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Abstract: This study introduces an innovative approach by modifying a commonly used filler with
a natural compound, PEL Fine aggregates within the filler were treated with different contents of
PEI solutions. This research thoroughly examined the filler’s pore structure, mineral composition,
physical characteristics, and surface morphology. Additionally, this study explored the effects of PEI-
treated fine aggregates on the macroscopic features of recycled cement mortar, focusing on aspects
like flowability, compressive strength, capillary water absorption, and chloride ion permeability. The
findings revealed that treating the fine aggregates with PEI decreased the pore volume by up to 28.2%
compared to untreated samples. This improvement in the microstructure may originate from the
formation of calcite and its by-products, which occupy the pores with nanoparticles generated in situ.
Furthermore, the modification with polyethyleneimine resulted in a wavy, plate-like structure that
not only enhanced the surface morphology but also improved the compressive strength and chloride
ion permeability. Furthermore, it significantly reduced capillary water absorption by 32% to 51%,
thereby enhancing the material’s durability. The present study underscores the superior advantages
of PEI modification as a promising strategy to enhance the viability of public fine aggregates.
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1. Introduction

The rapid expansion of construction, renovation, and demolition activities in China has
significantly contributed to the country’s economic growth and urbanization [1,2]. However,
these activities have also led to the generation of vast amounts of construction waste and
the depletion of substantial resources [3]. Studies reveal that China’s construction waste
recycling rate is below 10%, which is starkly lower than the rates of 94% in the Netherlands
and 95% in Japan, highlighting a significant disparity between China and developed
nations in terms of recycling practices within the construction industry [4-6]. Meanwhile,
the prevalent method of disposing of urban construction waste through landfilling results
in numerous social and environmental challenges. Consequently, developing methods for
the effective and efficient management of construction waste is of significant importance.
In this context, various methods have been proposed to minimize construction waste, with
one widely adopted approach being the reuse of construction waste as secondary building
materials [7,8]. This method not only reduces the accumulation of construction waste but
also lessens the demand for natural building materials [9].

Construction waste predominantly consists of concrete and brick debris, with over
90% being inert materials, commonly referred to as PF [8,10]. Enhancing the performance
of PF typically involves the use of surfactants or polymers, such as silane coupling agents or
polymer modifiers [11-13]. For instance, Gao et al. [14] studied the mechanical properties
of RAC, which utilized RCBAs as coarse aggregates and was modified with nanoparticles.
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Their findings indicated that the compressive and tensile strengths of raw and nanoparticle-
modified RAC reduced as the replacement ratio of recycled aggregates rose. Additionally,
He et al. [15] conducted experiments and demonstrated that treating a BCRA with a
pozzolan slurry combined with sodium silicate enhanced its mechanical strength. Although
silane coupling agents can create chemical bonds on the surface of fillers, improving
adhesion between fillers and cement matrices, their capacity to enhance particle dispersion
and overall performance is limited [16].

PEI, distinguished by its multiple functional groups (amino and imino groups), ex-
hibits strong surface activity and chemical reactivity [17,18]. As a water-soluble amine-
based polymer, PEI contains a remarkable concentration of amino groups along its molecu-
lar chain, enabling it to create a uniform layer on the surface of fillers. This coating signif-
icantly enhances the bonding strength between particles and improves their dispersion.
Research has demonstrated that materials modified with PEI exhibit remarkable adsorption
capabilities, particularly in removing heavy metal ions from aqueous solutions [19,20]. Fur-
thermore, PEI reacts with carboxyl groups within the cement matrix, thereby strengthening
the adhesion between fillers and the cement matrix [21,22]. Due to these properties, PEI is
an effective and versatile agent for treating fillers, leading to comprehensive improvements
in concrete performance, including better mechanical properties, durability, and workabil-
ity. Neelamegam and Muthusubramanian [23] conducted a pretreatment of CDW using
various concentrations of PEI to examine variations in pore structure, mineral composition,
physical features, and surface morphology. Their research identified 0.2 as the optimal
PEI concentration, which significantly enhanced the carbonation efficiency and overall
performance of the treated CDW.

This study explores the impact of PEI on refining the surface structure of PFs and
boosting the performance of RCM. PFA was pretreated with PEI solutions of varying
concentrations, followed by the preparation of RCM using the PEI-modified PFA. A range
of analytical techniques were employed to investigate the modifications in pore structure,
surface morphology, hydration process, and ITZ characteristics of the PFA before and after
PEI treatment. Finally, the study assessed the macroscopic properties of RCM, including
flowability, compressive strength, capillary water absorption, and electric flux, in response
to the PEI modification of the PFA.

