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Reinforcement corrosion induced by chloride ingress is a major durability issue in cementitious 
materials, particularly in harsh marine environments. Incorporating carbon nanotubes (CNTs) has 
emerged as a promising solution to mitigate chloride ingress. However, their performance against 
chloride diffusion under elevated temperatures remains unexplored. This study explores the influence 
of adding CNTs in cement mortars, aiming to mitigate chloride ion diffusion under temperature 
gradient conditions. CNTs were incorporated at 0.05%, 0.10%, and 0.15% by weight of cement in 
mortar specimens. Specimens were exposed to a 3% NaCl solution at room temperature of 22 °C 
(CT22), a high ambient temperature of 50 °C (CT50), and under a temperature gradient (TG). The 
experiment was carried out in two stages: the first stage aimed at finding the optimal mix based on 
the compressive strength, absorption, porosity, and total chloride concentration profile under the TG 
condition, whereas the optimal mix was thoroughly analyzed under different temperature conditions 
along with the assessment of the free chloride concentration profile in the second stage. The results 
indicated that adding 0.05% CNTs yielded the best performance, showing over a 24.6% increase in 
strength, about 17.5% reduction in absorption and accessible porosity, improved porous structure, and 
reduced chloride content. Notably, the critical chloride content based on the accelerated laboratory 
experimental results was substantially lower in the optimal mix than in the control, suggesting that 
0.05% CNTs effectively delays chloride ion diffusion and corrosion initiation, enhancing the durability in 
marine environments.
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Reinforcement corrosion in concrete is one of the commonly observed deterioration types in hot and aggressive 
marine environments, such as the Middle East and North Africa (MENA) regions. It typically occurs due to 
either chloride ingress or carbonation in concrete, while chloride ions are more detrimental as compared to 
carbonation1. Moreover, the chloride ions usually interact with the rebar in cementitious materials through 
diffusion, moving along a concentration gradient inside a continuous liquid phase2. This penetration rate usually 
depends on the quality of cement composites, chloride binding ability, exposure duration, hydration level, 
temperature, and presence of additives2–6. Previous studies7,8 revealed that high ambient temperature is one of 
the most significant causes of accelerating chloride ion diffusion. The increase in temperature causes the release 
of bound chlorides into the pore solution, which increases the accumulation of free chlorides in the cementitious 
materials, leading to corrosion initiation. The most prevalent temperature condition in an aggressive marine 
environment is the temperature gradient (TG) across the concrete section9–11. It creates a driving force for 
diffusion species like chlorides, a phenomenon termed as Soret effect12. The differential temperature causes 
kinetic energy to fluctuate between the hotter and colder regions of the concrete, leading chloride ions to migrate 
from the hotter region and accumulate in the cooler part. Such a type of diffusion has a double driving force 
due to both mass diffusion and thermo-diffusion13. To reduce the chloride diffusion, transport properties such 
as porosity and absorption of the cement mortar should be minimized by incorporating appropriate additives. 
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Nanomaterials have garnered significant focus for improving durability by enhancing transport properties14,15. 
Moreover, they contribute to the cement matrix by filling gaps, strengthening bonding between particles, and 
providing crack-bridging action, thus improving the performance of cement composites16–19.

Researchers have explored the addition of nanomaterials to improve the resistance to chloride ion diffusion 
of cementitious composites. For instance, Meddah et al.20 reported a 29% rduction in chloride penetration by 
adding 3% nano-alumina particles. This resistance was correlated to the formation of supplemental calcium-
silicate aluminate hydrate, pore refinement, and microstructural densification due to nano-alumina in the 
cement matrix. Zhang and Li21 concluded that the incorporation of nano-silica and nano-titanium up to 1% 
reduced chloride ion penetration by 30%, though higher dosages led to agglomeration and voids in the cement 
matrix. Wang et al.22 found that incorporating modest amounts of modified graphene nanosheets (0.02 wt%) 
into cement paste reduced chloride ion penetration depth by 37%, when compared to the reference mix. This 
improvement was attributed to the filling and crack-preventing capabilities of graphene nanosheets in the 
cement matrix.

Among the carbon-based nanomaterials, carbon nanotubes (CNTs) are an inexpensive solution to enhance 
the properties of concrete due to their multifunctionality23, usage in lower quantities24, and the decreasing cost 
of base nanomaterials25. They are rolled graphene sheets consisting of graphite as a basic unit. Besides, multi-
walled carbon nanotubes (MWCNTs) are less expensive than single-walled carbon nanotubes (SWCNTs) and 
are suitable for enhancing the mechanical properties of cementitious materials because of their greater stiffness26. 
Previous studies revealed that CNTs are effective against the ingress of chloride ions along with the improvement 
in the strength of the material, while different studies indicate different effective dosages of MWCNTs for better 
performance. For mortar, a 0.4% dosage improvs the chloride diffusion coefficient27; however, another study 
reports up to a 50% reduction in chloide content at a 0.1% dosage28. Similarly, a concrete mix with a 1% dosage 
has been recomended for the lowest chloride penetrability based on the charge passed as per ASTM equivalent 
(coulombs)29. Regarding special-purpose concrete, ultra-high-strength concrete with a 0.05% dosage can cause 
a 24% rduction in the chloride diffusion coefficient30, and ultra-high-performance concrete with 0.25% and 
0.05% CNTs reduces the cloride difusion coefficient31. Moreover, 0.25% pristine, 0.5% hydroxyl-functionlized, 
and 0.25% helical MWCNTs have also been recommended for the improved chloride resistance of ultra-high-
performance concrete32. CNTs-based composites are chloride resistant because of refined porosity and the 
crack-bridging quality in the cementitious matrix16–19 provided that the CNTs must be properly dispersed in the 
cement paste18,33. The refined porosity in CNTs-based cementitious material is primarily due to the nucleation 
and filler effects19. Consequently, the formation of more nucleation sites results in a denser microstructure of 
C-S-H, necessary for reduced porosity and improved durability34,35. Additionally, such cementitious materials 
with a denser microstructure and reduced porosity also cause improved transport properties and enhanced 
resistance against chloride ingress36.

