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Abstract: This study investigates the relationship between the molecular structure and foaming of
poly(ethylene glycol) and poly(propylene glycol) triblock copolymers in Portland cement pastes.
Four copolymers with different molecular structures were studied at varying concentrations. All
copolymers showed a reduction in surface tension of the cement pore solution; however, only some
of them demonstrated foaming and air entraining in cement paste. The results indicated that the
molecular structure parameter, hydrophilic-to-lipophilic balance (HLB), has a direct relationship
with the foaming and air-entraining performance of the copolymers. The total organic carbon
measurements showed very small adsorption of these non-ionic copolymers on hydrating cement
particles due to the lack of surface charge needed to interact with the heterogeneously charged
surface of hydrating cement. In addition, these copolymers did not seem to affect the flow of
cement paste due to a lack of adsorption on cement particles. The cement paste modified with the
copolymers showed increased water sorption compared to the control paste due to the increased
capillary porosity and slight increase in pore surface hydrophilicity. However, the freeze-thaw
resistance was shown to improve with an increase in the number of air voids in the modified cement
pastes. The findings establish the relationship between molecular properties of copolymers and their
air-entraining performance in cement paste to mitigate the damages caused by freeze-thaw action.

Keywords: air void; cement; HLB; block copolymers; Pluronic

1. Introduction
1.1. Air Entrainment in Concrete

The concrete microstructure plays a crucial role in determining its durability against
various environmental hazards [1,2], with freeze-thaw damage being a major concern. A
widely accepted theory, initially proposed by Powers and later Helmuth [3–5], states that
when concrete reaches a certain degree of saturation, the freezing of water inside the capil-
lary pores generates substantial hydraulic pressure that damages the concrete matrix over
repeated cycles of freezing and thawing. Entraining the concrete with small, well-dispersed
air voids within the concrete provides a relief mechanism for this hydraulic pressure and
significantly improves its resistance to freeze-thaw action [6]. Key microstructural prop-
erties affecting concrete’s performance in freeze-thaw conditions include the volume of
entrained air voids, overall distance between voids and void size [7]. To enhance concrete’s
resistance to freeze-thaw damage in various practical applications, a small volume of air
(typically in the range of 4–7%, depending on the specific standards or guidelines [7,8]) is
incorporated into the concrete using air-entraining admixtures (AEAs).

There are several methods of classifying AEAs, including wood resins or fatty acids
and others [7]. However, a mechanistic classification, proposed by Chatterji [8], categorizes
AEAs based on their surface activity. In this classification, the first category includes AEAs
like resins and sodium oleate, which do not reduce surface tension but instead react with
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the calcium ions in cement pore solution to produce hydrophobic calcium salts. These
salts improve air entrainment by stabilizing air-water-particle interfaces through Pickering
stabilization [7]. The second category comprises of AEAs that reduce surface tension by
adsorbing on the bubble interface, giving it elastic properties that increase its stability [7].
AEAs in this category often have a surfactant-type molecular structure, consisting of an
ionic or nonionic polar head and a hydrophobic hydrocarbon tail. It is worth noting that
the term “surfactant” typically refers to molecular structures with both polar heads and
hydrophobic tails, but in this context, it is extended to include any amphipathic polymeric
structure that reduces surface tension in the pore solutions of cementitious materials,
including proteins [9] or the PEG-PPG triblock copolymers discussed in this study.

1.2. Chemical Structure of Triblock Copolymers

Poloxamer A-B-A triblock copolymers, also known as Pluronic® or Synperonic®, are
a class of nonionic amphiphilic polymers with different physical forms and molecular
weights ranging from approximately 1000 up to 15,000 Da [10,11]. These copolymers
typically consist of A blocks, which are hydrophilic poly(ethylene glycol) (PEG), and B
blocks, which are hydrophobic poly(propylene glycol) (PPG). However, some variations
have inverted orders of A and B blocks, known as “reversed” copolymers. The molecular
structure of these copolymers is shown in Figure 1.
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The number and ratio of PEG to PPG blocks significantly influence the physical and
chemical properties of these copolymers, including their physical state, surface activity, sol-
ubility, hydropathicity, and molecular weight [10]. Hydrophilic–Lipophilic Balance (HLB)
is an important parameter used to quantify the overall hydropathicity of the copolymer,
representing the balance between its hydrophobic and hydrophilic components [12]. A
lower HLB value indicates higher hydrophobicity, while a higher HLB value corresponds
to greater hydrophilicity [12]. The physicochemical properties of the copolymers used
in this study, including HLB, are summarized in Table 1. Very high molecular weights
in copolymers can reduce dissolution rates and transform the physical state from liquid
to solid, mainly due to the increased propensity for large copolymers to form hydrogen
bonds with each other [11]. These copolymers have found widespread use in different
research areas, including drug delivery, gene therapy, and therapeutics [10,13,14], foaming,



