iag

r parameter may be due to the loss of
light compounds that the BO absorbed during the modification of the asphalt binder [35].
Nevertheless, the values obtained for the parameter Iag

r of the modifications evaluated
in this study are lower than those specified in different standards, as in the case of the
standard for Chile [32], which specifies for 60 ◦C a maximum Iag

r value of 4.43% higher
than the maximum Iag

r value obtained at that temperature in this study.
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3.2.3. The Fraass Breaking Point vs. the Softening Point (SP)

The results show that the use of BO as an asphalt binder modifier can extend the
viscoelastic range of the asphalt binder once the Fraass breaking point is reduced and
the softening point is increased (Figure 10). In this respect, it is observed that the Fraass
breaking point decreases as the BO content in the asphalt binder increases. For example,
the CA-BO2.5, CA-BO5.0 and CA-BO7.5 samples achieved a breaking temperature of
−8.5 ◦C, −9.5 ◦C and −10.0 ◦C respectively, being 2.0 ◦C, 3.0 ◦C and 3.5 ◦C lower than
the breaking temperature of the CA-24. These results point to the asphalt binder modified
with BO reducing the temperature at which the asphalt binder reaches the critical rigidity
value after its fracture, and therefore its cracking [33]. On the other hand, it is observed
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that the softening point increases according to the increase in the amount of BO in the
asphalt binder. For example, the CA-BO2.5, CA-BO5.0 and CA-BO7.5 samples reached a
softening temperature of 51.0 ◦C, 53.8 ◦C and 55.3 ◦C respectively, increasing the softening
temperature by 1.0 ◦C, 3.8 ◦C and 5.3 ◦C compared to the CA-24. The results show that
the addition of BO increases the temperature range at which the asphalt binder can vary
its behavior from a purely fragile state to a purely viscous state. Thus, the addition of
this bio-modifier enables the asphalt binder to present a less fragile behavior at the same
temperature as the reference asphalt binder. These results could justify an improvement in
its response to cracking at low operating temperatures. By contrast, at the other extreme,
they could show a greater capacity to resist higher temperatures, since its transition from
a viscoelastic material to a viscous material occurs at a higher temperature, where the
most common failures are rutting resistance. In that sense, an increase in the evaluated
temperature ranges could mean an improvement in the resistance of the asphalt binder to
the failures produced at low and high operating temperatures. According to the data in
Figure 10, 5% of BO increases the SP of the asphalt binder by 8%, 12% and 16% more than
the biochar DS-510F [39] and biochars from ground apricot seed shell and ground walnut
shell, respectively [37]. Meanwhile, 7.5% of BO increases the SP of the asphalt binder by
approximately 7% more than the biochar DS-510F [35,39].
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3.2.4. The Penetration (Pen)

The results provided in Figure 11 indicate that the addition of BO increases the
hardness of the asphalt binder at 25 ◦C. The reduction in the penetration depth as the BO
concentrations in the asphalt binder is increased is more obvious in the CA-BO5.0 and
CA-BO7.5 samples, the results of which show similar values, with a decrease of 29.4% and
29.9%, respectively compared to the CA-24. However, the CA-BO2.5 presented a 16.1%
reduction compared to the penetration of the CA-24. These results indicate that the asphalt
binder modified with the different amounts of BO make it possible to increase the rigidity
of the asphalt binder at the intermediate temperature, fulfilling the minimum penetration
of 40 dmm by some standards that classify their asphalt binder by degree of viscosity, like
the Chilean standard for example [32]. When using 5% or 7.5% of BO, the penetration of
the asphalt binder decreases about 14% more than when using the same percentages of
other modifiers, such as biochar DS-510F [35,39].
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3.2.5. Penetration Index (PI)

From the data provided in Table 4, the PI values of the asphalt binder modified with
BO are similar to the CA-24 up to the content of 5.0%. For a BO addition of 7.5%, an
increase in the PI is recorded, indicating a reduction in thermal susceptibility compared to
the CA-24. For this BO content, the effect on the reduction of the Pen results was observed,
and at the same time on the increase in the SP values, which made it possible to reduce
thermal susceptibility. This effect on IP reduction was also observed in other studies where
biochar from ground apricot seed shell and ground walnut shell was used as an asphalt
binder modifier [37]. Additionally, the classification of all the asphalt binder modified with
BO corresponds to the category of intermediate thermal susceptibility, understood as a
penetration index of between −1 and +1 [32].

Table 4. Penetration index of the samples.

Sample CA-24 CA-BO2.5 CA-BO5.0 CA-BO7.5

Penetration index −0.7 −0.8 −0.6 −0.3

3.2.6. Storage Stability

The results in Figure 12 indicate that the material corresponding to the upper superior
of the sample records a lower SP than the lower section, which is observed for all the
analyzed samples. With respect to the results obtained for both CA-BO2.5 and the CA-
BO5.0, a difference is noted between the SP of the upper and lower sections of 1.5 ◦C and
2.5 ◦C, respectively. By contrast, the CA-BO7.5 sample shows a difference close to 4 ◦C.
Differences in the SP in the range from 2 to 5 ◦C between the upper and lower sections
of the sample are considered good storage stability [25]. In this sense, the results indicate
that all the samples of asphalt binder modified with BO present good storage stability,
demonstrating that the BO contents evaluated in the study would have good compatibility
and interaction with asphalt binder, and that the modification process used enabled good
bonding between phases. However, studies on asphalt binder modification report that
to achieve a high homogeneity of the modified asphalt binder, the differences in the SP
between the upper and lower sections of the sample should be ≤2.5 ◦C [40,41]. In that case,
only the additions of 2.5% and 5.0% of BO fulfill this condition of high storage stability.
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Figure 13 is a summary of the effects of the BO on the physical properties of the
asphalt binder.
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4. Discussion

The present study was conducted to verify the feasibility of the use of biochar from
oat hulls (BO) as a potential bio-modifier of the physical properties of conventional CA-24
asphalt binder.

• It is determined that the asphalt binder and BO interact positively due to C=O and
C=C bonds of the functional groups present on the surface of both materials.

• It is shown that the BO can be distributed homogenously in the asphalt matrix, in all
the addition percentages considered, without causing clusters.

• The rotational viscosity of the asphalt binder in the original and short-term aged
states increased with the addition of BO. This increase was directly proportional to the
amount of BO added to the asphalt binder.
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• The resistance to aging of the asphalt binder was maintained with the addition of BO.
The values obtained for the parameter of aging of the modifications evaluated were
lower than the regulatory requirements.

• The viscoelastic range of the asphalt binder can be extended with the addition of BO,
being proportional to the increase in the modifying content, and being able to reduce
the thermal susceptibility of the asphalt binder.

• The use of BO increases the consistency at an intermediate temperature, reducing the
penetration of the asphalt binder.

• The reduction of the penetration, the increase in the softening point and the increase
in viscosity demonstrate that BO improves the performance-related properties of the
asphalt binder at high temperatures.

• With up to 7.5% modification with BO, good storage stability of the asphalt binder
is obtained.

• Future studies are suggested to assess the effect of different PTT and residence times
on the properties of the BO as a modifying additive. In addition, the effect of a smaller
particle size and the effect of an additional digestion time after the asphalt binder
modification stage should also be evaluated.

5. Conclusions

BO can be considered a potential bio-modifier of the physical properties of asphalt
binder because it shows positive effects on asphalt binder properties at high tempera-
tures, such as: rotational viscosity, softening point and penetration. These properties can
contribute to improve the rutting resistance of the asphalt pavement. In relation to low
temperatures, the benefits of BO as a modifier are discrete, but contribute to increasing the
viscoelastic range of asphalt binder.
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Abstract: According to the authors’ best information, the majority of research focuses on other waste
materials, such as recycling industrial waste (glass, silica fume, marble and waste foundry sand), etc.
However, some researchers suggest dune sand as an alternative material for concrete production, but
knowledge is still scarce. Therefore, a comprehensive review is required on dune sand to evaluate its
current progress as well as its effects on the strength and durability properties of concrete. The review
presents detailed literature on dune sand in concrete. The important characteristics of concrete such
as slump, compressive, flexural, cracking behaviors, density, water absorption and sulfate resistance
were considered for analysis. Results indicate that dune sand can be used in concrete up to 40%
without any negative effect on strength and durability. The negative impact of dune sand on strength
and durability was due to poor grading and fineness, which restricts the complete (100%) substation
of dune sand. Furthermore, a decrease in flowability was observed. Finally, the review highlights the
research gap for future studies.

Keywords: dune sand; compressive strength; tensile strength; fine aggregate; durability

1. Introduction

All construction and development initiatives require concrete as their base since it
is a widely used building material worldwide [1–4]. Finding lower priced cement made
from local natural resources has emerged as a primary objective in order to make up for the
scarcity in cement manufacturing [3,5–7]. Since 1970, there has been a great deal of research
on the application of cementing additives as a partial substitute for Portland cement. The
byproducts of other industry or natural sources are these additions [8]. The practical
binding activity that the supply of the additive is influenced is by the volume, fineness,
mineralogical composition and kind of cement, which in turn enhances the strength [9].
The density of the mortar might be raised by the creation of the secondary cementitious
material calcium silicate hydrates (CSH). The latter is produced by including minute
siliceous particles that serve a particular pozzolanic purpose and increase the strength
properties of concretes [10–12].

Each of the most important ingredients of concrete has an impact on the environment
to varied degrees. Numerous sustainability issues are brought up by the massive amounts
of concrete utilized globally [13–15]. There has been considerable concern due to a rise in
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the amount of riverbed sand and gravel used in concrete [16]. Due to the extensive usage of
concrete brought on by the surge in urbanization and industrialization, more natural sand
has been removed from riverbeds. A few of the negative effects include increased riverbed
distance, a drop in the water table, the discovery of bridge substructures, a significant
impact on rivers, deltas, coastal ecosystems and marine ecosystems, land loss due to river
or coastal erosion and a reduction in the quantity of deposit sources [17]. Furthermore,
limits on sand removal from a river, which have led to an increase in sand charges, have
seriously impacted the ability of the building sector to survive [18].

One of the essential ingredients for producing mortar and concrete is a fine aggregate,
which also plays a crucial part in the design mix [19]. Fine aggregate is a key component
of concrete, and the amount and kind of sand used to create a particular concrete mix
will define its qualities. It significantly affects the flowability, resiliency to the effects of
the environment, strength and dry shrinkage of concrete. In comparison to cement, sand
makes up a bigger portion of the mixture. Another element that adds to concrete strength
is that sand may fill up any pores or spaces in the material. Sand offers a mass of particles
that can resist the action of applied stresses and endure longer than mortar alone. Fine
aggregate also lowers volume changes brought on by the setting and hardening processes.
Sand is thus essential for concrete’s capacity to consolidate and give the necessary strength.
In place of natural sand, there are other alternate sand options, such as foundry sand [20],
marble waste [21], waste glass [22], recycled concrete aggregate [23], recycled ceramics
aggregate [24], copper slag [25], iron ore tailing [26], plastic waste [27] and crush stone
dust [28] that may be utilized as sand in concrete.

It is generally known that many construction projects, including building construction
in recent years, water delivery channels, oil exploitation platforms, and building construc-
tion, are to be constructed in the desert. River sand is a crucial primary component for
the increasing infrastructure projects. However, owing to the great distance and overuse
of the river channel in several desert areas, the decline in river sand and the rise in need
have come to be an insurmountable challenge. Despite being widely distributed across the
desert, dune sand is seldom used in engineering construction, owing to its high prevalence
of very small particle sizes and inability to conform to particle size grading standards.

Researchers utilize clay to make cement clay mortar as a masonry binder to construct
buildings, reducing the need for cement, saving money and protecting the environment [29].
If dune sand and clay, which are effortlessly obtained nearby, can be technically utilized
in place of natural fine aggregate and a binder as a building material, that will not only
satisfy the demand for infrastructure creation, but also significantly reduce the charges
of construction projects, making waste profitable. Many findings have been reported on
the use of dune sand as a fine aggregate to create concrete, particularly in desert regions,
in order to satisfy the criteria of engineering construction utilizing local supplies and
decreasing the shipping expenses [30,31].

In light of these conditions, there is growing interest worldwide in the idea of substitut-
ing dune sand and clay for natural fine aggregate and cement in the creation of concrete and
mortar. Some scholars have recently looked at the characteristics of mortar and concrete.
The rheological characteristics of mortar including crushed sand were investigated by
Mikael et al. [32]. The effect of natural river sand on the properties of mortar containing
suspensions of coarse particles was assessed. According to the experiments, fine aggregate
has a significant impact on both the water need and the mortar usability. The features
of concrete made from dune sand from Maowusu sandy terrain have been studied by
Jin et al. [30].

The issue of cementitious materials created using dune sand has sparked growing
attention because of the environmental advantages. Numerous studies on the features
of dune sand and the qualities of cementitious materials using it have been performed
over the last ten years. Dune sand differs from regular engineering sand in that it has a
poor gradation and high salinity. The varied mechanical characteristics of cementitious
composites are considerably impacted by a high replacement rate of dune sand for con-
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struction sand [33]. The concrete made with a dune sand to fine aggregate ratio of 10%
showed the highest compressive strength [34]. By adding ultrafine fibers [35] and mineral
fillers [36] to cementitious composites or by regulating fractures and permeability utilizing
ultrahigh performance materials at the macro level, the strength of dune sand-integrated
cementitious composites may be increased.

The impact of very fine particles on the flowability and strength of concrete created
with dune sand from the Australian desert was studied by Fu Jia Luo et al. [37]. The
findings revealed that the metal fibers alter concrete properties by various mechanisms
depending on the concentration of the sand–cement ratio and have no adverse effects
on flowability. Additionally, dune sand concrete strength is on par with or even exceeds
that of natural fine aggregate concrete. By valuing dune sand and pneumatic waste metal
fibers, Allaoua Belferrag et al. [38] researched how to improve the compressive capacity
of cement in dry conditions. The impact of adding a novel class of metal fibers made
from recycled tires on the compressive strength of dune sand concrete has been researched.
In comparison to concrete without fibers, the findings obtained reveal an increase in
the compressive capacity for metal fiber-reinforced sand dune concrete. According to
Krobba et al. [39], the characteristics of mortar, including density, strength, shrinkage,
elasticity and bonding strength, are affected by the addition of natural microfibers. In
comparison to mortar made from beach sand (without Alfa natural microfibers) and tested
under identical circumstances, the findings obtained demonstrated that mortar containing
natural microfibers had improved mechanical and physical qualities [39].

Brief literature shows that dune sand can be used as an alternative material for the
production of concrete. However, knowledge is still scarce, which restricts the use of dune
sand in concrete, and a comprehensive review is required to identify the positive and
negative effects of dune sand on concrete performance. Furthermore, according to the
authors’ best information, no detailed review on dune sand concrete has been considered
up to now. Therefore, this review presents the detailed literature on the characteristics of
concrete with dune sand. For analysis, the important properties of concrete such as slump,
compressive strength, flexural strength, cracking behaviors, density, water absorption and
sulfate resistance were taken into account. The successful review provides multiple benefits,
including the current progress of dune sand in concrete, the effect of dune sand flowability,
strength and durability performance of concrete. The review also suggests future guidelines
for the upcoming generation. Figure 1 represents a different section of the review.
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2. Physical and Chemical Properties

Dune sand is very fine sand with a maximum particle size of 1.18 mm [40]. The
diameters of more than 90% of its components are between 0 and 0.4 mm [41]. Dune
sand typically has a fineness modulus of less than 1.5 or average particle size of less than
0.25 mm, making it superfine sand [42]. Dune sand is classified as a D1 soil type by the
GTR 2000 Soil Classification [43]. It is described as porous, irregular and poorly graded
dirt. This implies that dune sand by itself will not be adequately compact, and as a result,
its immediate bearing index is insufficient [44]. Therefore, it will be crucial to treat this
sand using hydraulic binders as correctors.

The largest size of the coarse grains is 0.5 mm, while the diameter of the tiniest particles
is in the range of 0.04 mm. It is fine golden sand. The curvature coefficient (Cc) is around
0.96, while the uniformity coefficient (Cu) is in the range of 2.0. Therefore, it is extremely
fine, improperly graded sand. The most often calculated component for fine aggregates is
the fineness modulus, which is used to find the aggregate gradation degree of consistency.
The examined dune sand samples had fineness modulus values ranging from 1.07 to
1.30. These findings show that the investigated dune sands fall short of the fine aggregate
gradation criteria. Therefore, to achieve an appropriate degree of gradation, it is important
to increase the gradation of these dune sands by combining them with well-graded crushed
fine aggregates of ceramic waste [45]. Furthermore, physical properties are presented in
Table 1.

Table 1. Physical properties of dune sand.

Authors [45] [46] [47] [48] [49]

Dry-rodded density kg/m3 - 1663 - - -
Water Absorption (%) - - 3.84 - -

Fineness Modulus 1.07 1.45 1.44 - 0.65
Sand equivalency (%) 87% - - - 69%
Bulk density (kg/m3) 2525 - 1560 - -

Specific Gravity - 2.77 - - 2.64
Surface area cm2/g - 116.8 - 3000 -

Apparent specific gravity (kg/m3) 1434 - - - -

Dune sand is siliceous, made up mostly of SiO2 (silica), with traces of calcium and
magnesium species, according to the chemical analyses reported in Table 2. X-ray diffraction
of the dune is shown in Figure 2. High percentages of quartz and traces of illite and calcite
are found, according to X-ray examination [50].
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Table 2. Chemical Composition of Dune Sand.

Authors [10] [50] [51] [52] [53]

SiO2 74.61 93.56 64.9 64.58 65.63
Al2O3 1.35 1 3.0 9.48 12.63
Fe2O3 0.86 1 0.7 2.32 3.42
MgO 0.29 - 1.3 2.06 4.52
CaO 17.3 - 14.1 8.62 8.76

Na2O - - - 2.43 1.83
K2O 0.47 - - 1.97 1.87

3. Slump Flow

Concrete workability refers to how easily new concrete may be poured, reinforced
and finished, with the fewest uniformity losses possible. Any concrete mixture should be
workable enough to be properly poured, solidified and filled into the forms, as well as to
encircle any embedded reinforcement or other objects.

Figure 3 shows the slump flow of concrete with the substitution of dune sand. Dawood
et al. [40] reported that the slump flow of concrete decreased with the addition of dune sand.
The dune sand particle size distribution is mostly responsible for the decline in a slump.
It is well-known that when the fines particles content rises, the flowability of concrete
declines as well [54]. The lack of chemicals in the concrete resulted in poor workability and
a minor slump [55]. As a more natural aggregate was substituted with recycled concrete
aggregate (RCA), the densities and slump of fresh concrete reduced. Although the slump
was further decreased, the addition of steel fibers increased the densities of both fresh
and cured concrete [46]. Increases in dune sand concentration lowered flowability from a
high to medium level by 30%, and the addition of steel fibers also dramatically decreased
workability [40].

A dramatic decline in a slump was seen in all mixtures, producing concrete with a
very low slump when all the fine particles were completely substituted by beach sand
(100 percent substitute). When more regular sand is substituted with dune sand, the particle
size distribution that results causes the slump to diminish. It is common knowledge that
concrete becomes less workable as fine particles are used [56]. The decrease in slump flow
due to dune sand may be due to the fact that the mixing water may be found as free layer
water, adsorbed layer water and filled water, according to Wang et al. [57]. The many types
of water each contribute differently to workability. The solid particles are separated from
one another by the free layer of water, which improves workability. The water-adsorbed
layer is quite near the solid’s surface. This portion of the water will be constrained by the
solid particle and unable to flow freely as a result of the solid surface adhering to the water
molecule. Therefore, this water has no effect on workability. The filling water does not
affect the workability; it only fills the spaces between solid particles. It should be noted that
the kind and quantity of the various solid particles determine the types of water that may
interchange in the system. For instance, the fine grains will fill the holes of the granular
structure by distributing the water in these holes when the right ratio of fine and coarse
particles is combined together.

On the other hand, Figure 3 shows that the slump rises as the dune sand content
rises, according to Rennani et al. and Leila et al. [48,58]. The spherical form of the dune
sand particles, all things being equal, is thought to be responsible for the rise in a slump.
This is because spheres travel more easily than angular or awkward-shaped particles
because of the ball-bearing effect. The slump did, however, start to subside with dune
sand concentrations over 50%. All findings indicate that despite an increase in beach sand
content, concrete may still be made to be workable. Additionally, it was found that the
amount of dune sands the mixture could contain before slumping down increased with the
workability of the mixture.
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Figure 3. Slump flow: data source [40,48,58].

4. Mechanical Strength
4.1. Compressive Strength

Figure 4 shows concrete compressive capacity with dune sand’s substitution. It can
be noted that the compressive capacity of concrete was enhanced up to a certain extent by
the substitution of dune sand and then decreased. According to certain researchers [56,59],
when the dune sand replacement ratio rose, concrete’s compressive capacity decreased.
Due to the dune sand particles’ smooth surfaces and rounded shapes, the binding strength
between the cement paste and dune sand may have been reduced [60]. In contrast, several
studies [61,62] found that the strength improved to a specific replacement ratio for the
dune sand but declined beyond that point. According to Luo et al. [59], high aggregate
compactness might cause a rise in strength. According to previous research, dune sand
may affect the compactness of aggregates and the strength of the link between dune sand
and cement paste. Additionally, the impact of dune sand on each side has a different effect
on compressive strength.

It was found that replacing 40% and 50% of the natural dune sand with waste ceramic
aggregate resulted in the biggest gain in compressive and flexural capacity when compared
to reference mortar. At a 40% and 50% mix ratio of ceramic under various curing conditions,
the compressive strength of dune sand ceramic mortar achieves excellent strength [45]. The
findings show that as dune sand content rises, concrete strength typically declines. As fine
particles have a larger surface area, more grout is required to cover their surface, which
results in a loss in strength [56].

The compressive capacity of mortar improves initially with an increase in the dune
sand replacement ratio before decreasing and peaking at a 20 percent replacing ratio [47].
According to Appa Rao [11], at a constant water/binder ratio of 0.5, adding silica fume to
a mortar up to the point where it replaces 30 percent of the cement results in an increase
in compressive strengths [63]. These findings reveal that the development of compressive
capacity as a function of time (7, 28 and 90 days) reveals that the compressive capacity is low
for all samples during the first seven days but then dramatically rise over the succeeding
periods. This is caused by the kinetics of the time-dependent reactions between dune
sand powder and portlandite and the hydration of cement [10]. In accordance with the
water/binder ratio, Kwan [64] demonstrated that adding silica fume to a mortar with up to
15% of the cement replacement amount results in an increase in compressive strengths after
28 days [65]. Based on our findings, we can conclude that adding the fiber and applying a
heat treatment boosted the compressive and flexural capacity. The quantity of dune sand
rose, and the compressive strength somewhat improved [66]. Linear connections between
compressive capacity and fine dune sand % with respectable correlation coefficients demon-
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strate that compressive capacity rises as dune sand percentage increases [48]. The findings
suggest that when the rate of dune sand replacement increases, the compressive capacity
of specimens initially rises and subsequently falls. At curing ages of 7 days and 28 days,
respectively, the compressive capacity of the specimen including 50% dune sand improves
by 3.87 percent and 10.64 percent compared to the specimen containing 0% dune sand.
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Figure 4. Compressive strength: data source [10,47–49,58].

The compressive capacity increased the percentage of dune sand. However, the high-
est strength loss was just around 25% [56]. According to a study, concrete’s compressive
strength declines by 39% when the substitute ratio reaches 100%, but it increases with the
addition of single or hybrid fibers. In contrast, sand dunes have a negative impact on com-
pressive capacity, particularly when the proportion increases by more than 40% [40]. The
research has shown that dune sand may be utilized as an affordable and easily accessible
substitute for sea sand and can therefore assist in stopping the negative impacts on the
ecosystem caused by excessive sea sand mining [67].

A study reported no significant changes in the amount of addition or dune sand
percent on the setting time of mixes. The pastes’ original consistency was dramatically
reduced by the addition of dune sand. Due to their higher fineness than that of ordinary
Portland cement (OPC), dune sand powder acts as a lubricant by reducing the intergranular
vacuum. This cement has a lot of vacuums that need to be filled with water before they
can set in the convenience of the mortar. Therefore, in order to decrease the intergranular
vacuum and hence the need for water in cement, it is required to enhance the quantities of
tiny and big particles. The intergranular vacuums will be filled with the dune sand powder,
reducing the need for water [10].

A comparative investigation of compressive capacity with different dune sand dosages
at various curing days is shown in Figure 5.

As a reference mix, the compressive capacity of control concrete on day 28 of curing
was used to evaluate the compressive strength of different dosages of dune sand at various
curing days. For a comparative study, five percent of the recommended dune sand dosage
was considered. Compressive strength during seven days of curing is 29% less than the
reference compressive strength (concrete at 28 days controls compressive capacity with
a 5% replacement of dune sand). The compressive strength with a 5% substitute of dune
sand is 21% higher than the reference concrete’s compressive strength after 28 days of
curing. Compressive capacity is 43% more than the reference concrete at the same dosage
of 5% dune sand replacement. Additionally, with a 20 percent replacement of dune sand,
the compressive strength at 28 days is the same as the reference concrete’s compressive
capacity, but by 90 days, it is 14 percent higher than the reference strength.
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Figure 5. Compressive strength age relation [10].

4.2. Tensile Strength

Figure 6 illustrates the tensile capacity of concrete with the substitution of dune sand.
It can be noted that the tensile capacity of concrete reduced with the substitution of dune
sand as reported by Abadou et al. [68].

The modulus of elasticity and tensile capacity of concrete is not significantly negatively
impacted by increasing the amount of dune sand in concrete [56]. The DS/FA (Dune
sand/Fly ash) ratio of 10% was ideal for compressive and tensile capacity under the mixed
circumstances of this investigation. The strength differential might be more than 10%,
depending on the DS/FA ratio [34]. Since the compressive capacity has greatly increased
and the tensile strengths have only marginally diminished, it was possible to create a
material that may be considered when constructing pavement constructions by adding
dune sand and lime to permeable asphalt [49]. At all evaluated ages up to 44 percent, the
recycled aggregate made from concrete waste used to make the dune sand mortar had
lower tensile strength than the specimen mortar. When compared to ordinary mortar, the
integration of concrete waste aggregates does not seem to have a substantial influence
on tensile strength [68]. The tensile and flexural capacity decreased by 29.3 percent and
21.1 percent for splitting and flexural capacity, respectively, and at a slower pace than the
compressive strength as the sand dune rate increased. The ratio (40 percent DS without
fibers) attained the greatest tensile capacity of 4 MPa (22.3 percent more than the reference
samples), according to the tensile capacity data at the age of 28 days.

On the other hand, Figure 6 shows that the tensile capacity of concrete rises as the
dune sand content rises, according to Rennani et al. and Leila et al. [48,58]. Similarly,
60 percent dune sand increased tensile strength by 0.91 percent, which is equal to the
reference concrete. The mechanical qualities of the hybrid concrete were enhanced by the
inclusion of steel fibers, which can make up for much of the lost strength caused by the
rise in sand dunes ratios [40]. The tensile strength of the hybrid mixture is 40.2 percent
higher than 100 percent dune sand without fibers when dune sand is completely replaced
by 100 percent rather than sand with 1 percent fibers [40]. Fiber increased tensile strength
due to the prevention of cracks [69]. Even if the cracks appear, the propagation of cracks is
restricted by the fibers [70].
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Figure 6. Tensile strength: data source [49,58,68].

4.3. Flexural Strength

Figure 7 reveals the flexural capacity of concrete with the substitution of dune sand. It
can be noted that flexural capacity improved by up to 20% with substitution of dune sand.
A study reported that the flexural strengths were increased by using waste materials as
aggregate. It was found that replacing 40% and 50% of the natural dune sand with waste
ceramic aggregate resulted in the biggest gain in compressive and flexural strength when
compared to reference mortar [45]. According to the experimental findings, mechanical
properties were best when dune sand replacement was 50%. The flexural strength of
self-compacting mortar had not been significantly decreased by the replacement of dune
sand [54].

The 40% substitution of dune had the maximum flexural strength at seven days, which
is 4.3 percent higher than the reference sample. At the same time, the flexural capacity is
reduced by 13.7 percent less than the reference specimen when dune sand is substituted
100 percent (completely replaced the sand). The 40 percent dune sand in concrete shows
the maximum flexural strength (7.47 MPa) at the age of 28 days, which is 9.85 percent
higher than the reference sample. When the dune sand ratio is enhanced, the flexural
capacity decreases. At a replacement ratio of 100 percent dune, flexural strength decreased
by 21.3 percent when associated to the blank concrete (without dune sand). The rise in
fineness of the sand particles in the concrete is the cause of the decreased flexural capacity.
However, the flexural capacity of concrete with dune sand substituted was significantly
enhanced with the addition of fibers. A concrete mixture of 20% dune sand along with 1%
steel fibers achieved the highest flexural capacity of 10.07 MPa at the age of 28 days, which
is 45.3 percent higher than the reference concrete [40]. Few researchers considered flexural
strength in their studies. Therefore, a more detailed investigation is required.

Flexural and flexure–shear fractures are clearly visible, and the crack patterns of the
regular beam resemble those of dune sand beams. It was determined that the presence of
the dune may have delayed the initial fracture since it occurred at a force of around 80 KN,
as shown in Figure 8, the central flexural zone. Shear fractures began to appear in both
shear spans at the supports at a load of around 130 KN, although their dispersion in the
shear spans varied. All beams broke in flexure shear at a load of around 280 KN, and the
ultimate failure took place near the load point for concrete crushing in the compression
zone. Figure 8 shows the failure load for every beam, and it can be inferred that the
presence of dune sand may lower the failure load of beams. Although the leading shear
crack direction and failure mechanisms varied, the initial fracture, failure load and shear
cracks did not.
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5. Durability
5.1. Dry Density

The addition of dune sand to the concrete mixture increased the density at replacement
ratios of 40 and 60 percent, with the replacement ratio of 40 percent dune sand. The
recording density is 2427.35 kg/m3 with a growth of its quantity 1.88 percent more than
the blank concrete, while the replacement ratio is 60 percent, and the increase in density is
0.76%, as associated with the control concrete. Partial substitution of dune with natural
sand helped increase the density due to the softness of the dune sand, their spherical form
and their overlap between gravel and sand grains, which helped fill all the spaces and
holes within the concrete [40]. A study also reported that the filler materials increased the
density of concrete due to filling cavities in concrete components, leading to more dense
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concrete [72]. However, when the percentage of dune sand is raised to 80% and 100%, the
density falls, as shown in Figure 9. It might be possible that a higher dose of dune sand
reduced the density due to a lack of flowability. The less flowable concrete required more
compaction energy as compared to more workable concrete. Therefore, more chance of
voids in less workable concrete, which adversely affect the density of concrete. A study
also claims that filler material decreased the density of concrete at a higher substitution
ratio due to lack of flowability [19].
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Figure 9. Dry density: data source [40].