The dispersion of CNTs in water can be done through physical (sonication, mechanical mixing, and magnetic 
stirring), and chemical (dispersant or surfactants), but it is recommendable to employ the combination of both 
methods37. The use of polycarboxylate superplasticizers as a dispersant is a good choice because of their ability to 
maintain workability along with facilitating dispersion of CNTs38. Pristine CNTs are hydrophobic in nature and 
prevent the proper dispersion of CNTs in aqueous suspension, but it can be overcome through some covalent and 
non-covalent treatments39. Non-covalent surface treatments with polyethylene glycol (PEG), for example, make 
the CNTs more hydrophilic by encouraging surface adsorption, which improves their dispersion and stability 
in aqueous solutions39,40. A study also reported that the presence of PEG as a chemical admixture reduces the 
chloride binding capacity of the cementitious matrix by compromising the microstructure and morphology of 
calcium silicate hydrate (C-S-H)41. However, the compressive strength enhances when PEG is used as a surface 
treatment on CNTs, even at a low dosage42. Moreover, PEG-treated CNTs also contribute to a reduction in 
chloride permeability, likely due to better dispersion and improved interaction with the cementitious matrix43.

Although CNTs enhance chloride resistance in cement composites, their effectiveness under high ambient 
temperature and TG conditions remains largely unexplored. This study examines the use of CNTs to reduce 
chloride ion diffusion in cement composites, focusing on harsh marine environments that involve elevated 
temperatures. This reflects the performance of CNTs-based cementitious composites in a chloride-rich 
environment, where temperature is an influential factor in accelerating chloride-induced corrosion, such as in 
the coastal areas of the MENA region. The MENA region experiences extremely high temperatures during peak 
summers. For example, the UAE’s average maximum temperature of 20 years reaches 43.3 °C during August44.

The present work investigates the chloride resistance potential of cementitious mortar by incorporating 
MWCNTs treated with PEG under different temperature conditions. The choice of using PEG-treated CNTs 
was due to their superior dispersion, long-term stability, and enhanced mechanical properties39,40,42,45. The 
methodology comprised determining the optimal concentration of PEG-treated MWCNTs in the mix by 
considering the mechanical and transport properties in the first stage, such as compressive strength, absorption, 
porosity, and chloride diffusion profile under TG. In the second stage, the mix with the optimal concentration 
of MWCNTs was thoroughly investigated against chloride diffusion under high ambient temperature and TG 
conditions, as well as for free chlorides under TG conditions to assess the corrosion initiation potential. For 
chloride exposure, each cylindrical specimen, with a diameter of 96 mm and a height of 80 mm was enclosed 
in an acrylic tube and sealed to ensure only unidirectional flow from the bottom side. Each specimen was fully 
immersed in a 3% NaCl solution under isothermal conditions, whereas only the bottom surface was exposed 
to the solution under TG conditions. Additionally, results were presented in the form of chloride concentration 
profiles and were related to strength, porosity, and absorption to justify the enhanced chloride diffusion 
resistance of the optimal mix.

Scientific Reports |        (2025) 15:19219 2| https://doi.org/10.1038/s41598-025-04031-2

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Methodology
Materials
The binder used in this study was Ordinary Portland Cement (OPC), designated as CEM I 42.5  N as per 
specifications of BS EN 197-1. The detailed physical properties and chemical compositions of this cement are 
tabulated in Tables 1 and 2, respectively. Aggregates used were the blend of fine dune sand (DS) and fine crushed 
sand (CS), with a maximum size of 0.6 mm. The fineness modulus of both sands was found to be 1, as per the 
ASTM C136 procedure46. Using a blend of DS and CS is a cost-effective and environmentally friendly approach 
that results in better fresh properties, strength, and durability47–49. Furthermore, the detailed gradation curve for 
both sands is shown in Fig. 1. Although both sands consist of fine particles, DS has a relatively smoother curve 
with a lower proportion of coarser particles. However, both sands are comparable and show slight variation. 
Deionized water was used because the primary concern of this study is chloride ion diffusion.

The CNTs used in this study were multi-walled in the form of flakes which are less hazardous for human 
health, available with the product code ANS-ECF-01-000-PEG01, and procured from Applied Nanostructured 
Solutions, LLC (USA), a spin-off company of Lockheed Martin Corporation. The CNTs consist of glass fiber as a 
substrate medium during the growth of CNTs, and PEG as a dispersing agent as mentioned in Table 3. To make 
the suspension of CNTs in water, polycarboxylate ether (PCE) superplasticizer (SP) was used as a dispersant 
which satisfies the requirements of Type A, Type E, and Type F admixtures as per ASTM C49450 which improves 
the workability and the dispersion38. The detailed specifications of PCE are listed in Table 4.