Buildings 2024, 14, 2100 3 of 24

emulsifying, and dispersing agents in pharmaceuticals and cosmetics [10,11,14], as well as
many other applications [11,14].

Table 1. PEG-PPG triblock copolymer properties in DI from MilliporeSigma, BASF, and the literature
[11]. Block size, copolymer molecular weight, and PEG/PPG ratios are approximate and may vary.
Higher HLB points to a more hydrophilic polymer. Brookfield viscosities were measured at 25 ◦C
and 77 ◦C for liquids and solids, respectively.

Code
Pluronic®

Identifier
Polymer Structure x|z y Mn (Da)

PEG (%w) by
1H NMR

HLB Form Viscosity (cps)

COP1100 L-31 [PEG]x [PPG]y [PEG]z 4 16 1100 10% 5 Liquid 175
COP8400 F-68 LF [PEG]x [PPG]y [PEG]z 80 27 8400 80% 29 solid 1000
COP14600 F-108 [PEG]x [PPG]y [PEG]z 141 44 14,600 82.5% 27 solid 2800
COP3300 31R1 [PPG]x [PEG]y [PPG]z 27 4 3300 10% 1 liquid 660

These copolymers have not been studied in the context of Portland cement applications,
and their potential applications in this field remain largely unexplored. Previous research
has mainly focused on their use in other types of biomedical cements, such as brushite
or polymethylmethacrylate cements employed in bone tissue treatment [15,16]. These
studies have demonstrated the potential of certain copolymers to create stable foams and
generate highly porous microstructures. Therefore, it is of great interest to investigate the
compatibility and effectiveness of these polymers with Portland cement. In a previous study,
we investigated these copolymers for their physical properties and shrinkage [17]. In this
study, four distinct PEG-PPG triblock copolymers were carefully selected and examined
in a Portland cement paste environment. Their physicochemical properties, including
hydrodynamic size and surface activity in cement pore solution, have been measured.
Furthermore, various characteristics of fresh and hardened cement paste were evaluated
using a wide range of experimental techniques, including foaming behavior, adsorption to
cement particles, flow, air-entrained void microstructure, and water sorption tests. Finally,
the impact of alterations in microstructures resulting from the copolymer addition was
assessed through freeze-thaw experiments.

2. Experiments
2.1. Materials

The four PEG-PPG triblock copolymers (three regular poloxamers and one reverse)
were purchased from MilliporeSigma and used without further modification. Their Pluronic®

identifier, along with physical and chemical properties, are summarized in Table 1. Henceforth
in this paper, the term copolymer refers to PEG-PPG triblock copolymers and not any general
copolymer molecule. Therefore, mentions of the term PEG-PPG triblock copolymers will be
only for emphasis on the type of copolymers.

Polymer solution tests were performed in either deionized water (DI) or filtrate pore
solution (FPS). FPS was obtained by pouring fresh cement paste in 50 mL tubes after 30 min
and double centrifuging for 5 min at the speed of 4400 rpm. The pH of these solutions was
measured to be in the range of 12.6 to 12.9. Copolymer solutions are identified with COP-
followed by their corresponding molecular weight, as shown in Table 1.

Portland cement was acquired from Cemex and used in the preparation of cement paste,
with the oxide composition reported in Table 2. Samples were cast into 12 by 1 inch prism
molds, vibrated for 30 s, and wrapped in a plastic foil to prevent evaporation. After 24 h, they
were demolded and sealed in double-layer plastic bags and cured for 7 to 28 days. Fresh and
hardened cement pastes are identified with a CEM-, followed by the added copolymer.
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Table 2. Oxide composition of Portland cement.