2. Materials and Methods
2.1. Raw Materials

PFs were sourced from a demolished residential area primarily composed of brick
aggregates. These aggregates were initially crushed and screened, producing PFA with
particle sizes ranging from 0.15 mm to 4.75 mm. Before the experiment, the PFs underwent
a pre-wetting process, and excess surface water was removed. As shown in Figure 1,
a microstructure analysis revealed that the PFs demonstrated a molten state following
high-temperature calcination. Additionally, the PFs were characterized by larger inter-
nal pores compared to conventional materials, with a high degree of interconnectivity,
resulting in strong water absorption capabilities. The cement used in the experiment was
ordinary Portland cement (PO 42.5) (South Cement Co., Ltd., Guangzhou, China). The PEI
employed in the study was an analytical-grade reagent with a purity of 95% (Shanghai
Macklin Biochemical Technology Co., Ltd., Shanghai, China). Municipal tap water was
used for mixing, and a high-efficiency polycarboxylate superplasticizer (Shanghai Macklin
Biochemical Technology Co., Ltd., Shanghai, China), featuring a water-reducing rate of
22.5%, was utilized as the water reducer.
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Figure 1. Microstructure of PFA: (a) SEM image; (b) FTIR spectra; (c) particle size distribution curve;
and (d) EDS pattern.

2.2. Sample Preparation Process
2.2.1. Pretreatment of PFA

The procedure for modifying the PFA with PEI involved three key steps: (1) pretreat-
ment of the PFA, (2) PEI adsorption, and (3) post-immersion treatment. Initially, the PFA
was dried in a blast oven at 105 °C until it reached a constant weight. Following this, any
remaining excess water was removed, and the material was allowed to cool at 23 & 2 °C for
24 h. The PFA was then submerged in PEI solutions of varying concentrations (10%, 20%,
30%, 40%, and 50%) and continuously stirred for 12 h. The solid-to-liquid ratio during the
immersion process was maintained at 1:10. After immersion, the mixtures were thoroughly
rinsed and allowed to soak for an additional 2 h before being dried in an oven at 70 °C for
6 h (Figure 2).

Soaking

PEI solution
(10%~50%)

Crushing and sieving
0.15—4.75mm

Raw material processing |- )

[ RCM preparation

Figure 2. Modification of PFA with different concentrations of PEI.
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The initial water content and the mass changes of the PFA after PEI treatment and
subsequent atmospheric curing are summarized in Table 1. The findings revealed that
the initial water content of the PFA was 1.7%. The mass change rates observed for the
PFA treated with 10%, 20%, 30%, 40%, and 50% PEI solutions were 1.77%, 2.01%, 2.31%,
2.61%, and 2.79%, respectively. This increase in mass may originate from the progressive
adsorption of PEI by the PFA. Additionally, as the concentration of PEI increased, the
surface color of the PFA gradually darkened from gray to brown. This color change is
primarily due to the formation of a precipitate resulting from the reaction between the PFA
and PEI, which adhered to the surface of the PFA [24].

Table 1. PFA mass after pretreatment.

Specimen Initial Water Treatment Mass Change (%)
Content (%) after Treatment
PFA-10 PEI 10% PEI solution 1.77
PFA-20 PEI 20% PEI solution 2.01
PFA-30 PEI 1.7 30% PEI solution 2.31
PFA-40 PEI 40% PEI solution 2.61
PFA-50 PEI 50% PEI solution 2.79