In addition to the above-mentioned materials, analytical reagents were also used to determine the total 
and free chloride contents in mortar samples by using precipitation titration51,52. The detailed purpose and 
specifications of these reagents are described in Table 5.

Mix designs and experimental procedure
The mix proportions in this study were designed based on the standard mortar as per ASTM C10953 along 
with some modifications on account of using a blend of DS and CS. These modifications involved adjusting the 
water-to-cement ratio (w/c) and the SP content to ensure consistent flow across all mixtures. Ultimately, the w/c 

Description Requirements as per BS EN 197-1:2011 Typical results

% Loss on ignition ≤ 5.0 3.40–3.50

% Insoluble residue ≤ 5.0 0.20–0.40

% SiO2 19–21

% Al2O3 5.0–5.2

% Fe2O3 3.2–3.4

% CaO 63–64

% MgO 1.3–1.5

% SO3 ≤ 3.5 2.4–2.6

% Na2O equivalent 0.4–0.7

% Cl ≤ 0.10 0.01–0.03

% Free CaO 1.0–2.0

% C3S 53–55

% C2S 15–17

% C3A 7–9

% C4AF 9–11

Table 2.  Chemical composition and Bogue’s components of cement.

 

Description Requirements as per BS EN 197-1:2011 Typical results

Fineness: Blaine air permeability (m2/kg) 310–330

Specific gravity 3.13–3.14

Soundness: Le Chatelier exp., mm ≤ 10 0.10–0.15

% Standard consistency 26.0–28.0

Time of setting: Vicat test

 Initial, minutes ≥ 60 180–190

 Final, minutes 220–230

Compressive strength, MPa

 2 Days ≥ 10 22–26

 7 Days 38–42

 28 Days ≥ 42.5 ≤ 62.5 48–52

Table 1.  Physical properties of cement.
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ratio was set at 0.60, and the SP dosage was fixed at 0.5% fr CNT-based mixes only. The dosages of CNTs were 
varied at 0.05%, 0.10%, nd 0.15% b weight of cement, as shown in Table 6. This mix proportion resulted in a 
consistent flow of 35% ± 5% for all the mixes, in accordance with the procedure described in ASTM C143754. 
To prepare a well-dispersed suspension of CNTs in deionized water, sonication was done at 20 kHz for a total 
duration of 30 min in three parts duration and at a constant amplitude of 40%. Each part lasted for 10 min along 
with a break of 5 min between two consecutive parts. The entire sonication process was aided with the constant 
magnetic stirring55. Sonication was done using Sonics Vibra-Cell VC750 ultrasonic liquid processor along with 
delivering > 18,000 joules energy under 30–33 watts. Sun et al.56 also considered the energy delivered and power 
to get the well-dispersed suspension for marine concrete. Moreover, Fig. 2 below depicts the complete sonication 
process, including CNTs suspension before and after sonication.

Reagent Purpose Specifications

Nitric acid (HNO3) Solvent for sample dissolution 65% purity

Silver nitrate (AgNO3) Chloride titration ≥ 99.9% purity

Sodium chloride Standard solution preparation ≥ 99.5% purity

Methyl orange Titration indicator Suitable for analytical use

Water Solvent and diluent Reverse osmosis water (Type III - ASTM D1193)

Table 5.  Details of analytical reagents.

 

Description Specification

Appearance and form Whitish to light brownish liquid

Specific gravity at 25 °C 1.060 typical

pH-value at 25 °C 4–7

Chloride ion content ≤ ≤ 0.01%

Alkali content (Na2O equivalent %) < 3%

Table 4.  Specifications of PCE.

 

Component Specification

MWCNTs > 93%

Fiberglass < 1%

Polyethylene glycol (PEG) < 6%

Length of MWCNTs range 1–500 μm

The diameter of MWCNTs range 9–16 nm

Purity > 99.8%

Table 3.  Specifications of CNTs.

 

Fig. 1.  Gradation curve for dune and crushed sands.
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Furthermore, the experimental methodology was conducted in two stages. The first stage aimed to determine 
the optimal mix proportion by adding CNTs, while the second stage involved a detailed investigation of the 
chloride content in the obtained optimal mix. Notably, the optimal mix proportion was determined based 
on compressive strength, cumulative absorption within 72 h, porosity from the backscattered electron (BSE) 
image analysis, and total chloride content under temperature gradient conditions. For the detailed analysis of 
chloride content in the second stage, the total chloride concentration was found at constant room temperature 
and constant high ambient temperature conditions. Additionally, free chloride content was also found for the 
temperature gradient condition. The specimens were Ø96 mm x 80 mm cylindrical in shape, cast in custom-
made acrylic molds as shown in Fig. 3. This specimen size has also been reported in the literature for chloride 
diffusion analysis57–59. Additionally, 50 mm cubic specimens were prepared exclusively for compressive strength. 
Three cubic specimens were tested for each mix to determine the compressive strength, while two cylindrical 
specimens were tested for the absorption test and for each temperature condition for chloride diffusion analysis. 
Averages of these results were presented and discussed in Sect. 3.