Composition (%)

SiO2 20.6
Al2O3 4.8
Fe2O3 3.5
CaO 64
MgO 0.9
Na2O 0.1
K2O 0.3
SO3 3.4
LOI 2.4

2.2. Experimental Methods
2.2.1. Adsorption of Copolymer on Cement Particles

The adsorption of copolymers on cement particles is carried out using a Shimadzu
TOC-Vwp total organic carbon (TOC) analyzer. The device can measure the carbon content
in the range of 0–3500 mg/L with a detection accuracy of 0.5 µg/L. The non-purgeable
organic carbon (NPOC) method was used, which consists of acidifying the sample with
phosphoric acid and sparging in order to remove the inorganic carbon content. After that,
the total carbon equaling the organic carbon content was measured and reported.

By comparing the organic carbon content in the copolymer solution with the cement
pore solution extracted from cement paste with copolymer added during mixing, it is
possible to determine the number of copolymers that have adsorbed on cement particles.
The copolymers were added in different concentrations to DI and mixed for 10 min at
low speed to prevent foaming. A total of 20 mL of this solution was added to 40 g of
cement inside a 50 mL centrifuge tube, agitated for 30 s by hand, and mixed for 5 min
using a 180 rpm rotary wobbler. The tubes were then centrifuged at 4400 rpm to extract
the solution, filtered through a 0.22 µm VWR syringe film to remove large particles, and
diluted to a lower concentration before the TOC analysis. Finally, the adsorption amount
Q was calculated based on the concentration of carbon in DI C0 and in pore solution C1,
volume of the dilute solution V and the mass of cement m. The trace amount of carbon
in the control cement paste was also measured and deducted from the C1 values of the
cement pore solution samples.

Q =
(C0 − C1)V

m
(1)

2.2.2. Paste Flowability

The flow of fresh cement paste modified with copolymers was measured using a
mini-cone setup. The cone has dimensions of 10 cm and 7 cm in diameter and 5 cm in
height. The cone was placed on a tray, filled with a 10 min old paste, and tamped by hand,
after which the cone was removed. The tray was dropped from a height of 5 cm 25 times
during a 15 s duration, and the average diameter of the spread paste was recorded and
reported for three repetitions.

2.2.3. Foaming Measurements
Foam Index Test

To measure the foam compatibility of copolymers in a cement system, 10 g of cement
and 25 mL of DI were mixed into a 50 mL centrifuge bottle (W/C of 2.5) and capped. The
bottle was shaken for 30 s in frequencies of two shakes per second in a 20 cm amplitude.
A drop of the 5% copolymer solution, with a known quantity of 2–20 µL based on the
copolymer type, was pipetted into the tubes and noted. The container was shaken for 15 s
and laid on its side to rest for another 15 s. For the duration of the 3rd 15 s period, the
foams were observed for two characteristics, that they cover the entire air–water surface,
and are stable for the entire 15 s period. This cycle continued until the foams satisfied the
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criteria, at which point the number of drops were recorded for that specific copolymer. This
procedure was adopted with slight changes from the literature [18,19].

Finally, the specific foam index (SFI) expressed in terms of ml AEA/100 kg of cementi-
tious material was adopted from Harris et al. [18]

SFI =
100

(
DV C

100

)
MC

(2)

where D, V, C, and MC are the number of drops, volume of each droplet (µL), concentration
of the copolymer solution (%), and the mass of the cementitious material (g). This index
quantifies the effectiveness of copolymers in terms of foam generation and stabilization in
cementitious environments.

Foam Volume

The foaming properties of copolymers in the ionic environment of cement pore solution
was evaluated by adding 10 mL of extracted FPS to a 50 mL capped graduated cylinder and
adding 0.25% (w/w cement or 0.5% w/w solution for a W/C of 0.5) and shaking vigorously
for 15 s. The foam volume was recorded at 0 min and then at 10 and 20 min to assess the
foamability and foaming stability of copolymers in FPS.

2.2.4. Physicochemical Measurements

Surface tension was measured with a BZY 201 tensiometer using the platinum plate
method and the results were reported as an average of five repetitions. For FPS measure-
ments, the pore solution of a cement mixture with W/C = 0.5 was extracted by centrifuga-
tion at 4400 rpm from the mixture hydrating for 30–60 min. The specified concentrations
of copolymers were then added to the FPS and mixed thoroughly before performing the
surface tension test.

