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Abstract 

It is possible to revalue the plastic fraction from WEEE using it as a recycled aggregate (RA) in 

cement mortars. However, this feasibility depends on elaborating a granular material via a 

core-shell strategy to stabilize the potential contaminants. The core is a plastic particle, and 

the shell is a cement, fillers, and activated carbon mixture. Due to the hydrophilic 

characteristics of the shell and the presence of interstitial sites generated by the use of the 

RA, it is necessary to study the wetting properties of these mortars. This article presents the 

results of capillary suction and contact angle studies of mortars made with RA having different 

shell compositions. The capillary suction of the latter is higher than in traditional mortars, 

which limits their use for structures exposed to water and environmental agents but opens 
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the possibility of new uses in permeable concrete or for the manufacture of building 

components. 
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1. Introduction 

Shredded recycled plastic as a total or partial replacement for natural aggregates in cement 

mortars has been extensively studied. The chemical nature of the polymers, their dosage, shape, 

and size are the main factors that influence the physical and mechanical properties of the mortar 

and limit or promote its use depending on the demands of the application [1]. The thermal 

insulation properties may improve with plastic aggregates due to their lower density [2]. However, 

there is a general decrease in mechanical strength, except when reinforcing fibers are incorporated 

to enhance flexural properties [3]. On the other hand, plastic aggregates modify capillary suction by 

altering the hydrophobicity of the aggregate, thereby changing the wetting characteristics of the 

mortar [4]. This property is significant for the durability of mortars, which depends on the entry of 

external agents through transport phenomena that occur inside their porous structure [5]. On the 

other hand, foamed concretes have found various uses in civil engineering. This type of concrete is 

achieved through various foaming agents or physical methods, and depending on the type of 

foaming agent used, materials with diverse physical, mechanical, and wetting properties are 

obtained, thus expanding the possibilities of application [6]. 

Our research team developed a technology to replace sand using plastics from waste electrical 

and electronic equipment (WEEE) as aggregate [7]. This type of plastic, composed mainly of 

Acrylonitrile-butadiene-Styrene (ABS), High Impact Polystyrene (HIPS), and Polycarbonate (PC), 

cannot be added directly to cement because it contains brominated flame retardants (BFRs) [8]. In 

previous work, we reported that these BFRs leach in an alkaline Portland cement medium, 

evidenced by a yellow coloration in the mortar [9, 10]. This technology involves the core-shell 

strategy, in which the recycled plastic core is coated with successive layers of Portland cement and 

additives to yield a recycled plastic aggregate (RPA) (Figure 1). Thus, inhibiting the leaching of BFRs 

made it possible to use this plastic waste as aggregate in mortars. Aggregates with an average 

diameter of 3 mm and 8 mm were prepared and used as aggregates to mold bricks, blocks, and 

plates, replacing natural sand. These building components have excellent physical and mechanical 

properties [8]. However, in order to promote the use of building components made with this RPA 

or the utilization of this aggregate in total or partial replacement of sand in mortars and concrete 

structures, it is necessary to learn about the porous structure and the capillary suction properties 

of mortars manufactured with this RPA. 
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Figure 1 Recycled Plastic Aggregate (RPA). 

This paper presents the results of studies on the capillary suction capacity and contact angle of 

specimens made with 3 mm and 8 mm RPAs containing different types of activated carbon as 

stabilizing additives. Based on the results obtained, we can propose using this material for mortars 

that do not require low moisture permeability, which could deteriorate the structure. 

2. Materials and Methods 

The different aggregates used in this study are listed in Table 1. The aggregate of entry 1 

corresponds to a conventional natural aggregate (NA), fine river sand. In entries 2 and 3, aggregates 

of crushed plastics from WEEE (FPR) are presented in two different sizes (FPR#3 = 3 mm and FPR#8 

= 8 mm). Entries 4 and 5 present the aggregates developed by our research group via the core-shell 

strategy, obtained from encapsulating these plastic particles with ordinary Portland cement (OPC) 

and inert additive (FPR#3@OPC:PPR and FPR#8@OPC:PPR). Finally, entries 6, 7, 8 and 9 present 

aggregates formed by the encapsulation of plastic with Portland cement, inert additive and 

activated carbon (FPR#3@OPC:PPR:CA/MMF, FPR#8@OPC:PPR:CA/MMF, FPR#3@OPC:PPR:CA/CB 

and FPR#8@OPC:PPR:CA/CB); in this case, two different activated carbon types were used (MMF 

and Clarisorb B). 