5.2. Water Absorption

Figure 10 shows the water absorption of concrete with the substitution of dune sand
as fine aggregate at 28 days.
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The 40% substitution of dune sand with fine aggregate shows the lowest water ab-
sorption rate of 1.44 percent, which is 33.6 percent less than the reference mixture. The
decrease in water absorption is due to the micro-filling voids effect of dune sand, which
fill the voids, leading to more dense concrete. According to CEB 1989;192, this specimen
is regarded as excellent concrete because of its low water absorption. The rate at which
water is absorbed increases when the dune sand concentration rises by 60%, 80%, and 100%.
The absorption rate at 80% and 100% substitution of dune sand are 41.9 and 49.3 percent,
respectively, which is more than the reference mixture, and the concrete quality is medium,
according to CEB 1989;192. A similar finding is also reported by other researchers that the
quality of concrete decreased at a higher substitution ratio of dune sand [56]. It could be
caused by the fineness of the dune sand grains, which absorb more mixing water and have
a larger surface area, creating holes or spaces that, in turn, speed up the rate of absorption.

5.3. Ultrasonic Pulse Velocity (UPV)

The findings showed that all concrete mixes had pulse velocities between 4400 and
6100 m/s, which is consistent with excellent and homogenous concrete quality as defined
by BS1881, 1983, Part 116. The reference specimen shows a pulse velocity rate of 4894 m/s,
and the concrete quality satisfies the requirements of IS code BS1881, 1983. As shown in
Figure 11, the pulsing velocity for a concrete mixture of 20% dune sand is 1.98 percent
higher than that of the reference specimen (0% dune sand), and it decreases with increasing
dune sand content for the ratios 40%, 60%, 80% and 100%. This is consistent with the
absorption and density test results, which also show a decrease with increasing dune sand
content due to the fineness of the dune [40].
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5.4. Sulfate Resistance
5.4.1. Visual Observation

Every month, a comprehensive visual inspection was conducted on the mortar speci-
mens subjected to sulfate assault to assess any evident symptoms of softening, cracking
and spalling. Figure 12 depicts typical instances of the harm that sulfate assault on mortar
specimens causes after 180 days of immersion in sodium sulfate. It was found that the
mortar samples’ corners always showed the first signs of degradation, and the broad
cracks caused by the expansion strain on the cement matrix were substantial, as shown in
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Figure 12. After 180 days of immersion, the dune sand mortar began to visually deteriorate
as a result of the mortar structure losing its cohesion. Additionally, a layer of white material
was discovered deposited on the mortar faces, which was verified by the XRD investigation
to be gypsum and ettringite formation.
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5.4.2. X-ray Diffraction (XRD)

Figure 13 shows the X-ray Diffraction (XRD) examination of mortar that was exposed
to a five percent sodium sulfate solution for 180 days, which shows diffractograms demon-
strating the gypsum-specific peaks. On the degraded portions of cube mortar samples that
were evaluated for compressive strength, the XRD analysis was performed. It can be seen
that some ettringite peaks were found as a result of sulfate assault, together with calcite.
Peaks made of quartz and portlandite (made from sand) were visible. The mortars for
all showed gypsum and ettringite are two common sulfate attack byproducts that lead to
mortar strength loss [74].
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Figure 13. XRD of dune sand mortars immersed in sodium sulfate solution (5%) at 180 days [73].
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5.4.3. Strength (Compressive and Flexural)

Strength changes in mortar specimens subjected to sodium sulfate solution (5%) are
shown in Figure 14. It can be seen that all mortars demonstrate a strength increase at the
beginning of the exposure duration and a subsequent decline in strength development.
Strength initially increased in sulfate solution as a result of additional hydration products
filling the pores, but strength afterward reduced as a result of microcracking caused by
expanding components of sulfate assault. After 180 days of exposure, mortar exhibited a
quick loss of strength, and the loss of strength for dune sand mortar was considerable.
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Figure 14. Strength of dune sand mortars immersed in sodium sulfate solution (5%) at 180 days [73].

6. Scanning Electron Microscopy

The hydration process of cementitious materials (ground granulated blast furnace
slag) generated using dune sand was explained using the scan electronic microscopy (SEM)
method. Figure 15 displays SEM pictures of the microstructure at the 7- and 28-day curing
ages. Figure 15 shows that the cementitious material’s microstructure is highly thick, par-
ticularly after 28 days, which may be explained by the significant decrease in void regions
brought on by hydration processes. The existence of different cementation compounds in
the dune sand matrix was indicated by several hydration products such as C-S-H gel, Ca
(OH)2, and ettringite at the matrix, which also confirmed the development of cementitious
compounds. The development of strength is significantly impacted by these hydrated
chemicals. At seven days, tabular Ca (OH)2, cotton-shaped C-S-H gels, needle ettringite
and their interactions with one another produced a stable paste structure. At 28 days, the
pores are completely filled with the C-S-H gel and ettringite, which progressively corrects
the structural flaws. Structures become denser with time in comparison to early specimens,
which indicates that the specimen’s strength grows.
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7. Conclusions

The review focused on the use of dune sand as a fine aggregate in the manufacturing
of concrete. The physical and chemical composition of dune sand and fresh, strength and
durability characteristics of concrete were reviewed and compared. Although using dune
sand as a greater or complete replacement for natural sand in the making of concrete has
certain negative effects on the performance of the concrete, it maybe used in the creation of
concrete to a limited degree. The best substitute dosage for the majority of the attributes
examined has been found to be 30 to 40 percent. A detailed conclusion is provided below.

• The physical property of dune depicts that the fineness modulus of dune sand is much
lower than river sand. Additionally, a poorly graded and irregular shape adversely
affects the flowability of concrete.

• The sum of different chemicals such as silica, iron, lime, alumina and magnesia are
greater than 70%. Therefore, it might be possible to use cementitious materials or
cement ingredients during the manufacturing of cement.

• Slump decreased with the substitution of dune sand due to its physical nature (rough
surface and poorly graded).

• Mechanical strength such as compressive, flexural and tensile capacity is improved
to some extent. However, a higher dose or complete substitution adversely affects
strength properties. The optimum dose of dune sand varies from 30 to 40%.
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• Durability properties such as water absorption, density and sulfate resistance im-
proved with dune sand, but less information is available.

8. Future Studies Recommendation

• The overall studies demonstrate that dune sand has the credibility to be used in
concrete. However, the following aspects should be studied before being used in
practice.

• The highest strength loss was just around 25%. Therefore, this decline was quite small
and can be improved by adding fibers or other pozzolanic materials, such as fly ash
and silica fume, waste glass, etc.

• Detailed investigations on durability performance should be explored.
• Dune sand as a cement ingredient in the manufacturing of cement should be explored.
• Treatment of dune sand before use, such as heat or alkaline solution, should be

explored.
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Abstract: Utilizing scrap tire rubber by incorporating it into concrete is a valuable option. Many
researchers are interested in using rubber tire waste in concrete. The possible uses of rubber tires
in concrete, however, are dispersed and unclear. Therefore, a compressive analysis is necessary to
identify the benefits and drawbacks of rubber tires for concrete performance. For examination, the im-
portant areas of concrete freshness, durability, and strength properties were considered. Additionally,
several treatments and a microstructure investigation were included. Although it has much promise,
there are certain obstacles that prevent it from being used as an aggregate in large numbers, such as
the rubber’s weak structural strength and poor binding performance with the cement matrix. Rubber,
however, exhibits mechanical strength comparable to reference concrete up to 20%. The evaluation
also emphasizes the need for new research to advance rubberized concrete for future generations.

Keywords: waste tires; concrete; aggregate; compressive strength; treatments; durability

1. Introduction

Due to the new infrastructure being built, a significant quantity of waste concrete
is generated from destroyed buildings every year. Construction and demolition trash
is generated annually in China and the EU at 450 million tons and 200 million tons,
respectively. About half of the rubber in a tire is made of natural rubber, butadiene
rubber, and styrene-butadiene rubber. The other parts include carbon black, metal, textile,
zinc oxide, sulfur, and additives [1]. Tires represent environmental dangers owing to their
composition, which makes them exceedingly durable, non-biodegradable, and a fire hazard,
as well as a breeding ground for rats, mice, and mosquitoes [2]. The proper disposal of used
tires has grown to be a significant environmental issue [3]. Each year, the EU member states
produce more than three million tons of scrap tires [4], and a stock of 600 hundred tons is
present. Due to the desire to create a green environment, keep it clean, and minimize carbon
emissions, many western nations, including Canada, are having trouble maintaining and
reusing structural waste [5]. Figure 1 shows the recycling percentages of different waste.

189



Materials 2022, 15, 5518Materials 2022, 15, x FOR PEER REVIEW 2 of 32 
 

 

 

Figure 1. Utilization of different waste materials: data source [6]. 

In other words, as seen in Figure 2, these tires from motor vehicles will produce a 

significant number of waste tires and seriously harm the environment. A total of 290 mil-

lion tires are produced annually in the United States alone, in addition to the 275 million 

tires that are already in storage [7]. Therefore, the need for a recycling concept for such 

used tires has increased. 

 

Figure 2. Waste rubber tires [8]. 

Recycling used car tires as substitute aggregates to create new-class concrete is a cre-

ative solution with favorable effects on the environment, the economy, and performance. 

Numerous current findings examine the improvement in the compatibility of crumb rub-

ber particles when utilized as a sand substitute. Shredded and/or crumb rubber particles 

have been extensively explored as a replacement for concrete aggregate [9]. A study con-

cluded that styrene rubber materials in construction buildings improves the quality of 

concrete for sustainability and durability of the structures [10]. 

25%

11%

8%
12%

9%

7%

28%

Coal combustion by products

Foundry sand

Crumb rubber

Steel slag

Cement and kiln dust

Recycled aggregate

Other waste materials

Figure 1. Utilization of different waste materials: data source [6].

In other words, as seen in Figure 2, these tires from motor vehicles will produce a
significant number of waste tires and seriously harm the environment. A total of 290 million
tires are produced annually in the United States alone, in addition to the 275 million tires
that are already in storage [7]. Therefore, the need for a recycling concept for such used
tires has increased.
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Figure 2. Waste rubber tires [8].

Recycling used car tires as substitute aggregates to create new-class concrete is a
creative solution with favorable effects on the environment, the economy, and performance.
Numerous current findings examine the improvement in the compatibility of crumb rubber
particles when utilized as a sand substitute. Shredded and/or crumb rubber particles have
been extensively explored as a replacement for concrete aggregate [9]. A study concluded
that styrene rubber materials in construction buildings improves the quality of concrete for
sustainability and durability of the structures [10].
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In addition to landfilling, there are other options, such as energy recovery, which
is often carried out in cement kilns [11], and pyrolysis of tire rubber to produce carbon
black [12]. However, because of the challenges in marketing low-quality pyrolysis end
products, the ultimate solution is really not commercially feasible. The recycling of rubber
and steel fibers is possible via the process of shredding used tires, which is typically done
after an electromagnetic separation.

Waste tire features that, if managed improperly, might endanger the environment
can be utilized to the building industry’s benefit. Numerous research has been done on
concrete that substitutes natural aggregate with scrap rubber from old tires in varying
percentages [13]. Figure 3 shows the manufacturing process of waste rubber tires for
concrete. The qualities of the concrete produced are dramatically changed when used as a
partial replacement for natural coarse and/or fine aggregate. According to studies, adding
rubber to concrete regularly lowers the material’s compressive, flexure, and elasticity when
compared to normal concrete [14,15]. The weak bond between the rubber surface and
paste is primarily caused by the hydrophobic nature of rubber particles and their extreme
external irregularity [16]. Based on a microstructural analysis, Taha et al. [17] found that a
significant drop in capacity may be related to the behavior of tire rubber particles as a soft
aggregate. Concrete’s loss of strength when using rubber as an aggregate has an impact on
the rubber’s content, particle size, and characteristics, as well as the mix’s parameters and
ratios [18].
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Concrete strength qualities are impacted using scrap rubber tires as aggregates. Some
of its qualities, including toughness, impact resistance, energy absorption, and sound
and temperature isolation, are improved. However, it lessens various other strength
characteristics, including workability, split tensile strength, and compressive strength [20].
It is advised to utilize rubber in concrete as foundation pads for rotating equipment
and railway stations, as vibration-dampers, or anywhere blast or impact resistance is
needed [21]. Additionally, it may be utilized as a shock absorber in structures made to
withstand seismic waves [22].

In order to explore sound absorption and the ultrasonic modulus of tire rubber con-
crete, the research used the ultrasonic echo method to conduct an ultrasonic analysis. The
authors came to the conclusion that rubberized concrete is a powerful sound and shaking
energy absorber [23]. According to reports, rubber concrete might be utilized to make
buildings’ seismic shock-wave absorbers and sound barriers for highway construction [24].
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The research looked at the possibility of using scrap rubber from the car sector as fine aggre-
gates in the cementitious matrix to create lightweight building materials. The outcomes of
the tests showed that the existence of rubber has a tendency to prevent water propagation
and minimize water absorption, providing a superior defense against corrosion for the
steel reinforcement [25].

Aiello and Leuzzi [26] substituted 0%, 15%, 30%, 50%, and 75% of the sand with the
same volume of rubber when adding rubber as a substitute for sand. They observed that
because of the reduction in specific gravity, both the density and compressive strength
drastically decreased. Atahan and Yücel [27] employed rubber to substitute fine aggregate
in a volume ratio of 0%, 20%, 40%, 60%, 80%, and 100%. They observed a steady decline in
the samples’ compressive strength until 100% of the fine aggregate was replaced with rubber,
at which point 93% of its strength was lost. Additionally, they noted a considerable decrease
in the elastic modulus, which reached a 96% loss for 100% replacement of the aggregate.
Furthermore, Batayneh et al. [28] replaced the fine aggregate up to 100% by volume with
six different mixes including rubber. Their findings demonstrated that rubberized concrete
still has enough strength to be employed as lightweight concrete despite the reduction in
compressive strength. They advised using these sorts of mixtures for partition walls, traffic
barriers, pavement, and walkways in this respect [29].

Brief literature shows that several researchers focus to utilized rubber tire waste in
concrete. However, the potential application of rubber tires in concrete is scattered and
not clear. No one can easily judge the suitability of waste rubber tires in concrete. There-
fore, a compressive review is required to summarize the positive and negative impact
of rubber tires as aggregate on concrete performance. The important properties of fresh
concrete properties (slump, fresh density, and air content), mechanical strength (compres-
sive, tensile, and flexural strength), and durability (permeability, water absorption, and
chloride ions penetration) were considered for analysis. Furthermore, different treatments,
microstructure study (scan electronic microscopy), and application of rubberized concrete
were also included. Finally, the review also highlights the future research aspects for future
generations to further improvement in rubberized concrete.

2. Fresh Concrete
2.1. Slump Flow

Figure 4 and Table 1 show the flowability of concrete with the replacement of rubber
as aggregate in concrete. The flowability of concrete decreased with the addition of rubber
as aggregate.
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Table 1. Summary of slump flow.

Reference Rubber Tire Slump (mm)

[26] 0%, 25%, 50%, and 75% 180, 220, 215, and 215

[31] 0%, 5%, 10%, and 15% 80, 75, 64, and 55

[32] 0%, 5%, 10%, 15%, 20%, and 25% 0, 0, 7, 20, 55, and 87

[30] 0%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, and 100% 215, 205, 200, 195, 180, 175, 150, 135, 135, 130, and 125

[33] 0%, 5%, 10%, and 15% 74.50, 74.00, 72.50, and 70.00

[34] 0%, 6%, 12%, 18%, 24%, 30%, 36%, 42%, 48%, 54%, and 60% 140, 138, 139, 130, 110, 70, 75, 22, 20, 10, and 0

In addition, mixes created with fine crumb rubber were better to work with than
those prepared with coarse tire chips or a combination of tire chips and crumb rubber,
according to research. The slump was also shown to diminish as rubber proportion
improved [35]. The rubber’s uneven surface roughness caused greater interparticle friction,
which led to an increase in the admixture dose [36]. The drop almost remained constant
until 12% replacement after having drastically decreased from 140 mm to 110 mm at 24%
replacement [37]. The use of rubber aggregates is also believed to reduce slump due to
their irregular forms and sharp edges [38]. Similarly, when natural coarse aggregates are
partially substituted with rubber aggregates, the slump is reduced as a result of the shape
of the rubber aggregate particles [39]. The decrease in flowability of concrete with the
incorporation of rubber is mainly due to the rough and angular surface of rubber particles,
as shown in Figure 5.
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Khatib and Bayomy [41] claim that adding more rubber to concrete reduces both the
slump and unit weight. At a 5% crumb rubber content, the slump on rubber without
fibers and rubber with fibers fell by 6.67% and 12.50%, respectively. The slump then
gradually decreases for rubberized concrete with a crumb rubber content of 10% or 15%.
Rubber without fibers and rubber with fibers slumped the least at a 20% crumb rubber
concentration, measuring 2 cm and 2.5 cm, respectively. This represents a decrease of
71.43% and 64.29% in comparison to control mixes [42].

The fresh mix performance was completely different for materials with a higher
natural aggregate to rubber replacement ratio. As additional rubber was included, the
droop became worse. However, the nonwetting rubber particles improved the flow of
newly mixed concrete [43]. The slump value reduces as recycled concrete aggregate, rubber,
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and fiber replacement levels rise. The impact of fiber on slump value is greater than that of
rubber and recycled concrete aggregate. [44]. The friction force between the components of
concrete was enhanced because of the smaller width and longer length. The workability of
rubberized concrete demonstrates an increase in a slump as the overall aggregate content
rises [32]. Due to their smaller surface area, less paste was needed to coat them. Research,
however, asserts that the slump became worse as the rubber dose was increased. The
rubber’s nonwetting particles were what made the flow of newly mixed concrete better [45].
Rubber particles may be added to concrete to lower the slump value. As the replacement
level increases, hardened rubberized lightweight aggregate concrete loses dry unit weight.
This loss of weight causes larger holes in the concrete, which absorb more water and leave
no or less free water available for flowability.

Concrete with a larger proportion of rubber particles was less workable. This is mostly
because of rubber particles’ greater water absorption rates, which cause the mixture to have
less free water overall and, as a consequence, have lower workability. Different sizes of
rubber show a decline in flow with a rise in tire particle replacements [40].

According to the experimental findings, rubberized concrete absorbed more water than
regular concrete, and the amount of rubber in the concrete enhanced the water absorption.
Therefore, water, chloride, and chemical assaults on rubberized concrete are more likely
to occur [46]. Due to its weak bonding with wet cement paste, the capillary absorption
of concrete rises with an increase in the concentration of rubber particles. Since all of
the coarse rubber particles have larger absorption rates than the fine rubbers, the size
of the replacement aggregate is significant to the increase in water absorption through
capillarity [47]. Furthermore, since recycling involves grinding, the surface of the finer
waste tire particles is rougher than that of the coarse waste tire. The rubber surfaces of
tire crumbs and shreds may be seen in SEM pictures to have rough and jagged surfaces.
It is obvious that tire crumbs have more jagged edges than tire shreds [40]. According to
research, this roughness increases the frictional resistance to concrete’s flowability, causing
mixes with tire crumb replacement to slump less [48]. When compared to concrete without
rubber, even though the flow value reduced as the rubber percentage improved, the mixture
still provided a workable mix up to a 20% rubber content [42].

2.2. Fresh Density and Air Content

Air content and fresh concrete density are correlated. Fresh concrete’s density will
decline as the amount of air in the mixture rises. Concrete’s properties might alter when
different materials are used. It can be noted that the density of various materials differs
in the new concrete density test. Figure 6 displays the fresh density of concrete with
the incorporation of rubber. It can be noted that rubber decreased the fresh density of
concrete. Rubber naturally had a lower specific gravity than the fine aggregate. Because
fresh concrete has a low specific gravity, investigations show that its density declined as
crumb rubber concentration rose [49]. Research suggested that the density of rubberized
concrete improved with the size of the rubber particles, with the lowest density being
1900 kg/m3 and the greatest being 2240 kg/m3. This is due to the fact that the tiny rubber
filled up any gaps between the small concrete particles and served as a fine aggregate,
increasing the density [50]. According to research, the spaces around the rubber cause the
concrete’s density to decrease as its rubber concentration increases [51]. Gesog Lu [52]
found that mixing rubber with concrete resulted in lighter-weight concrete. The densities of
the rubberized concrete were 2–11% lighter than those of the reference sample. Due to the
increased densification of the concrete structure, Pelisser et al. [53] indicated that although
the density of rubberized concrete was 13% less dense than regular concrete, only a 9% loss
was seen when silica fume was added to it. Torgal et al. [54] replaced all of the mineral
aggregates with crumb rubber and tire chips, replacing plenty of the coarse aggregate. It
was noted that the density with the substitute of the sand was decreased by 34%, while the
density of the concrete with the replacement of the coarse aggregate was reduced by 45%.
The combination resulted in a 33% overall drop in density.
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Figure 6. Fresh density of concrete: data source [34].

Figure 7 shows the air content of concrete with the substantiation of rubber as aggre-
gate. The air content improved as the substitution ratio of rubber enhanced.
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Figure 7. Air content: data source [55].

However, it can be observed that rubber as coarse aggregate increased air content more
than the fine aggregate. When crumb rubber was added to the concrete, Kardos et al. [56]
discovered an increase in air content. Due to the large specific area of the fine crumb rubber,
as the crumb rubber content grew, the air content of the fresh concrete increased. As a
result, increasing crumb rubber (CR) will cause more air to get trapped in the concrete, as
indicated by [57]. Due to the rubbers’ non-polar nature, water will be repelled, and air will
be readily trapped in the concrete [49]. Richardson et al. [57] compared the air entrainment
percentages for conventional concrete, which was 1.9%, and less than 0.5 mm crumb rubber,
which was 3.3%. Compared to the sample with less than 0.5 mm crumb rubber, ordinary
concrete contained 74% more air than that sample. This is a noteworthy change because a
3% air entrainment is sufficient to provide freeze/thaw protection, especially because the
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mixture also contains evenly distributed crumb rubber particles that will allow for pressure
absorption and have a particle size that is suitable for effective freeze/thaw protection.
According to research by Al-Akhras et al. [58], the amount of air in the concrete improves
with the size of the tire particle. According to Benazzouk et al. [59], a larger rubber volume
ratio results in more air content. The usage of tire rubber ash in concrete may reduce the
air content, according to Akhras et al. [60]. With a growth in tire rubber ash content, the
mortar’s air content was reduced. In the mortar containing 10% tire rubber ash, the air
content dropped from 2.6% in the reference sample to 1.5%.

3. Mechanical Strength
3.1. Compressive Strength (CS)

Figure 8 displays the compressive strength (CS) of concrete with the substitution
of rubber as aggregate. It can be noted that CS decreased as the substitution ratio of
rubber increased. The qualities of the concrete are dramatically changed when rubber
is used as a partial replacement for natural coarse and/or fine aggregate in concrete.
According to studies, adding rubber to concrete regularly lowers the material CS and
elasticity when compared to normal concrete [14]. Although it is often believed that
rubberized concrete has limited mechanical strength, Issa and Salem found that it had
high CS [61]. Youssf et al. found that the usage of 10%, 20%, 30%, 40%, and 50% volume
rubber/sand substitution decreased the concrete’s CS by 21.3%, 37.9%, 54.3%, 62.5%, and
66.4% at 28 days, respectively, compared to reference concrete [16]. The impact of rubber-
based aggregate particle size on rubberized concrete CS. According to the authors, crumb
rubber fraction 2/4 lowered CS more than fraction 4/6 [13]. For all samples of recycled
rubber mortar, Guelmine et al. [62] noted a rise in the damage factor of both the compressive
and flexural capacity, which rose with a rise in the utilized raised temperature.
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Figure 8. Compressive strength: data source [30].

Depending on the dose of rubber-based aggregate, the strength of concrete containing
that aggregate was lowered. The lowest compressive and capacity were seen when rubber
fine particles replaced fine natural aggregate by 30% [45]. The scientists also noted that
the addition of rubber tire aggregate to concrete results in a reduction in compressive and
flexural capacity [63]. Concrete CS is decreased by 10% to 23% when rubber particles are
substituted for 7.5% and 10% of the typical concrete aggregate. When rubber is substituted
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by 7.5% to 10%, the tensile capacity decreases by 30% to 60% [64]. Concrete CS was reduced
by 90% when chipped rubber was replaced by 100%. However, when crumb rubber was
utilized in lieu of sand in concrete at a 100% replacement rate, the strength was reduced
by 80% [65]. When crumb rubber was utilized to substitute fine aggregate, there was a
reduction in 28-day CS of 15%, 25%, and 67% for replacement levels of 25%, 50%, 75%,
and 100%. Similar to chipped rubber, replacing coarse aggregates with them causes a 40%,
48%, 73%, and 78% drop in 28-day CS for replacement levels of 25%, 50%, 75%, and 100%,
respectively [17].

Obinna Onuaguluchi et al. [66] discovered a considerable increase in the combination
of coated rubber crumb and silica fume, however, in terms of compressive and tensile capac-
ity. At 5% and 10% sand substitute, this combination performed better than the reference
mixture due to the interaction between silica fume and limestone powder. Improvements
in the grading of the coarse and fine aggregates may have contributed to a similar small
increase in CS of the sample containing 5% chipped rubber [67]. The NaOH-treated rub-
ber particles exhibit improved cement paste cohesiveness, suggesting that the method
improved the flexural strength but that the CS decreased by 33% [68]. When tire rubber ash
substituted the fine aggregates up to 10%, Smadi [60] noted an improvement in CS. When
the tire rubber ash content was 2.5%, 5%, 7.5%, and 10%, respectively, the enhancement in
CS of mortar after 90 days was 14%, 21%, 29%, and 45%. According to Feng Lie et al. [69],
the CS of rubberized concrete diminishes as the quantity of rubber is enhanced. The CS
of rubberized concrete was reduced by larger rubber particles. As a result, rubberized
concrete has a greater CS the finer the rubber particles are created.

When 5% of the concrete was replaced, the presence of crumb rubber caused a 63.64%
strength reduction relative to the goal strength. CS decreased by 52.73% when 2% of the
material was replaced with rubber [70]. Although employing rubber instead of natural
aggregates in concrete is a workable solution for recycling scrap rubber tires, earlier research
advised against using rubberized concrete for primary structural elements due to its weak
CS [71]. According to Meherier [36], concrete CS significantly decreased when rubber
content exceeded 20%, although it displayed greater strain capacity compared to control
concrete specimens [44]. Comparatively, to control concrete, CS decreases when rubber
is added to concrete mixtures; however, it rises as the amount of fiber content increases.
The best CS is shown by mix (30% recycled aggregate concrete and 2% fiber content
without rubber), which is 26.9% more than the reference sample at 28 days [44]. When
coarse aggregates were completely replaced, CS decreased by a maximum of 85%, and
when fine aggregates were completely substituted with rubber particles, CS decreased
by a maximum of 65% [72]. Due to rubber’s lower elastic modulus compared to natural
aggregates and its poor adherence to cement paste, both the CS and elastic modulus
decrease. For the finer rubber replacement, the strength loss is less noticeable [40]. The
effects of adding waste rubber to composite Portland concrete were explored by Albano
et al. [73]. Flowability, density, compressive capacity, and tensile capacity were shown to
decline as rubber concentration and particle size rose. The concrete CS and static elastic
modulus were all negatively impacted by the use of tire rubber. Higher rubber contents
and larger rubber sizes tended to cause a more significant reduction in these strength
values [74].

The causes of the rubberized concrete’s declining flexural and CS as per past study [67]
are, (a) The cement paste, including rubber particles, would encircle the aggregate. Without
the rubber, this cement mix would be considerably softer. Due to the fast formation of
fractures surrounding the rubber particles during loading, the specimens fail quite quickly.
(b) Compared to cement paste and natural aggregate, there would not be a suitable binding
between rubber and mortar. As a result of the applied stresses’ uneven distribution,
fractures may result. (c) The physical and mechanical characteristics of the component
materials affect the CS. Rubber will weaken the materials if it replaces any of them in whole
or in part. (d) Rubber has a propensity to rise upward during vibration due to its low
specific gravity and lack of adhesion to other materials in concrete. This results in a larger
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rubber concentration at the top layer. Reduced strengths result from a sample of concrete
that is so non-homogeneous. Table 2 shows the summary of CS of rubberized concrete as
per past literature.

Table 2. Summary of compressive strength.

Reference Rubber Tire Compression Strength (MPa)

[45] 0%, 10%, 20%, and 30% 61.5, 28, 11, and 3.5

[63] 0%, 25%, 50%, 75%, and 100% 31.9, 19.6, 13.8, 9.9, and 7.5

[70] 1%, 2%, and 5% 20, 15, and 12

[74] 0%, 5%, 10%, 15%, 20%, 25%, and 30% 54, 50, 45, 40, 35, 36, and 30

[75] 0%, 5%, 7.5%, 10%, 12.5%, 15%, 17.5%, and 20% 71.0, 70.5, 68.8, 66.5, 61.3, 54.8, 47.5, 37.3, and 30.3

[67] 0%, 5%, 7.5%, and 10% 32, 35, 30, and 25

[26] 0%, 25%, 50%, and 75% 45.80, 23.90, 20.87, and 17.42

[31] 0%, 5%, 10%, and 15% 27, 21, 17, and 12

[30] 0%, 10%, 20%, 30%, 40%, 50%, 60%, 70%,
80%, 90%, and 100%

41.5, 39.2, 36.4, 29.5, 22.8, 16.6, 13.3, 10.9, 9.20,
8.20, and 7.10

[35] 0%, 5%, 10%, 15%, and 20% 65, 60, 50, 40, and 35

[76] 0%, 5%, 10%, and 15% 55, 45, 35, and 25

[39] 0%, 8%, 10%, 20%, and 30% 38, 32, 27, 15, and 13

[33] 0%, 5%, 10%, and 15% 78.05, 68.12, 59.94, and 55.15

[77] 0%, 5%, 7.5%, and 10% 71, 68.8, 66.5, and 61.3

[78] 0%, 5%, 10%, 15%, 20%, 25%, 30%, and 35% 40, 44, 45, 38, 37, 37, 36, and 34

[79] 0%, 10%, 20%, and 30% 37.4, 40, 28.3, and 24.8

[80] 0%, 20%, 40%, 60%, 80%, and 100% 25.3, 18.9, 12.2, 8.0, 4.4, and 2.5

[81] 0%, 5%, 10%, 20%, and 30% 64, 46, 34, 14, and 10

Figure 9 depicts a relative analysis in which several mixes with increasing percentages
of rubber are evaluated using the 28-day CS of the control mix as the reference mix. At a
10% rubber replacement, the concrete strength (CS) is 6% less than the reference concrete’s
CS after 28 days of curing.
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At a 20% rubber replacement, CS is just 12% less than the benchmark concrete CS.
Rubber may be used up to 20% in concrete without having a materially detrimental impact
on strength since the CS of concrete with a replacement of rubber is almost equivalent to
the CS of reference concrete. However, when the percentages climbed (beyond 20%), a
significant decline in CS was seen. Rubber replacement, even at 50%, shows CS 60% lower
than reference concrete. Therefore, it is suggested to use rubber up to 20% in concrete. For
a higher dose of rubber, treatment of rubber particles should be applied, or it can be used
in precast non-load bearing building walls and precast roofs for green buildings.