The hydrodynamic size of copolymers was measured through the dynamic light-
scattering (DLS) technique with Malvern Zetasizer Nano ZS at a concentration of 0.2%
w/w of the solution at a temperature of 25 ◦C. The DLS technique measures the scattered
light intensities when it passes through a suspension of fluctuating particles to find the
translational diffusion coefficient D, which can give the hydrodynamic particle diameter
DH when plugged into Stokes–Einstein equation,

DH =
kT

3πηD
(3)

in which η, k, and T are the dynamic viscosity, Boltzmann’s constant, and temperature,
respectively. The distribution of particle size can be quantified through the polydispersity
index (PDI), which varies in the range of 0 to 1.

2.2.5. Fourier Transform Infrared Spectroscopy (FTIR)

Mid-range FTIR spectroscopy was conducted with a PerkinElmer Frontier spectrom-
eter on 20% w/w aqueous solutions of copolymers. Aqueous solutions were chosen to
eliminate the bias between copolymers in powder vs. liquid form that was observed in
preliminary scans, and high concentration was needed to achieve a good signal and distinct
peaks. A resolution of 2 cm−1, 16 accumulations, three repetitions, and a rate of 0.1 Hz was
selected for the scans.

2.2.6. Micro-Computed Tomography (Micro-CT)

Hardened cement paste samples were cut into 10 mm cubes and scanned using a
Bruker Skyscan 1273 micro-CT instrument. The machine has a Varex 2315 detector and a
Hamamatsu L9181-02 X-ray source, capable of outputting a matrix of 3072 by 1944 pixels
and pixel sizes as small as a few µm. The scans were performed at a pixel size of 8 µm, with
a copper filter of 0.3 mm thickness, and at 110 kV and 72 µA. Projections were taken at steps
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of 0.4 degrees and averaged 15 times. For reconstruction, a beam-hardening correction
of 15%, ring artifact correction of 10, and dynamic range of 0–0.02 was applied using the
Bruker NRecon software v1.7. Finally, voids were selected in the greyscale range of 0–80
and void structure analysis was performed using the CTAn software v1.23.0.2.

2.2.7. Gravimetric Water Sorption

Cement paste cubes of 1-inch dimensions were cut from the cement paste prisms at
the age of 28 days and dried at 40 ◦C for 24 h. The sides of the samples were covered with
aluminum foil to limit sorption from only one surface. Samples were submerged 4 mm
deep into the water and put on top of a perforated plastic scaffolding. The weight was
measured at different intervals and compared to the initial dry weight, and the intrinsic
sorption I was measured using Farnam et al.’s equation [20], a modified version of ASTM
C1585’s equation [21], which considers parameters including porosity, degree of initial
saturation, and the liquid’s surface tension and viscosity. Because the absorbing solution in
this work is water and the samples are assumed to be completely dry, Farnam’s equation is
simplified as

I =
mi − m0

A · Φ· ρw
(4)

where m0 and mi denote initial dry mass and mass at time i in grams, A is the exposed area
in mm2, Φ is the porosity of the sample as volume fraction, and ρw is the density of water
in g/mm3.

2.2.8. Water Sorption Using Micro-CT

To study the sorption of water into cement paste samples modified with different
copolymers, water sorption was monitored using micro-CT. A 10% w/w dopant CsCO3
solution was used because CsCO3 has high attenuation with X-ray and makes it possible to
distinguish water-based solution from the cement paste matrix in the micro-CT scans. The
setup and interpretation procedure for this experiment is shown in Figure 2. As Figure 2a
shows, the dried cement paste sample is sealed on the sides with aluminum foil tape and
glued to the cap and suspended a few millimeters deep in CsCO3 solution. The tube is
then placed on the stage of the micro-CT machine and scanned quickly at various times.
Figure 2b displays the average greyscale value of all the pixels in each cross-section of
the sample of different scans that correspond to the solution. It is important to note that
Figure 2b does not display the full greyscale spectrum of cement paste and CsCO3 solution;
instead, it only shows the absorbed CsCO3 solution in the paste. To achieve this, cement
paste’s dynamic range was removed through thresholding (range of 130–255 greyscale
values), and then an averaging was conducted only on cross-sections of CsCO3 solution.