Table 1 Aggregates composition. 

Entry Samples 
Shell 

composition 

Activated carbon 

(name - % of mass) 
ρ (g/cm3) 

1 NA (standard) - - 1.48 

2 FPR#3 - - 0.54 

3 FPR#8 - - 0.57 

4 FPR@OPC:PPR#3 OPC + PPR - 0.84 

5 FPR@OPC:PPR#8 OPC + PPR - 0.84 

6 FPR@OPC:PPR:AC#3 (MMF) OPC + PPR + CA MMF-4.3 0.67 

7 FPR@OPC:PPR:AC#3 (MMF) OPC + PPR + CA MMF-4.3 0.69 

8 FPR@OPC:PPR:AC#3 (CB) OPC + PPR + CA Clarisol B-4.3 0.74 

9 FPR@OPC:PPR:AC#3 (CB) OPC + PPR + CA Clarisol B-4.3 0.80 
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The samples' apparent density (ρ) was obtained according to the IRAM 1733 standard [11]. The 

samples were placed in a known volume (100 cm3) and introduced in an oven until constant 

temperature. Then, with the data obtained, the density was calculated in grams over cm3. 

These aggregates were then used to elaborate different cement mortar specimens according to 

the dosages shown in Table 2. Specimens of 4*4*16 cm were elaborated following the procedure 

described in the IRAM 1622:05 norm [12]. The aggregate used was fine river sand to make a 

STANDARD specimen, as shown in Table 2. The aggregate-to-cement ratio studied was 6:1. The 

water-to-cement ratio was close to 0.5 when FPR or RPA were the aggregates and 0.7 for sand. The 

specimens were cured for 60 days by water immersion at 25°C. After this time, the specimens were 

dried for two days at 50°C. 

Table 2 Mortar compositions and dosages. 

Entry Aggregate mass 
Mass 

(g) 

OPC 

(g) 

Agg:

OPC 

Water 

(mL) 

Mass 

total 

(g) 

Total 

cement 

(g%)a 

ρ 

(g/cm3) 

1 NA (standard) 379 50 6:1 36 429 50 12 

2 FPR#3 131 50 6:1 26 181 50 28 

3 FPR#8 300 70 6:1 60 370 70 23 

4 FPR#3@OPC:PPR #3 169 50 6:1 25 219 96 44 

5 FPR#8@OPC:PPR #8 239 55 6:1 60 294 143 59 

6 FPR#3@OPC:PPR:CA/MMF 212 55 6:1 40 267 139 65 

7 FPR#8@OPC:PPR:CA/MMF 219 55 6:1 50 274 144 65 

8 FPR#3@OPC:PPR:CA/CB 238 55 6:1 40 293 157 65 

9 FPR#8@OPC:PPR:CA/CB 231 55 6:1 40 286 152 65 
a Total cement = OPC used to make Shell + OCP used to elaborate mortars. 

The maximum capillary suction capacity was determined according to the IRAM 1871 norm [13]. 

This norm establishes a gravimetric method by determining the maximum capillary suction capacity 

using Equation 1. 

𝐶𝑖𝑡 =
𝑀ℎ𝑖𝑡 −𝑀𝑠𝑖

𝐴𝑖
(1) 

Where Cit is the increase in mass per unit area of the cross-section of the specimen at the time 

of reading (t) in grams per square meter, Mhit is the wet mass of the specimen at the moment of 

reading (t) in grams, Msi is the dry mass of the specimen in grams, and Ai corresponds to the area of 

the cross-section of the specimen in square meters. The capillary suction rate in grams by square 

meter is the value of the increase in mass by unit area of the specimen's cross-section at the 

moment of reading, which corresponds to the moment in which the variation between two 

successive determinations of wet mass is less than 0.1%. 

The sessile drop method was used to determine the contact angles of the samples. A vertical 

unidirectional drip system was used, employing a syringe to apply a drop of water on the surface of 

the samples. The drop was filmed with an Olympus Nano-Scope OMV-PAL optic system with a digital 

camera using a green background to improve the image's contrast. The video had two minutes, and 
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the frames corresponding to times 0, 30, 60, 90, and 120 s were extracted from the video. The 

photograph analysis was performed using the Drop analysis LB-ADSA plugin of the ImageJ software. 