For chloride diffusion analysis, cylindrical specimens were exposed to a 3% NaCl solution for 30 days under 
three different conditions: constant room temperature of 22  °C (CT22), constant high temperature of 50  °C 
(CT50), and temperature gradient (TG) conditions, as schematically shown in Fig. 4. The top surface and the 
bottom circumferential gap of the specimens were sealed using silicone sealant after placing them into the 
acrylic tubes to ensure a one-dimensional flow of the 3% NaCl solution from the bottom surface. These enclosed 
specimens were then placed in a temperature-controlled 3% NaCl solution bath to impose either constant or 
varying temperature conditions. The specimens were fully submerged in the 3% NaCl solution to ensure constant 
temperature conditions (see Fig. 4a, b). To create a temperature gradient across the depth of the specimens, only 
the bottom surface was exposed to the 3% NaCl solution at 50 °C, while the top surface was exposed to room 
temperature of 22 °C, as shown in Fig. 4c. All the 3% NaCl solution baths were covered with aluminum foil to 
minimize water loss due to evaporation. To record the temperature gradient, three K-Type thermocouples were 
installed at distances of 10 mm, 30 mm, and 40 mm from the chloride exposed (bottom) surface as shown in 
Fig. 4c.

Stage I—determination of optimal mix
The optimal mix was determined based on the results of the compressive strength, absorption test, porosity 
analysis, and total chloride content analysis under the TG condition. Compressive strength is one of the primary 
methods for assessing the quality of cementitious materials, as it reflects structural capacity and durability31. 
The compressive strength of cubic specimens was measured on the 7th and 28th days of curing using an MTS 
machine with a load capacity of 300 kN. The test was conducted according to ASTM C10953. The compressive 
strength was determined using

Fig. 2.  Flow diagram showing the steps of the sonication process.

 

Mix OPC (kg/m3) CS (kg/m3) DS (kg/m3) Water (kg/m3) CNTs (kg/m3) SP (kg/m3)

M-C 506 695.5 695.5 303.5 – –

M-0.05CNT 506 695.5 695.5 303.5 0.253 2.53

M-0.10CNT 506 695.5 695.5 303.5 0.506 2.53

M-0.15CNT 506 695.5 695.5 303.5 0.759 2.53

Table 6.  Details of mix proportions expressed in weight.
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Compressive strength = F

B × D
. � (1)

where F, B, and D are maximum compressive force, width and depth of the specimens.
Water absorption in cementitious composites is a significant indicator of overall durability, since the 

faster water penetrates the material, the more prone it is to harmful ions and other durability issues60. The 
absorption test was performed on the dried cylindrical specimens, which were used in chloride diffusion 
analysis. A procedure consisted of fully immersing the specimen in deionized water to determine permeable 
porosity, as reported in the literature61–63. For this purpose, each specimen was dried at 105  °C in an oven 
until the weight loss became negligible. While drying cement mortar specimens at 105 °C may cause minor 
alterations in the microstructure, it is a widely accepted practice recommended by several standards, including 
ASTM. Although ettringite begins to decompose at around 60 °C64, its presence in 28-day-old hardened cement 
paste is minimal65,66. The primary hydration product, calcium silicate hydrates (C-S-H), remains stable until 
temperatures exceed 180 °C67, indicating that the overall microstructure of the mortar remains largely intact at 
105 °C. Furthermore, the potential influence on water absorption measurements is negligible due to the higher 
aggregate content and lower cement paste volume in the mortar mix.

Fig. 4.  Experimental setup for three temperature conditions: (a) CT22, (b) CT50, and (c) TG.

 

Fig. 3.  Preparation of cylindrical specimens: (a) custom-made acrylic mold sealed with silicon sealant at the 
bottom to check the leakage of water and cement and (b) cylindrical specimens with 96 mm diameter and 
80 mm depth.
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After that, the specimen was fully immersed in the deionized water until the weight gain became constant. It 
took 48 h to dry and 72 h to get full absorption in the cylindrical specimens. The results were presented in the 
form of absorption and permeable/accessible porosity. The permeable/accessible porosity in percentage68 was 
computed by

	
ϕ P = △W × υ w

1000 × V
× 100,� (2)

where ϕ P  is the permeable or accessible porosity (%), △W  is cumulative absorption of water after 72 h (g), 
υ w  is the specific volume of water taken as 10− 3 m3/kg, and V is the volume of the specimen (m3). To assess 
the porosity, BSE images for each gold-coated specimen (< 5 mm in size) were taken at 2500 times magnification 
and 5 kV accelerated voltage using a Phenom XL Desktop Scanning Electron Microscope (SEM). This kind of 
electron microscope facilitates easy and rapid switching between secondary electron mode and backscattered 
electron mode, enabling fast and efficient analysis. Unlike typical BSE, the specimens used were unpolished and 
non-epoxy impregnated. This was done because images were captured both in secondary electron mode and BSE 
mode, but BSE images were selected for binary image analysis due to their superior contrast and clear depiction 
of surface roughness. The primary focus of this procedure was to perform a qualitative analysis of pore sizes, 
shapes, and distribution. These images were later analyzed in Fiji Software developed by the USA-based National 
Institute of Health (NIH). In this software, an 8-bit BSE image was converted into a 2-channel (binary) image to 
highlight the solids and the pores for the detailed analysis of porosity.

To determine the total chloride content, a 36 mm core was extracted from the exposed specimens and sliced 
into 10 mm layers, excluding the top and bottom 5 mm layers, as shown in Fig. 5. Each layer was then pulverized 
and passed through an 850-micron sieve. These pulverized samples were used to measure the acid-soluble 
(total) chloride content using the standard approach defined in ASTM C1152, which is based on precipitation 
titration51. Finally, the optimal mix was chosen based on the compressive strength, absorption, porosity, and total 
chloride content under TG conditions. This optimal mix was further analyzed under all temperature conditions 
and compared with the control mix.