3.2. Tensile Strength (TS)

Figure 10 shows the tensile strength (TS) of concrete with the substitution of rubber as
aggregate. It can be noted that TS decreased as the substitution ratio of rubber increased,
similar to the CS of concrete.
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Figure 10. Tensile strength: data source [30].

Concrete’s compressive strength (CS) is decreased by 10% to 23% when rubber particles
are substituted for 7.5% and 10% of the typical concrete’s aggregate. When rubber is
substituted by 7.5% to 10%, the tensile strength (TS) of concrete decreases by 30% to
60% [64], which indicate that TS is more adversely affected as compared to CS. Concrete
with a 10% replacement of shredded rubber shows a significant drop in TS of up to 76.59%,
while concrete with a 5% replacement of shredded rubber shows a reduction of 55.42%.
When 1% of shredded tire rubber was added to the overall aggregate composition, a
small decrease of 7.62% was seen [70]. Research showed that when the rubber % rose,
the values of splitting TS and FS dropped. To obtain results equivalent to the control
concrete specimens, the research advised not exceeding a 10% rubber replacement [44].
In the case of rubber, concrete’s splitting tensile strength diminishes as the rubber level
rises. Tensile strength (TS) values for 10% recycled concrete aggregate (RCA) are 3.16
MPa, 2.82 MPa, and 2.79 MPa for 0%, 5%, and 10% replacement levels of CR, respectively,
when the fiber content is 1%. [44]. Studies have shown that adding fibers to concrete
mixtures improves TS and ductility while also lowering the incidence of spalling [82]. As
the proportion of rubber substitution in concrete grew, the TS of the concrete decreased.
Concrete made using chipped rubber instead of aggregates has a lower TS than concrete
made with rubber powder as a cement substitute [83]. However, Farhan et al. [84] found

199



Materials 2022, 15, 5518

that because of the fragility of these added particles, the TS of rubber is decreased as a
result of the addition of rubber particles in cement-stabilized aggregate mixture. However,
a rise in post-peak behavior was seen, which led to an improvement in the modified mixes’
toughness. Additionally, the original combinations’ high stiffness was reduced after being
partially replaced with rubber particles.

To investigate the strength and toughness characteristics of rubberized concrete mixes,
Eldin and Senouci carried out tests. Their findings showed that when the coarse aggregate
was completely replaced with chipped tire rubber, the compressive strength decreased by
around 85%, while the splitting TS decreased by about 50% [67]. With a higher proportion
of rubber substitution in concrete, the TS of the material decreased [85]. Although concrete
is a desired and practical material for construction, it has drawbacks, including poor TS, low
ductility, low energy absorption, and limited capacity for contraction and shrinkage [30].
In mixes including rubber particles, significant reductions in compressive strength, flexural
strength, and breaking TS were observed. When the replacement ratio is 50%, the largest
strength loss occurs. It lessens various other mechanical qualities, including slump flow,
TS, and CS [11]

Despite losing some of its CS and TS, Deepak and Naidu [86] found that rubber
increases the fire resistance of concrete. Due to the rubber aggregate’s poor interfacial
connection with the cement paste, the CS and TS of concrete also decrease as rubber
aggregate content rise [87]. The findings of the TS test showed that increasing the sand
replacement with rubber causes the TS to drop [33]. The results showed that when coarse
aggregate was fully replaced by an equal volume of chip rubber, compressive strength
decreased by 85%, and TS decreased by 15%, but when fine aggregates were replaced
with crumb, CS decreased by up to 65% and TS decreased by 50% [83]. Concrete loses
some of its TS when rubber is replaced. TS decreases by around 2–12% when shredded
rubber replaces 5–10% of the coarse aggregate [88]. Concrete containing coarse rubber
aggregate has a higher strength than concrete containing finer rubber aggregate in the same
percentage, as discovered by Mavroulidou and Figueiredo [89]. The control combination
yielded the greatest TS and FS, and when the crumb rubber content rose, a systematic
decline in strengths was seen [79]. Nearly all replacement levels of treated rubberized
concrete are found to have greater FS and TS than standard conventional concretes [90].
According to research, there is an 85% drop in compressive strength and a 50% reduction
in TS in rubberized concrete with tire articles and crumb rubber of diameters 36, 24, and
18 mm. However, there is a significant energy absorption [91]. Rubberized concrete’s TS
declines, yet the strain at failure rises in line with it [92]. The TS of rubberized concrete that
included tire chips and crumb rubber as replacements for aggregates with diameters of 38,
24, and 19 mm was reduced by 50% in tests, but it also absorbed the greatest energy under
tensile loading [91]. Table 3 shows the summary of TS of concrete as per past studies.

Table 3. Summary of tensile strength (TS).

Reference Rubber Tire Tensile Strength (MPa)

[76] 0%, 5%, 10%, and 15% 4.2, 4.0, 3.5, and 3.0

[70] 1%, 2%, and 5% 2.7, 2.0, and 0.8

[74] 0%, 5%, 10%, 15%, 20%, 25%, and 30% 3.2, 2.7, 2.6, 2.5, 2.3, 2.2, and 2.1

[67] 0%, 5%, 7.5%, and 10% 3.0, 2.0, 1.6, and 1.4

[31] 0%, 5%, 10%, and 15% 3.02, 2.50, 2.33, and 2.04

[30] 0%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%,
90%, and 100%

4.38, 3.85, 3.67, 2.98, 2.51, 1.93, 1.52, 1.12, 0.98,
0.87, and 0.79

[35] 0%, 5%, 10%, 15%, and 20% 4.7, 4.5, 4.3, 4.0, and 3.7

[33] 0%, 5%, 10%, and 15% 4.90, 4.82, 4.63, and 4.20

[77] 0%, 5%, 7.5%, and 10% 3.0, 3.0, 1.5, and 1.4
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Table 3. Cont.

Reference Rubber Tire Tensile Strength (MPa)

[79] 0%, 10%, 20% and 30% 3.6, 2.3, 2.7, and 2.3

[80] 0%, 20%, 40%, 60%, 80%, and 100% 2.8, 1.8, 1.4, 0.9, 0.5, and 0.2

[81] 0%, 5%, 10%, 20%, and 30% 3.48, 3.68, 3.08, 1.83, and 1.70

The concrete TS shows the same pattern as the concrete CS. Therefore, a substantial
link between the TS and CS of concrete. Figure 11 shows linear regression analysis between
CS and TS of concrete. A regression line that has an R2 value greater than 90% seems to be
straight. Therefore, the equation shown in Figure 11 can be used to predict the TS from the
CS of concrete.
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Figure 11. Correlation between compressive and tensile strength: data source [30].

3.3. Flexural Strength (FS)

Figure 12 shows the flexural strength (FS) of concrete with the substitution of rubber
as aggregate. It can be noted that CS decreased as the substitution ratio of rubber increased
in the same pattern as CS of concrete. According to studies, adding rubber to concrete
regularly lowers the material CS, FS, and elasticity when compared to normal concrete [14].
Hora and Reiterman found that elastic modulus and FS decreased very little after 200 cycles
of freezing and thawing [93]. With increases in the tire chip contents, FS was found to be
significantly less affected than compressive strength. The specimens of FS lost up to 35% of
their flexural capacity [63].

FS was found to improve by 12% when shredded rubber was covered with a NaOH
solution that was the opposite of what the authors had previously found [70]. A study
also discovered that when the crumb rubber (CR) % rose, the values of TS and FS declined.
To obtain results equivalent to the control concrete specimens, the research advised not
exceeding a 10% CR replacement [48]. FS is seen to rise with rising fiber levels but decreases
with increasing recycled concrete aggregate (RCA) and CR levels. The greatest value, which
is 8.6% greater than the control concrete mixture, comes from the mix (30% RCA and 2%
fiber content without any CR) [44]
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The findings of compressive and flexural tests showed that substituting coarse aggre-
gate rather than fine aggregate resulted in a greater loss of mechanical characteristics of
rubber concrete. By replacing the coarse aggregate with rubber shreds, the post-cracking
behavior of rubberized concrete was favorably impacted, displaying excellent energy ab-
sorption and ductility indices in the range seen for fibrous concrete [26]. Concrete’s FS was
decreased when rubber was swapped out for gravel or cement. Replacement of coarse
aggregates resulted in a decrease of roughly 37%, while replacement of cement resulted in
a reduction of 29% [67].

The specimens containing tire rubber fibers up to 20% exhibited higher FS than
the control specimens [94]. Concrete’s FS decreased for both classes when rubber was
substituted for cement or aggregate, although the rate of decline was different [75]. A
wider group of studies would enable the optimization of waste tire rubber particle volume
percentages and size distribution in concrete to enhance post-cracking behavior while
preventing the deterioration of CS and FS [26]. Ganesan et al. [95] confirmed that an
increase in crumb rubber % resulted in an increase in the FS of concrete. A small number of
investigations, meanwhile, indicated that the FS decreased as the replacement amount of
rubber components rose.

In mixes including rubber particles, significant reductions in FS and breaking tensile
strength were observed. When the replacement ratio is 50%, the largest strength loss
occurs [30]. The investigation of mortars containing TRC led to reductions in FS and a rise
in the likelihood of accumulative plastic fractures [96]. The FS decreases as the percent-
age of rubber used to replace sand increases. For instance, when no finer is employed, a
15% substitution of sand with TRC results in a 17% reduction in FS. However, when frac-
tures emerge, fiber addition may increase FS [33]. The findings showed that although CS
decreased by 33%, FS improved as a consequence of this technique. In research, rubber par-
ticles were substituted for sand in varying proportions (10% to 100%). The investigation’s
findings showed that when the amount of rubber particles increases, mechanical strengths
such as CS, TS, and FS decrease. [30]. According to research by Da Silva et al. [97], rubber
content in concrete paving blocks ranged from 10% to 50%. The amount of rubber present
reduced as the rubber content rose. This decrease for concrete with 50% rubber-containing
particles was 32%.
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Five indicated rubber contents with volume percentages ranging from 10% to 50% were
evaluated by Benazzouk et al. [25]. A rubber volume ratio between 20% and 30% increased
the FS despite the fact that the compressive strength was significantly reduced [25]. The
results of numerous early studies showed that adding rubber crumbs to concrete improves
impact resistance but decreases compressive and FS. There is widespread consensus that
the dramatic reduction in mechanical characteristics is brought on by the addition of more
rubber [41]. The control combination yielded the greatest TS and FS when the crumb
rubber content rose; a systematic decline in strengths was seen [79]. Nearly all replacement
levels of treated rubberized concrete are found to have greater FS and TS than standard
conventional concretes [90]. Table 4 shows the summary of FS of rubberized concrete as
per past literature.

Table 4. Summary of flexural strength (FS).

Reference Rubber Tire Flexure Strength (MPa)

[45] 0%, 10%, 20%, and 30% 6.8, 5.7, 3.1, and 1.5

[63] 0%, 25%, 50%, 75%, and 100% 3.8, 3.5, 3.1, 2.8, and 2.4

[70] 1%, 2%, and 5% 3.0, 3.0, and 4.2

[75] 0%, 5%, 7.5%, 10%, 12.5%, 15%, 17.5%, and 20% 7.2, 7.3, 6.9, 6.9, 6.6, 6.1, 5.7, 5.7, and 5.5

[67] 0%, 5%, 7.5%, and 10% 5.3, 5.2, 3.8, and 3.4

[26] 0%, 25%, 50%, and 75% 3.52, 2.93, 2.52, and 2.52

[31] 0%, 5%, 10%, and 15% 4.77, 5.97, 4.32, and 3.87

[32] 0%, 5%, 10%, 15%, 20%, and 25% 3.9, 3.8, 3.6, 3.3, 3.1, and 2.7

[30] 0%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%,
90%, and 100%

4.68, 4.44, 4.05, 3.57, 3.24, 2.79, 2.23, 1.81, 1.53,
1.08, and 0.87

[35] 0%, 5%, 10%, 15%, and 20% 7.0, 6.5, 6.0, 6.0, and 5.5

[76] 0%, 5%, 10%, and 15% 8.4, 8.0, 6.0, and 5.0

[33] 0%, 5%, 10%, and 15% 8.45, 8.03, 7.48, and 6.98

[77] 0%, 5%, 7.5%, and 10% 7.2, 6.9, 6.9, and 6.6

[78] 0%, 5%, 10%, 15%, 20%, 25%, 30%, and 35% 5.5, 6.0, 5.4, 5.1, 5.0, 4.5, 4.4, and 4.1

[80] 0%, 20%, 40%, 60%, 80%, and 100% 3.6, 2.5, 2.0, 1.3, 0.77, and 0.64

[81] 0%, 5%, 10%, 20%, and 30% 0.25, 0.32, 0.41, 0.25, and 0.19

The concrete FS shows the same pattern as the concrete CS. Therefore, a substantial
link between the FS and CS of concrete. Figure 13 shows the linear regression analysis
between CS and FS of concrete. A regression line that has an R2 value greater than 90%
seems to be straight. Therefore, the equation shown in Figure 13 can be used to predict the
FS from the CS of concrete.

3.4. Failure Modes

The concrete cylinder’s failure pattern during a compressive strength test is seen
in Figure 14. Most of the concrete cylinder’s failures were of the cone and shear types.
Contrary to the control batch’s brittle collapse, the concrete cylinders containing rubber and
fiber showed a gradual and progressive failure. In contrast to sand, rubber is softer than
that material, making it more pliable under compression. Fiber is effective in preventing
cracking because it creates a strong bridging effect between aggregate and cement paste
and maintains the aggregate particle’s cohesiveness.
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Figure 14. Cylinder failure under compression: (a) reference and (b) combination of RCA, rubber,
and fibers [44]: used as per Elsevier permissions.

The rubberized fiber-based concrete cylinders exhibited uneven failure planes because
the fiber keeps the aggregate and cement paste together to prevent the fracture, but the
control mix and the mixes with simply RCA replacement broke along well-defined failure
planes, as seen in Figure 15.

The failure pattern of the concrete beam during an FS test is seen in Figure 16. In
the control and just recycled concrete aggregate (RCA) replacement specimens, the load-
deflection curve quickly plummeted and split into two halves. When the maximum stress
was applied, the beams with fiber, especially the combinations with 2% fiber, did not
completely fracture as they did with other specimens. As a result of their more ductile
behavior, the collapse occurred gradually. In summary, fiber-containing concrete exhibits
higher hardness ratings and is more ductile when compared to control concrete mixtures.
Later, as shown in Figure 16, those beams are physically cracked to investigate the failure
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surfaces. On each side of the crack near the point of collapse, it is evident that the fiber
builds a bridge within the concrete matrix.
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4. Enhancing Properties of Rubber
4.1. Water Washing

The rubber is cleaned with water to remove additives, organics, contaminants, and
dirt that were placed on its surface during manufacture. According to certain studies,
rubberized concrete made with rubber that has been cleaned with water is a little bit
stronger than the rubberized concrete used as a control. The cement’s compressive strength
rose by 15% [98]. When compared to a 24 h soak, a 2 h soak of crumb rubber in tap water
yields far superior results for the rubber mortar’s strength and bonding abilities. In addition
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to enhancing the interfacial transition zone between the rubber particles and the cement
paste, it also exhibits a higher compressive strength after 28 days when compared to crumb
rubber mortar that had been soaked for 24 h [99].

The strength of rubberized cement cannot be increased only by water washing. Water
cleaning, on the other hand, may effectively remove rubber contaminants that are soluble
in water before adding the combination since it is the most cost-effective and ecologically
beneficial way. It shows a positive development in the rubber exterior’s hydrophilicity [100].
There is little information accessible in this area.

4.2. Silane Coating Agents (SCA)

The only chemically altered rubber surface is the latex treatment. This procedure
involves soaking rubber in a solution containing CS2, KMnO4, acid, SCA, acetone, Ca(OH)2,
and NaOH, followed by UV exposure and partial oxidation. Chemical treatment cleans
the oil from the rubber surface, gets rid of the dust and grime, and makes the rubber more
hydrophilic and uneven. By modifying the rubber with NaOH liquor, rubberized cement
characteristics are most often improved. This is due to the improved wear resistance,
fracture energy, and FS shown by rubber that has been treated with NaOH liquid. In
addition, the research found [53] that the combination of silica fume (SF) and NaOH
treatment might produce an interfacial transition zone (ITZ) that is more stable. The
enhanced water affinity of rubber following the surface treatment may have contributed to
the small rise in the density of rubber-modified cement composites after the silane coupling
agent was applied to the rubber particles’ surfaces. Another explanation might be that the
air gaps surrounding the rubber particles decreased as a consequence of the chemical link
that formed between the rubber particles and cement hydration products. The increase
in density for cement composites incorporating silane-treated rubber varied from 1.8% to
3.6% for the 5–25% rubber concentrations employed in the research. The improvement
in compressive strength of rubber-modified cement composites was more significantly
impacted by the silane coupling agent treatment than was the increase in density. The
compressive strength of cement composites made with silane-treated rubber was 24%, 9%,
18%, 14%, and 22% higher than that of the paste containing as-received rubber, respectively,
at rubber contents of 5%, 10%, 15%, 20%, and 25%. The chemical link created by the
silane coupling agent between rubber particles and cement paste was primarily responsible
for the increase in compressive strength. Figure 17 depicts the silane coupling agent’s
reaction process. Methoxy groups and reactive vinyl or epoxy group (X) are found in silane
coupling agents (OR). The methoxy group becomes the hydroxyl group by hydrolysis (OH).
The OH groups are further chemically or physically attached to an inorganic substance
via dehydration condensation or a hydrogen bond (cement paste). An organic substance
is chemically joined to the X group (rubber). The chemical bonds created by the silane
coupling agent will need more energy to break, resulting in enhanced compressive strength
of the composites containing silane-treated rubber.

According to research [101], treating rubber with NaOH liquid reduces the mixture’s
plummet by 25%. Additionally, NaOH treatment may help make rubberized cement more
durable. A reduction in the mixture’s resistivity and an increase in the adherence of the
rubber to the cement were also effects of the alteration of the NaOH solution [102]. The spec-
imens with reduced electrical resistance have enhanced long-term durability. By promoting
adhesion at the interface, the SCA functions as an aggregate to improve adhesion between
the concrete matrix and rubber. It causes the cement matrix and rubber to physically
and chemically mix to form a firmly linked structure by acting on the inorganic/organic
interface section. According to research [103], the rubber’s tensile stiffness and strength are
enhanced after SCA processing. According to a study [104], the hydrolysate of SCA may re-
act with concrete paste to strengthen their bond and noticeably improve the microstructure.
The SCA treatment, which results in the FS and CS of rubberized mortar, may significantly
enhance the mechanical performance of the rubberized cement. When rubber was treated
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by Guo et al. [102] utilizing SCAs, the bond between the rubber aggregates and the cement
paste was enhanced.
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4.3. Cement Coating

The density and compressive strength of rubber-modified cement composites were
further improved by a cement coating created using a silane coupling agent around rubber
particles. The 30% cement coating was more successful in improving density than the 60%
cement coating. The compressive capacity of concrete modified with rubber was greatly
enhanced when the silane coupling agent was combined with cement coating as opposed
to the silane coupling agent alone. At the rubber contents utilized in the investigation,
the silane coupling agent surface treatment increased compressive strength by 9% to 24%,
but the 30 weight % cement coating increased compressive strength by 27% to 110%. The
increase in compressive strength was significantly greater for the 60 weight % cement
coatings, ranging from 53% to 168%. The rubber-modified cement composite was able to
preserve a considerably greater percentage of the compressive capacity of the reference
pastes without rubber, thanks to the rubber’s considerable rise in the compressive capacity
as a result of its two-staged surface treatment. For instance, the composite comprising 60%
cement-coated rubber could sustain 94% of the strength of the reference paste at a rubber
level of 5%. The compressive capacity formed with 60 weight % cement-coated rubber was
greater than 50% from the control paste, even at a rubber content of 15%.

The hard shell that formed around rubber particles because of cement hydration, as
shown in Figure 18, enhanced the stiffness compatibility between rubber and cement paste,
which was the cause of the strength gain. There were some visible patches without a cement
coat. It can be noted that 30% of cement-coated rubber particles looked to be darker as
compared to 60%. This clarified why the 60% cement coating improved the compressive
capacity of rubberized concrete more than the 30 weight % coating. According to research,
rubberized cement’s resistance might be strengthened by using tiny rubber particles that
were only rinsed in water, improving the cement’s strength by 16%. Additionally, a
technique of reformatory water soaking has been found to control rubber’s hydrophilicity.
Prior to mixing, the rubber is submerged in water for 24 h. Silica fumes (SF), mortar, cement
paste (LP), and limestone powder are examples of pre-cementitious materials that are often
employed. By covering the rubber with cementitious materials, the automatic properties
of various rubberized cement may be effectively enhanced. A concrete matrix, cement
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coating, or rubber particles treated with silane coupling agents (SCAs) are more tightly
coupled than untreated ones, according to the splitting tensile strength test. The coated
rubber retained cement hydration products on its outside, while the uncoated rubber was
left exposed. Typically, rubber processing entails air-seasoning the outside and coating the
rubber with cementitious materials [106].
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Rubber’s elastic modulus and interfacial transition zone (ITZ) adhesion were both
enhanced by the procedure of coating it with cementitious ingredients. As a result, it
was very successful in enhancing the strength and durability characteristics of rubberized
concrete. Additionally, the basic materials employed in this process have a variety of uses.
They thus hold promise for industrial and large manufacture of rubberized cement for
structural purposes [100]. Ordinary rubberized concrete (ORC) gets a coating treatment to
increase bending resistance.

5. Durability
5.1. Permeability and Water Absorption

Figure 19 shows the water permeability of concrete with the substitution of rubber as
aggregate. It can be noted that the permeability of concrete increased as the substitution
ratio of rubber increased. However, the permeability of Ca(ClO)2-treated concrete is
comparable to reference concrete. In concrete mixes, replacing rubber increases the depth
of water permeability. In comparison to the second combination, the first mixture exhibits a
greater rise in water permeability depth. Mixtures with substitutions of 5% and 7.5% rubber
are categorized as having low permeability, while mixtures with replacements of 10% tire
rubber are categorized as having medium permeability. In concrete mixes, replacing rubber
improved water penetrability depth and enhanced water absorption when coarse aggregate
was replaced but decreased water absorption when cement was replaced [67].
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Figure 19. Water Penetration Depth: Data Source [39].

The results indicate that the Ca(ClO)2 treatment of rubber aggregates is the most suc-
cessful method for lowering the permeability of concrete mixes. Additionally, the highest
outcomes were seen during a 72 h therapy period. While the aggregates’ permeability was
likewise decreased after being treated with NaOH, the improvement was noticeably less
than after being treated with Ca(ClO)2. This decrease is also due to better rubber aggre-
gate/paste bonding, which reduces the ITZ’s porosity [39]. For the samples containing
waste rubber, a greater penetration depth was seen. This can be due to a decreased binding
between rubber aggregate and cement paste and a greater water-cement ratio [67]. Addi-
tionally, the permeability of concrete has a considerable impact on its longevity. The water
absorption test gauges the concrete’s capacity to transfer fluids [107]. The results of the
tests showed that the existence of rubber tends to prevent water transmission and minimize
water absorption, providing superior defense against corrosion for steel reinforcement [25].

The initial combination samples that were examined for water absorption looked to
have fractured during oven drying, which led to noticeably higher values. The weaker
link between the cement pastes and the bigger rubber particles (as opposed to the powder
rubber in the second batch) may be the cause of this breaking. This rise is brought about by
the substitution of rubber for sand, which has various forms and structures and develops
some porosity, enhancing water absorption. Conversely, improving the quantity of fiber in
concrete decreases water absorption [33].

The authors draw the conclusion that the water absorption is higher than it was for
the control combination. This is because the connection between the cement pastes and
big rubber particles has decreased. In contrast, when the proportion of replacement is
raised, the water absorption of the second combination containing powdered tire rubber
decreases. It seems that filling cavities with powdered rubber has decreased the porosity of
the concrete, which has decreased water absorption in this combination [67]. By preventing
water from spreading, rubber minimizes water absorption in concrete and helps to better
protect the steel reinforcement against water [25].

5.2. Chloride Ion Penetration

One significant unrecognized risk to the safety of buildings is the durability of concrete
in the sea environment. The impact of dry-wet alternation substantially speeds up the
diffusion of corrosive ions, and the tidal range region develops the maximum severe area
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for concrete structure corrosion. Among them, chloride ion diffusion is one of the primary
causes of the durability of concrete [108].

Figure 20 shows that adding rubber to concrete significantly lowers the absorption of
free chloride ions in various depths of concrete and that the capability of concrete to resist
chloride ion erosion is in the order of RC-2 group > RC-1 group > RC-3 group > OC group,
indicating that adding the right quantity of rubber to concrete can enhanced concrete’s
resistance to chloride ion destruction and decrease the interruption of chloride ions. It
is recommended that the rubber percentage be 10% if only to lower the free chloride ion
absorption at various depths of the concrete [109].
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Figure 20. Chloride ion penetration: data source [109].

According to Oikonomou and Mavridou [110], as the quantity of rubber in mortar
grew, the chloride ion diffusion dropped. When compared to the reference mix, there
was a decrease of 14.22% in the 2.5% rubber mix and a reduction of 35.85% in the 15%
rubber mix. Comparing concrete with 12.5% tire rubber to control mix concrete, the
mixture with the bitumen emulsion showed a decrease in chloride ion penetration of up to
55.89%. On rubberized concrete, Bravo and Brito [111] tested for chlorine migration. For
5–15 replacement with tire rubber, an increase in chloride diffusion coefficient was seen.
The chloride diffusion coefficient rises as rubber aggregate size increases. Concrete with
tire aggregates ground mechanically provided greater resistance to chloride penetration
than concrete with tire aggregates ground cryogenically. Chloride penetration was reduced
when the curing time was extended.

Rubber may prevent concrete fractures from forming and can lower the peak value of
steel corrosion, according to research by Jian Liang et al. [112]. Han Zhu [113] investigated
the resistance of rubber concrete to chloride ion penetration under various conservational
temperatures and discovered that rubber can decrease reinforcement corrosion and that
the durability of rubber concrete is altered with various environmental temperatures. The
chloride ion transport and erosion process of rubber concrete were thoroughly investigated
and estimated by Han Qinghua et al. [114]. Using both macroscopic and microscopic
simulations. The findings demonstrate that rubber has the capacity to significantly lower
the chloride ion diffusion coefficient and increase the robustness of concrete structures.

According to research [115], replacing some of the coarse and fine aggregates with
crumb rubber and rubber chips, respectively, gradually increased the diffusion of chloride
ions. When silica fume was put into the concrete mix, it was discovered that the penetration
was reduced. The increased resistance was attributed to the silica fume’s ability to fill
spaces in cement pastes and transition zones between aggregate and paste. The addition of
silica fume causes a decrease in the permeability of chloride ions. The cause was linked to
the mortar’s decreased calcium hydroxide content [116].
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6. Elevated Temperature

It was nearly impossible to see any difference when samples of rubberized concrete
were exposed to temperatures of 150 ◦C and 200 ◦C. Figure 21 compares samples of material
containing 30% rubber aggregate after being heated to 300 and 400 degrees Fahrenheit to a
sample that was not heated. The reference white-grayish color of the sample shifted to a
light brown and black hue. It resulted from the acceleration of rubber particle dissolution at
higher temperatures, which began at about 300 ◦C. The subsequent burning of the rubber
produced a black color.
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(C) 400 ◦C [45]: used as per Elsevier permission.

All samples had an increase in mass loss as the heating temperature rose. The early
mass loss was caused by the evaporation of capillary and gel water from the cement matrix,
followed by the escape of absorbed and interlayer water, as demonstrated by the thermo-
gravimetric measurement of rubber particles, which displayed that rubber disintegration
begins quickly on the attainment of a temperature of 300 ◦C. The delivery of chemically
bonded water, which is a component of cement hydration results and is particularly re-
sistant to evaporation, may be responsible for the mass loss at higher temperatures [117].
The CSH phase’s dehydration process occurred at temperatures as high as 300 ◦C [118].
Ettringite and mono sulfate phases are also dehydrated between 110 and 156 ◦C, according
to Liu et al. [119]. According to other scientists, the mass loss of all samples was comparable
up to 300 [62]. At 400 ◦C, the mass loss for samples including rubber increased significantly,
but the control sample only had a little rise of around 2.6%. The reference sample revealed
the same mass loss result (2.6%) for 400 ◦C as Medine et al. [120]. It is clear that at 400 ◦C,
the mass loss improved as the concrete’s rubber-based aggregate content rose.

When related to the strength characteristics found for materials held at laboratory
temperature, a study [45] found that both the compressive and tensile capacity increased at
a temperature of 150 ◦C. Gupta et al. [117] showed a similar rise in compressive capacity
up to 150 ◦C and suggested that this rise may be related to a decrease in calcium hydroxide
and un-hydrated area fraction, which is advantageous for the development of the compact
concrete microstructure. On the other hand, Guelmine et al. [62] found that the damage
factor rose with an increase in the used raised temperature of recycled rubber mortar,
affecting both the CS and FS. For samples subjected to temperatures of 200 ◦C, 300 ◦C, and
400 ◦C, respectively, this concrete performance was seen. Damage factors between control
concrete and rubberized concrete with varying amounts of rubber were mostly convergent
up to 300 ◦C. A significant increase in the damage factor was seen during exposure to
400 ◦C, and this rise varied depending on the amount of rubber present. Typically, a
steep slope of the damage factor function was seen for mixtures with significant rubber
content. This conclusion is consistent with findings published, for instance, by Thomas
and Gupta [121]. For control concrete, the major source of the damage processes is the
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temperature gradient that is applied to the samples, which results in water evaporation
and the breakdown of the CSH, ettringite, and mono sulfate phases [122]. The burning of
the rubber-based aggregate, which produced gaps and hence amplified its permeability,
was specifically to blame for the extra damage to rubberized concrete at 400 ◦C.