2.2.2. Mix Proportion and Preparation of RCM

In accordance with the specifications outlined in the standard GB/T 25176-2010 [25],
the mix proportions used for all specimens in this experiment were as follows: 472 kg/m?
of cement, 1451 kg/m3 of PFA, 261 kg/m? of water, and 1.62 kg/m? of water reducer. The
Control group, which used non-treated PFA, was designated as “Control” (0% PEI), while
the groups in which the PFA was modified with 10%, 20%, 30%, 40%, and 50% PEI solutions
were labeled as RCM-10 PEI, RCM-20 PEI, RCM-30 PEL, RCM-40 PEI, and RCM-50 PEI,
respectively. The experiment began by mixing the measured quantities of cement and PFA
in a forced planetary mixer for 1 min. After the initial mixing of the dry ingredients, water,
pre-mixed with the water reducer, was added to the mixture. The combined materials were
then stirred thoroughly for another 3 min to ensure a uniform blend. The prepared mixture
was poured into molds with dimensions of 70.7 mm x 70.7 mm x 70.7 mm. The molds were
subsequently vibrated to remove any trapped air bubbles and to achieve a smooth surface.
After leveling, the specimens were de-molded after curing for 24 h. Following de-molding,
the specimens were placed in a curing environment maintained at 95% humidity and a
temperature of 23 & 2 °C. To evaluate their performance, the compressive strength of the
specimens was tested at 3, 7, and 28 days.

2.3. Evaluation Methods
2.3.1. Microstructures of PFA

The pore volume and size distribution of the specimens were analyzed based on the
BET method, utilizing a specific surface area and pore size analyzer (3H-2000PSI, Best
Instruments Technology Co., Ltd., Beijing, China). Each sample, weighing around 5 g,
underwent a degassing process at 60 °C for 12 h before being tested. The surface structure
of these specimens, pre- and post-modification, was analyzed using SEM. Additionally,
EDS was utilized to analyze the elemental composition. Prior to these analyses, the spec-
imens were immersed in isopropanol for 48 h to eliminate any remaining moisture and
subsequently dried in a vacuum oven at 50 °C for an additional 48 h.

2.3.2. Mineral Composition

XRD was conducted to determine the phase composition of PFA specimens. The
samples were analyzed within the angular range of 0° to 100°, with 10° intervals, and
the resulting data were interpreted using the ICSD. FTIR spectroscopy was employed to
validate the ATR FTIR spectra of the PF samples. TGA was performed using a thermo-
gravimetric analyzer (NETZSCH STA 449F5, Naiqi Scientific Instruments Trading Co., Ltd.,
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Selb, Germany), with the temperature ranging from 30 °C to 900 °C at a heating rate of
10 °C/min. DTG curves were utilized to examine the mass changes across different phases.

2.3.3. Physical Properties

In this section, the water absorption of the PFA was tested following the procedures
outlined in GB/T 14685-2011 [26]. The flowability and compressive strength of the RCM
were evaluated following the steps outlined in the standard JGJ /T 70-2009 [27].

2.3.4. Capillary Water Absorption (CWA) Test

The capillary water absorption test was performed following the standard ASTM
C1585 [28]. To this end, three cylindrical specimens with dimensions of 100 mm in diameter
and 50 mm in length were prepared for each group [29]. After curing for 28 days, the
samples were dried in a convection oven at 105 °C until they reached a constant weight. To
ensure one-dimensional water transport during the test, the side surfaces of the samples
were sealed using an epoxy resin coating. Before the test, the initial mass of each sample was
measured using an electronic balance with a precision of 0.01 g. The specimens were then
partially immersed in water, and the mass change was recorded at intervals of up to 10 days.
The cumulative water absorption mass (Am) for each group of specimens was calculated,
and the capillary water absorption (I) was determined from the following expression:

mi

I:
axd

(1)

where m; is the mass change of the specimen at time ¢; a is the exposed area; and d is the
water density.

2.3.5. Electric Flux

The electric flux of concrete specimens, which measures chloride ion migration in PFA,
was determined following the GB/T 50082-2009 standard [30,31]. Each specimen had a
diameter of 100 &= 1 mm and a height of 50 & 2 mm. Prior to testing, the specimens were
saturated with water or limewater to ensure full saturation.