Stage II—detailed chloride diffusion analysis of optimal mix
In this stage, a similar sample extraction procedure was adopted for the specimens of the optimal mix exposed to 
constant temperature, as shown in Fig. 5. Likewise, the total chloride content was determined in each layer as per 
ASTM C1152 and compared with the control specimen. Moreover, the specimens under the TG condition were 
also analyzed for free chlorides using the standard procedure as per ASTM C121852. The purpose of finding the 
free chlorides was to determine the potential of releasing chloride ions in the pore solution.

Results and discussions
Stage I—determination of optimal mix
Compressive strength
The effect of incorporating CNTs on compressive strength was examined to determine the optimal mix. The 
results in Fig. 6a show a 0.05% CNTs as an optimal dosage, resulting in the highest compressive strength after 
7 days and 28 days of curing. Figure 6b shows the relative compressive strength of all specimens compared to 
the control mix, calculated using Eq. (3). An increase in the compressive strength for a 0.05% CNTs dosage is 
24.63% after both 7 days and 28 days. This improvement is due to the reinforcing action of CNTs, which bridge 
nanoscale cracks and regulate their propagation in the cement matrix16. Moreover, the higher dosages (i.e., 
0.10% ad 0.15%) how a decrease in the compressive strength results. For instance, after 28 days, the compressive 
strength of 0.10% and 0.15% reduces by 22.57% and 29.86%, respectively, when compared with the control mix.

	
Relative Compressive strength = Compressive strength of a mix containing CNT s

Compressiev strength of a control mix
. � (3)

Fig. 5.  Sample preparation for chloride diffusion analysis; (a) Core extraction, (b) 36 mm core, (c) Sliced core, 
and (d) pulverized and sieved sample.
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The previous study65 reported that CNTs dosages below 0.5% resulted in a 5–40% increase in the 28-day 
compressive strength, with lower water-to-binder (w/b) ratios requiring a lower CNTs dosage to achieve 
maximum strength improvement. In the current study, the compressive strength increase at the optimal dosage 
is more than 24%, which falls within the reported range. However, this case differs in terms of water content 
due to the use of DS and CS as fine aggregates, which requires a higher w/c ratio than other sands because of 
its fine particle size and larger surface area48,49. Despite a high w/c ratio (i.e., w/c = 0.6), the flow values remain 
low, around 35% ± 5%, indcating that the optimal dosage identified may correspond to mixes with a lower w/c 
ratio using other types of sand as reported in the literature. Therefore, the results presented in Fig. 6 align with 
those for mixes with low w/b ratios of 0.4 and 0.2 reported in previous studies30,69,70. The reduction in strength at 
higher CNTs concentrations could be attributed to the agglomeration of CNTs in the cement matrix70.

Absorption and accessible porosity
The cumulative absorption after 24 h for each mix is shown in Fig. 7a, whereas the total absorption of water 
after the full absorption period (i.e., 72 h) and the accessible porosity are shown in Fig. 7b. The addition of 
CNTs resulted in lower water absorption within the first 24 h, as shown in Fig. 7a, demonstrating the improved 

Fig. 7.  Absorption test results: (a) cumulative water absorption within the first 24 h and (b) total absorption 
vs. accessible porosity after 72 h of absorption period.

 

Fig. 6.  Variation in the compressive strength at different dosages of CNTs: (a) Compressive strength and (b) 
Relative compressive strength.
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durability of CNTs-based cement mortar against chloride diffusion. Among the CNTs dosages, 0.05% CNTs has 
been proven as an optimal dosage because of the lowest water absorption value. In Fig. 7b, 0.05% CNTs show the 
lowest water absorption and least accessible porosity of 6.97% and 13.95% after 72 h, respectively. These values 
represent a reduction of more than 17.50% compared to the control mix. Furthermore, the higher CNTs dosages 
show comparable results with the control mix. Therefore, 0.05% CNTs can be considered as an optimal dosage 
based on the transport properties, including total absorption and accessible porosity.

CNTs in cementitious materials have been reported to refine porosity and reduce water absorption19,71,72. 
Nochaiya and Chaipanich73 found that while incorporating CNTs does not significantly reduce the total porosity 
of a cementitious matrix, it decreases the overall connectivity of the matrix through a bridging effect, leaving 
macro pores largely unaffected. Despite this, CNTs refine porosity through mechanisms such as nucleation 
and the filler effect19. As a result, the total volume of permeable pores does not change significantly, leading 
to a gradual decrease in the relative change in water absorption over time, as shown in Fig. 8. This indicates 
that, if absorption continues beyond 72 h, the relative change could become insignificant and comparable to 
the control mix. The positive relative change indicates a decrease in absorption, whereas the negative relative 
change reflects an increase in absorption. The mix with 0.05% CNTs indicates relatively the highest decrease in 
absorption over the period of 24, 48, and 72 h, while the higher dosage, such as 0.15% CNTs, causes the lowest 
decrease and even an increase in absorption compared to the control mix after 72 h. The CNTs network within 
cementitious materials creates intricate and convoluted paths for water movement, reflecting higher tortuosity, 
which enhances the durability of the material74. Additionally, the total volumetric absorption rate shown in Fig. 9 
further indicates increased tortuosity. The control mix displays a regular absorption curve, while the irregular 
curves of the CNTs-based mixes suggest that water follows a more convoluted path due to increased tortuosity.