Mortar porosity was determined using Equations 2, 3, and 4. 

𝑚𝐴𝑑 = 𝑊𝑤 −𝑊𝑑 (2) 

𝑉𝐻2𝑂𝑎𝑏 =
𝑚

𝜌
(3) 

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 =
𝑉𝐻2𝑂𝑎𝑏

𝑉𝑠𝑎𝑚𝑝𝑙𝑒
. 100 (4) 

Where mAd is the absorbed water weight, ρ is the water density, Wd is the dry mortar weight, 

and Ww is the constant weight of mortars after 2 h immersed in water. The water surface excess 

was gently removed with tissue paper. 

The average area of surface pores on the face of the specimen that came into contact with water 

was determined using the ImageJ software. For this, photographs of the specimen's face to be 

analyzed were captured with a digital camera. Subsequently, the images were scaled and converted 

to a two-color mode (binary mode) using the software. The number of pores and area of each on 

the surface of the mortar in contact with water was determined. Then, the mean pore area and 

surface porosity were calculated using the Analyze function of the software. 

Statistical data: Only two measurements of suction parameters were taken for each specimen. 

The results informed are the average of the individual measurements, and in all cases, the 

coefficient of variation (CV) was less than 2%. 

3. Results and Discussion 

The different treatments performed on the RPA do not allow for correlating the water absorption 

values with properties related to the FPR, as reported by other researchers [14, 15]. The Materials 

and Methods section describes all the samples' data. Table 3 shows the data for capillary suction 

capacity, capillary suction rate, and apparent surface porosity based on pore area for all cement 

mortars. As expected, standard mortar has the lowest water suction velocity and water suction 

capacity values, and the capillary suction rates for all probes exceed the limit established by the 

norm of 4 g/m2. s1/2 for concrete exposed to wet environments. All mortars containing FPR had 

higher values than the standard due to the low adhesion between plastic particles and cement. Also, 

in Table 3, a general trend can be observed: as the water suction capacity values increase, the values 

of suction rates increase as well. Such behavior can be expected when the textural properties of the 

samples are similar. 

Table 3 Capillary suction capacity, capillary suction rate and apparent surface porosity 

based on pore area are shown for all mortars. 

Sample 
Capillary suction 

capacity Cit (g/m²) 

Capillary suction 

rate (g/m2. s1/2) 

Mean pore 

area (mm2) 

Apparent 

surface porosity 

STANDARD 6185 4.65 0.12 4.84 

FPR#3 17500 67.49 0.18 79.31 
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FPR#8 14563 31.62 0.48 14.96 

FPR#3@OPC:PPR 17750 35.57 0.13 7.03 

FPR#8@OPC:PPR 11688 22.81 0.54 8.17 

FPR#3@OPC:PPR:CA/MMF 27375 42.05 0.09 3.21 

FPR#8@OPC:PPR:CA/MMF 21188 36.98 0.03 6.73 

FPR#3@OPC:PPR:CA/CB 14563 22.04 1.36 18.50 

FPR#8@OPC:PPR:CA/CB 23688 44.26 0.47 19.34 

We tried to find different correlations to explain these results related to several weight ratios: 

cement, plastic, or carbon. As mentioned above, the different treatments performed on the FPR 

lead to different textural properties. Despite this difficulty, it was possible to establish a correlation 

for FPR series #3 and #8. Figure 2 and Figure 3 show the suction rate data versus apparent surface 

porosity based on pore area for FPR#3 and FPR#8, respectively. For most mortars, the suction rate 

increases as the apparent surface porosity increases. However, samples FPR#3@OPC:PPR:CA/MMF 

and FPR#8@OPC:PPR:CA/MMF showed low porosity values with high suction rates. This behavior 

may be associated with the presence of inkwell-type pores. In such pores, the increased water 

suction capacity can increase the convective flow of the fluid by increasing the suction rate. 

 

Figure 2 Suction rate vs. apparent surface porosity in samples with FPR#3 as aggregate. 
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Figure 3 Suction rate vs. apparent surface porosity in samples with FPR#8 as aggregate. 

