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Abstract: This research paper provides a comprehensive review of pre-treatment techniques for enhancing
recycled coarse aggregate (RCA) by removing adhered mortar (A-M) and strengthening A-M. The paper
examines various techniques and their effects on different properties of RCA. Autogenous cleaning, ball
milling treatment, acid treatment, thermal treatment, and microwave treatment were found effective for A-M
removal. These techniques improved properties such as water absorption, density, and strength of RCA, but
some treatments caused minor cracks. Slurry impregnation, polymer impregnation, carbonation treatment,
sodium silicate impregnation, and bio-deposition treatment were discussed for A-M strengthening. These
techniques enhanced the water absorption, crushing value, and strength of RCA, but polymer impregnation
could decrease compressive strength of recycled aggregate concrete.
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Introduction

With the increase in industrialization, many countries face a significant challenge in managing
construction & demolition waste (CDW). CDW is produced during building, renovation, and destruction
activities [1]. Another author [2] defined CDW as encompassing an extensive variety of constituents such as
construction debris, soil, steel, concrete, timber, mixed material, and bricks, from various construction
activities like building construction, maintenance, renovation, site clearance, repair, and demolition. With
the increase in construction activities, million tons (MT) of CDW has been produced worldwide. As per a
study, CDW occupies up to 40% of the total solid waste generated worldwide [3]. It has been estimated that
the U.S.A. independently generates approximately 924 MT of CDW annually. Similarly, the European union
generates about 534 MT of CDW yearly [4]. Most widely used approach for the disposal of CDW is
landfilling. The large deposits of CDW in landfills lead to various ecological hazards like underground
water and soil pollution owing to the leaching of harmful compounds in the soil surface and groundwater
[4]. However, this CDW can efficiently be utilized in concrete production, leading to sustainable
construction activities, and minimizing environmental impacts. Also, with the growth of the construction
industry, the consumption of concrete is also growing, making concrete a non-sustainable material [5].
Concrete, a composite material, consists of various constituents like cement, sand, coarse aggregate, and
water. The aggregates in concrete occupy a significant share of 60% to 75% of its ingredients [6]. According
to Tam et al. (2021), China and India account for about 40% and 10%, respectively [7]. The total global
production of N.A. [8] and total global CDW generation [9] can be understood from the Figure 1 (a) and
(b), respectively. The tend highlights the irresponsible utilization of natural resources, which contradicts the
principle of sustainable development. Instead, we should focus on recycling, reusing, and reutilizing to
promote a more sustainable approach. The usage of recycled aggregate (RA) sourced from CDW offers a
viable alternative to NA in concrete production. Many investigations have discussed the possibility of
utilization of RA in concrete [10-15]. However, the effective utilization of RA in concrete is still under
question as the virgin RA in concrete is still partially used [16]. The restriction in the effective utilization of
RA is the sub-standard properties of RA in reference to N.A. The RA, in its natural form, possesses inferior
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porosity, water absorption, and strength compared to N.A. [17,18]. The reason for these inferior properties
of RA is that the old adhered mortar (A-M) stick to the aggregate, which forms a porous interfacial transition
zone (ITZ) among A-M and aggregate, deteriorating RA characteristics. Mistri et al. (2020) have classified
the RA into four categories depending upon the amount of A-M attached [19]. So, the consumption of RA in
the development of concrete is restricted as the increased quantity of RA in concrete may lead to degrade the
properties of recycled aggregate concrete (RAC) like water absorption, dry shrinkage, permeability, and
strength [20,21]. Many investigations have concluded that the 100% replacement of N.A. with RA may
cause a drop in compressive strength of concrete by 5% to 25% depending upon the quality of RA and
water/cement (w/c) ratio [22,23]. RA is generally used in concrete with compressive strength rang not
exceeding 60 MPa, flexural and split tensile greater than 4 MPa and 2 MPa, respectively [24-26].