Pore structure and distribution
The findings of the compressive strength and absorption tests can be validated by visually examining the pores 
through microstructural analysis. Figure 10 displays a comparison of BSE images and their binary images for 
each specimen, each with a different amount of CNTs. This comparison demonstrates how the pore structure of 
the material is affected by the inclusion of CNTs. At 2500 times magnification, the images mostly display active 
pores (smaller than 10 μm) that are involved in transport mechanisms. Additionally, only images without any 
signs of air voids were selected. It can be observed that the porosity reduces by adding 0.05% CNTs according 
to both BSE and binary images, whereas the porosity of the other dosages is comparable to that of the control 
mix. This observation supports the claim made in the preceding section that a dosage of 0.05% CNTs results 
in enhanced compressive strength and reduced water absorption due to lower porosity. Moreover, it can be 
observed that the pores in the control mix are regular in shape and well-distributed compared to the CNTs-based 
mixes. However, the 0.05% CNTs-based mix performed optimally due to its smaller-sized and less dense pores.

The presence of smaller pores, with a radius of less than 10  nm, does not have a substantial impact on 
strength, as they contribute negligibly75. However, the total volume of pores, and specifically the larger pores 
can negatively impact the compressive strength76. Taking this into account, the reduction in the compressive 
strength at higher CNTs dosages (i.e., 0.10% and 0.15%) are primarily due to the presence of large-sized pores 
in these mixes. Additionally, the non-uniform pore distribution can also reduce the strength due to the presence 

Fig. 8.  Relative change (reduction) in water absorption after 24, 48, and 72 h.
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of weaker zones77. Therefore, this reason is another justification for the reduction in the compressive strength 
at higher CNTs dosages because they showed a non-uniform distribution of pores as compared to the control 
mix (Fig. 10). For the optimal mix (i.e., 0.05% CNTs), while the pore distribution is not uniform, the pores are 
smaller in size compared to the control mix, leading to an improvement in compressive strength.

The transport properties of cementitious materials are significantly influenced by their microstructure, 
particularly the porosity and connectivity of pores within the material11. The porosity characteristics (i.e., size, 
shape, and distribution of pores) have an impact on the transport mechanism of the cementitious materials. For 
example, smaller pores (i.e., active pores < 10 μm) act as channels that facilitate the transport process78. However, 
the amount of water absorbed is determined by the total volume of pores in the mixture. Higher water absorption 
results from larger pores because they retain water in the form of pore solution rather than participating in 
the transport mechanism79. Therefore, at higher CNTs dosages, larger pores cause increased water absorption. 
Furthermore, tortuosity is increased by the non-uniform distribution of pores and their variable pore shape in 
the cementitious matrix80.The porosity is reduced with the addition of 0.05% CNTs, which leads to stronger 
and less absorbent cementitious materials. However, the transport mechanism through CNTs-based mixtures 
is hampered by the irregular pore shapes, non-uniform distribution of pores, and reduced connectivity. This 
leads to higher tortuosity, which indicates improved durability. At higher CNTs dosage, however, the presence of 
larger pores reduces both durability and strength.

Total chloride content under the TG condition
The thermocouple readings were recorded after the specimens were exposed to 3% NaCl solution for 30 days. 
The average readings at designated depths of 10 mm, 40 mm, and 70 mm from the chloride exposed surface are 
represented in the form of a temperature gradient in Fig. 11. It can be observed that the temperature profile along 
the depth is nearly identical for all specimens. Furthermore, the total chloride concentration profile under this 
temperature gradient is shown in Fig. 12. The control mix shows a more regular chloride profile compared to the 
CNTs-based mixes. Like the compressive strength and absorption test, 0.05% CNTs performed optimally, while 
the higher CNTs dosages showed a higher concentration profile. Additionally, the total chloride concentration 
profile becomes more irregular at higher CNTs dosages compared to the optimal mix and the control mix. The 
enhanced chloride resistance at 0.05% CNTs dosage is attributed to efficient CNTs dispersion, which refines pore 
structure, reduces porosity, and prevents chloride ion transport. Higher CNTs dosages cause agglomeration, 
which creates weak zones and favored paths for chloride ingress, resulting in higher and irregular chloride 
concentration profiles.

Similarly, the chloride concentration profile resembles the absorption rate profile in CNTs-based materials, as 
chlorides are carried into the cementitious matrix alongside water. Higher CNTs dosages, with higher absorption 
rates, produce a more erratic chloride concentration profile. This is because, the chloride concentration profile 
closely follows the absorption rate profile, which becomes progressively erratic with higher CNTs dosages.

Stage II—detailed chloride diffusion analysis of optimal mix
Based on the results of Stage I, the optimal amount was determined to be 0.05% CNTs, which achieved the 
highest compressive strength while also having the lowest absorption and permeable voids. Furthermore, 
this mix exhibited improved porosity and the lowest chloride concentration profile under the TG condition. 
Therefore, the detailed chloride diffusion analysis was conducted for the mix with an optimal dosage of 0.05% 
CNTs in stage II.

Chloride diffusion under different temperature conditions
Figure 13 shows the total chloride concentration profile along the depth from the chloride exposed surface 
under different temperature conditions for the optimal mix (0.05% CNTs) in comparison with the control mix. 