3. Results and Discussion
3.1. Influence of PEI on the Structural Densification of PFA
3.1.1. Pore Structure

Figure 3 presents the cumulative and differential pore volumes for the PFA sam-
ples. The results demonstrate that the cumulative pore volume of the untreated PFA was
0.0143 cm?/ g, whereas the PFA treated with 10% PEI exhibited a significantly lower pore
volume of 0.0086 cm? /g, indicating a 42.0% reduction. Overall, the study shows a substan-
tial reduction in pore volume, with a decrease of up to 28.2% in the treated PFA samples
compared to the untreated ones. Figure 3b highlights a significant reduction in the number
of mesopores, particularly those in the 2 to 50 nm range, with a noticeable decrease in cu-
mulative pore volume for pores between 2 and 10 nm. In contrast, the effect on macropores,
defined as capillary pores larger than 50 nm, was less pronounced. When the concentration
of the PEI solution was increased to 40% and 50%, the pore volume continued to decrease,
but the reduction was less significant, resulting in total pore volumes of 0.0258 cm3 /g for
PFA-40 PEI and 0.0281 cm?®/g for PFA-50 PEL These observations can be attributed to the
carbonation process, where calcium ions (Ca) react with PEI to form calcium carbonates and
bicarbonates. Additionally, mass changes after pretreatment might influence the results.
For the PFA-40 PEI and PFA-50 PEI groups, the higher moisture content may have hindered
CO, diffusion, reducing their effectiveness in pore filling compared to other groups [32].
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Figure 3. The pore volume of PFA samples: (a) cumulative pore volume; and (b) differential pore volume.

3.1.2. Water Absorption

Figure 4 illustrates the water absorption capacity of the PFA samples with varying
concentrations of PEIL. The Control group (0% PEI) showed a water absorption rate of 13.5%
after 24 h. In contrast, the water absorption rates of the PFA treated with PEI dropped
below 12%, highlighting the effectiveness of PEI in reducing water absorption. As the
concentration of PEI increased, the water absorption rate further declined. Specifically,
PFA-10 PEI, PFA-20 PEI, and PFA-30 PEI exhibited water absorption rates of 10.7%, 10.1%,
and 8.7%, respectively, indicating a significant improvement in performance due to PEI
modification. However, when the PEI concentration exceeded 30%, the reduction in water
absorption plateaued. The water absorption rates for PFA-40 PEI and PFA-50 PEI were
10.9% and 11.6%, respectively, which were 2.2% and 2.9% higher than that of PFA-30 PEI.
This trend aligns with the observed changes in the pore structure of PFA, suggesting that
PEI treatment effectively refines the pore structure, thereby reducing water absorption [32].
The study of water absorption and pore structure revealed that PEI modification leads
to the densification of the PFA microstructure. The reduction in pore volume observed
in PFA-30 PEI may originate from the formation of new carbonate compounds. In the
presence of PEI, calcium ions (Ca?*) more readily dissolve from calcium-bearing phases in
the PFA, leading to the formation of additional carbonate products, which contributes to
the observed reduction in water absorption capacity.

Water absorption (%)

¥ » » S

Figure 4. Water absorption curves of PFA samples.
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3.2. Influence of PEI on the Texture of PFA
3.2.1. SEM

Figure 5 illustrates the microstructure of the ITZ observed through SEM following
the modification of the PFA with PEIL The untreated PFA surface shows an irregular
and disorganized texture, featuring components such as calcium silicate hydrate (C-S5-H)
and calcium hydroxide (CH) crystals [33]. As the concentration of PEI increases, there
is a noticeable rise in the coverage of PEI on the PFA surface, leading to the creation of
uneven calcium carbonate patches. These newly formed CaCOjs precipitates are irregularly
distributed, leading to a reduction in defects and gaps within the interface, which enhances
the bonding between the fine aggregates and the cement matrix [34].

(a) Control
% l‘,r‘.‘~\ )

4 .

\\ -

\\_I’v

A,
it

Figure 5. Surface morphologies of (a) Control, (b) PFA-10 PEI, (c) PFA-20 PEI, (d) PFA-30 PEI,
(e) PFA-40 PEI and (f) PFA-50 PEL.

At a PEI concentration of 20%, the microstructure of the PFA undergoes significant
changes, becoming more undulating with layered carbonate precipitates that create rough
and complex segments. Figure 5d,e further illustrates substantial alterations in the surface
morphology of the PFA treated with higher PEI concentrations. A honeycomb-like structure
emerges as plate-like formations interconnect. When the PFA is treated with a 50% PEI
concentration, the internal architecture shows a smoother and more continuous surface,
with a uniform distribution and minimal variation in geometric shape. This results in a more
refined and significantly enhanced plate-like structure compared to the PFA treated with a
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40% PEI concentration. The morphological changes observed in the PFA microstructure
indicate a complex interaction between PEI and the inorganic components of PFA, leading
to these textural modifications. Lower PEI concentrations tend to cause aggregation or
clustering of the fine aggregates, as seen in Figure 5b. In contrast, higher PEI concentrations
are more effective in dispersing the fine aggregates and preventing their aggregation,
resulting in a more uniform and improved microstructure.