7. Microstructure Analysis

Scan electronic microscopy (SEM) and digital microscopic pictures of concretes with
rubber aggregates treated for 72 h with water, NaOH, and Ca(ClO)2 were collected for mi-
crostructural investigations are shown in Figure 22. Interfacial regions were photographed.
When rubber aggregates were treated with water, distinct grooves with a gap width of
around 7 mm were seen at the interfacial transition zone (ITZ). After being exposed to
NaOH for 72 h, the rubber aggregate particles narrowed to 2.4–3 mm. There are no gaps
at the interface after a 72 h Ca(ClO)2 treatment. This is explained by stronger aggre-
gate/matrix bonding brought on by the rough tire surface and decreased porosity brought
on by potential Friedel’s salt production. This is consistent with the strength data, which
demonstrated that treating aggregates with Ca(ClO)2 for 72 h almost totally neutralized
the strength decline shown for rubber particles that were not treated.
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According to Pelisser et al. [53], treatment with NaOH and the addition of silica fume
(SF) may produce an ITZ that is denser than concrete with untreated rubber. There is a
noticeable reduction in the porosity of the rubber–cement matrix contact. The compressive
strength of ORC after 28 days is just 14% lower than that of the reference concrete without
rubber. The rubberized concrete mixture also includes natural zeolite to help rubber react
with the NaOH solution treatment [31]. The rubber’s surface may be modified using NaOH
solution to strengthen the connection between it and the cement. The mechanical qualities
of rubberized concrete gradually enhance as a result of the synergistic interaction between
natural zeolite and NaOH treatment.

When rubber is treated with a NaOH solution, the ITZ porosity of rubberized concrete
is reduced, and the rubber–cement adhesion is increased, which lowers the mixture’s
resistivity [123]. In order to improve adhesion between the two materials, SCA may be
used as an aggregate or as an adhesion promoter at the interface between the rubber and
cement matrix. It works to join the rubber and cement matrix chemically and physically
into a tightly bound structure by acting on the organic/inorganic interface [102].

8. Applications of Rubberized Concrete

When compared to traditional concrete, rubberized concrete is more resilient to pres-
sure, impact, and temperature. It is also cheaper and more cost-effective. It has been noted
that the compressive and tensile strengths of rubber-modified concrete (RMC) are quite low.
However, they have increased acid resistance, minimal shrinkage, strong impact resistance,
suitable water resistance with low absorption, and great sound and thermal insulation. In
comparison to a standard concrete mix, studies reveal that CRC (crumb rubber concrete)
specimens stayed intact after failure (did not shatter). For construction that has to have
strong impact resistance qualities, this behavior could be advantageous. Concrete samples
aggregated with thick rubber were notably noticeable to have rubberized concrete with
improved impact resistance.

Additionally, the special properties of rubberized concrete will find new applications
in building structures for use as earthquake shock-wave absorbers, sound barriers, and
highway construction as shock absorbers. It lessens plastic shrinkage, cracking, and
concrete’s susceptibility to disastrous collapse.

Presently, precast sidewalk panels, non-load-bearing building walls, and precast roofs
for green buildings all employ concrete that has had scrap tires added to it [124]. It is often
used for construction-related tasks such as constructing ramps that are skid-resistant and
constructing walkways and courts for enjoyment. These concretes are anticipated to be
applied in architectural applications such as nailing concrete, where high strength is not
required, wall panels that need low unit weight, construction elements, and impact-prone
Jersey barriers, and railroads to secure rails to the ground, thanks to this new property [22].

Waste tire-modified concrete mixes might provide a feasible replacement to the stan-
dard weight concrete since rubberized concrete can also be utilized in non-load-bearing
elements such as lightweight concrete walls, building facades, or other light architectural
units [41]. Wherever cement-stabilized aggregate bases are required, especially below
flexible pavements, rubberized mixes may be employed. The other practical uses may also
be poured in bigger sheets than regular concrete and are ideal for usage in regions that
often freeze and thaw.

9. Conclusions

The practice of rubber tires in concrete undoubtedly offers advantages, and the build-
ing sector as a whole cannot ignore this trend. For instance, rubber tires may be utilized as
a substitute for natural aggregates. More than 100 modern and historical pieces of literature
were evaluated to study the impact of rubber tires on the strength characteristics, freshness,
and durability of rubberized concrete. The following were the key findings.

• Increase in rubber concentration. Rubberized concrete loses workability. However, it
may be enhanced by adding admixtures such as plasticizers or other filler ingredients;
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• The lower specific gravity and tendency to absorb air of rubber, rubberized concrete
density reduces significantly when rubber content is increased. Rubberized concrete is
hence advantageous for lightweight buildings;

• Concrete’s mechanical strength may generally be decreased by adding rubber, and
this tendency becomes worse as rubber content rises. Due to the poor adherence of
rubber with cement paste, a broad and porous weak interfacial transition zone (ITZ)
was seen in rubberized concrete. The detrimental effects of rubber on the strength
qualities of regular concrete may be lessened if the bond is strengthened at ITZ by any
practical and affordable techniques. As a result, the construction industry would be
able to employ rubberized concrete efficiently in a variety of concrete buildings;

• The decline in flexural capacity was lower than the decline in compressive capacity;
• The majority of studies feel that rubberized concrete with NaOH treatment has im-

proved mechanical qualities. Other studies, however, asserted that the strength
characteristics of rubberized concrete that has been treated with NaOH solution
remain unchanged or even improve. The inconsistent findings might have been
caused by varying rubber particle sizes, rubber suppliers, solution concentrations, and
processing times;

• The silane coating agents (SCA) process transforms the rubber’s hydrophobic surface
into a hydrophilic one and creates a chemical link between it and the cement matrix,
enhancing the rubberized concrete’s mechanical characteristics and durability.

10. Recommendations

• Rubberized concrete performs badly at the moment. Pozzolanic filler additives could
make it perform better. However, more detailed research is required before it may be
used in a practical setting;

• The microstructure of rubberized concrete should be properly studied;
• Steel reinforcing bars’ corrosion behavior in rubberized concrete is recommended to

be explored;
• Rubber surface treatment raises the price of utilizing rubber as a concrete aggregate.

The cost of rubber surface modification should be investigated to evaluate its cost-
effectiveness and identify the cheapest and most effective approach, which is crucial
for more field applications;

• The thermal properties of rubberized concrete should be explored in more detail;
• The dry shrinkage and freeze–thaw action of rubberized concrete should be studied

in detail.
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Abstract: Copper slag (CPS) is a large amount of waste material produced during the manufacture of
copper. The disposal of this waste material becomes a problem for environmental concerns. Therefore,
it is necessary to explore feasible alternate disposal options. They may also be utilized in concrete
manufacturing to cut down on the usage of cement and natural aggregates. A lot of researchers
focus on utilizing CPS in concrete, either as a cement replacement or as a filler material. This article
aims to summarize the literature already carried out on CPS in conventional concrete to identify the
influence of CPS on the fresh, hardened and durability performance of cement concrete. Results
indicate that CPS improved the strength and durability performance of concrete but simultaneously
decreased the slump value of concrete. Furthermore, an increase in the durability performance of
concrete was also observed with CPS. However, the higher dose results declined in mechanical and
durability aspects owing to a scarcity of flowability. Therefore, it is suggested to use the optimum
dose of CPS. However, a different researcher recommends a different optimum dose ranging from
50 to 60% by weight of fine aggregate depending on the source of CPS. The review also recommends
future researcher guidelines on CPS in concrete.

Keywords: copper slag; mechanical strength; flowability; chemical composition and microstructure
analysis

1. Introduction

A widely utilized raw material in construction is concrete, which is the basis for all
construction and development initiatives around the globe, serving as the base for all build-
ings and infrastructure [1–3]. The environmental impact of concrete’s primary ingredients
changes depending on the kind of concrete and the amount of cement applied. Because
concrete is utilized in such huge amounts across the globe, it raises several questions about
its long-term viability [4]. An increase in the amount of riverbed sand and gravel, which
are used as concrete components, is raising significant worry among environmentalists.
The increased removal of natural sand from riverbeds has come from the extensive usage
of concrete, which has occurred because of the rapid urbanization and industrialization of
the world’s population. Enhancement of riverbed distance, a decrease in the water table,
revelation of bridge substructures, the most significant influence on rivers, deltas, coastal
and marine ecologies, land loss as a result of the river or coastal erosion and a reduction
in the quantity of deposit sources are just a few of the negative consequences of sedimen-
tation [5]. Moreover, owing to limits on removal of sand from rivers, the construction
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industry’s viability has been seriously threatened, resulting in a significant increase in
sand charges [6,7]. Fine aggregates in concrete may be made from a variety of industrial
wastes [8–10].

The term “sustainable building” refers to management that is accountable for provid-
ing a favorable environment that considers ecological and resource development [9–13].
Concrete is rapidly becoming a crucial building materials across the globe, due to its low
superior performance. However, manufacturing cement has an impact on ecological sys-
tems [14–16]. Cement production, which is a major constituent in concrete, is a considerable
source of greenhouse gas discharges CO2 [17–19]. Currently, the globe generates about
3.6 billion metric tons of material every year [20]. The amount is predicted to reach more
than 5 billion metric tons by 2030 [17,21]. Despite the fact that each country’s situation
varies, over half of the world’s ordinary Portland cement (OPC) generates 11 billion metric
tons of concrete each year, with the balance being utilized in projects [22]. To minimize
CO2 emissions, waste materials should be used instead of cement in concrete.

The industrial sector has seen significant expansion, resulting in a vast number of
by-products whose dumping has come to be a serious problem, since it impacts the
ecosystem’s [23–25]. The use of such relevant by-products in the building sector, par-
ticularly in concrete manufacturing, will help to reduce environmental stress. Several
studies have already demonstrated that using industrial waste such as fly ash [25], rice
husk ash [26], bagasse ash [27], silica fume [28], blast furnace slag [29], copper slag [30],
waste glass [31] and waste marble [32], etc., were considered to be advantageous. Similar
copper slags are also valuable options to be used as concrete ingredients.

Copper slag (CPS) is a metallurgical waste product that is created through the matte
smelting of copper metal. CPS is an industrial waste substance that is formed as a by-
product of the copper production process. It is a smooth and glassy by-product of the
matte smelting and refining phases involved in the pyrometallurgical removal of copper.
Copper is extracted and purified from copper oxide ores using aqueous (water-based)
solutions at room temperature, often in three steps: heap leaching, solvent extraction
and electrowinning.

1. Heap leaching is the method of extracting metals from chemical solutions by allowing
them to percolate. Low-grade ore that would otherwise not be economically sent
through a milling process is often utilized in heap leaching. The crushed ore is placed
into a heap on top of an impermeable layer, on a little slope, after mining, shipping
and crushing to a constant gravel or golf ball size. The copper from the ore is dispersed
in the leaching agent (diluted sulfuric acid), which is sprayed via sprinklers on top of
the heap pile and allowed to flow down into the heap. A small pool is used to collect
the copper sulfate and sulfuric acid “pregnant” leach solution that results. Currently,
concentrations of the copper complex range from 60 to 70 percent.

2. The second stage is solvent extraction, which involves stirring and allowing two
immiscible (non-mixing) liquids to separate, causing the copper to transfer from
one liquid to the other. A solvent is aggressively combined with the pregnant leach
solution. The copper migrates into the solvent from the leach solution. The two
liquids are then allowed to separate depending on solubility, with the contaminants
staying in the leach solution while copper remain in solution in the solvent. The
remaining leach solution is then recycled by adding more acid and returning it to the
heap leaching sprinklers.

3. The last stage is an electrolysis process known as electrowinning. An inert anode
(positive electrode) and the copper solution from the prior phase, which functions as
an electrolyte, are both contacted by an electrical current. Next, 99.99 percent pure
copper is deposited onto a cathode (negative electrode) as positively charged copper
ions (referred to as cations) emerge from solution. The manufacture process of copper
slag in the industry is displayed in Figure 1. CPS is often a dark black color, as seen
in Figure 2.
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It has been calculated that the copper industry generates about 24.6 million tons of
slag per year across the globe. Even though CPS is frequently employed in the sandblasting
business and the manufacture of abrasive tools, the rest is placed without any further usage
or recovery possible. CPS contains mechanical and chemical properties that allow it to be
utilized in concrete as a substitute for cement or sand, depending on the application. For
example, copper slag possesses a variety of mechanical features that make it a desirable
choice for aggregate application, including great soundness characteristics, outstanding
abrasion resistance and excellent stability [35]. Because it takes 2.2 million tons of CPS

222



Materials 2022, 15, 5196

to generate each year [35], environmental protection organizations and governments are
concerned about the usage and disposal of this CPS waste.

Following the escalation of the issue, various investigations have shown a wide range
of potential reuse and recycling options for this particular material. Among the potential
options for metal recovery from slags containing significant levels of metallic elements
are different techniques such as electric arc furnace melting, leaching and flotation (as
well as other methods). However, since the metals present in copper slag are often found
in trace levels, their recovery may not be economically feasible in most cases. Instead,
various applications for copper slag were investigated and eventually accepted [35]. An
alternate conceivable use for this material might be as an aggregate and perhaps as a cement
substitute in the manufacturing of concrete, based on its physical and chemical qualities.

Additionally, copper slag has pozzolanic capabilities due to its low CaO level, as well
as the presence of other oxides such as Al2O3, SiO2, and Fe2O3. Pozzolans are classified as
siliceous or siliceous and aluminous minerals that have no or little cementitious properties;
however, when finely ground, they chemically react with calcium hydroxide (CH) in the
presence of water to produce compounds with cementitious characteristics (calcium silicate
hydrates). It is possible to reduce disposal costs by using CPS in concrete as binder or filler.
This may also assist with conserving the environment by lowering the amount of waste
produced. Because of the massive amount of CPS being generated, environmental pollution
has an adverse effect on the growth of the nation. The effective and environmentally
friendly use of CPS, as well as the promotion of green building, are significant concerns of
this assessment.

Although some studies have discovered that copper slag possesses pozzolanic ac-
tivity, the activity is quite low, limiting the use of copper slag as a mineral additive in
concrete [36,37].

The silica modulus (ratio of the actual amount of lime in raw meal/clinker to the
theoretical lime required by the major oxides (SiO2, Al2O3 and Fe2O3) in the clinker) of the
activator increases the hydration degree of quick-cooled copper slag and the polymerization
of amorphous hydration products. In quickly cooled copper slag, instead of high Fe
particles, high Si particles provide primary activities. Alkali-activated quick cooled copper
slag mortars exhibit reasonably high compressive strengths, particularly when the silica
modulus is greater than one, indicating that alkali-activated copper slag for building may
be feasible in the future [38]. As the silica modulus decreases, the intensity of the reaction
rises. However, silica modulus reductions have a detrimental effect on the mechanical
characteristics of the resulting concrete. The ideal silica modulus requirement is determined
by the raw sample’s mineralogical makeup. The silica modulus of the used alkaline solution
determines the rate of partial dissolution of the semi-crystalline and crystalline mineral
phases found in natural pozzolan [39].

The dissolution of soluble components in raw materials, the accumulation of soluble
components and the creation of oligomers, and the polymerization of oligomers and the
precipitation of hydration products are the three steps of the early hydration process of
alkali-activated material [40]. Some active components in copper slag, such as Si, Al and
Ca, are thought to dilute when exposed to high OH- concentrations. The concentration
of ions then rises, and oligomers form. The hydration products then precipitate, linking
the unreacted copper slag particles [41]. A study [42] concluded that the microstructure is
densified by adding CPS up to 60% because of its pozzolanic action.

2. Physical and Chemical Compositions of CPS

It is possible to determine the applicability and ability of using industrial wastes in
concrete based on their physical properties, which include specific gravity, absorption
coefficients, grain size, fineness modulus, moisture content, bulk density specific surface
area and unit weight. According to previous investigations, the physical parameters of CPS
are listed in Table 1. CPS has specific gravity ranging from 2.4 to 3.5, which is somewhat
higher than the specific gravity of aggregate (2.4 to 3.5). CPS has an absorption capability
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of 0.36 percent according to published data, as shown in Table 1. Because the absorption
capacity of CPS is lower than that of fine aggregate, the flowability of concrete will increase.
It is composed mostly of particles with uniform, angular shapes, with the majority of the
particles measuring between 4.75 and 0.075 mm in size. [43]. However, a study suggested
that the particle size of copper slag should be below 10 mm [44]. Copper slag has a density
ranging between 3.16 and 3.87 kg/m3, which fluctuates depending on the quantity of iron
included in it.

Table 1. Physical Aspects of CPS.

Authors Manjunatha et al.
[45]

Jabri et al.
[46]

Mavroulidou et al.
[47]

Raju et al.
[30]

Maharishi et al.
[33]

Specific gravity 3.51 2.4 - 3.52 3.30
Water absorption (%) 0.36 - 0.11 - 0.36

Fineness modulus 3.11 - 2.97 3.68 3.18
Moisture content (%) - - - - -

Density (kg/m3) - - 3.73 - -
Specific surface area, (m2/kg) - - - - -

Initial setting (min) - 250 - - -
Fineness (cm2/g) - 1261 - - -

The scan electronic microscopy (SEM) of CPS is shown in Figure 3. The particles have
an uneven morphology, rough and irregular in shape, as may be expected. Furthermore, it
is obvious that CPS has a reasonably smooth surface, which is responsible for the greater
workability of new concrete using CPS as a partial fine aggregate when compared to a mix
made with 100 percent natural sand [48].
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Four to five percent alumina, four to six percent calcium oxide, thirty-five percent
to thirty-seven percent iron, thirty percent to thirty-four percent silica, and one percent
copper are the primary elements of CPS [50]. Other slag aggregates, such as electric furnace
ferronickel slags, have a chemical composition that is predominantly composed of SiO2,
MgO and Fe2O3 as the primary constituents [51]. Iron slag is mostly composed of the
elements SiO2, Al2O3, CaO and MgO, which account for 95 percent of the total composition.
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It also contains manganese, iron and sulfur compounds, as well as tiny quantities of
numerous other elements [52]. According to previous research, the chemical makeup of
CPS is shown in Table 2.

Table 2. Chemical compounds of CPS.

Authors Raju et al. [30] Najimi et al. [53] Jabri et al. [54] Chithra et al. [55] Rajasekar et al. [48]

SiO2 25.84 9.57 33.05 25.84 27
Al2O3 0.22 4.43 2.79 0.22 3.0
Fe2O3 68.29 57.42 53.45 68.29 0.60
MgO - 1.56 1.56 - 4.0
CaO 0.15 22.5 6.06 0.15 63

Na2O 0.58 1.47 0.28 0.58 -
K2O 0.23 - 0.61 0.28 1.3

X-ray diffraction (XRD) analysis revealed that the mineralogical components included
in this slag are pyroxene (CaZnSi2O6), fayalite S(iO4Fe2), anorthite (CaAl2Si2O8), quartz
(SiO2) and magnetite (Fe3O4) [53]. Figure 4 shows the results of the XRD analysis (Fe3O4).
The amorphous nature of the SiO2 found in CPS has a significant impact on concrete, from
the initial hydration to the ultimate strength [56]. According to ASTM [57], it is possible to
employ pozzolanic materials that have accumulated more than 70% of a chemical (silica
dioxide, calcium oxide, aluminum oxide, magnesium oxide, sodium oxide and iron oxide).
From the Table 2, CPS has a greater than 70% accumulation of the mentioned chemical,
making it suitable for use as a cementitious material.
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3. Fresh Properties
3.1. Workability of Concrete

Figure 5 shows the outcomes of the flowability of concrete for each CPS propor-
tion ratio for each of the two distinct waters to binder ratios (w/c). Concrete made
with w/c 0.55 possess high flowability (100–175 mm) to have a maximum slump value
of 175 mm, and therefore higher workable concrete. However, the slumps of copper slag
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mixes were less than control concrete for a 0.45 w/c and high percentages of copper slag
are substituted. In such a case, concrete has very little workability, which could be unsatis-
factory for several useful purposes. Furthermore, lower workability also adversely affects
strength properties.
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Figure 5. Workability of concrete [47].

It was hypothesized that the CPS would experience more slump collapse (more
workable concrete) when compared with natural aggregate due to lower water absorption.
However, the findings proved that the supposition is wrong. Slumps were probably
influenced to some degree due to the angular shape of CPS, which enhances the friction
between concrete components and ultimately reduced the flowability of concrete. In
addition, a researcher discovered that when sand was substituted with CPS, the workability
of the concrete decreased, contrary to what was expected [59]. Workable mixtures may be
created for all sand substitute ratios provided the water is properly managed. CPS particles
have a glassy and smooth surface, which might be a contributing factor to the enhanced
slump value of concrete mixtures [49]. Furthermore, the SEM picture (Figure 3) of CS
revealed that CPS is composed mostly of spherical particles which allow for more efficient
movement of ingredients. There was also a modest delay in the setting time mixtures when
CPS was added to the mix, as shown in Figure 6, which might be related to the existence
of heavy metals in the CPS that delayed the hydration of the cement during the setting
process [60].

According to one investigation, the recorded slump was 150 mm when CPS was
utilized to substitute 100 percent of the copper. According to the authors, the low water
absorption features of CPS and its glassy surface when compared to aggregate caused in a
noteworthy increase in the flowability of concrete due to a significant rise in the amount
of free water remaining after the absorption and hydration processes were completed.
The improvement in flowability of concrete may be made with the same amount of sand
substituted, and these mixes may have better flowability, as well as higher strength and
durability than standard high-performance concrete (HPC) mixes. Furthermore, it was
highlighted that mixes containing significant levels of CPS exhibit bleeding and segregation
which might have a harmful influence on the strength of concrete [61].
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3.2. Setting Times of Mortar

Figure 6 depicts the start and final setting times for the cement that will be blended
with different percentages of CPS. It can be noted that the initial and final setting time
of 10 percent substation of CPS is much less than the cement. It is well known that CPS
reacting passively with cement hydrates results in the creation of calcium silicate hydrates
CSH gel and calcium sulfate, and this reaction helps to construct the structure of cement
pastes during the hydration process and hence shortening the setting time of the cement.
As the percentage of CPS replacement is increased to 20 percent and 30 percent, reduced
setting times are observed when compared with the percentages of 0 and 10 percent of
cement paste mixed with CPS, respectively, because of the larger need for water with a
higher concentration of CS, which results in a denser structure and hence, a shorter setting
time. In addition, according to one research study, slag will aid in the setting of cement
paste by lowering the induction time [62]. With the smaller particles and greater slag dose,
the initial setting time was reduced, and the induction time was shortened. However,
because of the reduction in the particle size of CPS, the research discovered a much greater
delay in the setting time [63]. The delay in setting time with CPS substitution may be due
to pozzolanic reaction, as the pozzolanic reaction continues gradually, as associated with
hydration of cement.
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Figure 6. Setting time of mortar with CPS [64].

4. Mechanical Strength
4.1. Compressive Strength (CMS) of Concrete

The compressive strength (CMS) outcomes at each curing interval are shown in
Figure 7, with variable percentages of CPS substation instead of natural sand. It is seen that
as the proportion of CPS replacement ratio by weight of river sand rises, in an increase
in CMPS is seen up to 60% substitute of aggregate with CPS. However, a minor drop in
CMS is seen for the mixes containing 80 and 100 percent CPS, respectively, when compared
with the blank mix (control mix). The maximum CMS at 7, 14, 28 and 90 days curing
was 11.64 percent, 16.60 percent, 6.89 percent, and 9.66 percent in comparison with blank
concrete at 7, 14, 28, and 90 days, respectively. The use of small particles of CPS in concrete
improves the packing density and makes it less permeable. Additionally, CPS particles
have angular edges which aid in the enhancement of matrix cohesion by increasing the
surface area of the particle [54]. Additionally, according to research, the use of sharp-edged
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waste copper slag particles increases the bonding of concrete with its other component
elements. As a result, improvement in strength is seen until the mix contains 60 percent
CPS. Through compressive strength tests, it has been shown that CPS may be partially
substituted with fine aggregate up to 60% for M40 grade concrete without impacting the
strength qualities of concrete [65]. The CMS of the mortar improves gradually when the
curing period is increased with the addition of mineral additives. When slag is used in
place of cement, the concentration of the hydration component Ca(OH)2 decreases, while
small particles of mineral mixture fill the spaces between cement particles, making the
cement mortar denser and strengthening the interfacial area [66]. According to the findings
of the study, the CMS of concrete is equivalent to the control concrete up to 40 percent
substitution of CPS [33]. Under sulfate exposure circumstances, again, mass is found in CPS
concrete, causing in a reduction in CMS [67]. The majority of the studies have observed a
continuous rise in CMS, with an enhancement in CPS content up to a 50 percent proportion
of sand [61,67]. However, the optimum dose of CPS varies due to different sources of CPS.
Table 3 displays the summary of CMS with partial substitution of CPS in concrete, as per
past studies.
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Figure 7. Compressive strength of concrete [45].

Figure 8 displays the strength age relation of CMS with different proportions of
CPS at various periods of curing. CMS (28 days) of the blank mix (control) is chosen as
benchmark strength (reference strength). From Figure 8, the maximum CMS is achieved
at 60% substitution of CPS. CMS at 7 days and 14 days is 39% and 17% lower than ref-
erence compressive strength at 60% substitution of CPS. However, CMS of concrete at
28 and 90 days is 9% and 14% greater than the reference CMS at 60% substation of CPS.
It can be concluded that the CPS up to 60% can be used in concrete without any harmful
effect on the compressive strength.
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Figure 8. Relative compressive strength of concrete: data source [45].

4.2. Split Tensile Strength (TS)

Figure 9 represents the split tensile strength (TS) test results of all mixes (0 to 100 CPS
substitution) at each curing period, respectively. In the same way, as the partial replacement
of CPS by river sand grows, the TS improves as the partial replacement of CPS by river
sand increases, up to a maximum of 60 percent substitution of CPS instead of natural river
sand in comparison to mixing. Following that, a minor drop in TS is seen for the mixes with
80 percent and 100 percent replacement of CPS, respectively as compared to the control mix.
When compared to the control mix, the 60 percent substation of CPS achieved maximum
TS of 11.75 percent, 11.05 percent, 4.69 percent and 6.53 percent at 7-, 14-, 28-, and 90-day
curing periods, respectively, compared to the control concrete TS. The filling effects of
tiny particles of discarded CPS are responsible for the improvement in TS. Furthermore,
according to one research study, the compressive, tensile and flexural strengths of concrete
were equivalent to those of the control mix when up to 50% CPS replacement by weight of
sand was used, but the TS started to drop when the CPS concentration increased further,
up to 80% [54,63,68,69].

Numerous studies have indicated that the CMS and TS of concrete specimens created
using CPS as fine and coarse particles are higher than those of regular concrete [61]. As a
consequence of using CPS aggregate rather than natural aggregate, the CMS of the concrete
improved by about 10–15 percent after 28 days and the TS improved by approximately
10–18 percent after 28 days [61]. The addition of CPS enhanced the tensile property of the
TS by up to 40 percent replacement. Following that, it gradually decreased, but did not
fall below the maximum TS obtained with fly ash [70]. In most cases, the use of CPS as a
partial replacement in concrete produced with 100 percent cement resulted in an increase
in TS, except for concrete containing 100 percent CPS [49]. According to the findings of one
investigation, concrete made with CPS as a partial substitute had greater TS up to 60%. A
further increase in the usage of CPS over this replacement ratio resulted in a 7–10 percent
decrease in the TS [71]. Furthermore, Table 3 displays the summary of TS of concrete with
various percentages of CPS.
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Figure 9. Split tensile strength of concrete [45].

Figure 10 shows the TS age relation with distinct percentages of CPS at various periods
of curing. TS (28 days) of the blank mix (control) is taken as a reference mix. It can be noted
that the maximum TS is achieved at 60% substitution of CPS instead of natural river sand.
TS at 7 days and 14 days is 33% and 23% lower than reference TS at 60% replacement of
CPS instead of natural river sand. However, TS of concrete at 28 and 90 days of curing is
6% and 10% more than the reference TS at 60% substation of CPS. However, Wang et al.
reported a 40% optimum dose [44]. At a higher dose (80 and 100%), split tensile is lower
than the reference TS, even at 90 days of curing.
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Figure 11 shows the correlation between compressive strength (CMS) and split tensile
strength (TS) with various proportions of CPS at different days of curing. TS depends on
the CMS of concrete. TS is about 10 to 50% of CMS of concrete. It can be noted that the
trendline between CMS and TS seems to be straight. Therefore, a strong correlation exists
between CMS and TS with an R2 value greater than 90%.
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4.3. Flexural Strength (FS)

The flexural strength (FS) of concrete for all mixtures at each curing time is shown
in Figure 12. It can be shown that as the percentage of CPS replaced by river sand rose,
an increase in FS was noted up to a mix of 60% proportion of CPS when compared with a
mixture of 0% CPS (control). The CMS and TS tests both indicated an increasing trend in
progress over time. Further increases in the substitution ratio of CPS resulted in a minor
reduction in FS for the mix, and 80 and 100% substation of CPS when compared with the
control mix. Comparing the FS of the mix (60% substitution of CPS) to the control mix, it
can be shown that the maximum FS of the mix (60% substitution of CPS) was 13.38 percent,
11.08 percent, 8.65 percent and 12.61 percent after 7, 14, 28 and 90 days of curing time,
respectively. The use of tiny particles of CPS improves the interlocking ability of component
materials, which results in an increase in FS and stiffness of concrete [72].

Analysis of FS of the mortar containing 10 percent CPS reveals that FS increased by
12.9 percent more than the control mixture. According to some theories, this improvement
may be attributed to the increase in the compactness and durability matrix of the CPS
mortar. Despite this, the findings of the 20 and 30 percent CPS tests indicate that the
gain in FS is much more significant. The improvement in FS of the 20 percent CS mortar
was about 18.2 percent higher than the FS of the control mortar. The concrete containing
30 percent CPS resulted in the greatest improvement in FS, which was 38.7 percent more
than the control mortar. This substantial increase in FS was most likely due to the increased
compaction and uniformity of the distribution of CPS in mortar mixes, which has resulted
in a successful improvement in FS [73]. The FS of concrete was equivalent to that of the
control mix when up to 50 percent CPS replacement for sand was used, but it declined when
the CPS content of the concrete increased further [54]. The FS of concrete was improved
when 40 percent CPS was used, but the FS reduced when the amount of CPS used exceeded
40 percent. The lowest FS of 6.16 MPa was achieved when 100 percent CPS was used,
and this was achieved by adding 1 percent nano silica to the 100 percent copper slag mix.
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The FS of concrete improved from 6.16 to 6.49 MPa throughout the testing process [74].
Furthermore, Table 3 displays the summary FS of concrete with different percentages
of CPS.
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Figure 12. Flexural strength of concrete: data source [45].