This way, only the changes in CsCO3 solution intensity are reflected in the graphs. The
number of cross-sections between the first peak and the final point is the farthest distance
that water has penetrated. Multiplying this number by the pixel size and then repeating for
various times of exposure results in Figure 2c, which shows the water sorption behavior for
one of the repetitions of the CEM-COP3300 sample in the first 24 h. The results obtained
from this method were validated with those calculated through the methodology described
by Moradllo, Hu, and Ley [22–24].
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Figure 2. Experimental setup and interpretation procedure for water sorption test with micro-CT.
(a) 0.6 × 2-inch cement sample is sealed in aluminum foil tape on the sides and glued to the cap
of a 50 ml centrifuge tube. The exposed bottom surface is then submerged a few millimeters in
10% CsCO3 dopant solution and scanned at different times. (b) The average greyscale histogram of
dopant solution is extracted at every cross-section. The distance between the first peak and the end of
signal signifies the height of sorption of water. (c) Measuring the height of penetration of water at
different times can illustrate the behavior of water sorption with micro-CT.

2.2.9. Contact Angle Measurements

The contact angle experiment was performed on 1-inch cement paste samples at the
age of 28 days. Samples were oven-dried for 24 h prior to cutting, and the internal surfaces
were dry-polished with silicon carbide sandpapers with grit numbers of 180, 320, 600, and
1200. A total of 2.5 µL water droplets were placed on the polished surfaces and images
were captured and analyzed using Attention Theta Flex. The Young–Laplace equation was
used to fit a curve to the droplet’s outline and calculate the angles.

2.2.10. Freeze-Thaw

The freeze-thaw experiment was performed on four replicates of 1-inch cube samples
of hardened cement paste containing 0.25% copolymers. Samples were oven-dried at
50 ◦C for 24 h and then submerged in water in the metallic containers in the freeze-thaw
instrument. Samples were then subjected to freeze-thaw action between −18 ◦C and 12 ◦C
with a Humboldt freeze-thaw cabinet. The average rate of temperature change was around
3 ◦C/h with 1 h of rest at 12 ◦C and −18 ◦C, which made two cycles per day possible. The
control unit of the instrument was connected to a thermocouple that was placed directly in
the water.
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3. Results and Discussion
3.1. Physicochemical Properties of PEG-PPG Triblock Copolymers
3.1.1. Hydrodynamic Size of Copolymers

The average hydrodynamic size of the copolymers is illustrated and summarized in
Figure 3. The hydrodynamic size of these molecules is influenced by various parameters,
including concentration and temperature. Generally, light-scattering techniques indicate a
hydrodynamic size around a few nanometers for most copolymers at room temperature and
low concentration [11]. In this study, the hydrodynamic size of COP8400 was measured to
be 4.85 nm, closely matching the 4.6 nm reported by Zhou and Chu at room temperature [25].
COP8400 and COP14600 exhibited a single major peak in the DLS experiments, while
COP1100 and COP3300 had multiple peaks, indicating a significant degree of micellization.
This observation is expected, given the very high hydrophobic attractive forces generated
in COP1100 and COP3300 copolymers because of their low PEG/PPG. Particularly in
COP3300, where the A blocks are hydrophobic PPGs, extensive aggregation is observed.
While there is a small peak at 68 nm, a much larger peak at 342 nm is observed, characterized
by the lowest PDI, indicating a narrow band of particle size.
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Although COP8400 and COP14600 exhibit much lower hydrophobic micellization
and lack multiple peaks in the DLS measurements, they show noticeable polydispersity
in their distributions, as seen in Figure 3. Previous studies [11,25] attributed this high
PDI to copolymers’ very large molecular weight. Overall, the average polydispersity
observed in this study is slightly high at around 0.5, indicating a relatively high degree of
non-uniformity in the distributions. Nevertheless, PDIs around 0.5 obtained from DLS are
common in the literature for these copolymers [12].