For the effective utilization of RA in concrete many investigators have used different treatment
techniques to increase the quality of RA. As per the studies, the characteristics of RA can be improved by
strengthening A-M or removing A-M [27]. Removing A-M on RA can be done using various pre-treatment
techniques like autogenous cleaning, ball milling, acid, thermal, and microwave treatment [7]. These pre-
treatment techniques for removing A-M are classified into two categories: Physical treatment and chemical
treatment. The physical treatment includes mechanical, thermal, thermos-mechanical, electrical, and water
treatment. Furthermore, the chemical treatment includes acid soaking and chemico-mechanical treatment [7].
The removed A-M can be reutilized in various forms like cement, cement substitute after activation, and raw
material in geo-polymer concrete as an admixture [7]. A-M can be strengthened using pre-treatment
techniques like pozzolanic slurry/ polymer impregnation, accelerated carbonation, and bio-deposition
treatment.
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Figure 1: (a) Global production of Natural aggregate [8] and (b) Global CDW generation [28-34]

In this study the author has tried to review the latest literature on the various pre-treatment techniques
used to enhance recycled coarse aggregate (RCA). The treatment techniques are divided into two parts: for
removing A-M and for strengthening A-M. The paper also discussed the outcome of different pre-treatment
methods on various parameters of RAC. Finally, after reviewing the latest available literature, this paper
provides an overview of different treatment methods of RCA, considering their merits and demerits.

1. Pre-treatment techniques for the removal of adhered mortar

Using RCA in concrete, solely through manual or mechanical water cleaning the RCA from CDW, is
technically insufficient due to its inability to eliminate the A-M from RCA. Many studies have shown the
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beneficial outcomes of the removal of A-M on various characteristics of RCA [7]. Removing A-M from the
RCA surface tends to provide a smooth surface of the resulting RCA, which has its benefits in RCA concrete
sequentially. The structure of A-M is highly porous; removal of A-M tends to improve RCA's porosity,
density, and water absorption. It has also been seen that the RCA having less A-H tends to have better
workability. This section discusses various pre-treatment techniques for removing A-M and its effect on the
properties of RCA.

2.1 Autogenous cleaning

The autogenous cleaning (AC) treatment process for RCA is generally carried out to decrease the quantity of
fine material adhered to the RCA. In this process, rotating mill drums are utilized to facilitate the self-
collision of RCAs. This collision causes the detachment of mortar fragments attached to RCA. Based on the
outcomes of Pepe et al. (2014), AC treatment improves the morphology of the RCA [35]. The water
absorption of RCA after AC treatment reduced by 20-50%. The AC is also improves the tensile strength of
RCA [36].

2.2 Ball milling treatment

Mechanical grinding or ball milling treatment of RCA is an effective technique for removing A-M from
RCA [37]. In this method, the RCAs are subjected to grinding action using balls within a mechanical mill to
eliminate the excess mortar on the aggregate [19]. Numerous research investigations have demonstrated the
enhancement of RCA characteristics through the application of ball milling. Revathi et al. (2015) and
Pandurangan et al. (2016) suggested that the mechanical grinding of RCA can improve RCA's wear
coefficient, permeability, and E-value by 33%, 15.89%, and 31%, respectively [38,39]. Based on the study
conducted by Dilbas et al. (2019), it has been determined that optimizing the drum rotation and number of
steel balls in the ball milling apparatus can effectively improve the characteristics of RCA [40]. The study
observed a significant improvement in the water absorption of RCA from 8.95% to 0.84%. After undergoing
ball milling or mechanical grinding treatment, RCAs were determined to be suitable for the replacement of
N.A. for the production of RAC [40-44]. However, ball milling, mechanical grinding, or RCA, is an
effective and low-energy-consuming treatment. But during this treatment, RCAs develop minor cracks in the
structure, which decreases the strength of the aggregate.