3.2.2. XRD

Figure 6 illustrates the XRD pattern of the PEI-modified PFA, demonstrating that
the calcite and dolomite present in the samples remained inactive, not contributing to
the hydration reactions. Following PEI modification, the PFA predominantly exhibited
quartz-related diffraction peaks within the 20° to 30° 26 range. As the PEI concentration
increased from 10% to 50%, these quartz peaks intensified, with the most significant
enhancement observed at a 30% PEI concentration. The increased PEI concentration
resulted in the formation of a more continuous and dense surface coating layer, which
effectively prevented the aggregation or deposition of silica particles on the PFA surface [35].
This process led to a smoother surface for the modified aggregate, which aligns with the
SEM observations discussed earlier in Section 3.2.
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TR IR I I B S .
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= P P
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20 (degree)
Figure 6. XRD pattern of PEI-modified PFA.

3.2.3. FTIR

FTIR was utilized to identify the chemical bonds and functional groups present in
the PFA by examining the transmission infrared spectra of the samples. Figure 7 presents
the FTIR spectra, highlighting the spectral characteristics of both the untreated PFA and
PEI-modified PFA within the wavenumber range of 400 cm~! to 4000 cm~!. Notable
peaks at 2842 cm ! and 2952 cm ! correspond to the C-H stretching vibrations, which are
indicative of the PEI backbone. Additionally, the peak observed at 459 cm~! is associated
with the N-H bending vibration, characteristic of the secondary amine groups in the PEI
structure. These spectral features provide valuable insights into the chemical interactions
and functional group modifications resulting from the incorporation of PEI, enhancing
the understanding of the material’s molecular composition and its impact on the physico-
chemical properties of PFA [36]. Furthermore, the absorption peaks detected at 1665 cm™!
and 1065 cm~! may originate from the stretching vibrations of C=0O in amides and C-O
stretching vibrations, respectively. The formation of stable chemical bonds on the surface
of the PEI-modified PFA is significant, as it reduces the likelihood of producing unwanted
reaction by-products. This stabilization contributes to improved bonding performance,
stability, and overall utility of the modified PFA [37,38].
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Figure 7. FTIR spectra of PFA specimens.

3.2.4. Thermogravimetric Analysis (TGA)

TGA was employed to investigate the changes in sample mass across varying tem-
peratures [39]. Figure 8 presents the results, showing the DTG and TG curves for the
PEI-modified PFA samples. The primary mass loss, observed between 0 °C and 400 °C, was
mainly due to the dehydration of hydration products, with the most significant mass loss
occurring between 250 °C and 400 °C. The mass losses for the five modified PFA samples
were recorded as 11.6%, 4.5%, 14.4%, 15.1%, and 17.9%, with PFA-20 PEI showing the
least mass reduction. This minimal loss is likely due to the creation of a relatively stable
and dense PEI coating on the surface of the aggregates, which may enhance the bonding

properties and reduce aggregate dissolution, thereby minimizing mass loss [40,41].
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Figure 8. TGA results of PEI-modified PFA: (a) PFA-10 PEL (b) PFA-20 PEIL; (c) PFA-30 PEIL (d) PFA-40

PEIL; and (e) PFA-50 PEL
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As the PEI concentration increased beyond 20%, the mass loss of the PFA samples
progressively rose. The peak around 100 °C corresponds to the dehydration of C-S-H
phases, while the peak around 400 °C is associated with the dehydration of portlandite,
which is consistent with empirical data [42].

3.3. Influence of PEI-Modified PFA Incorporation on the Properties of Fresh Mortar
3.3.1. Flowability

Figure 9 presents the flowability results for the RCM made with different concentra-
tions of PEI-modified PFA. The inclusion of the PEI-modified PFA significantly improved
the flowability of the mortar, aligning with previous findings related to the use of tannic
acid-modified public fillers in polymer matrices. The average flowability measurements
for the RCM with 10%, 20%, 30%, 40%, and 50% PEI-modified PFA were 119 mm, 125 mm,
129 mm, 122 mm, and 117 mm, respectively. Compared to the untreated RCM, these
modifications resulted in increased flowability by 11.2%, 16.8%, 20.6%, 14.0%, and 9.3%,
respectively. The RCM containing PFA modified with a 30% PEI solution demonstrated
the highest flowability. This improvement is likely due to the reduced water absorption
capacity of the PEI-modified PFA compared to the non-treated PFA, which would otherwise
absorb free water from the mortar matrix and hinder the lubrication and flow of the mixture.
Additionally, the potential for PFA particles to aggregate in the RCM matrix, which can
negatively impact workability, is minimized with PEI modification, particularly at the
optimal concentration.