Figure 13 reveals the relative flexural strength (FS) of concrete with various percentages
of CPS at different periods of curing. FS (28 days) of the blank mix (control) is taken as
the reference mix. It can be noted that maximum flexural strength is attained at 60%
replacement of CPS instead of natural river sand. FS at 7 days and 14 days is 36% and
13% lower than reference FS at 60% substitution of CPS instead of natural river sand.
However, the FS of concrete at 28 and 90 days is 9% and 18% higher than the reference FS
at 60% substation of CPS. At a higher dose (80 and 100%), FS is lower than the reference
tensile strength even at 90 days. Therefore, it is recommended that CPS is used up to 60%
substation instead of the natural river without any negative effect on the flexural strength
of concrete.
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Figure 13. Relative flexural strength of concrete: data source [45].
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Figure 14 reveals the correlation between the compressive and flexural capacity of
concrete with distinct percentages of CPS at various days of curing. FS is almost 10% to 20%
of CMS varying on the mix design of concrete. It can be noticed that the trendline among
CMS and FS seems to be straight. Therefore, a strong correlation has occurred among CMS
and FS with an R2 value more than 90%.
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Figure 14. Correlation between compressive and flexural strength: data source [45].

Table 3. Summary of slump and mechanical strength of concrete with copper slag (CPS).

Reference
Percentage of Slump Compression Flexural Split Tensile

(CPS) (mm) Strength (MPa) Strength (MPa) Strength (MPa)

[47]

W/C=0.55 7D 28D

-

7D 28D

0% 200 23.9 34.6 2.4 2.7

20% 225 29.0 38.6 2.5 2.8

40% 210 25.7 33.2 2.3 2.7

60% 180 25.8 34.0 2.4 2.8

80% 180 24.5 32.8 2.3 2.6

100% 160 23.6 30.7 - -

[30] -

7D 28D 56D 90D 28D 28D

0% 30 44 43 45 7 3.5

20% 34 45 45 47 7 3.8

40% 35 47 50 53 7.5 4

60% 33 45 47 50 7 4

80% 33 46 48 51 6.5 3.9

100% 34 46 46 50 6.5 3.9

[53] -

7D 28D 90D 28D 90D 28D 90D

0% 29.7 40.0 44.0 3.28 3.35 3.74 4.05

5% 27.5 37.5 43.1 3.09 3.30 3.72 4.02

10% 25.2 36.0 41.7 3.02 3.17 3.71 4.02

15% 23.5 35.2 39.5 2.98 3.12 3.67 3.98

[54]

0%CS 65 7D 28D 56D 90D 28D 28D

10%CPS+90%S 80 23.3 24.6 25.3 27 7.7 3

20%CPS+80%S 80 29 31 34.7 36 7.2 3.5

40%CPS+60%S 110 30.6 39.8 40 42 6.5 3.8

50%CPS+50%S 130 30 42.7 44.5 50.3 7.3 4.1

60%CPS+40%S 165 28 39.2 42 47.8 6.3 3.6

80%CPS+20%S 190 26.8 35 40.1 44.8 7.2 3.6

100%CPS 200 23.3 26.1 32 35.5 5.9 3.4
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Table 3. Cont.

Reference
Percentage of Slump Compression Flexural Split Tensile

(CPS) (mm) Strength (MPa) Strength (MPa) Strength (MPa)

[45]

7D 14D 28D 90D 14D 28D 90D 14D 28D 90D

0% 65 23.12 30.12 42.21 45 3.25 4.16 4.36 3.6 5.3 5.36

20% 70 23.85 32.15 42.90 46 3.31 4.28 4.49 3.7 5.3 5.42

40% 72 24.69 33.26 43.65 47 3.48 4.36 4.68 3.7 5.3 5.59

60% 75 25.81 35.12 45.92 48 3.61 4.52 4.91 4.0 5.5 5.71

80% 82 21.05 31.34 40.12 40 3.29 4.05 4.26 3.5 4.8 5.23

100% 80 19.25 28.26 39.86 39 3.02 3.87 4.05 3.3 4.3 4.69

[61]

7D 28D 28D 28D

0%CS 28 76.9 93.9 14.6 5.4

10%CPS+90%S 28 79.6 99.8 13 5.2

20%CPS+80%S 50 74.5 95.3 12.4 6.2

40%CPS+60%S 85 76.4 95.2 12.5 6.1

50%CPS+50%S 115 77.8 96.8 12.9 6.1

60%CPS+40%S 128 69.0 83.0 11.1 4.8

80%CPS+20%S 143 63.8 83.6 10.3 4.7

100%CPS 150 63.4 82.0 10.1 4.4

[49]

14D 28D

-

14D 28D

0% 52 32.1 35.7 3.77 3.9

25% 57 37.1 38.5 4.3 4.36

50% 63 38.2 39.9 4.37 4.43

75% 68 31.8 34.1 4.24 4.29

100% 74 28.8 30.0 4.13 4.18

[74] -

28D 28D

-

0% 93 6.2

20% 97 6.5

40% 100 7.1

60% 95 6.9

80% 91 6.4

100% 87 6.1

[75] -

7D 28D 7D 28D 7D 28D

0% 35 40 4.0 5.0 2.5 3.0

5% 32 43 4.1 5.1 2.6 3.3

10% 30 41 4.0 5.0 2.5 3.2

15% 28 32 3.2 4.0 1.7 2.5

[76] -

28D 56D 28D 56D 28D 56D

0% 45 49 3.6 4.0 3.6 4.0

5% 50 55 3.5 4.5 3.5 4.5

10% 47 51 3.3 4.4 3.3 4.4

15% 45 49 3.1 4.2 3.1 4.2

20% 40 47 3.0 4.0 3.0 4.0

25% 38 44 2.9 3.9 2.9 3.9

30% 36 42 2.6 3.6 2.6 3.6

[77] -

7D 14D 28D

-

7D 14D 28D

0% 17.03 21.66 29.25 1.82 2.03 2.73

10% 18.74 23.70 29.85 2.12 2.19 2.95

20% 20.22 25.22 32.07 2.21 2.31 3.09

30% 23.11 27.33 37.55 2.22 2.38 3.42

40% 24.66 28.59 39.48 2.38 2.5 3.49

50% 20.96 25.9 33.03 2.05 2.26 2.48

60% 16.48 20.45 28.66 1.98 2.12 2.33
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Table 3. Cont.

Reference
Percentage of Slump Compression Flexural Split Tensile

(CPS) (mm) Strength (MPa) Strength (MPa) Strength (MPa)

[65] -

28D 56D

-

28D 56D

0% 30 31 10.66 11.72

20% 35 37 9.94 10.59

40% 36 38 10.81 10.53

60% 39 38 10.43 11.14

80% 42 42 11.07 11.70

100% 36 36 12.18 1257

[33] -

7D 28D

-

7D 28D

0% 24 33 2.8 3.3

20% 26 28 3.0 3.4

40% 31 37 3.3 3.5

60% 26 31 3.0 3.2

80% 25 28 2.9 3.1

100% 20 21 2.5 2.6

[78]

28D

- -

0% 29 29.19

10% 34 31.56

20% 43 34.59

30% 46 41.7

40% 51 38.74

50% 55 42.22

60% 57 34.81

70% 62 32.74

80% 66 31.7

90% 69 30.15

100% 78 30

[64] -

7D 28D 7D 28D -
0% 40 45 8.0 9.0

10% 42 47 10.0 10.0

20% 43 49 11.0 10.0

30% 45 50 11.5 12.5

[79] -

7D 28D 28D

0% 42 62 3.5 -

20% 50 62 3.4

40% 52 70 3.5

60% 50 68 3.3

80% 40 60 3.2

100% 30 50 2

[80] -

7D 14D 28D 56D 28D 7D 14D 28D 56D

0% 17.70 25.20 37.35 41.15 25.41 4.02 5.20 6.91 8.54

15% 22.66 30.04 39.90 44.20 25.87 4.39 5.69 7.90 9.14

30% 25.90 32.40 43.94 50.39 6.16 5.21 7.14 9.57

45% 22.04 29.90 39.79 45.84 5.77 4.38 6.64 8.13 10.1

60% 18.13 26.83 35.14 42.65 5.19 4.20 5.77 7.91 9.86

D—days, CPS—copper slag, S—sand.

5. Durability
5.1. Water Absorption and Voids

The average water absorption of the mix with CPS substation is shown in Figure 15.
It can be noted that, except for the 20 percent CPS mix having w/c = 0.55, higher water
absorption was exhibited compared with blank concrete. The w/c = 0.45 mixes showed
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less water absorption when compared to the corresponding control mix, except for the
two mixes with the greatest CPS proportions, i.e., 80 and 100% which had the maximum
water absorption. However, all the mixes had low water absorption rates of less than
three percent. This was within predicted limits for high durability in terms of liquid
infiltration in concrete, which was observed by the researcher [81]. The rise in water
absorption, which was detected mostly in the w/c = 0.55 mixes, was caused by an excess
of water, i.e., CPS grains showed less water absorption than sand, which might have
resulted in a larger porosity of the mixture [47]. According to the findings of the research,
up to 40% replacement of sand by CPS results in a general decrease in surface water
absorption, after which the water absorption swiftly rises as the amount of CPS increases.
The research indicates that the replacement of CPS for 40 percent of the cement resulted
in a decrease in surface water absorption [61]. Similar trends were found with the rate
of copper slag substitution, which increased up to 40% while the rate of surface water
absorption reduced [82]. Water absorption of concrete with filler materials reduced because
of the micro filling of spaces in the concrete, which led to a more compact mass and hence
reduced the water absorption. However, due to the lack of flowability of filler materials, a
larger dosage of filler materials might result in increased water absorption [7].
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Figure 15. Water absorption of concrete: data source [47].

The percentage of voids in concrete mixes containing CPS is shown in Figure 16. It has
been concluded that the voids contained in concrete mixtures follow a pattern similar to that
of water absorption. The proportion of voids may decrease by 40% when fine aggregates
are replaced with CPS. The percentage of voids in mix containing CPS 40% was determined
to be 6.56 percent, which is the least void-containing of all the mixes. The presence of
voids increased when CPS was substituted for more than 40% of the cement. Among
all concrete mixes tested, the proportion of voids in CPS 100 percent concrete was the
highest (7.82 percent). It was found that the 100% CPS mix had an even larger proportion of
voids than the control mix. The settlement of CPS as a consequence of its heavy weight in
contrast with natural causes water to rise to the surface, causing in cavities and a permeable
microstructure on the surface [67]. The findings suggest that the substitution of 40% CPS
as a partial alternative for natural sand will result in concrete that poses a comparable
challenge to water absorption and cavities.
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Figure 16. Voids in concrete: data source [33].

5.2. Accelerated Corrosion Testing Results

The results of the faster corrosion assessment in terms of mass failure of the entrenched
reinforcement are depicted in Figure 17. Both control mixes (with w/c ratios of 0.45 and 0.55,
respectively) showed more corrosion (as seen by the larger mass loss of the bars) than the
concrete made with CPS.
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Figure 17. Corrosion test results: data source [47].

The 0.45 control mix had the greatest amount of corrosion, as well as several surface
fractures near the reinforcing bar, which were the most severe. However, the w/c = 0.55 mix
with 100 percent CPS demonstrated only a minor loss in mass compared to the other
mixtures. Utilizing CPS as a substitute for sand, the researchers discovered that the
corrosion resistance of the resultant mix was greater than that of mix made with natural
sand. However, reverse results were examined by Brindha et al. [83], who demonstrated
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that for CPS utilized for up to 50% sand substitute concentrations, further raising CPS
proportions resulted in a modest rise in the rust ratio when associated with blank concrete

5.3. Acid Resistance

The concrete including various amounts of CPS percentages was preserved in water
for 28 days before being subjected to the sulfuric acid mixture for 56 days and examined for
corrosion. The compressive capacity and mass of concrete sample were measured before
and after contact with acid to determine the severity of the acid assault on the specimens.
When exposed to a sulfuric acid solution for 56 days, the mass of concrete specimens varied,
as shown in Figure 18. The results of the tests indicated that after 56 days of exposure to
the sulfuric acid solution, all of the specimens lost weight. Weight loss could be minimized
by up to 40% by increasing the percentage of CPS replacement. The CPS 40% mix had
the smallest change in mass of all the mixes, with a change of just 5.63 percent. When
comparing the drop in mass after 56 days of exposure for CPS 40% mix and the control mix
of 0% CPS, it was found that the former was around four percent less. An excessive increase
in the CPS fraction over 40% of sand has a negative effect on the ability to withstand the
acid assault. There was a significant difference in mass between the 100% CPS concrete mix
and the other mixtures tested. The change in mass for the 100% CPS concrete mix after
56 days of exposure was considerably larger than the change in the mass of the control mix.

Materials 2022, 15, x FOR PEER REVIEW 20 of 30 
 

 

resistance of the resultant mix was greater than that of mix made with natural sand. How-
ever, reverse results were examined by Brindha et al. [83], who demonstrated that for CPS 
utilized for up to 50% sand substitute concentrations, further raising CPS proportions re-
sulted in a modest rise in the rust ratio when associated with blank concrete 

5.3. Acid Resistance  
The concrete including various amounts of CPS percentages was preserved in water 

for 28 days before being subjected to the sulfuric acid mixture for 56 days and examined 
for corrosion. The compressive capacity and mass of concrete sample were measured be-
fore and after contact with acid to determine the severity of the acid assault on the speci-
mens. When exposed to a sulfuric acid solution for 56 days, the mass of concrete speci-
mens varied, as shown in Figure 18. The results of the tests indicated that after 56 days of 
exposure to the sulfuric acid solution, all of the specimens lost weight. Weight loss could 
be minimized by up to 40% by increasing the percentage of CPS replacement. The CPS 
40% mix had the smallest change in mass of all the mixes, with a change of just 5.63 per-
cent. When comparing the drop in mass after 56 days of exposure for CPS 40% mix and 
the control mix of 0% CPS, it was found that the former was around four percent less. An 
excessive increase in the CPS fraction over 40% of sand has a negative effect on the ability 
to withstand the acid assault. There was a significant difference in mass between the 100% 
CPS concrete mix and the other mixtures tested. The change in mass for the 100% CPS 
concrete mix after 56 days of exposure was considerably larger than the change in the 
mass of the control mix. 

 
Figure 18. Acid resistance of concrete: data source [33]. 

5.4. Electrical Resistivity Results 
The electrical resistance is defined as the voltage age ratio multiplied by the electrical 

current that runs across a sample (voltage to current ratio). It is also referred to as material 
resistance to electric current in certain circles. Understanding the strength of the flow of 
the electrical current is important, since it may aid in predicting the probability of rein-
forcing corrosion occurring. The fluctuation in electrical resistance with hardening time 
and the percentage of CPS is shown in Figure 19. The electrical resistance of CPS cement 
mortars rose substantially over the duration of time. Resistance to 30% CPS mortars was 

5.8 5.7 5.6 5.9 6.1 6.3
5

5.2

5.4

5.6

5.8

6

6.2

6.4

6.6

0 20 40 60 80 100

M
as

s 
Lo

ss
 (%

)

CPS (%)

Figure 18. Acid resistance of concrete: data source [33].

5.4. Electrical Resistivity Results

The electrical resistance is defined as the voltage age ratio multiplied by the electrical
current that runs across a sample (voltage to current ratio). It is also referred to as material
resistance to electric current in certain circles. Understanding the strength of the flow of the
electrical current is important, since it may aid in predicting the probability of reinforcing
corrosion occurring. The fluctuation in electrical resistance with hardening time and the
percentage of CPS is shown in Figure 19. The electrical resistance of CPS cement mortars
rose substantially over the duration of time. Resistance to 30% CPS mortars was much
greater than that of 20% CPS mortars. The resistance of the control mortar did not grow
with time, especially over a considerable length of time, and it remained lower than the
resistance of the CPS mortars. The electrolytic current that passes through the wetting
cement mortar is responsible for the wetness. The electrical resistivity may be used to

238



Materials 2022, 15, 5196

determine porosity and permeability in a more indirect manner [84]. Mortar resistivity
assessments are affected by a variety of parameters, including the makeup of the binder
phase, the constitution of the liquid phase and the connectivity of the pore system [85].
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Figure 19. Electric resistivity of concrete: data source [64].

5.5. Sulfate Resistance

Extremely serious environmental deteriorations brought on by sulfate assault have an
impact on the long-term durability of concrete buildings. Structures made of concrete, such
as foundations, bridges, piers, concrete pipelines, etc., experience expansion and cracking
as a result of sulfate assault, which worsens the condition. If the sulfate ions originate from
sea water, ground water or soil, they will be present in the solution together with other
ions including magnesium, sodium, calcium and potassium [86]. The findings demonstrate
that adding CPS as an additional cementitious material to concrete increased its acidic
resistance [87]. For improved resistance against concrete buildings vulnerable to sulfate
assault, this research recommends using CPS as an alternative to fine aggregates with
mineral admixtures [88].

In another investigation, iron slag was used as a replacement for fine aggregates in the
SCC, and it was shown that specimens attacked by sulfate showed no mass loss despite
developing white deposits after 91 days. After 28 days of sulfate exposure, it was discovered
that each degree of iron slag replacement had a lower-than-5% effect on the compressive
strength [89]. Sharma and Khan [67] stated that despite the improvement in the workability
and compressive strength, the sulfate attack reduced as fine aggregate replaced up to 20%
by CS. Najimi et al. [90] evaluated the durability of CS contained concrete exposed to sulfate
attack. They claimed that use of CS as cement at 5%, 10% and 15%, caused deteriorative
sulfate expansions decreased by 57.4%, 63.4% and 64.7%, respectively, compared with
the control mixture. According to Gevaudan et al. [91] the addition of copper and cobalt
to alkali-activated cement would lessen the rate of calcium sulfate generation and, as a
consequence, would result in less permeability and corrosion when exposed to acidic
environments. By forming a passivation and protective barrier against acid attack, copper
and cobalt ions boost this cement’s acid resistance and decrease deterioration.
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6. Scanning Electron Microscopy (SEM)

Figure 20A,B depict the SEM of concrete with full replacement of sand with CPS. It
can be noted that the complete replacement of sand with CPS causes additional water to
become stagnant in the concrete, resulting in an increase in the number of cavities and
vessel channels in the finished product. The creation of these voids and capillary channels
has an influence on the interlocking connection among the cement and the aggregates,
causing in a loss of capacity, while the durability of the concrete will be affected because
of the poor connection of cement paste with aggregate. However, the performance of
concrete with 100% CPS can be improved with the supplement of secondary cementitious
or filler materials. Combining pozzolanic reaction and filling voids of mineral admixture
improved the performance of concrete [92,93]. Research was carried out using nanosilica
with 100 percent CPS as fine aggregate in concrete [74]. Nano silica particles have a filler
effect which causes an extremely dense structure to form because of their presence. The
addition of nanosilica to concrete helps to prevent segregation and bleeding while also
improving the cohesiveness of the concrete. A little amount of nanosilica is added to the
cementitious matrix to lower its viscosity, offset the detrimental effects of trapped air and
reduce the permeability of the cured concrete. From Figure 20C, it is noted that nanosilica
(as pozzolanic material [94]) reacts with calcium hydroxide, and the reaction starts the
creation of the secondary C-SH gel. This secondary C-S-H gel fills all of the pores in the
solid state, making the concrete compact and improving its load capacity attributes.
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Figure 20. SEM Results, (A) 100% of CPS at 20 µm, (B) 100% of CPS at 10 µm and (C) 100% of CPS
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7. X-Ray Diffraction (XRD)

X-ray diffraction (XRD) patterns after 7, 28 and 90 days of curing and the blended
cement pastes containing 30 percent copper slag are shown in Figure 4. To explore how the
hydration products of blended cement vary with curing time, the spectra in the range of 2θ
between 10 and 50 degrees are stacked. Similar groups of diffraction peaks may be seen in
the mixed cements of various ages. It is obvious that the portlandite (CH), calcite (CaCO3),
larnite (C2S), and ettringite are the major minerals in the paste samples [95].

Portlandite is produced when cement hydrates, and it is the main crystalline mineral
in the pastes. A study also claimed that CH forms weak pockets which adversely affect the
strength of concrete [93]. Furthermore, CH is chemically active, reacting other chemicals
and resulting deterioration of the concrete structure [96]. The carbonation of CH during
the setting and hardening of the pastes is to blame for the presence of calcite [97]. Due to
its poor reactivity, C2S is present as a non-hydrated cement component [98]. In addition, it
is challenging to use XRD to identify calcium silicate hydrates (C-S-H) gel, which is often
classified as an amorphous phase. C-S-H gel improved the binding properties of cement
paste, which results in more mechanical strength durability.

It is generally known that the reactive element in pozzolanic materials, amorphous
silica, may interact with CH to create more hydration products. The consumption of CH
in cement pastes is often used to measure the intensity of pozzolanic reaction. In mixed
cement pastes, the CH diffraction peaks are located at 18.02 and 34.05 degree. As indicated
in Figure 21, the peak CH intensity at 18.02 has been compared.

The findings indicate that this peak intensity gradually and noticeably decreased
throughout the course of the curing process, with a residual amount still present in the
pastes after 90 days. This suggests that the pozzolanic reaction results from the inclusion
of UGCS and would continue even after 90 days of cure time. In the part that follows, a
quantitative study will be carried out while taking the impact of CaCO3 into account to
precisely quantify the level of pozzolanic reaction [97].
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8. Hazards and Safety of Copper Slag

Copper slags are used in the production of cement, aggregates, landfill, ballast, abra-
sives, roofing granules, glass, tiles and bituminous pavements, among other things. Copper
slag has lately been studied in terms of its properties and applications [35]. The biggest
worry in the large-scale usage of copper slags, however, is the fear of environmental danger
due to heavy metal leaching from the slag and its long-term stability under harsh envi-
ronmental conditions. The chemical compositions of the slags reveal extremely low heavy
metal concentration, and the leach test findings demonstrate that simulated leachate in
an aggressive laboratory test removes very little of any of these metals. The quantities
eliminated are substantially below the regulated limits set by the US (and possibly other
national) drinking water quality standards [100]. A similar study also claims that the leach
test conservatively predicts that the slags will not release enough As, Cd, Cr, Pb, or Se to
damage groundwater [100].

However, The Cu and Pb concentrations exceed the authorized limits (1.0 and 0.3 mg/L,
respectively) at the 30 percent replacement level of CPS, whereas the other elements (Zn,
Mn, Ni, Cr and As) are within the limits. Cr has the lowest concentration (it is close to
the detection limit of 0.003 mg/L). When the CPS content is raised to 50 wt.%, the excess
quantities of Cu and Pb concentrations rise as well compared with the 30 wt.% content
instances. Excess concentrations of the metals Zn, Ni and As are also found. The findings
clearly reveal that employing CPS (both air cooled and water cooled) as a partial cement
replacement offers a significant danger of heavy metal leaching into the environment
(namely, Cu, Pb, Zn, Ni and As), particularly at high replacement levels. Other CPS
applications, such as aggregates in concrete and raw materials for alkali activation, may
also provide a risk of heavy metal leaching [101].

The results of the leaching procedure (TCLP), acid leaching and repeated extraction
tests performed on a large number of slag samples of varied compositions produced from
the use of numerous copper concentrate show that heavy metals have little leachability and
that long-term stability is assured even in harsh environments. Leaching experiments on
mechanically activated samples provide an indication of the heavy metals’ resistance to
leaching even after weathering. The heavy metals contained in the slag are stable, according
to numerous extractions leaching experiments, and are unlikely to dissolve considerably
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even after repeated leaching in an acid rain environment. The greatest concentration of all
components is significantly below the USEPA 40CFR Part 261 permitted limits [102]. A
study [102] also observed that the heavy metals included in the slag are relatively stable
and have low leachability, according to the TCLP, repeated extraction process tests and
sulfuric acid leaching findings. The TCLP test results are far below the USEPA’s 40CFR
Part 261 standards. The heavy metals found in the slag are very stable, according to
several extraction leaching experiments, and are unlikely to dissolve considerably even
in acid rain in a natural setting. The greatest concentration of elements recovered by the
multiple extraction technique is less than the USEPA 40CFR Part 261 mandated limits for
the elements covered by this standard.

It is indicated that the slag is safe for use in a broad range of applications, including
Portland cement, building materials such as tiles and bituminous pavement projects. The
slag samples are non-toxic and pose no risk to the environment.

9. Conclusions

The focus on green construction has resulted in an ongoing search for alternative
materials to be employed in concrete construction. In this review, a complete paramet-
ric analysis was carried out to determine the impacts of CPS on physical and chemical
properties, concrete qualities both fresh and hardened and concrete’s long-term durability
performance. Consequently, the findings are given below.

• The physical property of CPS shows that the particle nature of CPS is rough and
angular which adversely affects the flowability of concrete.

• The chemical composition of CPS ensures that it can be used as binding material.
• The slump value of concrete was reduced with the replacement of CPS due to angular

and rough surface texture.
• The setting time increased with CPS as the pozzolanic reaction proceeded slowly.
• CPS up to 60% can be used without any harmful impact on the mechanical strength

of concrete. The improvement in compressive, split tensile strength and flexure at
28 days was 9%, 6% and 9% higher than control concrete, respectively.

• The higher dose of CPS (80 and 90%) resulted in a decline in the mechanical strength
of concrete due to the absence of flowability.

• A good correlation was observed between two specified strengths with an R2 value
greater than 90%.

• The durability performance of concrete, such as water absorption and voids, corrosion
resistance, acid resistance and electric resistivity increased with CPS.

• SEM results reveal that the performance of concrete with CPS can be improved with
the addition of secondary cementitious materials.

The overall studies demonstrate that the CPS has the credibility to be utilized partially
in concrete, either as a binding material or as a sand. The optimal percentages are an essen-
tial parameter for good strength. Different researchers recommend a different optimum
value of CPS due to a change of source. The typical range of optimum value of CPS is from
50 to 60% by weight of fine aggregate. Furthermore, less information is available on dry
shrinkage and creep properties of concrete with CPS. No or little information is available
about the alkali silica reaction (ASR) connected with the CPS substitution. Lastly, although
CPS can be utilized in concrete and the mechanical capacity can be enhanced, concrete is
still low in tension. Therefore, further research was suggested to enhance the ductility of
concrete with the supplement of various kinds of fibers. A study [103] concluded that the
optimum mix substituted silica fume and copper slag for 7% and 20% of the cement, respec-
tively, to provide a workable, resilient, cost-effective and durable mix design. However,
there is less information about the economic benefits of CPS, and detailed investigation
is required.
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28. Abdelgader, H.; Fediuk, R.; Kurpińska, M.; Elkhatib, J.; Murali, G.; Baranov, A.V.; Timokhin, R.A. Mechanical Properties of
Two-Stage Concrete Modified by Silica Fume. Mag. Civ. Eng. 2019, 89, 26–38.

29. Suda, V.B.R.; Rao, P.S. Experimental Investigation on Optimum Usage of Micro Silica and GGBS for the Strength Characteristics
of Concrete. Mater. Today Proc. 2020, 27, 805–811. [CrossRef]

30. Raju, S.; Dharmar, B. Mechanical Properties of Concrete with Copper Slag and Fly Ash by DT and NDT. Period. Polytech. Civ. Eng.
2016, 60, 313–322. [CrossRef]

31. Nassar, R.-U.-D.; Soroushian, P. Green and Durable Mortar Produced with Milled Waste Glass. Mag. Concr. Res. 2012, 64, 605–615.
[CrossRef]

32. Belouadah, M.; Rahmouni, Z.E.A.; Tebbal, N. Experimental Characterization of Ordinary Concretes Obtained by Adding
Construction Waste (Glass, Marble). Procedia Comput. Sci. 2019, 158, 153–162. [CrossRef]

33. Maharishi, A.; Singh, S.P.; Gupta, L.K. Strength and Durability Studies on Slag Cement Concrete Made with Copper Slag as Fine
Aggregates. Mater. Today Proc. 2021, 38, 2639–2648. [CrossRef]

34. Sharifi, Y.; Afshoon, I.; Asad-Abadi, S.; Aslani, F. Environmental Protection by Using Waste Copper Slag as a Coarse Aggregate in
Self-Compacting Concrete. J. Environ. Manage. 2020, 271, 111013. [CrossRef]

35. Gorai, B.; Jana, R.K. Characteristics and Utilisation of Copper Slag—A Review. Resour. Conserv. Recycl. 2003, 39, 299–313.
[CrossRef]

36. Liu, J.; Guo, R.; Shi, P.; Huang, L. Hydration Mechanisms of Composite Binders Containing Copper Slag at Different Temperatures.
J. Therm. Anal. Calorim. 2019, 137, 1919–1928. [CrossRef]

37. Murari, K.; Siddique, R.; Jain, K.K. Use of Waste Copper Slag, a Sustainable Material. J. Mater. Cycles Waste Manag. 2015, 17, 13–26.
[CrossRef]

38. Liu, J.; Guo, R. Hydration Properties of Alkali-Activated Quick Cooled Copper Slag and Slow Cooled Copper Slag. J. Therm. Anal.
Calorim. 2020, 139, 3383–3394. [CrossRef]

39. Firdous, R.; Stephan, D. Effect of Silica Modulus on the Geopolymerization Activity of Natural Pozzolans. Constr. Build. Mater.
2019, 219, 31–43. [CrossRef]

40. Wang, S.-D.; Scrivener, K.L. Hydration Products of Alkali Activated Slag Cement. Cem. Concr. Res. 1995, 25, 561–571. [CrossRef]
41. Brough, A.R.; Atkinson, A. Sodium Silicate-Based, Alkali-Activated Slag Mortars: Part I. Strength, Hydration and Microstructure.

Cem. Concr. Res. 2002, 32, 865–879. [CrossRef]
42. Chakrawarthi, V.; Avudaiappan, S.; Amran, M.; Dharmar, B.; Raj Jesuarulraj, L.; Fediuk, R.; Aepuru, R.; Vatin, N.I.; Saavedra

Flores, E. Impact Resistance of Polypropylene Fibre-Reinforced Alkali–Activated Copper Slag Concrete. Materials 2021, 14, 7735.
[CrossRef]

43. Wang, G.C. The Utilization of Slag in Civil Infrastructure Construction; Woodhead Publishing: Sawston, UK, 2016; ISBN 0081003978.
44. Wang, R.; Shi, Q.; Li, Y.; Cao, Z.; Si, Z. A Critical Review on the Use of Copper Slag (CS) as a Substitute Constituent in Concrete.