2.3 Acid treatment

Removal of A-M from the RCA surface is a complex task owing to the enduring chemical reaction for the
hydration process of cement. Cement hydration occurs over a long duration as the cement constituents in the
presence of water form a complex and rigid structure. However, acids ranging from strong to medium
concentrations can be employed to remove the A-M from RCA [27]. Following the acid treatment of RCA,
it is necessary to perform a comprehensive rinsing of RCA to remove any remaining chemicals. As per the
investigation by Ouyang et al. (2023), the RCA treated with H,SO. solution improves the strength, E-value,
and permeability of RCA by 16.10%, 38.81%, and 28.10%, respectively, and the RCA treated with HCL
immersion improved the strength, E-value, permeability of RCA by 11.51%, 20%, 12% [45]. The amount of
A-M removal from the RCA depends on the acid's strength and the treatment duration [46]. While acid
treatment of RCA effectively removes A-M from RCA, it necessitates a significant amount of fresh water.
Moreover, the water used for rinsing the RCA during this process becomes acidic, requiring subsequent
treatment before its disposal or reuse.

2.4 Thermal treatment

Thermal treatment of RCA refers to the heating of RCA to remove the excess water present in the pores and
the amount of A-M. This treatment involves a series of water immersion and heating of RCA [47-49]. As
reported by de Juan and Gutiérrez (2009), the process of thermal treatment is to first heat the RCA at 500°C
for two hrs., and then the RCA are immersed in water. The immediate variation in the temperature of RCA

Eur. Chem. Bull. 2023,12(Special issue 8), 6875-6885 6877



Advancements in Recycled Coarse Aggregate: An overview of adhered mortar removal and strengthening treatments
Section A-Research paper

tends to break the A-M. The study's findings [39] indicated that RCA retained 11% A-M after undergoing
the treatment. RCA's water absorption and specific gravity also improved by 17% and 2.4%, respectively.

2.5 Microwave treatment

Microwave treatment (MWT) of RCA is a viable method of removing A-M from RCA. As the RCA and A-
M have different densities, the sensitivity of both materials toward microwaves also differs. Applying
microwaves to RCA induces complex thermal stresses in A-M than in RCA, effectively detaching A-M from
the RCA [50]. The success rate of MWT depends on the quantity and size of A-M attached [51]. As per
various studies [52,53], the microwave treatment of RCA can remove up to 71% of A-M from RCA. This
treatment can also significantly grow the compressive and flexural strength of the RCA. As per studies
[54,55], the microwave treatment of RCA can improve the water absorption, apparent density, and crushing
value by 28.36%, 4.44%, and 30.5%, respectively.

Table 1: Comparative analysis of adhered mortar removal of RCA

Treatment technique Property improved Percentage improvement Reference
Autogenous cleaning Water absorption 20% to 30% [35]
Tensile strength Satisfactory [36]
Ball milling treatment Water absorption 90% [40]
Wear coefficient 33 %, [38]
Permeability 15.89%, [38]
E-value 31% [38]
Acid Treatment (H2SO4) Strength 16.10% [45]
E-value 38.81% [45]
Permeability 28.10% [45]
Acid Treatment (HCI) Strength 11.51% [45]
E-value 20% [45]
Permeability 12% [45]
Thermal treatment Water absorption 17% [39]
Specific gravity 2.4% [39]
Microwave treatment Water absorption 28.36% [54]
Apparent density 4.44% [54]
Crushing value 30.5% [54]

2. Pre-treatment techniques for the strengthening of adhered mortar

RCA pre-treatment techniques for strengthening adhered mortar can be divided into three groups. The first
type is surface strengthening, which involves cement slurry impregnation and polymer impregnation
treatment techniques. The second category is chemical strengthening, where the strength of A-M is achieved
through accelerated carbonation curing treatment and sodium silicate impregnation treatment. The third
category is the biological strengthening of A-M, which is strengthened using the bio-deposition treatment
technique. The subsequent discussion addresses each treatment technique's influence on RCA properties.