The PEG/PPG and the length of the blocks can determine the overall shape of the
micelle, including spherical, cylindrical, and lamellar conformations [26]. Micellization,
driven by the hydrophobic blocks, can form micelles with an aggregation number ranging
from 3 to 65 and a hydrodynamic size of approximately 5–15 nm for different PEG-PPG-
PEG types [11]. Although limited data are available for reverse copolymers of PPG-PEG-
PPG, their micelle size in Figure 3 indicates the potential for even higher aggregation
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numbers. Micelle formation in copolymers with a high PEG content is less feasible at room
temperature due to their low hydrophobic forces [11]. Therefore, micellization is more
anticipated in COP1100 and COP3300 than in the other two copolymers. The formation of
micelles for these copolymers above their CMC happens with hydrophobic PPGs as the
core and the hydrophilic PEGs as the outer shell/corona [10,27].

3.1.2. FTIR in Solution

The FTIR study was conducted to identify the main functional groups of the copoly-
mers in an aqueous solution, with the result presented in Figure 4. The major peaks
observed at 3300 cm−1 and 1640 cm−1 correspond to O–H stretching and bending bands,
respectively, indicative of both the solvent and the O–H groups being present in the PPG
and PEG monomers of the copolymer backbone [28]. Notably, there was no significant
alteration of O–H groups at 3300 cm−1 due to the copolymer addition, while the region at
1640 cm−1 exhibited an apparent change, consistent with findings from prior studies [29].
Particularly in COP14600, a decrease in peak amplitude at 1640 cm−1 and an increase in
1750 cm−1 are observed.
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Figure 4. FTIR spectra of copolymers and the major bands at 20% w/w concentration in aqueous solution.

The peaks at approximately 2970 cm−1 and 2860 cm−1 are representative of stretching
vibrations of C–H groups in the respective CH3 and CH2 backbones of both PPG and
PEG monomers [29]. Although these peaks are somewhat concealed in lower molecular
weights, in COP14600, both peaks are distinctly spotted. Other major peaks are seen around
1090 cm−1, corresponding to C–O in-plane stretching bonds connecting the CH2 groups in
PPG and PEG monomers [30], and at 1370 cm−1, denoting C–H bending groups. The C–O
groups in COP14600 exhibit very high transmittance compared to copolymers with lower
molecular weights, showing a significantly higher quantity of these bonds and a longer
hydrocarbon backbone in COP14600.

3.1.3. Equilibrium Surface Activity

Figure 5a shows the efficacy of copolymers with varying molecular weights and
chemical chain arrangements in reducing the surface tension of DI. It is apparent that the
highly hydrophobic COP3300, characterized by the PPG-PEG-PPG structure in Figure 1,
exhibits the lowest surface tension among the copolymers. In contrast, the three other PEG-
PPG-PEG copolymers demonstrate similar surface tensions, at least in lower concentrations.
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The surface tension decreases gradually with an increase in concentration until it
reaches a specific concentration known as the critical micelle concentration (CMC). At
the CMC, surfactants start to self-associate to form micelles. At concentrations above
CMC, the surface tension stabilizes, forming a plateau and showing little further changes.
However, it is worth noting that for certain surfactants, there might be a slight increase
in surface tension above the CMC [31]. The CMC is not always distinctly defined, and
in some cases, especially for PEG-PPG triblock copolymers, multiple stages of behavior
may be observed [11]. In a study by Alexandridis et al. [32], many PEG-PPG triblock
copolymers exhibited two points of transition instead of one at room temperature. After
the first transition point, a plateau was observed, followed by another decrease in surface
tension, the second transition point, and the final plateau. Similar behavior was observed
in some copolymers of the current study, particularly COP3300, as depicted in Figure 5a.
For COP3300, the first plateau appears to occur around −4.5 Log(M), and the second one at
approximately −2 Log(M). Some argue that the second transition point identifies the CMC
value in PEG-PPG triblock copolymers, i.e., the formation of properly defined micelles [11].

As the concentration of the copolymers increases in the bulk solution, their concen-
tration at the air–water interface also increases. Typically, at a bulk concentration of −6 to
−3 Log(M), copolymers reach full coverage of the interface [32]. Higher surface coverage
of copolymers thickens the air–water interface and further reduces surface tension. It is
postulated that PEG-PPG triblock copolymers undergo extreme folding and coiling at the
air–water interface, as evidenced by the surface area covered per copolymer molecule. This
proposition stems from the observation that a folded conformation occupies less surface
area on the bubble surface compared to a stretched conformation. The proposed orientation
of folded copolymers is analogous to a U shape, where the handles represent the A blocks,
and the curved bottom represents the B block in an A-B-A structure [11]. This compact
arrangement of copolymers on the interface minimizes the exposure of hydrophobic regions
to water. It allows the hydrophobic PPG blocks to be positioned toward the air, while the
hydrophilic PEG blocks are close to the solution [11].