Constr. Build. Mater. 2021, 292, 123371. [CrossRef]
45. Manjunatha, M.; Reshma, T.V.; Balaji, K.; Bharath, A.; Tangadagi, R.B. The Sustainable Use of Waste Copper Slag in Concrete: An

Experimental Research. Mater. Today Proc. 2021, 47, 3645–3653. [CrossRef]
46. Al-Jabri, K.S.; Taha, R.A.; Al-Hashmi, A.; Al-Harthy, A.S. Effect of Copper Slag and Cement By-Pass Dust Addition on Mechanical

Properties of Concrete. Constr. Build. Mater. 2006, 20, 322–331. [CrossRef]
47. Mavroulidou, M. Mechanical Properties and Durability of Concrete with Water Cooled Copper Slag Aggregate. Waste Biomass

Valorization 2017, 8, 1841–1854. [CrossRef]
48. Rajasekar, A.; Arunachalam, K.; Kottaisamy, M. Assessment of Strength and Durability Characteristics of Copper Slag Incorpo-

rated Ultra High Strength Concrete. J. Clean. Prod. 2019, 208, 402–414. [CrossRef]
49. Esfahani, S.M.R.A.; Zareei, S.A.; Madhkhan, M.; Ameri, F.; Rashidiani, J.; Taheri, R.A. Mechanical and Gamma-Ray Shielding

Properties and Environmental Benefits of Concrete Incorporating GGBFS and Copper Slag. J. Build. Eng. 2021, 33, 101615.
[CrossRef]

245



Materials 2022, 15, 5196

50. Mirhosseini, S.R.; Fadaee, M.; Tabatabaei, R.; Fadaee, M.J. Mechanical Properties of Concrete with Sarcheshmeh Mineral Complex
Copper Slag as a Part of Cementitious Materials. Constr. Build. Mater. 2017, 134, 44–49. [CrossRef]

51. Saha, A.K.; Khan, M.N.N.; Sarker, P.K. Value Added Utilization of By-Product Electric Furnace Ferronickel Slag as Construction
Materials: A Review. Resour. Conserv. Recycl. 2018, 134, 10–24. [CrossRef]

52. Singh, G.; Siddique, R. Strength Properties and Micro-Structural Analysis of Self-Compacting Concrete Made with Iron Slag as
Partial Replacement of Fine Aggregates. Constr. Build. Mater. 2016, 127, 144–152. [CrossRef]

53. Najimi, M.; Pourkhorshidi, A.R. Properties of Concrete Containing Copper Slag Waste. Mag. Concr. Res. 2011, 63, 605–615.
[CrossRef]

54. Al-Jabri, K.S.; Al-Saidy, A.H.; Taha, R. Effect of Copper Slag as a Fine Aggregate on the Properties of Cement Mortars and
Concrete. Constr. Build. Mater. 2011, 25, 933–938. [CrossRef]

55. Chithra, S.; Kumar, S.R.R.S.; Chinnaraju, K. The Effect of Colloidal Nano-Silica on Workability, Mechanical and Durability
Properties of High Performance Concrete with Copper Slag as Partial Fine Aggregate. Constr. Build. Mater. 2016, 113, 794–804.
[CrossRef]
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Abstract: Machining operations are very common for the production of auto parts, i.e., connecting
rods, crankshafts, etc. In machining, the use of cutting oil is very necessary, but it leads to higher
machining costs and environmental problems. About 17% of the cost of any product is associated
with cutting fluid, and about 80% of skin diseases are due to mist and fumes generated by cutting oils.
Environmental legislation and operators’ safety demand the minimal use of cutting fluid and proper
disposal of used cutting oil. The disposal cost is huge, about two times higher than the machining
cost. To improve occupational health and safety and the reduction of product costs, companies are
moving towards sustainable manufacturing. Therefore, this review article emphasizes the sustainable
machining aspects of steel by employing techniques that require the minimal use of cutting oils, i.e.,
minimum quantity lubrication, and other efficient techniques like cryogenic cooling, dry cutting,
solid lubricants, air/vapor/gas cooling, and cryogenic treatment. Cryogenic treatment on tools and
the use of vegetable oils or biodegradable oils instead of mineral oils are used as primary techniques
to enhance the overall part quality, which leads to longer tool life with no negative impacts on the
environment. To further help the manufacturing community in progressing towards industry 4.0 and
obtaining net-zero emissions, in this paper, we present a comprehensive review of the recent, state of
the art sustainable techniques used for machining steel materials/components by which the industry
can massively improve their product quality and production.

Keywords: sustainable manufacturing; minimum quantity lubrication; cryogenic machining; solid
lubricants; vegetable oils; steels

1. Introduction

Manufacturing products while conserving natural resources and causing no negative
environmental impacts is called sustainable manufacturing. Manufacturing industries
create products for fulfilling human needs; however, this includes the consumption of huge
amounts of raw resources and the generation of wastes which are increasing day by day
and can be very detrimental for our environment.

The following three stages of product waste are primary factors for waste generation
and the degradation of the environment:

• In the manufacturing processes;
• During usage of the product;
• At the end of the life of the product.

The production of metals triggers the consumption of natural resources and has
created a harmful effect on humankind. To avoid using resources needed by future genera-
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tions, it is necessary to use fewer natural resources and reduce the negative environmental
impact caused by manufacturing systems. That is why industries are now moving towards
sustainable manufacturing. Early ideas about sustainable manufacturing first appeared in
the 1970s and 1980s [1–5].

1.1. Manufacturing Industries and Sustainable Manufacturing

It is well noted that machining is widely used to produce automotive parts within the
manufacturing industry sector. In all machining operations, cutting fluids play a vital role
in reducing the machining cost by increasing tool life. It was observed that 7–17% of the
cost incurred in the machining of a part is associated with using cutting fluids. Further, the
tooling cost is about 2–4%, so it is necessary to improve the whole process. In addition, the
use of cutting fluids causes health diseases like skin problems, allergies, eyes problems, and
cancer in workers. Here, skin problem is about 80% [6]. Lawal et al. [7] also witnessed that
major skin problems, about 80% in quantity, are due to cutting fluids. They also proposed
that vegetable oil-based and metal working liquids have been proven to be environmentally
sustainable in the dielectric regime.

Strict environmental regulations demand that cutting oil used during machining pro-
cesses should be recycled or disposed of in such a way that it will not spoil the environment
and will be harmless for all interested parties. These fluids are extremely costly to dispose
of or store. The cost is about double the machining cost depending on the cutting fluid
which is being used. Mineral oils used as cutting fluids are difficult to dispose of into the
environment without any prior treatment [8–10].

1.2. Need for Sustainable Manufacturing

Jordi Oliver Solà, Chief Executive Officer (CEO) of a circular economy consulting
group, has demonstrated the importance of sustainability, not only from an ethical or
environmental point of view, but also that it is needed for markets to be competitive
and important for the survival of any sector [11]. Therefore, to save natural resources,
sustainable manufacturing is very important [12,13].

The need for sustainable manufacturing techniques is also depicted by the three pillars
of sustainable manufacturing, as shown below in Figure 1. One of these is the need for
improvement from an economic, social, and environmental point of view. It brings balance
between social, economic, and environmental aspects [14,15]. This technique mainly deals
with the minimal usage of cutting fluids. It does not mean just stoping the supply of cutting
oils to make the environment better. Cutting oils serve many purposes like lubrication and
temperature reduction in the cutting zones.

Figure 1. Three Pillars of Sustainability, reprinted with permission from ref. [16]. Copyright 2017
BSP books Pvt Ltd.
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Concerns about environmental impacts, climate change, occupational health and
safety, and machining costs have forced companies to move towards sustainable tech-
niques. As per the investigation of Jayal et al. [17], the selection of sustainability aspects
occurs mainly because of factors like the increase in diseases in shop floor workers, inflex-
ibility in government plans, and when targeted to minimize the cost of production. So,
sustainable machining is highly recommended where traditional cutting methods became
null. Currently, advanced technologies like cryogenic cooling, nano cutting fluids, dry
cutting, and minimum quantity lubrication (MQL), etc. are being used [18].

Several studies have been published that emphasize the importance of sustainability.
For example, Zein et al. [19] presented certain resources which are associated with the
manufacturing technologies, including production tools and methods that directly correlate
with economic impact. They outlined that the sustainability of a firm can be affected by
manufacturing approaches. Jayal et al. [17] established a case study on machining tech-
niques by improving the model at the process, product, and system-level for sustainable
manufacturing. Sarkis [20] found a relationship between environmental concerns and
manufacturing activities. The study concluded that sustainable machining not only deals
with environmental initiatives but also included techniques that empower benefits for hu-
manity. Lu et al. [21] developed a metric to ensure the sustainability of the manufacturing
process. They also established the interrelationship between the elements of metrics and
studied the potential impact. The metrics broadly covered the given elements, i.e., social,
environmental, and economic. Jawahir and Dillon [22] and Hegab et al. [23] highlighted
six of the most important factors that alter the paradigm of sustainability in manufacturing
processes. The factors included cost, energy, the safety of workers, personal health, environ-
mental impact, and waste. The researchers said that out of the six aforementioned elements,
waste, cost, and energy can be more easily computed than the rest of the elements. Waas
et al. [24] made a framework for the sustainability of manufacturing sectors by taking
the hierarchy of social needs and combinations. Then they used the Delphi technique
to propose the metrics for each category. Some researchers suggested rules to achieve
sustainability in the manufacturing firms, as demonstrated by Lovin et al. [25]. The rules
are (1) minimal usage of energy and material, (2) usage of cleaner production, recycling and
conversion techniques to reusable substance, (3) adoption of a solution based system (i.e.,
supply chain structure) rather than a proactive business model, and (4) reinvestment in
natural substitutions that are available for distinct materials, such as investing in renewable
resources instead of non-renewable substances. From the machining perspective, Diaz
Elsayed et al. [26] discussed a detailed study about the combination of green and lean in
the automotive organization. The purpose of their research was to determine the effect
of green-lean in the manufacturing sector. They concluded that grouping of green-lean
proved an effective way of improving manufacturing firms in terms of waste reduction, less
resource utilization, and energy consumption. Thus, they stated that the use of green-lean
is a sustainable manufacturing approach for different enterprises. Abdul Rashid et al. [27]
also investigated environmental performance by employing sustainable manufacturing
techniques. They proposed that the main environmental initiatives are entirely based
on manufacturing practices. In the same vein, Rusinko [28] established the relationship
between manufacturing activities and their results. The results revealed that manufacturing
cost is decreased by preventing waste and unnecessary substances. According to Gimenez
et al. [29], organizations should improve their environmental, social, and economic be-
havior to get a sustainable approved system. The aforementioned literature divulged the
importance of sustainability in manufacturing or business firms. Therefore, the current
study was conducted to scrutinize a systematic review of the sustainable machining of
steel, as it is being used in scattered application areas including aerospace, automotive,
nuclear power plants, and medical equipment, etc.

There are numerous benefits, i.e., financial, environmental, and safety, which are
related to the three pillars as discussed before. The need to turn towards sustainable manu-
facturing is due to many reasons like occupational health-related problems, environmental
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regulations, and unsafe or polluted environments for workers, but the largest is the waste
cost in using too much cutting fluid in metal cutting industries. In such industries, the
costs associated with purchasing, maintaining, the makeup of cutting fluid, cutting oil, and
system cleaning are more prominent.

The consideration of the following points allows companies to improve these three
pillars:

• Efficient resource utilization (Energy, Material, Water, Labor, etc.);
• Improvement in the application of metalworking fluids;
• Adopting other sustainable manufacturing techniques;
• Lean Implementation;
• Improvement in the working environment by applying best machining practices;
• Most important, training to all employees related to sustainable machining.

Figure 2 shows the basic objectives by which pressure was built on manufactures
to change their way of working. It is clearly depicted that there is a need to change
the whole scenario of conventional working in manufacturing industries to improve
socially, economically, and environmentally. Technology revolution should be introduced
in manufacturing industries to lower the cost per piece of product. Whereas Figure 3 shows
the breakdown of the product cost, including cooling and lubricating costs, which are
about 18%.

Figure 2. Pressure to change the paradigms of the manufacturing industry, reprinted with permission from ref. [30].
Copyright 2010 Elsevier Ltd.

Figure 3. Cooling and lubricating costs incorporated in the automotive sector, reprinted with
permission from ref. [31]. Copyright 2010 Elsevier Ltd.

Manufacturing companies can improve their costs and tackle environmental issues
by implementing sustainable principles. Implementation can be done by analyzing the
current situation of the process or system in any industry. There is a need to adopt alternate
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technologies for redesigning systems for the effective realization of these principles in
factories [30]. The key methods that provide a direct path to create a cleaner manufacturing
sector are depicted in Figure 4.

Figure 4. Implementation of Clean Manufacturing process, reprinted with permission from ref. [31].
Copyright 2010 Elsevier Ltd.

Further, some key characteristics of sustainable machining are presented in Figure 5,
which clearly shows that this technique justified three pillars of sustainable manufacturing.
Figure 6 shows the evolution over time of sustainable manufacturing, which depicts the
critical importance of embedding sustainable manufacturing by 2025. It is assumed that
the industries will work on 6-reduction (6R) elements rather than 3-reduction (3R) entities
which are used in the actual green manufacturing model [32].

Figure 5. Characteristics of Sustainable machining, reprinted with permission from ref. [17]. Copy-
right 2010 CIRP, Published by Elsevier Ltd.
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Figure 6. Evolution with the time of sustainable manufacturing, reprinted with permission from
ref. [32]. Copyright 2010 CIRP, Published by Elsevier Ltd.

As per the given literature, it has been found that certain areas need to be reviewed.
For example, material wastage and the amount of disposed-off material during the process
may cause the cost of machining to be high. Moreover, suspended particles enter the
environment and damage the quality of the air. The disturbing air quality index influ-
ences human life, and thus sustainability is compromised. Therefore, this review has been
developed to understand the conditions/parameters of different sustainable machining
techniques which alter the cost, pollute the environment, and decrease the overall pro-
ductivity. For this context, a PRISMA approach has been adopted to study the variants
of sustainable manufacturing processes as far as steel material is considered. The current
review is restricted to sustainable techniques used for the machining of steel in order to
ensure cost-effective, environmentally stable, and eco-friendly processes.

Even though this review provides a comprehensive discussion on sustainable man-
ufacturing techniques, other elements may be added, like frostbite hazards in cryogenic
machining and initial setup cost, which is difficult to afford by any local industry. Therefore,
a comprehensive investigation is required to mitigate the aforesaid issues of cryogenic
machining by ensuring a controlled temperature environment. The mathematical modeling
of the sustainable cutting mechanisms with respect to the cutting of steel is still an area
that needs special focus.

This paper is presented in the following order: (i) A brief introduction with mechanical
properties of some steel grades is proposed in Section 2. (ii) The comprehensive method-
ology is given in Section 3. (iii) Different sustainable techniques employed in a couple of
manufacturing sectors are demonstrated in Section 4. It constitutes different subsections;
each outlines the discussion, significance, advantages, disadvantages, and limitations of
each sustainable technique separately. (iv) The detailed discussion about the present work,
along with comparisons between each sustainable technique, has been granted in Section 5.
(v) Section 6 illustrates the multiple challenges faced with the implementation of sustain-
able manufacturing. (vi) Fundamental issues associated with additive manufactured steel
has been given in Section 7. (vii) The findings are summarized in Section 8. (viii) Finally,
future implications have been revealed in Section 9.
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2. Steels’ Classification, Properties, Machining Difficulties, and Sustainability
Requirements in Steels’ Machining

An alloy of iron (Fe) with minimal carbon content is referred to as steel. Carbon (C),
generally up to 1.5%, is present in steel [33]. As per the literature, about 1808 million tons of
steel were produced in 2018 worldwide. This is depicted in Figure 7, along with the emis-
sions of CO2 [34]. If the machinability perspective of steel is under consideration, then up to
29% of steel is employed in machining, as given by Diva Metal Ltd. Company [35]. Figure 8
represents the division of steel in different applications. Steel exists in the form of different
variants like structural steel, heat resistant steel, and tool steel, etc. Another important class
of steel is named Alloy Steel, a standard form that constitutes various elements (i.e., nickel,
magnesium, copper, titanium, vanadium, silicon, boron, and manganese, etc.) in different
proportions that range from 1.0% to 50% by weight. Alloy steel can be categorized into
low alloy steel (LAS) and high alloy steel (HAS). Usually, the phrase “alloy steel” is related
to LAS. Nickel (Ni) is a prime element in LAS that has the ability to increase the strength
and ductility of different engineering applications, including jet engines, spacecraft, and
nuclear reactors. Interestingly, Ni also amplifies the characteristics of ferrite steel, such
as stability at low-temperature toughness, which allows them to be used in cryogenic
applications [36]. For instance, steel with 9% Ni can be employed for liquefied natural
gas (LNG) handling and storage purposes. Moreover, it assists in nitriding, carburizing,
and tool steel due to tremendous properties like good strength, high hardness, superior
toughness, the ability to withstand elevated temperatures, excellent wear, and corrosion
resistance. The other combination, such as an alloy of Fe with C, is known as the simplest
alloy. The ferromagnetic feature of Fe permits the use of the simplest steel in magnetic
applications like electric motors, transformers, etc. [37]. The details about some key classes
of steel are presented in the forthcoming sections.

Figure 7. Worldwide steel production in 2018, along with the CO2 emission, reprinted with permis-
sion from ref. [34]. Copyright 2019 Elsevier Ltd.
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Figure 8. Division of steel usage in different applications.

2.1. Structural Steel (SS)

SS is a commonly used building material in the construction industry. The perfor-
mance of SS is now predictable and depends on standards recognized by the American
Institute of Steel Construction (AISC), which elaborate shapes, sizes, elemental composi-
tion, as well as mechanical attributes. SS is 100% recyclable and has proven to be one of the
most reprocessed materials in the world [38]. The fundamental classification of structural
steel is:

i. Carbon-manganese steel;
ii. High strength low alloy (HSLA) steel;
iii. High strength quenched and tempered alloy steels.

From the above-mentioned classes of structural steel, HSLA is important because it
provides good mechanical properties, high resistance to rust, and high weldability with a
carbon percentage between 0.05–0.25%. The other benefits of HSLA steel are: (i) light in
weight, (ii) good strength to wear ratio, (iii) and control over internal and external stresses.
However, HSLA has limitations in terms of acquiring more power (>25–30%) as compared
to carbon steel. Additionally, such steel has sensitivity in directional properties [39]. The
chemical composition of HSLA-80 steel is presented in Table 1, whereas the mechanical
properties are listed in Table 2.

Table 1. Chemical composition of HSLA Steel, reprinted with permission from ref. [39]. Copyright
2018 Elsevier Ltd.

Elements Cu Ni Cr Mn Si Mo C Nb S P

wt. % 1.25 0.83 0.78 0.54 0.37 0.19 0.07 0.03 0.024 0.022

Table 2. Mechanical characteristics of HSLA steel, reprinted with permission from ref. [39]. Copyright
2018 Elsevier Ltd.

Properties Units Values

Yield Stress (MPa) 450 ± 32
Ultimate strength (MPa) 778 ± 17
Elastic Modulus (GPa) 203 ± 5

Total Strain % 21 ± 2
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2.2. Heat Resistant Steel

Heat resistant steels (HRS) are a unique class of steel alloys that can easily be operated
at temperatures as high as 750 ◦C. To attain their specific properties, all HRS are composed
of numerous elements, two of which are considered basic elements, i.e., Chromium (Cr)
and Nickel (Ni). Cr is preferred for corrosion resistance, while Ni is useful to obtain high
strength and ductility. The other elements (aluminum, cobalt, manganese, niobium, copper,
zirconium, and phosphorous, etc.) are added to achieve high-temperature properties along
with good weldability. Based on chemical stability, high strength, and superb corrosion
resistance, HRS are divided into three types; (1) Low alloy steels, (2) Martensitic steels,
(3) Austenitic steels [40].

Low allow steels are extensively used in pressure-based applications like steam boilers
and thermal power plants due to unique characteristics such as mechanical strength, great
toughness, and sufficient rust resistance ability. Such steel alloys are mostly preferred in
thick components such as headers, pipes, and control valves. The different grades of low
alloy steel have applications in distinct areas. Grade 11 (1CrMoV) and 22 (2.25Cr1Mo) are
used in power developing industries. The mechanical properties of these low alloy steels
are tabulated in Table 3. In the same way, Fe-0.1C-xMn and Fe-0.1C-xNi, where x = 1.5, 3%
by mass, are special kinds of low alloy steels used for cryogenic treatments to decrease the
corrosion property as well as improve the microstructure. The chemical composition of all
the said low alloy steels are mentioned in Table 4.

Table 3. Mechanical features of low alloy steels (grade 11 & 22), reprinted with permission from
ref. [41]. Copyright 2007 Elsevier B.V.

Alloys Yield Stress (MPa) Ultimate Tensile
Stress (MPa) Elongation in %

1CrMoV 205 415 30
2.25Cr1Mo 205 415 30

Table 4. Chemical composition of different grades of low alloy steels, reprinted with permission from
refs. [41,42]. Copyright 2015 Elsevier Ltd.

Alloys C Si Mn P S Ni Fe

Fe-0.1C-1.5Mn 0.10 0.01 1.48 0.001 0.002 0.01 Balance
Fe-0.1C-3Mn 0.10 0.02 2.96 0.001 0.002 0.01 Balance
Fe-0.1C-1.5Ni 0.09 0.01 0.02 0.001 0.002 1.58 Balance
Fe-0.1C-3Ni 0.09 0.01 0.02 0.001 0.002 3.16 Balance

1CrMoV 0.15 0.50 0.60 0.025 0.025 0.03 Balance
2.25Cr1Mo 0.082 0.23 0.41 0.051 0.0054 0.03 Balance

Martensitic heat resistant steels contain medium and high chromium contents of about
5–9% Cr and 12%, respectively. They have been fabricated for power plant materials where
the temperature is significantly higher, such as 650 ◦C. The high percentage of Cr in such
steel alloys enhances the creep strength and corrosion resistance of the materials because
of a low coefficient of thermal expansion and high thermal conductivities in contrast to
austenitic steels. Moreover, the emission of hazardous fumes and gases and the efficiency
of the power plant are also raised due to the application of Cr. 9Cr and 12Cr, a special
series of martensitic alloy steels [40]. The elemental composition of some martensitic alloys
is given in Table 5, and mechanical properties are elaborated in Table 6.
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Table 5. Elemental composition of some martensitic alloys, reprinted with permission from refs. [43–45]. Copyright 2020
International Atomic Energy Agency (IAEA).

Alloys Cr Mo V Nb C Mn Cu Si N Ni P S W

9Cr-1Mo 8.55 0.88 0.21 0.08 0.1 0.51 0.18 0.32 0.035 0.15 0.012 0.005 -
9Cr-1MoVNb 8.44 0.89 0.24 0.08 0.086 0.37 0.03 0.16 0.054 0.11 0.012 0.003 -

9Cr-1MoVNb-2Ni 8.57 0.98 0.22 0.066 0.064 - - - 0.053 2.17 - - 0.01
12Cr-1MoVW 11.99 0.93 0.27 0.018 0.21 - - - 0.020 0.43 - - 0.54

Table 6. Mechanical characteristics of martensitic alloys, reprinted with permission from refs. [43–45].
Copyright 2020 International Atomic Energy Agency (IAEA).

Alloys Yield Strength
(MPa)

Ultimate Tensile Stress
(MPa) Elongation in %

9Cr-1Mo 533 683 26.0
9Cr-1MoVNb 547 697 11.9

9Cr-1MoVNb-2Ni 148 171 19.1
12Cr-1MoVW 110 142 19.6

Austenitic steel is also called austenitic stainless steel, with a Cr percentage of about
13% by weight at room temperature. The high cost associated with these alloys is due
to the high percentage of supplementary elements compared to other steel alloys. The
applications of austenitic alloys are limited to those conditions where chances of corrosion
are substantial, such as in boiler tubes. They have similar properties to martensitic steels,
except high thermal loading can lead to wear and tear over the surface. The FeCrNi is the
most commonly used austenitic steel. However, AISI (American Iron and Steel Institute)
302, 304, 321, 347, 316, 309, ASS304L, ASS316L, and other alloys are also employed in
different application sectors. The elemental composition of few austenitic alloys is provided
in Table 7.

Table 7. Elemental composition of some austenitic alloys, reprinted with permission from refs. [36,46]. Copyright 2018
Elsevier Ltd.

Alloys Fe C Mn Si Mo Co Cr Cu Ni Others

ASS304L 70.78 0.025 1.140 0.410 0.360 0.210 18.40 0.180 8.190 0.305
ASS316L 67.69 0.018 1.28 0.38 2.42 0.21 16.63 0.21 10.85 0.312
AISI 304 Balance 0.06 3.97 0.49 0.008 0.11 17.61 1.17 8.85 0.076
AISI 201 Balance 0.04 7.38 0.588 0.008 0.072 17.40 2.17 3.13 0.292

2.3. Tool Steel

Tool steels are alloy steels that are appropriate for the manufacture of tools due to their
excellent properties like high hardness, low deformation, minimal abrasion, and no wear
and tear, even at elevated temperatures. Apart from the mentioned properties, these steels
have a high magnitude of tensile and compressive yield strength which tends to minimize
the plastic deformations at the stress concentration points in the tooling [47]. There are
different variants of tool steels, including cold working, hot working, high speed, vibration
resistance, water hardening, and some unusual purposes. The selection of this group is
based on cost, temperature, surface hardness, ductility, and toughness values. In severe
circumstances, carbide tool steels are utilized. They have applications in cutting, drawing
dies, pressing, cold extrusion dies, broaches, thread rolling, forming rolls, and coining of
materials. Another important application of tool steel is in the injection molding process,
where durability plays an integral role. The common scale of tool steel grade is AISI-SAE.
The chemical composition of some tool steel is given in Table 8.
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Table 8. Chemical composition of some tool steel alloys, reprinted with permission from ref. [48].
Copyright 2018 MDPI Metals.

Alloys C Si Mn P S Ni Cr Mo Cu V W

AISI D2 1.56 0.24 0.25 0.025 0.001 0.175 11.31 0.83 0.14 0.25 -
AISI M4 1.33 0.33 0.26 0.03 0.03 0.3 4.25 4.88 0.25 4.12 5.88

HWS 1.08 1.38 0.34 - - - 7.80 1.86 - 2.66 1.73

Different machining methods have been practiced in past investigations on the steel
material, including milling, drilling, broaching, grinding, planing, and turning, etc. How-
ever, some methods induced complications while machining steel materials. For instance,
Nagy et al. [49] said that machining (turning operation) of super duplex stainless steel
is highly challenging when cutting tool inserts made up of PVD coating are used. The
difficulties may be due to continuous and long chips formation, which is often problematic
in the context of chip handling. Furthermore, long chips rolled on the part, and accordingly,
stimulates surface imperfections. Eventually, surface quality is compromised. A similar
problem has engaged with the austenitic steel. Sunil Magadum et al. [50] claimed that
high strength, greater toughness, large fatigue, and corrosion resistivity are the prime
reasons behind the poor machinability of steel. All the stated factors cause build-up-edge,
irregular electrode wear, early tool failure during cryogenic machining of SS304 steel. Ingle
et al. [51] proposed that there are certain grades of steel that have a machinability rating
of 40%. Those grades belong to the austenitic steel such as 302B, 309, 309S, 330, 384, and
314. The authors demonstrated that a rating of less than 100% refers to the difficulty of
machining alloys. As long as a rating is going down, then the difficulty level raises accord-
ingly. The issues attributed to the aforesaid grades of austenitic steel are characterized by
high ductility, toughness, prolong work-hardening, and less thermal conductivity. The
machinability issues of martensitic steel grades (414, 422, 431, 440A, 440B, and 440C) has
also been discussed for the austenitic steel grades.

Steel materials are the most used materials in designing and manufacturing automo-
tive components and in several other industrial sectors. The growth of the manufacturing
industry, together with the need for cleaner production, makes the integration of sustain-
able techniques necessary. To help the manufacturing sector and research community find
the best option to meet these goals, we present in this work a detailed review of major
sustainable techniques used in the manufacturing of steel materials. Further, the details
presented in this review can act as a guide in selecting the best solution to be integrated
towards achieving net-zero emissions in their manufacturing process.

Numerous studies have been presented on the various grades of steel. Laleh et al. [52]
demonstrated the unexpected behavior of LPBF 316L in the context of erosion and corro-
sion. They proposed that lower erosion and corrosion resistance of the selected austenitic
stainless steel is due to its minimum repassivation through traditional techniques. Thomp-
son [53] contrasted HSLA-80 steel with two alternatives of HSLA, i.e., HSLA-80/100 &
HSLA-100, considering yield strength, fracture, and results of Charpy impact test. They
found that outcomes of yield strength are enough to study the microstructure, as long as
strength and toughness are concerned. Durmusoglu et al. [54] joined the HSLA-80 steel
by employing gas metal arc welding based on the high strength of weld metal followed
by the heat-affected zone (HAZ) and target metal. Furthermore, the author detected that
martensite needle-like sand is looked up in the HAZ, whereas the weld metal has residual
austenite. Rajbongshi et al. [55] analyzed the effect of the surface topology of AISI D2 steel
at the flank side using texturing and non-texturing coated carbide tools. Two responses
(flank wear and surface integrity) were evaluated against three factors, i.e., speed, feed,
and depth of cut. The results predicted that texturing tools yield minimal flank wear and
less surface roughness (SR). Rath et al. [56] investigated the effect of dry machining on the
newly developed grade AISI D3 steel using a mixed ceramic insert (Al2O3 + TiCN). Three
control parameters (cutting speed, feed rate, and depth of cut) were used to evaluate the
influence on cutting forces, SR, electrode wear, and chip thickness. They revealed that feed
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rate is the most dominant factor, which alters the magnitude of all the defined responses
magnificently. Kajendirakumar et al. [57] also conducted a study on AISI D3 steel. They
optimized the process parameters via the electric discharge machining (EDM) technique by
utilizing grey relational analysis. Material removal rate (MRR) and SR were taken as output
responses. They said that optimum parameters were achieved at low pulse on time, high
pulse off time, and a large value of current. Guo et al. [58] studied the microstructure and
characteristics of heat resistant steel (2.25Cr1Mo0.25V) using the Wire-Arc AM (WAAM)
process. They claimed that subtract after processing through the WAAM technique exhibit
high quality, excellent metallurgical features, and defect-free surface. Baddoo [59] has
proposed a review article about the challenges, applications, and opportunities of stainless
steel in the construction sector. The author stated that stainless steel had been proven to
be a good alternative in construction sectors because of its good mechanical strength and
high ductility. However, these are also fundamental requirements of any architectural
applications. Ramana et al. [60] depicted the influence of powder (Nickel) contained EDM
on MRR, tool wear rate (TWR) using die steel material against copper electrode. They
estimated that nickel in dielectric fluid substantially improves both the said output when
pulse-on/off time and current are considered as input variables.