3.1. Slurry impregnation

Slurry impregnation is employed to enhance RCA's properties by saturating it with a highly reactive powder
paste [56]. This paste enhances the saturation of the RCA surface, leading to the refinement of its
microstructure. This treatment also helps to increase the bond strength among the RCA and new cement
paste in concrete. The dry shrinkage of RCA was reduced by 4.46% using cement-fly ash impregnation
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treatment [57]. As per another study, the porosity of RCA was reduced by 23.53% and 55.29% by treating
the RCA with cement slurry and pozzolanic material slurry, respectively [58]. The use of highly reactive
materials in this technique confers two technical advantages. Firstly, the material's particle size is smaller
than that of the cement particles, allowing it to efficiently occupy the pores within the RCA. This leads to a
decrease in porosity and results in an improved external surface. Secondly, such materials exhibit a
considerable surface area which enhances the hydration process of the mix [59-61].

3.2. Polymer impregnation

Polymer impregnation (Pi) is a similar technique to slurry impregnation in which the efficiency of
impregnation depends upon the type of polymer material. Various silane-based emulsions and Polyvinyl
alcohol (P.V.A)) are the two widely used polymers for this technique. As per a study by Kou and Poon,
(2010), the density of Pi oven-dried and air-dried treated RCA improved by about 1.8% and 2%,
respectively, and the water absorption improved about 61% and 74%, respectively [62]. The split tensile
strength of Pi-treated RCA concrete (Pi-RAC) showed 3.24% improvement in the 28-day split tensile
strength [45]. Also, the dry shrinkage of Pi-RAC was improved by 15% [62], and the dry shrinkage of
silane-based Pi-RAC improved to about 9% [63]. The chloride penetration of Pi-RAC was enhanced by 30%
[62]. The Pi treatment improved the water absorption and permeability of Pi-RAC effectively. However, on
the other hand, it can also decrease the compressive strength of Pi-RAC by about 11% [45]. Pi modification
of RCA has the capability to enhance the characteristics of RCA, but conversely, this treatment may also
negatively impact the compressive strength of the concrete. The polymer particles infiltrate the cement paste
and impart hydrophobic properties, hindering the hydration process. Also, the formation of hydrophobic
effects the bond strength among cement paste and aggregate, further reducing the strength of the mix [27].

3.3. Carbonation treatment

Carbonation of RCA involves exposing the RCA to carbon dioxide under a controlled environment to
expedite the natural carbonation process. The CO; reacts with the calcium hydroxide ensuing the
development of CaCOs precipitates [64]. Many studies have shown remarkable benefits of the carbonation
of RCA. The carbonation treatment of RCA improved the water absorption, crushing value, and density of
RCA by 23%, 7.6%, and 5.6%, respectively [65]. Another study showed an improvement of 31.5%, 15.2%,
and 3.2% in the crushing value, water absorption, and density of RCA treated with carbonation [66]. The
improvement in the characteristics of RCA after its carbonation is due to the development of CaCOs;
precipitate and additional silica gel during the treatment process [67]. This additional silica gel and CaCOs3
precipitate densify the microstructure of the RCA improving several properties of the mix.

3.4. Sodium silicate impregnation

Sodium silicate impregnation (SSi) treatment of RCA also possesses the ability to improve the properties of
RCA significantly. SSi is almost similar to slurry impregnation and polymer impregnation treatments. The
treatment commonly referred to as water glass treatment is another name of sodium silicate impregnation
treatment [68]. Sodium silicate solutions are not hydrophobic as polymer solutions, so the property
encasement process of this treatment is different. The RCA treated with sodium silicate impregnation
treatment showed improved crushing value, water absorption and compressive strength by 16.6%, 20% and
11.82%, respectively [69]. The average improvement in the apparent density, water absorption, and crushing
value of RCA treated with different sodium silicate concentrations was 2%, 10.5%, and 13.3%, respectively
[70].