The relationship between HLB and surface tension in copolymers reveals interesting
insights. Generally, copolymers with lower PEG/PGG and HLB values tend to be more
hydrophobic and exhibit greater efficacy in adsorbing at the interface to reduce surface
tension [11,32]. However, extremely low HLB values may compromise solubility, potentially
affecting the copolymer’s ability to effectively position itself at the interface and impact surface
tension [11]. This is also contingent on the molecular size of the copolymer [11]. Examining
Figure 5a, it is apparent that COP3300, with its very low HLB of 1 and small molecular size
of 3300 Da, effectively positions itself at the interface, significantly lowering surface tension
compared to other copolymers. On the other hand, COP8400 and COP14600, characterized



Buildings 2024, 14, 2100 11 of 24

by high HLB and larger molecular size, are less effective, displaying higher surface tension
compared to COP3300. Despite its small molecular size of 1100 Da and relatively low HLB of
5, COP1100 is not as effective as other copolymers in reducing surface tension.

Figure 5b illustrates the influence of the pH and ionic environment of FPS on the
surface tension of the copolymers. As is evident in the figure, the copolymers exhibit a
slight overall decrease in surface tension for both 0.125% and 0.5% concentrations. For
ionic surfactants, the surface tension and CMC in cement pore solution is generally lower
than in DI. This is because the ions in the solution shield the electrostatic repulsion between
ionic surfactants and enable them to pack more tightly at the air–water interface, thereby
reducing surface tension more effectively [33,34]. The lower electrostatic repulsion between
surfactants also facilitates the formation of micelles in cement pore solution [33,35]. Luna-
gariya et al. [36] explored the effect of different active ions, including Cl−, Br− and I−, on
copolymers and observed small changes of approximately 3–5 mN/m at CMC.

Since the copolymers being examined in this study are nonionic, the extent of re-
duction in surface tension in response to the ionic environment would typically be less,
compared to ionic surfactants. In nonionic surfactants, the charge shielding interaction
observed in ionic surfactants does not exist, and therefore, they are not as sensitive to
the ionic content of the pore solution. Despite this, it was shown that some nonionic
surfactants still exhibit a small reduction in surface tension and CMC in the presence of
ions [33]. Some researchers attributed this to the dehydration of PEG blocks, which can
make the copolymer molecules more hydrophobic and therefore lower surface tension [35].
Interestingly, it appears that lower concentrations of copolymers are influenced by the FPS
to a slightly greater extent than higher concentrations. Previous studies have also indicated
that in higher concentrations, the surface tension of copolymers is slightly less affected [33].
This phenomenon is attributed to the formation of micelles, which are less susceptible to
interference from ions [35,36].

3.2. Foaming Properties in Cement Environment

Figure 6a,b depicts the foaming characteristics of the copolymers studied in cement
pore solution. As shown in Figure 6a, hydrophobic copolymers (low HLB) COP1100 and
COP3300 exhibited minimal to no initial foam formation (0 min). Even in the case of
COP1100, which produced a small amount of foam, its stability was very low, and the
bubbles disappeared almost immediately. In contrast, hydrophilic copolymers (high HLB)
COP8400 and COP14600 generated a significantly larger volume of foam compared to
the hydrophobic ones. Although the initial foam volumes at 0 and 10 min were the same
for COP8400 and COP14600, COP8400 lacked long-term bubble stability, with nearly all
the foam disappearing after 20 min. On the other hand, COP14600 maintained a large
volume of its foam after 20 min. This stability is crucial in cementitious systems since
air bubbles in the paste need to preserve their stability until the paste hardens, at which
point the bubbles transform into voids. The foam volume reported here is for a 0.25% w/w
copolymer concentration in cement, and it is possible to increase the foam volume further
by increasing the concentration, as for instance, COP14600 reaches its maximum foam
volume at 1% concentration [37].