3. Methodology

This module describes a detailed methodology for the sustainable machining of steel
that has undergone a comprehensive review procedure. A PRISMA (Preferred Reporting
Items for Systematic Reviews and Meta-Analysis) approach was adopted, as displayed in
Figure 9, to study the multiple intents of sustainable techniques [61]. The different aspects
of sustainable machining techniques for the steel material comprise processing, benefits,
drawbacks, and limitations. Afterward, the three pillars of sustainability, such as social-
environment -economic, are critically reviewed and highlighted during steel machining
to find out the research gaps and future implications. From this perspective, different
literature has been studied from various Journals, including Science Direct, Tandfonline,
MDPI, Springer, Hindawi, Wiley, Web of Science, etc. The iterative forward and backward
strategy was practiced in the identification process to collect the explicit information using
the Keywords, Sustainable manufacturing, MQL, Cryogenic machining, Solid lubricants,
Vegetable oils, and Steels.

Figure 9. A PRISMA Methodology, reprinted with permission from ref. [61]. Copyright 2009 BMJ
Publishing Group Ltd.
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For the acquisition of Journal articles, books, reports, and web pages, the string of
sustainable machining was utilized in each of the databases’ searches. Then a screening
operation was performed to find out the future implications in sustainability machining
of steel by appraising the existing issues and tentative solutions in a contextual manner.
Each of the content of the research articles has been extensively examined while taking the
sustainability viewpoint of steel into account. Based on the following established criteria, a
large amount of information taken from published literature was systematically organized
for assessing future research possibilities:

• Studies belonging to human health, environmental and economic impact on the
machining of steel;

• Investigations related to the mechanical and chemical characterization of the machin-
ing under special cutting oils/fluids;

• Articles linked with the MQL machining attributes of steel material plus the cryogenic
treatment cutting effect on the suitability of steel;

• Content affiliated to the behavior of dry machining of steel.

The references have been cited within a broad time span from 1982 to 2021. Out of the
complete list of references, about 43% of articles have been selected from the last six years
(2015–2021). The fundamental information based on the sustainable machining techniques
for steel was collected and organized, then sub-categorized as per the importance in the
respective studies. A comprehensive revision of the research records was developed to
examine the sustainability aspect of steel, keeping an eye on its machining attributes. In
the present study, challenges to the sustainable machining of steel were also described, and
the discussion of this research is summarized in the Conclusion. Finally, future directions
and research limitations have been consolidated using the identified knowledge about the
sustainable machining aspect of steel.

4. Sustainable Techniques

Different sustainable techniques, i.e., cryogenic cooling, MQL, solid lubricants, and
other techniques which are being used in the auto industry that fulfill the overall objectives
of this review, are depicted in Figure 10 [8]. The techniques mentioned in Figure 10 have
certain benefits, as portrayed in Figure 11.

Figure 10. Sustainable Techniques, reprinted with permission from ref. [8]. Copyright 2015 Else-
vier Ltd.
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Figure 11. Benefits associated with sustainable machining.

4.1. Cryogenic Cooling

In cryogenic cooling, low temperature (below −150 ◦C) materials and medium are
used for cooling purposes. Liquid nitrogen, whose boiling point is (−195.82 ◦C) and frozen
carbon dioxide, whose sublimation point is (−78.5 ◦C), are two common media used in this
process. Nitrogen is employed to cool down the temperature in the cutting zone because
of exothermic conditions. The large amount of heat that is generated during machining
causes tool failure and tends to alter the mechanical properties of the specimen. Therefore,
to minimize the detrimental effects due to heat and elevated temperature, nitrogen is used,
which decreases wear and tear as well as improves the build-up edge [62]. Cryogenic is
an eco-friendly technique that shows better results at higher cutting speeds. It is best to
control machining temperature along with enhanced tool life [63]. The schematic diagram
of the cryogenic cooling setup is represented in Figure 12.

Figure 12. Diagram of cryogenic cooling technique setup, reprinted with permission from ref. [64]. Copyright 2010
Elsevier Ltd.

It was noted during the comparison of dry cutting, MQL, and cryogenic machining
that the cryogenic technique is better in increasing tool life with the reduction of cutting
temperature. With this product, life improved due to better surface quality [65].
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The use of liquid nitrogen in hard turning caused the improvement in cutting speed,
and higher productivity and greater tool life were achieved. All of the surface finishes also
improved as it causes a decrease in machined surface temperature. Also, it is good for the
environment and has no toxic properties [66].

Figure 13 shows the environmental impact of different cooling techniques in the
machining of AISI 304. Wet cooling has a tremendous impact on the environment, like
ozone depletion, etc. Cryo MQL-CO2 is best found in all these.

Figure 13. The impact on the environment by different cooling techniques, reprinted with permission
from ref. [67]. Copyright 2016 Elsevier Ltd.

It was observed that cryogenic machining, which is suitable for environmental impact,
may also have other benefits in terms of lesser tool life and low power consumption
as compared to dry cutting. Figure 14 shows a graphical representation of tool life in
different cooling techniques, which clearly depicts that tool life is longer in CryoMQL-CO2
as compared to other techniques [67]. In the milling of hardened AISI D3 steel, the effect of
cryogenic cooling (liquid nitrogen) was noted for tool life, surface roughness, and cutting
forces. Cutting forces were reduced by 20% to 27%, and surface roughness was decreased
up to 16 to 29% due to less cutting temperature at the tool chip interface. Tool life was
increased up to 26% to 35% as compared to dry cutting conditions [68].

Figure 14. Comparison of Tool life between different cooling techniques, reprinted with permission
from ref. [67]. Copyright 2016 Elsevier Ltd.
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The cryo-cooling process consists of many input variables: cooling rate, soaking time
and temperature, tempering temperature, and its required time [69]. Gill et al. [70] flour-
ished that three of above parameters (cooling rate, soaking time, and soaking temperature)
have been extensively increased the tool life upto 98% by compromising the mechanical
characteristics of it. Stratton [71] put forward that cooling rate must be low enough to avoid
cracking and deforming in the material. Molinari et al. [72] reported about soaking time
that must be less than 35 h. It also stated that tool fracture mainly because of insufficient
cooling rate, so the optimum value for cooling rate should be near to 30 ◦C/h. Barron [73]
had observed the effect of soaking temperature (189.15 K and 77.15 K) on the wear resis-
tance property of M2 Steel. Besides, many researchers witnessed that increase in hardness,
toughness, improving stability and resistance to corrosion is enhanced the tool life [74,75].
Dhar and Kamruzzaman [76] have compared the dry, wet and cryogenic techniques for
AISI-4037 Steel. They concluded that cryogenic has been proved as sustainable method
followed by dry and wet method in terms of reduction in heat upto 673.15 K. SR is another
important criterion to check whether the machining is sustainable or not. Rotella et al. [77]
carried out machining under dry, wet and cryogenic condition on Ti-6Al-4V. They noted
that cryogenic machining is more prominent than dry and wet machining in term of getting
high surface integrity. They also summarized that cryogenic machining has been proved as
effective at high feed rates. Kumar and Dhananchezian [64] also demonstrated the similar
consideration about SR in cryogenic machining of Ti-6Al-4V. The 35% improvement in SR
magnitude has been observed in comparison to dry and wet processing.

In the turning of 17-4 PH SS, different cooling techniques were used like cryogenic,
MQL, and wet and dry turning. Different depth of cut (DOC) was used to check the
optimum conditions for each technique. It was noted that the cryogenic technique was
best in terms of cutting zone temperature decrement, improved surface integrity, and less
tool wear. Chip thickness was also less, and also this technique was environmentally
friendly. Figure 15 shows the surface morphology obtained after applying different cooling
techniques. The surface was smoother in cryogenic as compared to dry machining [78].

Figure 15. Images of surface morphology under different cooling environments. (a) cryogenic,
(b) wet, (c) MQL, (d) dry, reprinted with permission from ref. [78]. Copyright 2018 CIRP.
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Figure 16 shows the cutting temperature according to the depth of cut increment,
which is lower in cryogenic machining than dry, wet, and MQL machining. In machining
AISI 52100 Bearing steel, the effect of cryogenic coolant compared to dry cutting on surface
integrity was observed. It was noted that residual stresses and white layer formation were
less. This layer is non-recommended because it causes fatigue of the product and affects its
life. It became evident that it enhances the surface integrity of hard components in many
aspects [79]. In hard turning of 17-4 PH stainless steel, the effect of cryogenic machining
was found to be positive. It reduced the cutting temperature by using liquid nitrogen as a
cooling medium, and it is eco-friendly. This method can be effectively used in any type of
hard material [80].

Figure 16. Effect of DOC on cutting temperature under different cooling techniques, reprinted with
permission from ref. [78]. Copyright 2018 CIRP.

Nitrogen is most commonly used as it is a safe, noncombustible, noncorrosive gas.
The air we breathe has 78% nitrogen gas in it. Liquid nitrogen has the property of easy
evaporation, so when it is used in cryogenic machining, it evaporates quickly, and no wastes
remain on surfaces, tools, and machines, etc. It contributes to cost savings by avoiding
disposal costs [81]. Currently, cryogenic turning is being used to achieve deformation-
induced surface hardening. For such purposes, the powerful coolant CO2-snow is used
due to its good wetting behavior [82].

In hard turning of ASP23 steel, CO2 cryogenic media was used with two types of
inserts: one negative and one positive. Tool life was increased in the negative insert up to
19.96%, but in the positive insert, the value of improvement rose to 69.5%. The white layer
was also checked. In the negative insert during CO2 cryogenic machining, it produced a
minimal thickness of 2 micrometers. In the positive insert, this layer was not produced.
In Figure 17, the microstructure of the material in which machining is done with negative
insert using both techniques: dry turning and CO2 machining [83], is shown. In Figure 18,
the microstructure is presented in which machining is done with positive insert using
dry turning and CO2 machining. The white layer is not produced, which indicates good
structure.
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Figure 17. After turning with VNGA160408 (Negative). (a) Dry machining; (b) CO2 machining, reprinted with permission
from ref. [83]. Copyright 2015 Elsevier Ltd.

Figure 18. Microstructure after turning with VCGW160408 (positive). (a) Dry machining; (b) CO2 machining, reprinted
with permission from ref. [83]. Copyright 2015 Elsevier Ltd.

In hard turning of AISI 420 steel, the effect of cryogenic cooling was noted compared
to nano fluids. It was noted that tool life at a cutting speed of 75 m/min was increased
by approximately 29%. This effect was increased as the speed was increased. Also, the
temperature is reduced as compared to nano fluids. Chip morphology was better than
nano fluids. It was noted that tool wear was also less [84]. In the machining of AISI 4340,
it was found that cutting powers are reduced in cryogenic (LN2) cooling as compared
to other water-based cutting fluids. Material removal rate (MRR) was increased with a
decrement in surface roughness, which was 0.97 micrometers in cryogenic cooling [85].
The comparison is shown between conventional machining and cryogenic machining. In
Figure 19, a conventional machining setup is shown in which cooling and lubricants are
required, and waste is generated.

Figure 19. Machining, reprinted from ref. [86]. Copyright 2014 Elsevier Ltd.
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In Figure 20, a cryogenic setup is shown. Unlike conventional machining, there is no
need for lubricants, and no waste is generated, which is better for the environment and
saves on the cost of the product. To observe the cryogenic effect in hard turning of AISI
4340, a setup was done on the shop floor of the CNC turning center. By this process, surface
roughness was achieved up to 0.4 micrometers. Tool life of order was achieved 34 min.
Cutting forces were reduced by 18%, and power consumption was decreased by about
320 W.

Figure 20. Cryogenic Machining, reprinted from ref. [86]. Copyright 2014 Elsevier Ltd.

In Figure 21, an SEM image was captured to check the flank and rake area of the
cutting insert after machining. The insert was chipped off when flood cooling was used
while in cryogenic machining abrasion type phenomenon observed at flank face [87].

Figure 21. Images of (a) wet cooling insert (b) cryogenic machining insert, reprinted with permission
from ref. [87]. Copyright 2017 Elsevier Ltd.

It was noted that power consumption in terms of electricity creates about 99% environ-
mental impacts, which need to be minimized. It was done by choosing the optimal cutting
conditions in terms of CO2 emission, which leads to better environmental impacts [88].

The effects of dry, MQL, flood, and cryogenic machining were observed during
turning of 15-5 PH SS, and it was noted that cryogenic machining performed well in terms
of tool life which was about 44% of flood and 68% of MQL cooling technique. Surface
roughness was better in cryogenic and flood cooling as compared to MQL and dry cutting.
In Figure 22, SEM images show the smoothness in the wear pattern of the flank face of the
tool in cryogenic as compared to other techniques [89].

266



Materials 2021, 14, 5162

Figure 22. Micrographs of the flank face of cutting inserts under different cutting environments,
reprinted with permission from ref. [89]. Copyright 2020 Elsevier Ltd.

The growth of global production and the increase of cutting fluids application has
caused intensive research concerning economic and environmental aspects of systems for
cooling/lubricating the cutting zone. Thus, recently several cooling/lubrication techniques
were developed in order to achieve sustainable manufacturing by reducing or eliminating
cutting fluids. Currently, the most widely used cooling/lubricating techniques with a low
negative effect on the environment and human operator’s health are dry cutting, cryogenic
cooling, and minimum quantity lubrication (MQL), etc. [90].

LN2 was found to be good in milling of P20 hardened steel as compared to dry and
flood machining. Tool wear was less, about 15%, compared to dry machining, while about
5% compared to wet cooling. Also, it was noted that due to temperature reduction, chip
curl was less, which leads to good surface morphology [91]. In the machining of AISI
D6 tool steel, a comparison was made between LN2 machining, dry, and wet machining.
LN2 was good in surface integrity, and tool life was good, but the production cost for
cryogenic setup was more compared to dry machining. This cost varied as the flow rate of
LN2 increased [92]. In the milling of AISI D2, the impact of cryogenic cooling was noted
compared to a dry and wet cutting environment. Cutting zone temperature was reduced
up to 44% by dry and about 36% by wet machining, while cutting forces were reduced by
about 40% by dry and about 29% by wet machining [93].
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During the study, a comparison was done in the machining of normalized and hard-
ened bearing steel AISI 52100. The response of cryogenic and conventional turning tech-
niques like dry and flood cooling was checked in terms of tool life, surface finish, and
productivity. Productivity was higher in cryogenic cooling, and tool life was about 315% in
normalized while 15% in the hardened workpiece compared to other techniques. No white
layer was formed in cryogenic that are not recommended for machining part. Table 9 shows
the MRR for both techniques, and it can be seen that it is about 23% more in cryogenic [94].

Table 9. Optimum productivity comparison through MRR, reprinted with permission from ref. [94].
Copyright 2012 Elsevier B.V.

Material Conventional Turing
(mm3/min)

Cryogenic Turning
(mm3/min)

Normalized AISI 52100 61,600 (Flood) 75,600

Hardened AISI 52100 5606 (Dry) 6300

During machining of duplex stainless steel, a comparison was conducted between
cryogenic cooling and dry cutting. The tool which was used in the machining was coated
carbide. Reduction of cutting zone temperature was observed in the case of cryogenic by
53–58%. Required cutting forces were decreased by 30–43%; also, it was noted that surface
finish was improved by 18% to 23%. These results were in comparison with dry cutting.
Figure 23 shows the cutting temperature for cryogenic and dry machining, which is less in
cryogenic machining [95].

Figure 23. Effect of two cooling techniques on cutting Temperature, reprinted with permission from
ref. [95]. Copyright 2018 Elsevier Ltd.

In the hard turning of AISI 52100 bearing steel, the impact of Cryo MQL with two
different media (LN2 and CO2) was evaluated against conventional and dry turning.
Machining was done with two different inserts: one was conventional cubic boron nitride
(CBN), and the other was a wiper geometry insert. Less flank wear and crater wear were
observed using MQL + CO2. It was due to the combined effect of minimum quantity
lubrication with cryogenic cooling. The surface finish was better, and this technique was
found to be eco-friendly. Figure 24 shows the wear pattern of the flank face, which is more
in dry cutting, while in Cryo MQL + CO2, better wear performance was observed, especially

268



Materials 2021, 14, 5162

by using the wiper geometry insert [96]. Cryogenic machining has major benefits in the
sense of environment and product quality, but some limitations like lack of lubrication and
chip cleaning. Also, a drawback is the coldness effect for the operator due to high cooling
generation during this process [97].

Figure 24. Wear values and SEM images of conventional and wiper CBN inserts under different cutting conditions, reprinted
with permission from ref. [96]. Copyright 2020. The Society of Manufacturing Engineers. Published by Elsevier Ltd.

In a nutshell, the cryogenic cooling technique assists us in minimizing chip adherence
on a tool. Its benefits include reduction of wear and tear, increase in tool life, improved
surface finish, and a decrease in the coefficient of friction. Although some literature
has stated that the cryogenic method is beneficial in all aspects, as mentioned earlier, it
has certain limitations, as ascertained by Tushar and Suprabhat in their work [98]. The
drawbacks are: (1) cryogenic process demands extra control and monitoring over cooling
process, (2) a large amount of machining cost belong to process, so any failure during
operational hours lead to high maintenance expenses, (3) liquid nitrogen cannot be reused,
(4) it is not acceptable for heat treatment processes, (5) and cryogenic fluid, when operated
at low temperature, becomes reactive; therefore, it damages the workpiece by directly
contacting it.

4.2. Minimum Quantity Lubrication

To avoid using a large amount of cutting fluids, a technique called minimum quantity
lubrication, or near dry machining [99], is used in which cutting fluid is supplied at the rate
of 100 mL/h. Lawal et al. [100] demonstrated that MQL is a highly competitive approach
for a sustainable environment. They explained that minimum usage of cutting fluid in
MQL reduces environmental and occupational health hazards. It is well known that metal
cutting fluids cause environmental problems. In this case, the amount of cutting oils is
greatly reduced which also reduces the environment problem. It was also pointed out that
the use of vegetable oils improves the performance of the MQL process, especially in the
machining of hard materials, by using water soluble oil in the presence of nano particles.
There was no toxic effect generated by using this process which leads to sustainable
machining process [101].
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Normally, machining is done in dry mode, but the problem which we face is shorter
tool life, and sometimes, surface integrity suffers. On the other hand, flooded type coolant
application has a higher cost. So, a tradeoff is required in the form of minimal application
of lubricants (MQL) which will serve both purposes. In a comparison of wet and MQL,
it was found that MQL had better results in tool wear, tool vibration, surface roughness,
cutting forces, and cutting temperature during hard turning. About 1.3%, 6.7%, and 8.6%
reduction were observed in surface roughness, tool wear, and tool vibration, respectively.
Tool wear was less observed in the minimal cutting application as compared to others.
Figure 25 shows the surface morphology of three types of cutting techniques in which hard
turning with minimal fluid (HTMF) produced the smoothest surface [102].

Figure 25. Morphology SEM images; (a) By dry turning, (b) conventional wet turning, (c) and HTMF
application, adapted from ref. [102].

To avoid cutting fluids, dry cutting can be adopted, but this results in shorter tool
life at higher cutting parameters, so near dry machining is recommended. Using cutting
oil at optimal speeds serves both economic and environmental [103] purposes. In turning
of AISI H13 hardened steel under the MQL method, it was noted that the surface finish
was improved. This method also has the benefit of being environmentally friendly due to
the minimal use of aerosols and cutting oils [104]. An experiment was conducted on heat-
treated AISI 4340 steel with a hardness of 52–54 HRC in MQL and dry turning conditions
using different bio-cutting oils. It was observed that surface roughness improved as
compared to dry turning. At higher cutting speeds, more than 240 m/min, sudden tool
failure was observed under MQL conditions [62].

In the machining of AISI 1045, it was found that the cutting temperature and cutting
forces were reduced by 10–30% and 5–28%, respectively, in MQL compared to dry machin-
ing (see details in Figure 26). This reduction of temperature leads to better tool life and
contributes to sustainable manufacturing [105].
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Figure 26. Effect on cutting forces by using Dry and MQL, reprinted with permission from ref. [105].
Copyright 2015 Elsevier B.V.

In turning of AISI D2 steel, the effect of the eco-friendly MQL system was observed
compared to dry machining in terms of tool life, tool wear, and surface finish. Reduction
of about 100 ◦C was noted in cutting zone temperature, and surface finish was improved
up to 91% compared with dry machining. Tool wear was less and tool life was increased
about 267% in chemical vapor deposition (CVD) coated tools [106].

In a study [107] to check the sustainability and effectiveness of different cooling and
lubrication techniques, it was found that MQL nanofluids and cryogenic were the best
techniques in terms of keeping a balance between the sustainable environment and not
compromising machinability efficiency.

MQL technique is an efficient process when we compare it with wet machining. About
15% was saved using this technique. It was noted that it has a better effect in the form
of a good surface finish and longer tool life compared to dry machining. When we used
biodegradable oils, the effectiveness of this technique increased towards the sustainable
point of view. Cutting temperature was reduced by about 50%, which reduced the cutting
forces as well [108].

Table 10 shows the different cost estimations of different techniques used in machining.
MQL was found better in terms of initial setup and tool cost. Cleaning and disposal costs
are comparable with other techniques [109].

Table 10. Qualitative Cost Estimation data for different cooling/lubricating techniques, reprinted with permission from
ref. [109]. Copyright 2017 Elsevier Ltd. The symbols used to depict Very low (*), Low (**), Medium (***), High (****), Very
High (*****).

Sr. No. Type Raw Material
Cost

Fluid
Consumption Tool Cost Equipment

Costs
Cleaning

Costs
Disposal

Cost

1 Cutting fluid ** ***** ** **** ***** *****
2 Dry Machining * * ***** * * ***
3 MQL ** ** ** *** ** **

4 Cryogenic
Cooling *** *** *** ***** * *

5 Gaseous Cooling *** *** ***** **** * *

6 Sustainable
Cutting fluid *** **** ** **** **** ***

7 Solid lubricant **** *** *** *** *** ****
8 Nanofluids ***** **** *** **** **** *****
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In an experiment performed on a transmission housing using MQL rather than wet
machining, about 15% in savings were achieved. It was noted that due to the reduction
of wastewater, it is a sustainable process. One problem is in MQL is the cleaning of chips
during machining, especially of hard materials. Figure 27 shows the cost comparison of
two types of machining processes, MQL, and wet machining. Operation and maintenance
costs are less using MQL. Equipment costs are also less, and the overall cost is about 78%
than in wet machining [110].

Figure 27. Up to 10 years life cycle of two types of machining techniques, reprinted with permission
from ref. [83]. Copyright 2015 Elsevier Ltd.

MQL can be applied in two types of application methods. Different types of MQL
systems are shown in Figure 28. In the external application, a compressed air and oil
mixture is fed through an external nozzle to the cutting area from a chamber. There are two
types of this system. One has an ejector nozzle in which air and oil are supplied separately
to the ejector, and mixing is done after the nozzle. In conventional mixing, it is done before
the feeding at the cutting zone. In internal application, the mixture is sent through the
spindle and tool to the cutting area of the part [111].

Figure 28. Different types of MQL systems, reprinted from ref. [108]. Copyright 2020 Elsevier Ltd.
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Using cutting fluids at a very large scale in machining creates many environmental
problems, so it is necessary to adopt a strategy that minimizes the use of these oils but
serves the purpose of machining. Also, governments have imposed restrictions on the
disposal of such fluids as these cause damage to natural resources. To avoid environmental,
regulatory, and health-related problems, MQL is a better technique that serves most of the
purposes and also reduces costs [112].

In the context of industry 4.0, sustainable manufacturing is very important. Research
was conducted to check the sustainable aspects of MQL on the machining of difficult-to-cut
materials, and it concluded that MQL is a tradeoff between flood type and dry cutting. It
has more advantages for the environment and is more cost-effective than other techniques.
Skin problems created by metalworking fluid (MWF) were reduced by using MQL [113].

In the machining of a mold of tile industry, the impact of sustainable machining was
observed. MQL technique was used for such purpose, and it was noted that by using
optimal cutting parameters, a major improvement was achieved in the context of a safe
cutting environment. There was an approximate 67% reduction in kg CO2, and about
3357 liters of water were saved. Costs were reduced by about 60% [114].

Four types of cooling techniques (dry, MQL, flood, and solid lubricants with com-
pressed air) were investigated in the machining of AISI 1060 in terms of temperature and
surface roughness. In all these, MQL was found to be the best from a sustainable point of
view. This technique is responsible for lower manufacturing costs and fewer occupational
health and safety problems [115]. Due to sustainability, some properties possessed by MQL
are high lubricity, high stability and should be biodegradable. Low consumption of oil is
very common in these [116,117].

In addition to the above literature, some studies have also been carried out under
vegetable oil mixed MQL conditions. Khan et al. [118] machined low alloy steel of grade
AISI 9310 using vegetable oil emulsion. They studied the effect of the MQL process on SR,
cutting temperature, chip development, and electrode erosion in different cutting environ-
ments. They proposed that surface roughness and tool tip wear were extensively reduced
under the MQL environment, and flank wear promisingly improved when machining was
treated in vegetable oil. Likewise, some investigations are compiled based on conventional
machining in MQL conditions. For instance, Braga et al. [119] compared the results of two
scenarios; one in MQL state and the second in the mixture of Al-Si (7% Si) alloy. They
conducted a drilling process in both conditions and then measured the potency of each.
The results yielded the same SR values in both of the aforementioned drilling conditions,
which generally confirms the sustainability of vegetable oil-based machining. In another
work, Kishawy et al. [120] used Al alloy (Al-356) to examine the effect of high-speed face
milling under dry, wet, and MQL setups at various cutting conditions such as speed of
cutting up to 5225 m/min. They illustrated that high cutting forces were noted in the case
of dry cutting while fewer cutting forces were observed in wet machining. Whereas in
MQL, intermediate cutting forces were marked.

MQL has some disadvantages: (1) removal of chips from the machining zone is not
carried out properly, (2) MQL permits corrosion in the work parts or in the chips, (3) there
must be great care taken in nozzle adjustment, as it should be more than 1 or 2 inches from
the tool, (4) MQL is limited to chip heat removal only, it does not cool down the workpiece
and tool, (5) mist creation is also one of the major drawbacks of MQL [121].

4.3. Dry Cutting

Sustainable manufacturing refers to the use of all available natural resources which
reduce environmental pollution. Machining is one of these which is very much energy-
intensive, and we have to bring improvements to reduce energy consumption. Using
cutting fluids is very common for this process but has tremendous impacts on the environ-
ment as there are certain disposal costs associated with it. There is no convenient method
to dispose of it after proper treating due to which skin diseases are common. To eliminate
these problems, dry machining is used in which the need for cutting oils is eliminated. Dixit
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et al. [90] reported that the use of dry machining significantly minimized air and water
pollution. They called dry cutting an eco-friendly process. Eco-friendly refers to such tech-
niques in which detrimental wastes and tiny particles are excluded. Schultheiss et al. [122]
urged that dry machining can be performed without any fluid; therefore, for sustainability,
it is more appreciated to engage dry processing than the traditional machining approach
where usually dielectric fluid is used to compensate for the generated heat while operating
on the work part. Dry cutting is more suitable for low-strength materials, and using coated
tools is recommended, which can reduce heat generation [123–126]. In the machining of
15-5 PHSS hardened steel, an experiment was done to compare different cooling techniques
like dry, wet, and cryogenic cooling. Sustainability assessments were conducted, and it
was noted that dry cutting is more optimal towards sustainable assessment indicators,
but when we talk about the combined effects of productivity and environment, cryogenic
machining is good [127].

In the machining of stainless steel under dry cutting conditions, the effect of feed rate,
cutting speed, and depth of cut was observed. The main objective was to reduce the energy
cost and machining cost, which is the ultimate objective of sustainable machining. It was
concluded that at a higher feed rate and cutting speed with a lower depth of cut, the energy
consumption was reduced by 33.46% with a 17.81% reduction in machining cost [128]. Dry
cutting is more useful in the context of the environment as there is no need to dispose of
the water and metalworking cutting fluids. Cost is also saved, but the problem is high
cutting zone temperature and shorter tool life if the cutting parameters are high. Surface
quality is better than wet cutting [129].

Although dry cutting is good to retain the sustainability factor while machining, it
also has certain disadvantages. For example, Chetan et al. [130] and Rotella et al. [77]
outlined that adhesion between the electrode and chips takes place in specific tool and
workpiece materials. The said issue led to the reduction of the material erosion rate, and
thus the quality of the machined surface is compromised. Moreover, there is the chance of
a greater heat-affected zone over the surface, which decreases the strength and durability
of the workpiece. Therefore, sustainability plays a prime role in the metal processing areas.

4.4. Cryogenic Treated Tools

Tool life is very important to increase the productivity of any machining industry.
It is necessary to use tools that have a long tool life without the use of cutting oils for
environmental protection. What are the requirements for sustainable machining? Cutting
tools without any treatment wear very rapidly due to heat generation on the cutting zone.
Cryogenic treatment is done on cutting tools to compensate for this. Cryogenic treatment
is an add-on process that is required to improve tool life. The ultimate goal is to improve
the performance, which cuts down the machining cost. It is a subzero heat treatment
process that affects the entire cross-section area of cutting tools. Life enhancement of tools
is accomplished by microstructure changes of the tool during cryogenic treatment. Two
types of treatments are used; one is shallow, and the other is deep cryogenic treatment.
Shallow treatment: −80 ◦C to −145 ◦C. Deep cryogenic treatment: −145 ◦C or below. It
was noted that the performance of deep cryogenic treatment is more effective than shallow
treatment [131].

Cryogenic treatment is an advanced process for increasing tool life, reducing wear
resistance, improving the strength and microstructure of the tool [132–134]. With the help
of cryogenic treatment on the tool, productivity in terms of tool durability is escalated
satisfactorily. Much past literature based on cryogenic treatment has been enlisted. For
example, Ramji et al. [135] studied the effect of drilling processes on non-treated and
cryogenically treated tools, and a combination of cryogenically treated and heat-treated
carbide tipped drills on thrust, SR, and torque of drilled holes in diverse cutting conditions.
They concluded that cutting forces, thrust, and torque were reduced when cryogenic treated
and a combination of heat-treated carbide insert was used. Gill et al. [136] evaluated the
effect of cryogenic treatment of tools on cooling rate. They demonstrated that when cooling
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and heating are performed at different rates (say 0.5 ◦C/min and 1 ◦C/min), then the
wear resistance of the tool and micro-cracks on the surface was improved, respectively.
Another study conducted by Silva et al. [74] reported the impact of cryogenic treatment of
M2 HSS tools and said that 65–34.3% improvement was observed in the reduction of tool
fracture while drilling on steel. Cryogenic treatment has numerous benefits in traditional
machining, including milling, drilling, and turning. It has been extensively used outside
the conventional machining zone for microstructure analysis and wear resistance tests for
increasing tool life [136–140].

Furthermore, an experiment was done to check the impact of cryogenic treatment on
Tungsten carbide inserts. It was noted that the inserts’ life was increased up to 36% with
deep cryogenic treatment compared to non-treated inserts. Cutting forces were lesser, and
performance was more consistent. Tool life was about 56% in deep cryogenic treatment
than by non-treated insert at cutting speed of 110 m/min [92,93].