Furthermore, when the RCA is subjected to a sodium silicate solution, the sodium silicate ions within the
pores of the RCA or attached to the surface undergo a chemical reaction with the calcium and aluminium
ions found in the cement paste. The occurrence of these chemical responses leads to the development of
supplementary calcium aluminate hydrates or calcium silicate hydrates, ultimately improving the
characteristics of the mix [71]. Additionally, the interaction between sodium silicate and calcium hydroxide
can increase the mix's alkalinity, potentially leading to a decline in its durability [27,68].
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3.5. Bio-deposition treatment

Bio-deposition is a recently developer technology for the improvement of RCA. This technology works with
the natural phenomenon of bacteria to produce inorganic material, which is further converted into CaCOs
through several chemical reactions [72,73]. The full process of development of CaCO3; can be seen in a
study by [19]. RCA treated with bio-deposition treatment show an average water absorption improvement of
15.77% [74]. Another study showed an improvement in water absorption of 9% when immersed in a
bacterial solution [75]. Wu et al., (2018) found the improvement of RCA after bacterial treatment as 1%,
10%, and 15% for apparent density, water absorption, and crushing value [76]. Zhao et al., (2021) found an
improvement of 10% and 2% in water absorption and apparent density of RCA modified with bacterial
treatment [77].

Table 2: Comparative analysis of strengthening of adhered mortar of RCA

Treatment technique Property improved Percentage improvement Reference

Cement fly ash impregnation Dry shrinkage 4.46% [57]
Cement slurry impregnation Porosity 23.53% [58]
Pozzolanic slurry impregnation Porosity 55.29% [58]
Po'yr(“g{lénmg;fgd”)at'o” Density 1.8% [62]
Water absorption 61% [62]

PonrrEeAri:[répr)irgg)natlon Density 206 [62]

Water absorption 74% [62]

Carbonation treatment Water absorption 23% [65]
Crushing value 7.6% [65]

Apparent density 5.6% [65]

Apparent density 3.2% [66]

Water absorption 15.2% [66]

Crushing value 31.5% [66]

Sodium silicate impregnation Crushing value 16.6% [69]
Water absorption 20% [69]

Compressive strength 11.82% [69]

Apparent density 2% [70]

Water absorption 10.5% [70]

Crushing value 13.3% [70]

Bio-deposition Water absorption 15.77% [74]
Water absorption 9% [75]

Water absorption 10% [76]

Crushing value 15% [76]

Apparent density 1% [76]

Apparent density 2% [77]

Water absorption 10% [77]

3. Conclusion

This research paper reviewed various pre-treatment techniques for enhancing recycled coarse aggregate
(RCA) by removing adhered mortar (A-M) and strengthening the A-M. The techniques discussed included
autogenous cleaning, ball milling treatment, acid treatment, thermal treatment, microwave treatment, slurry
impregnation, polymer impregnation, carbonation treatment, sodium silicate impregnation, and bio-
deposition treatment. The effects of these techniques on different properties of RCA were examined.
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For the removal of A-M, Autogenous cleaning improved the morphology, water absorption, and tensile
strength of RCA. Ball milling treatment improved the wear coefficient, permeability, and E-value of RCA,
but minor cracks in the structure decreased the aggregate strength. Acid treatment with H>SO4 or HCL
solutions improved RCA's strength, E-value, and permeability but required a significant amount of water
and subsequent treatment for disposal or reuse. Thermal and microwave treatments also showed promising
results in removing A-M and improving water absorption, apparent density, and crushing value.

Pre-treatment techniques were categorized as surface strengthening, chemical strengthening, and biological
strengthening for the strengthening of adhered mortar. Slurry impregnation with cement or pozzolanic
materials reduced dry shrinkage and porosity of RCA Polymer impregnation, improved density, water
absorption, and split tensile strength of RCA concrete but could decrease compressive strength. Carbonation
treatment and sodium silicate impregnation resulted in the formation of CaCOj3; and additional silica gel,
enhancing water absorption, crushing value, and apparent density of RCA Bio-deposition treatment utilizing
bacterial activity improved water absorption and apparent density of RCA.
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