160
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Figure 9. Flowability of RCM prepared with various PFA treatments.

3.3.2. Compressive Strength

Figure 10 illustrates the impact of the PEI-modified PFA on the compressive strength
of the RCM. The data show that the RCM made with the PEI-treated PFA exhibited higher
compressive strength compared to the Control group without PEI modification. Initially,
the enhancement in compressive strength was modest due to the inhibitory effect of PEI
on the early stages of cement hydration. However, as the curing time increased, this
inhibitory effect diminished. Among the different concentrations tested, the RCM with PFA
modified using a 30% PEI solution exhibited the most significant improvement, showing
a 20.5% increase in compressive strength at 28 days. This suggests that up to a 30%
concentration of PEI effectively enhances the strength of RCM by improving the bond
between the aggregates and the cement matrix. However, when the PEI concentration
exceeded 30%, the compressive strength began to decline. Specifically, RCM-50 PEI had a
compressive strength of 28.4 MPa, which was 6.7% lower than that of the untreated Control
group. This reduction is likely due to the excessive accumulation of PEI on the surface of
PFA, which hinders the cement hydration process, thus weakening the overall structure.
Consequently, to avoid compromising the compressive strength, it is recommended that
the PEI concentration for modifying PFA should not exceed 30%.
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3.3.3. Capillary Water Absorption

Figure 11 presents the CWAM curves over time for the different RCM samples. It is
observed that the CWAM increased for all samples as water absorption progressed, with
the Control group exhibiting a marked increase within the first § days compared to the
modified groups. This behavior is likely due to the greater number of cracks and weaker
interfaces formed in the untreated PFA during crushing, which created a network of pores
and microcracks that facilitated faster water movement. In contrast, the CWAM for the
PFA modified with the PEI solutions was notably lower, aligning with the findings from
the pore structure analysis. The reduction in total porosity of the modified PFA mortar was
achieved by the nanoparticles resulting from the reaction between PEI, calcium hydroxide
(CH), and calcite, which helped to fill the pores, decrease pore diameters, and slow water
transmission. Specifically, at a water absorption time of 807 s to the power of 1/2, the
CWAM values were 66.6 g for Control, 39.1 g for PFA-10 PEI, 28.1 g for PFA-20 PEI, 259 g
for PFA-30 PEI, 14.5 g for PFA-40 PEI, and 12.2 g for PFA-50 PEI. This corresponds to
reductions in water absorption mass of 41.3%, 57.8%, 61.1%, 78.2%, and 81.7% for the
respective PEI-modified samples, demonstrating the enhanced waterproofing properties of
the PEI-modified PFA. As the RCM samples continued to absorb water, the rate of capillary
suction gradually decreased and eventually stabilized. This stabilization occurred because
as the internal moisture content increased, capillary suction slowed down and reached a
steady state under the influence of gravity.
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Figure 11. Capillary water absorption of RCM prepared with various PFA treatments.
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3.3.4. Electric Flux

Figure 12 illustrates the electrical flux of the RCM samples prepared with varying
concentrations of PEI-modified PFA. The data demonstrate a noticeable enhancement in
the resistance to chloride ion migration with the incorporation of PEI Specifically, the
electric flux values for the RCM with PEI concentrations of 10%, 20%, 30%, 40%, and
50% were reduced by 10.9%, 12.5%, 13.0%, 8.5%, and 5.7% respectively, compared to the
Control group. This improvement may originate from the creation of a coating on the pore
surfaces by the nanoparticles produced from the reaction between PEI, calcium hydroxide
(CH), and calcite. These nanoparticles effectively reduce pore diameters and limit chloride
ion pathways. Additionally, the better bonding between the PEI-modified PFA and the
new mortar contributes to a denser ITZ, further enhancing the resistance to chloride ion
penetration [23,43].
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Figure 12. The electric flux of RCM prepared with various PFA treatments.