Cryogenic treatment has many benefits due to its enhancement of cutting tool proper-
ties by changing the austenite phase to the marten site phase by heat treatment. By doing
this, the hardness and toughness of cutting tools improved [141–143]. In the machining of
PHSS, cryogenic treat inserts were used. Due to lesser flank wear, tool life was improved
as compared to non-treated tools. These tools resulted in lesser cutting forces, enhanced
surface finish with longer tool life [144]. In the machining of 15-5 PHSS cryo- treated inserts
were used, and it was noted that cutting forces were reduced, and due to high hardness
and strength, the wear of the tool was less as compared to conventional types of tools [145].

Deep cryogenic treatment in hard turning of AISI D2 steel with ceramic cutting tools
improves the surface roughness by 32.97%, and improvement in tool life was observed
21.79% [146]. In the turning of C 45 steel, the impact of cryo-treated tungsten carbide
inserts was noted compared to non-treated inserts. Treated inserts were found best in
machinability and long tool life. Tool tip temperature was decreased due to higher thermal
conductivity by cryogenic treatment. This treatment is limited to smooth turning [147].
Contrarily, in cryogenic treatment of cutting tools, machinability increases, and due to
good thermal conductivity, cutting temperature decreased. These types of tools are not
preferable for interrupted cutting due to breakage problems. This statement indirectly
limits the use of cryogenic treatment of tools.

4.5. Solid Lubricants

In the solid lubricant-assisted machining of hardened steel, it was found that this
technique is suitable for an ecofriendly environment with less cost of production and helps
in the reduction of waste as well as occupational health and safety. It was noted that as
demand for sustainable machining is increasing day by day, so solid lubricant assisted
machining is emerging as a sustainable alternative machining process [148].

It was noted in a review that the performance of solid lubricants at higher cutting
parameters is high, which leads to enhanced productivity. Also, it was observed that there
is no negative impact while using these, but the issue is selecting the right type of solid
lubricant [136].

In the turning of hardened steel, the effect of solid lubricants was noted, and it was
discovered that Molybdenum disulfide is better than graphite. It was observed that solid
lubricants are better than dry or wet turning in terms of improved surface finish and
from an environmental point of view. The good lubricating effect of these solid lubricants
caused the reduction of cutting zone temperature and tool wear. This is becoming a good
alternative to dry and wet turning [149].

In the turning of AISI 1040 steel, the impact of solid lubricants (MoS2) was noted in
terms of toxic effect, surface finish, and machinability efficiency. It was concluded that the
surface finish was improved by 5% to 30%. The chip thickness ratio was reduced. The
friction was reduced in this process, so the material removal rate was high, which leads to
high productivity. Also, not using cutting fluids leads to better environmental impact [150].
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In machining, the effect of SAE 40 oil with different percentages of graphite and
boric acid was studied. It resulted that the boric acid (20%) in SAE 40 oil was performing
well. The surface finish was improved, and less tool wear and lesser cutting forces were
observed to boric acid lubricious film formation, which lessens the friction forces and
cutting temperature. Figure 29 shows the impact of boric acid and graphite on cutting
temperature compared to dry and wet cooling. Boric acid and graphite were comparable,
and with the passage of cutting time, the performance of Boric acid fond good [151].
Graphite was used in grinding, and it was found that it had numerous effects on the
process. The major difference was in the surface finish of the workpiece as in other
conventional cutting oils, which were very much improved [152].

Figure 29. Tool temperature with time in different cutting techniques, reprinted with permission
from ref. [151]. Copyright 2008 Elsevier Ltd.

In the machining of AISI 1040, the effect of nanoparticles in cutting fluid was noted,
and it was found that thermal conductivity increased, and heat transfer rate increased
about 6%, which increased tool life. It was found that about 1% addition of nanoparticles
in cutting fluids is optimal [153].

Different types of solid lubricants like MoS2, CuO, SiO2, and CaF2, etc., are useful due
to the low strength of bonding between these shears off rapidly. They are also nontoxic
and produce a good lubricity effect [154]. In the turning of bearing steel, the effect of Cu
nano-fluid with vegetable oil under minimum quantity lubrication was noted. It was found
that surface roughness was improved by about 51% due to self-laminated film formation
between the tool and workpiece, which reduced the friction. Due to the better thermal
conductivity of Cu nanofluid, a reduction in cutting zone temperature was observed,
about 21%, compared to vegetable oil machining [155]. Solid lubricant-assisted machining
is an ecofriendly technique that contributes to improving the economical aspect of any
industry. Improved tool life and higher productivity were observed in the machining of
AISI 304 steel. Surface roughness was improved up to 39%, which was improved due to
less wear of the tool tip [156]. All lubricants were supplied to the machining area with
the help of a special feeding system, as shown in Figure 30 [157]. Solid lubricants have
several drawbacks over other sustainable techniques such as (i) high wear rate with a high
coefficient of friction, (ii) some lubricants have poor heat dissipation due to low thermal
conductivity, like polymers lubricants, (iii) comprises poor self-absorption of heat ability
which disturbs the durability of lubricants [158].
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Figure 30. Lubricant feeding system, reprinted with permission from ref. [157]. Copyright 2005 Elsevier Ltd.

4.6. Alternative Cutting Fluids

The use of cutting oils/lubricants causes diseases in employees. To minimize the effect
of these oils, some user-friendly oils like vegetable-based oils and other bio-degradable
oils can be used. The usage of these oils improved the surface finish and enhanced the
tool life. Due to less coefficient of friction than other mineral oils, the machining efficiency
improved, and cutting forces were reduced. These are less toxic than other mineral oils, etc.
Table 11 shows the positive and negative impacts of vegetable-based oils on energy, cost,
and environment. These are efficient in terms of all these parameters like in enhancement
of tool life, less requirement of energy due to reduction in forces and eco-friendly. However,
there are some negative issues like fume generation and cleaning problems, as chips adhere
to oil [159].

Table 11. A critical analysis of environmental aspects in bio-degradable oil aided machining, reprinted with permission
from ref. [159]. Copyright 2019 Elsevier Ltd.

Influence Performance Issues Energy Cost Environment

Positive

Improved Tool Wear
profile

Lower specific cutting
energy due to reduced

force

Improve performance
of bio-based oils reduce

overall cost

Eco-friendly cooling
lubricating agent

Increased Tool life Reduced temperature Cost of recycling Recycling of oils
can be done

improved surface finish
and less friction

Energy consumption
during production of

bio-oils

Cost of bio-oil coolant
sometimes higher than
conventional coolant

Fluids from chips need
to be separated before

chip processing

Negative

Conventional
application mode lacks

penetration

Mode of oil application
determines the

additional energy
consumption

Cost of additives if
used

MQL spray cause
inhalation problem

Adhere with
chips-separation of oils
from chips are required

- - Fumes can cause
problems to human
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In experimental machining of AISI 304, two types of vegetable-based cutting oils were
used. One was sunflower oil, and the other was canola oil. The comparison was made with
the semi-synthetic mineral oil. It was noted that the above two oils performed well in the
context of being environmentally friendly and in cost reduction. The surface finish was
also improved. It was noted that the performance of canola oil with the additive was best
in the overall scenario [160].

Soybean and sunflower oils were tested as metalworking fluids, and it was noted that
these had a good impact on the environment and were suitable for cutting and forming
operations. These are the best alternative to cutting oils [161]. Table 12 shows the different
advantages and disadvantages of vegetable oils. They are cost-efficient and less toxic than
mineral oils. The low rate of environmental pollution and high biodegradability make
these safer for use. One drawback is low thermal stability [162–170].

Table 12. Different Advantages and disadvantages of vegetable oils used as lubricants.

Advantages Disadvantages

High Biodegradability Poor Corrosion Protection
Less environmental pollution Low Thermal Stability

Low Volatility High Freezing Points
Lesser production cost Oxidative Stability

High Flash Points
Low Toxicity

High Viscosity indices
Wide Production Possibilities

Compatibility with other additives

About 95% usage of vegetable-based oil in Brazil was reported in contrast to petroleum-
based oils due to their biodegradable properties and ability to be extracted from natural
resources. Soybean oil is the most commonly used in industrial applications [171]. In
addition to their positive impact on the environment, it was reported that surface roughness
was improved by 31.6% when vegetable oils were used in MQL [100].

In the turning of alloy steel ASIS 9310, vegetable oil performed excellently in terms
of the material removal rate, which lead to high productivity. Machining performance
was increased by using these oils by 117% in terms of tool life, and thrust forces were
also reduced. Also, it has a less negative environmental impact [7]. Vegetable oils have a
high boiling point and molecular weight, due to which the chances of vaporization are
less than other neat oils. Less smoke is produced, so it is less hazardous for the working
environment as well as for people. The product quality is improved by the effect of the
lubricating film. Friction and heat generation were lower [118]. In the turning of AISI
4340 stainless steel, three different oils, palm oil, sunflower oil, and coconut oil, were used.
Sunflower oil performed well in terms of surface finish and chip compression ratio. One
drawback of vegetable oils is the generation of smoke due to a lower flash point [172].

4.7. Air/Gas/Vapor Cooling

The use of cutting fluids causes environmental damage and health-related issues.
In order to avoid these issues, a green cutting environment is being created. In this
environment, the use of water vapor plays a major role because there is no need for
recycling or disposal, and it is non-toxic and environmentally friendly. The setup diagram
is below in Figure 31.
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Figure 31. Vapor generator device and feeding system, reprinted with permission from ref. [173]. Copyright 2004 Else-
vier Ltd.

Temperature reduction, cutting force reduction and improvement in the surface finish
is a positive impact of this technology. Below, Figure 32 shows the temperature comparison
between different modes of cutting lubrication techniques in which the use of water vapor
is the best technique compared to dry cutting, compressed air, and oil-water emulsion [173].

Figure 32. Cutting Temperature Variation on different Depth of cut, reprinted with permission from
ref. [173]. Copyright 2004 Elsevier Ltd.

Cold air cooling is best during machining as it mitigates the environmental and health
issues caused due to use of coolants. Energy consumption increased by 20%, but coolant
cost was reduced by 80%, which is an economically good impact [174]. In the literature,
different gases have been exploited as a coolant for sustainable machining of steel, i.e.,
carbon dioxide (CO2), argon, water vapor, oxygen, and nitrogen, as depicted by Kim
et al. [175] and Yamazaki et al. [176] in their investigations. Contrarily, it comprises some
drawbacks; for example, rough turning is not appropriate for the gas/air cooling method.
It also acquires an additional setup for the supplement of gas particles to the machining
area. As a coolant, compressed air is not suitable for machining a superalloy like Inconel
alloy. From an environmental perspective, CO2 as a gas is not compatible for greenhouse
effect.

The past studies warrant the use of air or gas as a coolant to sustain the process
environmentally. Liu et al. [177] performed machining on ANSI 1045 steel against a P10
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carbide tool under different concentrations of gases and oils. For instance, water vapors
(WV), a mixture of CO2 and O2, a combination of WV and CO2, a grouping of WV and O2,
dry machining, and wet machining under oil-H2O emulsion were prepared for processing.
They deduced that cutting forces improved significantly with increased tool life up to 4 to
5 times and 2 to 3 times with CO2 state and WV, respectively. Junyan et al. [178] collated
the two different machining contexts; process under WV and state of dry machining. They
evaluated the impact of the K20 carbide insert on the performance of ANSI 304 stainless
steel in the aforementioned two machining situations. They extrapolated that better results
were obtained with WV followed by dry machining in terms of improvement in tool life, a
reduction in cutting forces of 25 to 30%, and modification in surface integrity.

In the machining of AISI 1040, the comparison was carried out between gases appli-
cations, wet and dry machining. Three gases were taken, oxygen, nitrogen, and carbon
dioxide. It was found that gas application had better result in surface quality, cutting zone
temperature, and cutting forces, etc. CO2 had a better cooling effect than other gases used,
and the cutting forces and thrust forces were less using this gas compared to other gases.
At lower feed, good surface quality was achieved with gas compared to wet machining, in
which surface quality improved at a high feed. Figure 33 shows the relation of mean cutting
force with feed in dry, wet, and different gases. CO2 was best in all other techniques [179].

Figure 33. Variation in cutting force by using different machining techniques, reprinted with permis-
sion from ref. [179]. Copyright 2004 Elsevier B.V.

4.8. High-Pressure Coolant (HPC)

This is another widely accepted technique in the manufacturing industry. Conven-
tional machining mostly uses one mechanical mechanism, but HPC is usually comprised
of three systems: mechanical, thermal, and tribological controls, which makes it impressive
and valuable in high-speed machining [180]. High-speed machining is useful in the follow-
ing conditions, (i) difficult to machine materials, (ii) high speed and feed, (iii) deep-hole
drilling, (iv) continuous chips production [181]. HPC generally provides high pressure to
the coolant, which allows the deep flow of the fluid between the work-electrode spaces or
contact regions of tools and chips, as specified in Figure 34 [182]. The effect of the above
phenomenon improves tool life, decreases the consumption of cutting fluid, and maintains
the temperature of the work part [183]. It has been found from the literature that HPC not
only offers less TWR but also gives superior cooling properties, which results in lessened
contact distance as the force of coolant pressure lifts the chip away from tool faces [184].
Ezugwu et al. [185] investigated that boron nitride (BN) and ceramic tools are not fit for
high-speed processing of Ti-alloys with HPC supply because it begins the nose rupture
and generates discontinuous chips which damage the cutting edges.
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Figure 34. Position of the tool with respect to the workpiece, reprinted with permission from ref. [182].
Copyright 2006 Elsevier Ltd.

It was mentioned earlier that an increase in coolant supply with greater pressure
increases the tool life. A study confirmed that tool life is raised by 740% when pressure
and coolant speed are set at 203 bar and 50 m/min, respectively. In addition, chip forma-
tion is also affected by varying the cutting conditions and coolant pressure at acceptable
levels [186]. Kumar et al. [187] have evaluated the effect of HPC on the machining per-
formance of ASSAB 718 steel. The improvement in tool wear, flank wear, chip shape
and thickness, and cutting forces are governed by HPC. Dhar et al. [188] assessed the
consequence of HPC on chips, tool life, and roundness deviation while drilling of AISI 4340
steel. They investigated the outcomes under HPC drilling with the dry drilling process.
The results summarized that small chip thickness, less roundness, and minimal tool wear
were observed via HPC drilling. Thus, researchers called it a more beneficial process than
drilling under conventional coolant. Naves et al. [189] presented the machinability of
AISI 316 austenitic steel by employing HPC. They used 5% and 10% vegetable oil with
coolant at different ranges of pressure (100, 150, 200 bar) against carbide tool inserts. They
concluded that flank wear was significantly lower when pressure up to 100 bars with a 10%
concentration of fluid was applied. The above literature successfully showed that HPC
is a highly effective method for achieving long tool life, minimum chip size, and, most
importantly, the consumption of fluid is decreased by 50%.

5. Discussion

This section broadly investigates the sustainability aspect of steel governed by different
machining techniques, such as expressed in Figure 10. To build a state-of-the-art review,
comprehensive literature has been studied regarding the sustainability point of view for
the manufacture of steel. For this reason, the key letters and strings were treated to reveal
the different studies relevant to the above-mentioned case for the literature survey. The
literature survey comprises published work obtained from various sources of Journals,
including Science Direct, Emerald, Springer, and other publishers. The last 25–30 years
articles, 43% from the past five years, were cited in this study as presented in the graph
shown in Figure 35.

281



Materials 2021, 14, 5162

Figure 35. Graphical representation of the number of cited articles in different year bands.

It has been regarded that steel is the most popular material and is preferred widely in
diverse application sectors, i.e., automotive, aerospace, and manufacturing industries, etc.
However, advancement in manufacturing areas, together with the requirement of cleaner
production, demands sustainable machining techniques. Therefore, this review article is
contributing towards the sustainable methods needed for the machining of steel. In addi-
tion to the above discussion, this study is also presented as a guide for the selection of the
best technique that gives net zero-emission in their manufacturing products. The important
published work corresponds to sustainable techniques employed for the machining of steel
is described below.

Numerous researchers claimed that MQL is the most suitable technique for achieving
a sustainable machining environment followed by conventional processes such as drilling,
milling, and grinding, etc. [190–193]. Najiha et al. [194] said that MQL is considered a
cleaner production process due to its cost-effectiveness and ensuring the safety of both
workers and the environment. This statement is also validated by other researchers; for
instance, Boswell et al. [111] and Eltaggaz et al. [195] predicted that MQL consumed a
minimum quantity of cutting liquid which directly reduces the emission of hazardous
fumes, and thus the performance of MQL process was upgraded. Moreover, vegetable
oil and non-natural esters are the most commonly used fluids in MQL owing to superb
biodegradability and non-toxicity, as stated by Boswell et al. in their study [111]. Dhar and
Khan [196] explained that some benefits of the aforementioned fluids over conventional
metalworking lubricants are:

i. They provide high MRR with a small cutting time;
ii. The small electrode erosion rate;
iii. They are good absorbers at high pressure;
iv. Minimal vaporization and evaporation lead to being environmentally sustainable.

Synthetic ester, sometimes also known as vegetable oil, is also a promising fluid in
order to sustain the machining process due to its high boiling point, excellent flashpoint,
and low viscosity, as implied by Dixit et al. [117] in their investigation. Hence, both stated
fluids extensively used in the MQL process are the best alternatives in terms of suitability
than other conventional liquids.

Cryogenic is another fundamental sustainable approach used for the cutting of steel by
manipulating cryogenic fluid at optimum temperature. To keep the cutting temperature low,
a coolant like nitrogen gas is used because of its non-corrosive and non-combustible nature.
Pereira et al. [67] carried out turning operation on AISI 304 material and inferred that a 50%
improvement in tool life with a 30% reduction in cutting speed was commemorated under
cryogenic machining conditions. Pusavec et al. [197] evaluated the impact of cryogenic
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machining on Inconel 718 alloy by taking surface integrity as a responses parameter. They
have used various mixtures of cryogenic liquids and found good surface asperities over the
machined region with a cryogenic cutting procedure. Another study by Pusavec et al. [198]
was written about the effect of various machining applications (such as cryogenic cooling,
MQL, dry machining, cryo-lubricant machining) on the same alloy of Ni (Inconel 718) by
constructing a response surface methodology (RSM) model. They validated the model with
the support of an ANOVA study. The results were explicated that cryogenic cutting fluid
or lubrication significantly improved the performance of machining while treating. Machai
and Biermann [199] tested the tool life (TL) during machining of Ti-1023 at specific cutting
conditions (Cutting rate = 50–150 m/min, Feed = 0.1 mm, machined depth = 0.3 mm, and
stroke length = 50–250 m) under wet and CO2 blend. They summarized that TL is raised
approximately by two times with the cryogenic machining as compared to wet operating
conditions. Machining under emulsion state also generated large size craters than that of
cryogenic condition.

Cutting lubricants improve the design attributes of the machining, but they are strictly
avoided by some researchers due to the production of health-hazardous fumes and gases
during processing which causes serious diseases for the workers. Researchers have prac-
ticed the machining operation without any fluid referred to as “dry machining (DM)”.
Many manufacturing companies, especially those which produce metallic products, are
adopting this technology owing to the freedom from environmental impacts. However,
DM has certain drawbacks, which prevent its usage at a level as high as the rest of the tech-
niques which used cutting fluids. Gyanendra and Prabir [129] enlisted some disadvantages
of DM, which are mentioned below:

i. Excessively raise the temperature of the cutting zone, which results in poor TL;
ii. Heat affected zones are enlarged, which tends to decrease the strength of the specimen;
iii. Surface finish compromised at such elevated conditions;
iv. Geometric accuracy and dimensional accuracy of the work part is significantly altered;
v. The DM has a challenge to machine the difficult-to-cut materials;
vi. In comparison to other sustainable machining techniques, DM has high costs and less

productivity.

There are numerous studies based on DM. For example, Servaraj et al. [200] assessed
the effect of cutting speed (80–120 m/min) and feed rate (0.04–0.12 mm/rev) on cutting
forces at a DOC of 0.5 mm under DM state. They have tested all experiments on the
stainless steel (SS) material. They proposed that magnitude of cutting forces is significantly
remodeled with a small alteration in feed rate. Fernandez-Abia et al. [201] also performed
experimentation under DM environment at a cutting speed of 37–870 m/min, feed rate of
0.2 mm/rev, and 0.1 mm DOC while turning AISI 303 SS. They have taken two responses
viz cutting capabilities and chips geometry. They deduced that a cutting rate greater
than 450 m/min yielded minimal cutting forces along with satisfactorily decreased chip
thickness. Salem and Ahmad [202] optimized the design parameters, such that surface
integrity and power consumption, of 316 SS under DM situation using Boron Nitride (BN)
electrode. An RSM methodology was developed to validate the machining parameters. The
results pointed toward the reduction in power consumption up to 6.8%, with an increase
in the surface finish of about 13.9%.

Another prime technique used to ascertain the sustainability perspective of steel can
be accomplished with the help of using various cutting fluids. Many pieces of research
claimed the amplification of machining performance in terms of output responses like
cutting rate, MRR, TWR, and SR when different cutting fluids in the dielectric are exercised.
For instance, Kashif et al. [203] comprehensively examined the dispersion of graphene
nano-powder mixed in the dielectric medium onto the output parameters (i.e., MRR &
TWR) of electric discharge machining (EDM) using three electrodes (copper, brass, and
aluminum). They proposed that graphene particles in the dielectric disperse the sparking
by raising the plasma channel, which leads to raise the MRR and reduce the TWR. Although
there are numerous cutting fluids, vegetable oil-based dielectric combinations are mostly
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preferred owing to being environmentally friendly, renewable, non-toxic, non-hazardous,
and high biodegradability [125]. Vegetable oil also possesses a high freezing point, good
corrosion resistance, and is thermally considered stable [204]. Cetin et al. [205] conducted a
study to illustrate the impact of canola oil, sunflower oil, and mineral oils on the machining
performance of an AISI 304L work part by noticing the SR, cutting forces, and feed forces.
They suggested that both vegetable oils provide better surface asperities over the machined
surface. Other than this, vegetable oil is outperformed in terms of less feed and cutting
forces, followed by mineral oil. Hence, different powder mixed dielectric influences the
machining processes and improved the results.

Table 13 shows the comparison in terms of some response parameters like surface
finish and MRR, cutting temperature, tool life, and cutting forces. Tool life was best in
cryogenic cooling and Cryo treatment of tools. Dry cutting was not found comparable
with other techniques in terms of all these parameters, but from an environmental point of
view, it was good. The surface finish was best in cryogenic cooling and solid lubricants
technique. The material removal rate was observed to be greater in the solid lubricants
technique.

Table 13. Comparison between different sustainable Techniques. (× Bad ×× Good ××× Better ×××× Best).

Technique Tool Life Surface Finish MRR Cutting
Temperature Cutting Forces

Cryogenic Cooling ×××× ×××× ××× ×××× ×××
MQL ××× ××× ×× ××× ×××

Dry Cutting × ×× ×× × ××
Solid Lubricants ××× ×××× ×××× ×××× ×××
Air/Vapor/Gas ×× ×× ××× ××× ×××

Cryogenic treatment ×××× ××× ×× ××× ××××
Alternative cutting fluids ××× ××× ××× ××× ×××

After careful review of the presented literature, it has been inferred that sustainable
techniques are environmental-friendly and manifest as non-hazardous for human beings.
If the demand of manufacturers is to achieve a high MRR with a good surface finish, then
the use of solid lubricants will be preferred. While, if the need is limited to high tool
life with excellent surface asperities on the machined part, then cryogenic cooling will
be favored. Similarly, sometimes studies are only restricted to minimum cutting forces,
then dry machining would be used irrespective of the other machining attributes. The
different challenges possessed by the sustainable techniques while their implementation
is presented in the subsequent section. Then the paper is summarized in the conclusion
section with the discussion of future directions.

6. Challenges in Sustainable Machining

Different challenges faced for the implementation of sustainable techniques are
following.

6.1. Lack of Awareness Regarding These Techniques

Most industries are not aware of these latest techniques, which can contribute con-
siderably in terms of productivity improvement and a green and safe environment for
workers and surroundings. They only trust conventional methods and consider these a
technical requirement. Top management should be equipped with the latest knowledge of
the world’s reforms in the field of machining of parts.

6.2. Lack of Management Commitment

For the implementation of these techniques in any manufacturing industry, a change
mindset is most important. Management should be willing to provide all needed resources
for effectiveness, but in most industries, this commitment is not present.
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6.3. High Equipment Cost

No doubt these techniques are very helpful and of paramount importance to the
industries for today and tomorrow, but some techniques like cryogenic machining need
much attention because right now, their setup cost is high. Indeed, most industries do not
know the payback of these, which makes them reluctant to implement.

6.4. Usage of Old Technology

In most industries, old and conventional machines are being used for the manufactur-
ing of parts. There is very little or absence of provision for installation of equipment for
working of these techniques. For installation, a huge cost is required for the replacement of
the existing system.

6.5. Fear of Losing Business during Adoption of These Techniques

It is a myth in conventional industries that whenever they try a new system, it will
lead them towards loss of production. It seems that there is not enough time for the trial of
any new technology, which is the wrong concept. Without taking a risk, no improvement
will occur.

7. Post-Processing Challenges of Additive Manufactured Steel

Additive manufactured steel parts are widely used in different engineering applica-
tions. However, geometric inaccuracy and poor surface integrity disallow the use of steel
components after their manufacturing through additive manufacturing techniques. From
this perspective, post-processing operations are performed to mitigate the above issues.
Those post-processes include drilling, milling, grinding, blasting, and tapping, etc. The
challenges inherent with the aforesaid traditional processes have been explained by the
National Institute of Standards and Technology (NIST), as far as additive manufactured
(AM) steel is concerned.

The residual, tensile (outer surface), and compressive (inner surface) stresses still
remain in the steel component after its production from AM, which hinder the use of
such parts of steel via milling, drilling, and other conventional processes because it can
be generated trust forces, vibrations, and high frequency that may decrease the tool life
rapidly, as discussed by Brandon and Eric in their study [206]. They also reported that
residual stress also altered the chips’ formation owing to high tensile forces at the outer
surface when plastic deformation is reached.

The fabrication of steel parts via direct energy deposition (DED) has inhomogeneities
because of inappropriate cooling and porosity that tend to affect the surface finish of the
desired steel parts when turning operation is carried out at certain input variables. Teo
et al. [207] also studied the effect of the post-processing technique (sandblasting) on the AM
316L stainless steel part. The surface quality issue governed by the DED process has been
successfully eliminated by the sandblasting process, but the introduction of surface damage
and peel-off layer takes place. They reported that the peel-off layer could be removed either
by electro-polishing technique or by adding abrasive particles; however, it leads to another
problem of corrosion. Therefore, steel parts comprising limitations towards machining
after their fabrication through AM process.

8. Conclusions

Sustainable machining techniques became the need of the hour to fulfill environmental
regulations and to improve operator’s safety. These techniques play an important role
in any industry in terms of economic, social, and environmental benefits. To maximize
productivity and to make products market competitive, sustainable machining techniques
should be adopted. The following main points are concluded for understanding and
implementation:

• Cryogenic machining is a very popular technique in terms of its excellent cooling
impact, which leads to longer tool life and good surface integrity. It does not require
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residual cleaning as in conventional cutting, but some drawbacks are still there like,
chips cleaning problem and frostbite hazard associated with the operator’s health.

• Dry machining is good in terms of an environmental point of view but leads to low
surface integrity of the product and higher tooling cost.

• MQL technique is an intermittent solution between dry and cryogenic in terms of ma-
chining cost and product quality. However, problem is chip evacuation is a problem.

• In cryogenic treatment of cutting tools, machinability increases, and due to good
thermal conductivity, the cutting temperature decreases. This type of tool is not
suitable for interrupted cutting due to breakage problems.

• Solid lubricants are found more effective in terms of surface integrity of parts, and
tool life increases as the heat transfer rate increased.

• Vegetable oils are found to be good from an environmental point of view as there is no
need to dispose of these as compared to mineral oils. Due to low flash points, smoke
is produced during the turning of steel. Sometimes cleaning may be problematic as
chips engaged with oil which is difficult to separate.

• Air-gas cooling is a good technique for the environment compared to conventional
coolants, but energy costs increased about 20%.

Numerous studies have been conducted on the sustainability of steel in various
application conditions. As steel is emerging mostly in automotive sectors, along with other
large setups like aerospace, nuclear power plant, marine areas, and biomedical equipment,
etc. Organizations are conscious of environmental problems, which ultimately put the life
of humans at risk. Therefore, it is much more necessary to examine the sustainability point
of discussion on steel material. This review was compiled to investigate the sustainable
machining techniques for the steel material. Further, the details presented in this review
can act as a guide in selecting the best solution to be integrated towards achieving net
zero-emission in their manufacturing products.

9. Future Implications

This review highlights the major limitations like frostbite hazard in cryogenic machin-
ing and initial setup cost, which is difficult to afford by any local industry. A comprehensive
investigation is required to mitigate the aforesaid issue of cryogenic machining by ensuring
a controlled temperature environment. The mathematical modeling of the sustainable
cutting mechanisms with respect to the cutting of steel is still an area that needs special
attention.

Author Contributions: All authors contributed equally to the data-curation, investigation, writing,
and reviewing process. All authors have read and agreed to the published version of the manuscript.

Funding: This study has not received any funding.

Data Availability Statement: The raw/processed data required to reproduce these findings cannot
be shared at this time as the data also forms part of an ongoing study.

Conflicts of Interest: There is not any conflict of interest between parts.

Compliance with Ethical Standards: There is not any potential conflict of interest.

Consent to Publish: The authors provide their consent to publish this work.

Nomenclature
This section describes the nomenclature of various abbreviations used in this study:
MQL Minimum Quantity Lubrication
CEO Chief executive officer
OEM Original Equipment Manufacturers
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LAS Low Alloy Steel
HAS High Alloy Steel
LNG Liquefied Natural Gas
AISC American Institute of Steel Construction
HSLA High Strength Low Alloy
MPa Mega Pascal
GPa Giga Pascal
SS Structural Steel
HRS Heat Resistant Steels
AISI American Iron and Steel Institute
PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analysis
SR Surface Roughness
MRR Material Removal Rate
TWR Tool Wear Rate
CBN Cubic Boron Nitride
HTMF Hard Turning with Minimal Fluid
SEM Scanning Electron Microscope
HRC Hardness Rockwell C Scale
CVD Chemical Vapour Deposition
MWF Metalworking Fluid
MoS2 Molybdenum disulfide
DOC Depth of Cut
DM Dry Machining
TL Tool Life
EDM Electric Discharge Machining
LOF Lack-of-fusion
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