Fig. 9.  Variation in volumetric water absorption rate over a period of 72 h.
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The optimal mix consistently resulted in the lowest chloride content profile under all temperature conditions, 
including constant room temperature (CT22), constant high temperature of 50 °C (CT50), and TG. It can be 
seen that chloride concentration increases with the increase in temperature due to the mobility of the chloride 
ions under the influence of higher temperatures7,81,82. However, the TG condition is the worst case as expected 

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 10.  BSE images (left) and binary BSE images (right) of all the mixes; (a, b) a control mix showing more 
regular and uniform distribution of pores, (c, d) a mix with 0.05% CNTs showing reduced sizes and non-
uniform distribution of pores, (e, f) a mix with 0.10% CNTs showing larger and non-uniformly distributed 
pores, and (g, h) a mix with 0.15% CNTs showing much larger and non-uniformly distributed pores.
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and shows the highest concentration profile. This is because of the Soret effect in which chloride ions move from 
a hotter region to a cooler region and cause more concentration of chloride in the cooler region as compared to 
the constant temperature12. The differential kinetic energy of chloride ions in both regions compels the chloride 
ions to move from a hotter region to a cooler region due to a double driving force resulting in both mass diffusion 
(due to concentration gradient) and thermo-diffusion (due to temperature difference)13. Furthermore, Fig. 14 
shows the comparative total chloride concentration profile of the optimal mix with the control mix along the 
depth from the chloride exposed surface for TG, CT50, and CT22 conditions, respectively. These graphs indicate 
that variation in the chloride contents between the control mix and the optimal mix is relatively small near the 
chloride exposed surface but becomes significant deeper inside the specimen for all temperature conditions. It 
indicates slower transportation of chlorides and accordingly less content of chlorides deep inside the specimens 
due to the presence of CNTs. This reduced chloride penetration is potentially due to the higher tortuosity induced 
by CNTs, as evident from the absorption results from Fig. 9. Furthermore, this is also evidenced in Fig. 10, which 
shows a non-uniform distribution of pores in CNTs-based mixes, resulting in increasing tortuosity.

Total chlorides vs. free chlorides
A comparative analysis was conducted on the total chloride content and free chloride concentration profile for 
both the control mix and the optimal mix under the TG condition, as shown in Fig. 15. The optimal mix releases 
a higher amount of free chlorides in the pore solution. These free chloride ions may originate from both the 
cement paste and CNTs. However, the free chloride concentration profile of the optimal mix is steeper than the 
control mix. These results indicate that there is more concentration of free chlorides in the optimal mix near 
the chloride exposed surface as compared to the control mix. On the other hand, the condition is completely 

Fig. 12.  Total chloride concentration profile along the depth under the TG condition of all mixes.

 

Fig. 11.  Variation of temperature through the depth of mortar for all specimens.
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opposite to the other (sealed) end of the specimen where the free chloride content is relatively higher in the 
control mix. Thus, the slope of the free chloride concentration profile is steeper than the control mix. More 
precisely, there is about more than 50% more free chloride concentration near the chloride exposed surface in 
the optimal mix than in the control mix, but the control mix shows less than 10% more free chloride content 
than the optimal mix at the other end as shown below in Fig. 15. Therefore, the higher concentration of free 
chlorides in the optimal mix near the chloride exposed surface or in the higher temperature zone indicates a 
higher leaching potential of free chlorides in CNTs based mix.

Based on long-term data, it has been stated in the literature that total chlorides and free chlorides have a linear 
relationship83. However, the long-term data needed to establish this relationship is not available in the current 
study. Based on the accelerated experimental results, an attempt has been made to establish a linear relationship 
between the total chlorides and free chlorides (Fig. 16). The release of free chlorides in the control mix and the 
mix containing 0.05% CTs under the TG condition can be understood from this moderately strong relationship. 
There are relatively more free chlorides close to the chloride exposed surface or in the high-temperature zone, as 
indicated by the steeper slope in the mix containing 0.05% CNTs.

Fig. 14.  Comparison of total chloride profile along the depth of the optimal mix with control mix under (a) 
TG conditions, (b) Constant temperature of 50 °C, and (c) Constant temperature of 22 °C.

 

Fig. 13.  Total chloride concentration profile along the depth under constant temperature of 22 °C, constant 
temperature of 50 °C, and TG conditions, (a) control specimen, (b) optimal mixes.
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Regarding hydrophobicity and hydrophilicity, pristine CNTs are often hydrophobic by nature, hindering 
their effective dispersion in an aqueous solution. However, they can be rendered hydrophilic by applying surface 
treatments that are either covalent or non-covalent39. PEG was used in this investigation to treat the CNTs, as 
shown in Table 3 in Sect. 2. This type of treatment increases the hydrophilicity of CNTs, making them suitable 
for use in aqueous conditions39,40. As a result, both the absorption properties of the cement paste and the CNTs 
determine the accessible porosity and overall absorption of water in cement mortar after 72 h, as shown in Fig. 7.

The hydrophilicity of the CNTs used in this study can be relatable to the population of the free chlorides 
or higher leaching potential of chlorides at the exposed end of the specimen. This higher concentration of 
free chlorides in this region is justifiable through a study that reports the same phenomenon near the chloride 
exposed surface in CNTs-based specimens84. However, that study did not consider the effect of temperature 
conditions. Also, PEG when used as a chemical admixture reduces the chloride binding capacity of cement paste 
by loosening the microstructure41. Nevertheless, it can be assumed that higher hydrophilicity of CNTs causes the 
higher absorption of water accompanying the chloride ions. These chloride ions may have been released (leached 
out) under the influence of elevated temperatures in the high-temperature zone of the specimen under the TG 

Fig. 16.  Linear relationship between free chloride content vs. total chloride content for the control mix and the 
optimal mix under TG conditions.