3.3.5. BET

The specific surface area and pore volume of the PFA modified with different con-
centrations of PEI were analyzed using the BET method, while pore size distribution was
evaluated using the BJH technique. Samples, each weighing between 0.2582 g and 0.3574 g,
were extracted from the experimental blocks for these measurements. The detailed results
of the specific surface area and pore volume for different PEI modifications are summarized
in Table 2, highlighting the impact of PEI concentration on the textural characteristics
of PFA. These findings are crucial for understanding how PEI modification affects PFA’s
performance in various applications.

Table 2. Specific surface areas and pore volumes of PEI-modified PFA.

Notation BET Specific Surface Area (m?/g) BJH Pore Volume (mL/g)
PFA-10 PEI 0.8550 0.001893
PFA-20 PEI 1.8830 0.008557
PFA-30 PEI 0.5753 0.001471
PFA-40 PEI 0.7269 0.000875
PFA-50 PEI 0.3276 0.000763

Table 2 indicates that the PFA-20 PEI sample exhibited the highest specific surface
area at 1.8830 m?/g and a pore volume of 0.008557 mL/g. In contrast, the specific surface
areas of PFA-30 PEI and PFA-40 PEI were reduced by 32.7% and 15.0%, respectively, while
their pore volumes decreased by 22.3% and 53.8%. This reduction may be attributed to
the aggregation of PEI with aggregate particles at higher concentrations, which decreases
the available contact area between particles. Additionally, PFA-50 PEI showed a lower
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specific surface area and pore volume compared to PFA-10 PEI, indicating that higher PEI
concentrations not only minimize pore defects in the recycled aggregates but also reduce
the porosity between cement hydrates and aggregates.

4. Conclusions

This study explored the impact of PEI on improving the surface features of PFs and
the performance of RCM. PEI-modified PFA was prepared with various concentrations of
PEI solutions, and the resulting RCM was analyzed to evaluate changes in pore structure,
surface morphology, hydration processes, and the ITZ characteristics of the PFA before and
after treatment.

(1) Increasing the PEI concentration to 40% and 50% decreased the pore volume of
the PFA. However, the effect diminished at higher concentrations, with total pore
volumes of 0.0258 cm?/g for PFA-40 PEI and 0.0281 cm?®/g for PFA-50 PEL This
suggests that while higher PEI concentrations do reduce pore volume, the benefit
levels off, indicating a saturation point in the modification of PFA’s porosity.

(2) The water absorption rates for PFA-10 PEI, PFA-20 PEI, and PFA-30 PEI were 10.7%,
10.1%, and 8.7%, respectively. These observations demonstrate the effectiveness of
PEI in enhancing the performance of PFA by refining its pore structure and reducing
its water absorption capacity.

(3) The compressive strength of the RCM improved from 30.3 MPa to 38.1 MPa with
the use of the PEI-modified PFA. This enhancement originates from the increased
density of the pore structure and the rougher surface texture of the modified PFA. The
optimal values for electric flux and capillary water absorption were achieved with a
20% PEI concentration, demonstrating the optimal balance between performance and
modification level.

(4) The study suggests that PEI is a promising agent for improving the carbonation
efficiency of PFA, refining its microstructure, and improving its surface characteristics.
The development of PEI-based CO; capture technologies can significantly reduce CO,
emissions, contributing positively to climate change mitigation efforts.

The results indicate that using PEI-modified recycled aggregates in construction mate-
rials offers considerable academic and practical benefits. This approach supports resource
reclamation and environmental sustainability while providing cost-saving advantages in
construction projects. Additionally, it improves the mechanical features and durability of
concrete structures, laying the groundwork for more sustainable construction practices.
The use of PEI-modified recycled aggregates also encourages innovation in materials sci-
ence and engineering, advancing construction methods toward greater sustainability and
eco-friendliness.
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Nomenclature

TGA Thermogravimetric analysis
PFA Pulverized fly ash

PEI Polyethyleneimine

PF Public filler

RCM Recycled concrete mortar
PFA Public fine aggregate

1TZ Interface transition zone
XRD X-ray diffraction

ATR Attenuated total reflectance
BET Brunauer-Emmett-Teller
BJH Barrett-Joyner-Halenda

RAC Recycled aggregate concrete
RCBA  Recycled clay brick aggregate

SEM Scanning electron microscopy
CDW Construction and demolition waste
DTG Derivative thermogravimetry

EDS Energy-dispersive spectroscopy

CWAM Capillary water absorption mass

ICSD International Crystal Structure Database
FTIR Fourier transform infrared

BCRA  Brick—concrete recycled aggregate
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