Contact angle measurements provide insight into changes in surface interaction with water. The 

contact angles measured as a function of time are detailed under Materials and Methods. It is well 

known that the value of the contact angle not only depends on the hydrophobicity of the surface 

but is also affected by other surface properties such as mean pore size, porosity, or roughness [16]. 

Therefore, it is useful to measure the contact angle at different times and extrapolate the value of 

the contact angle at time t = 0 to reduce the error margin in the interpretation of the results. Table 

4 shows the values of the contact angle (T) and the rate of decrease of the contact angle versus time. 

Table 4 Contact angles and their rate of decrease over time. 

Sample 

Time (seconds)  

0 30 60 90 120 
Contact Angle Rate 

of Decrease (°/s) 

Contact Angle (°)  

STANDARD 73.05 30.57 24.95 0 0 0.80 

FPR#3 92.00 76.95 66.46 66.06 50.13 0.31 

FPR#8 82.12 77.00 76.07 67.73 68.71 0.12 

FPR#3@OPC:PPR 75.98 73.43 65.98 64.99 64.64 0.10 

FPR#8@OPC:PPR 86.71 74.22 62.68 52.82 0 0.37 

FPR#3@OPC:PPR:CA/MMF 84.11 22.62 0 0 0 2.04 

FPR#8@OPC:PPR:CA/MMF 75.08 56.90 53.88 51.52 31.53 0.30 

FPR#3@OPC:PPR:CA/CB 65.23 61.92 59.07 58.17 56.27 0.07 

FPR#8@OPC:PPR:CA/CB 71.28 60.02 51.58 44.73 34.69 0.29 

Standard mortar presents a contact angle value at an initial time of =73°, and, as a general trend, 

the samples with FPR (FPR#3 and FPR#8) have contact angle values greater than 75°, indicating 

greater hydrophobicity. However, the samples with added activated carbon have contact angles 

similar to the standard sample. The results may arise from liquid penetration within the material, a 
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recently documented phenomenon impacting contact angle values for highly absorbent surfaces 

[17]. In the first few seconds, liquid intrusion into the material occurs, and the volume of the water 

droplet varies. Thus, highly absorbent mortars can generate important changes in the contact angle 

values, as shown by the samples with carbon aggregate. This phenomenon can be attributed to 

increased water imbibition within the carbons, thereby altering the liquid-surface interaction [18, 

19]. 

Clarke et al. [20] studied the effect of water imbibition in membranes with different pore sizes 

and found that volume variation due to imbibition increased with pore size. In our study, the 

capillary suction rate is an indirect measure of water imbibition in mortars. However, since the 

nature of the components of the mortars varies, finding a correlation with the pore area is not 

straightforward. The results can be seen in the graph in Figure 4. Extrapolating the slope of the 

straight line from the origin of coordinates of the graph to the mean pore area and capillary suction 

rate values of the standard sample allows for the estimation of theoretical values in mortars with 

higher pore area values (while maintaining the same type of components as the standard mortar). 

Only two mortars fail to present capillary suction rates above these estimated values: 

FPR#8@OPC:PPR and FPR#3@OPC:PPR:CA/CB. In the case of the last sample, attaining a mortar 

with a reduced surface pore area while maintaining these components could significantly reduce its 

water absorption properties. Further work is in progress. 

 

Figure 4 Values of mean pore area and water absorption rate for all samples. 

4. Conclusions 

• Using APR as aggregate to replace natural aggregates could be an interesting material for 

modifying cement mortar properties, such as the capillary suction capacity and the capillary 

suction velocity, without significantly affecting mechanical properties. 

• For mortars where FPR was used in total replacement of the natural aggregate, water 

absorption is very high, probably due to voids at the interface between the cementitious 

matrix and the plastic aggregate because of the low cohesion of the particles. Although this 

effect should not occur with APR because cohesion occurs between the cementitious nature 

of the shell and the matrix of similar characteristics, very high values of capillary suction 
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capacity and velocity are also observed, probably due to the nature of the shell components 

and not to the porosity of the material, which was corroborated by the measurement of the 

contact angle in mortars with APR. 

• Although mortars with APR showed high water absorption values and exceeded the limits 

established by the reference norms for mortar exposed to a wet environment, which affects 

the durability of the mortars, this limitation does not affect the potential use of building 

components such as blocks, bricks, and plates. 

• The high permeability of mortars made with APR encourages their use in applications that 

require high water permeability, such as road or drain mortars. 
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