 

Fig. 15.  Total vs. free chloride content under TG condition for both control and optimal mix.
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condition. To authenticate this hypothesis, a more detailed and precise study is needed that aims at releasing and 
absorption potential of chlorides by the CNTs in the cementitious mortar.

Corrosion initiation potential
The initiation of corrosion in the reinforcement is determined by the critical chloride content. Once this crucial 
threshold is achieved, corrosion starts. The threshold chloride content in cementitious materials required to 
initiate corrosion is a topic of discussion among researchers. Research, for instance, has reported re-examining 
the critical chloride level while taking non-conventional binders into account37 and the stress conditions of the 
reinforcement38. Generally, a critical chloride level of 0.4% by weight of cement can be used for investigation36. 
However, a very aggressive marine environment, such as the Arabian Gulf region, where the seawater salinity 
and the chloride ions concentration in the atmosphere are very high, has a lower critical chloride content of 
0.3%85. Some studies indicate that only free chlorides are responsible for corrosion initiation in reinforced 
concrete86,87. However, a commonly recognized concept proposes that bound chlorides upon interaction with 
certain factors may become free chlorides and become a part of a pore solution88–90. Although free chlorides 
are also occasionally taken into consideration, the critical chloride content is often determined by total chloride 
contents69–71. The profiles of total, free, and bound chlorides, along with the overall critical chloride concentration 
of 0.4% are shown in Fiure 17, for both the control mix and the optimal mix under the TG condition. Compared 
to the control mix, the optimal mix exhibits a lower total chloride content, indicating a reduced potential to 
corrosion initiation.

The experimental results indicate that the critical chloride content had penetrated beyond a depth of 50 mm 
of the control specimen after 30 days of exposure to a 3% NaCl solution in the laboratory. Additionally, the 
chloride diffusion resistance of the optimal mix surpasses that of the control mix, attributed to its reduced 
porosity19,71,72 and increased tortuosity74. In the optimal mix, the critical chloride content reached depths of 
less than 40 mm. Detailed total chloride content profiles at various depths for both specimens are presented in 
Table 7. Furthermore, no depth shows a free chloride content above the critical value in both specimens.

From the outcomes of the current study, the incorporation of CNTs in cementitious materials effectively 
delays chloride diffusion and, thus, postpones the initiation of corrosion. This enhancement reflects the 
enhanced durability and extended service life of concrete structures, especially in aggressive environments such 
as the MENA region, where harsh temperature gradients across concrete sections promote deterioration.

Depth from the exposed surface (mm) Critical chloride content (% wt of cement) Control mix (% wt of cement) Optimal mix (% wt of cement)

10 0.4 0.575 0.500

20 0.4 0.565 0.471

30 0.4 0.504 0.471

40 0.4 0.475 0.354

50 0.4 0.460 0.298

60 0.4 0.346 0.231

70 0.4 0.356 0.207

Table 7.  Total chloride content along the depth of the specimen.

 

Fig. 17.  Comparison of chloride contents of the control and the optimal mix with critical chloride content.
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Conclusion
This study explored the impact of CNTs on inhibiting the diffusion of harmful chloride ions in cement mortar, 
under varying conditions, including low constant room temperature of 22  °C, high ambient temperature of 
50 °C, and TG conditions. The key findings of this investigation are summarized as follows:

•	 A CNTs dosage of 0.05% was identified as the optimal concentration, enhancing both mechanical and dura-
bility performance. This dosage increased compressive strength by over 24%, absorption and reduced acces-
sible porosity about 17.50%, refined the pore structure, and significantly lowered the total chloride content 
across the depth of the specimens under temperature gradient conditions.

•	 The temperature gradient condition across the section depth proved more detrimental to chloride ion diffu-
sion compared to constant temperature conditions. However, the optimal mix (0.05% CNTs) exhibited lower 
total chloride content across the depth compared to the control mix under varying conditions, including low 
constant room temperature of 22 °C, high ambient temperature of 50 °C, and TG conditions. This enhanced 
resistance is attributed to the reduced porosity and increased tortuosity of the cement mortar due to the ad-
dition of CNTs.

•	 The optimal mix (0.05% CNTs) released more free chloride ions compared to the control mix, attributed to 
the high hydrophilicity of the PEG-treated CNTs used in this study. These CNTs absorb chloride ions along 
with water and gradually release them as free chloride ions under high temperatures. This phenomenon can 
be observed near the exposed surface and less noticeable in deeper regions of the cement mortar. Despite this 
localized effect, the total chloride content in the CNTs-mix remained lower than in the control mix, although 
the gradient of free chloride content was steeper along the depth.

•	 The optimal mix (0.05% CNTs) can effectively delay chloride ion diffusion and consequently the initiation of 
corrosion due to increased tortuosity and reduced porosity. This mix provides resistance to critical chloride 
ingress, even under temperature gradient conditions, indicating its robustness and integrity in the aggressive 
environment where temperature gradients are common during peak summers.

Based on the findings, this study can be extended for further investigation. It is recommended to compare the 
performance of pristine and functionalized/treated CNTs for chloride diffusion, including both total and free 
chlorides, under different temperature conditions. The effect of the w/b ratio, along with different dosages of 
CNTs, can also be considered in this regard. Ultimately, a comparative study is also recommended to evaluate the 
chloride diffusion resistance potential of cementitious composites incorporating CNTs and other carbon-based 
nanomaterials, such as graphene, to determine the most effective nanomaterial.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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