PEG-PPG triblock copolymers are typically regarded as low-foaming agents, and
since all the copolymers of this study possess good solubility in water, solubility does
not seem to be a factor affecting their foaming properties. However, despite the fact that
the hydrophobic PPG blocks significantly reduce surface tension across all copolymers in
Figure 5 (in both low and high HLB copolymers), it is evident that COP1100 and COP3300
were unable to retain bubble stability. This can be attributed to their lower PEG/PPG
content since, in general, the foaming ability of the copolymers improves as the PEG content
increases [38]. However, this relationship holds only to a certain point. Beyond a certain
threshold, a higher PEG content has a negative impact on foaming, and the highest volume
of foam is typically observed in copolymers with a PEG/PPG range of 40–80% [11]. This
PEG/PPG range is associated with a wide range of HLB, from 12 to upwards of 24, pointing
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out that hydrophobicity alone does not solely determine foaming ability [11]. Conversely,
copolymers with a PEG/PPG content lower than 20% are considered antifoaming agents in
the industry [38]. Therefore, as shown in Table 1, COP8400 and COP14600, with a PEG/PPG
content of approximately 80%, exhibit significantly higher foaming than COP1100 and
COP3300, with a PEG/PPG content lower than 10%. In a study conducted by Pisal et al. [37],
a relationship between PEG block content and the foaming ability of copolymers F-68, F-87,
and F-108 in DI was observed. Moreover, among copolymers with similar PEG content,
those with a higher hydrophobic PPG content and larger molecular weight generally exhibit
better foaming properties [37]. In the case of COP8400 and COP14600, even though their
HLB and PEG/PPG values are quite similar, the larger molecular weight of COP14600
appears (14,600 versus 8400 Da) to have greatly improved its foaming stability.
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Figure 6b presents the SFI property for different copolymers, where a lower SFI value
is preferred as it indicates a higher efficiency of the AEA in generating a large volume
of stable foam in the presence of cement. Originally proposed for pozzolanic blends by
Dodson [39], the SFI method has become a general means of evaluating the effectiveness
of AEAs in cementitious systems. Standard methods for measuring SFI, such as the one
developed by Harris et al. [18], are now available. In conventional AEAs, including alpha
olefin sulfonate, vinsol resin, and resin/rosin, used in cement-fly ash systems with very
low carbon content, SFI typically falls in the range of 50 to 150 mL/100 kg [40].

Both hydrophobic copolymers, COP1100 and COP3300, although different in terms of
their polymeric block arrangement, exhibited similar SFI values that did not satisfy the test
criteria, even at very high copolymer concentrations. Consequently, the SFI value for these
copolymers could not be calculated and was not included in Figure 6b. In contrast, the
hydrophilic copolymers showed favorable results, with SFIs of 11.83 and 25.32 for COP8400
and COP14600, respectively. While it is not entirely clear why COP8400 has a lower SFI
than COP14600, despite similar foaming behavior in FPS, this difference may partially be
attributed to the higher number of PEG and PPG monomers in COP14600 that result in
a more stable bubble interface. Comparing the foaming results of copolymers COP8400
and COP14600 in Figure 6a,b, with the air-entrained porosity of CEM-COP8400 and CEM-
COP14600 presented in Section 3.4.1, can give some information about the relation between
foaming and porosity in hardened cement paste. While SFI might present some indication
about the efficiency of copolymers in producing small amounts of stable foam, it is not
enough to predict the air-entrained porosity in cement paste.
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3.3. Effect of PEG-PPG Triblock Copolymers on Cement Fresh Paste Properties
3.3.1. Adsorption on Cement Particles

It is important to look at the adsorption mechanisms of copolymers on cement particles,
as adsorption can affect air void microstructure directly through Pickering stabilization,
or indirectly through the change in flow [31]. The adsorption of the copolymers in this
study on cement particles during the early stages has been quantified through TOC mea-
surements, as presented in Figure 7. The quantity of PEG-PPG copolymers adsorbed on
any solid substrate depends on various factors, including the type, concentration, and
hydrophobicity/hydrophilicity of the copolymer, as well as the characteristics of the solid
interface [11,41]. Adsorption isotherms are also influenced by experimental conditions,
including the duration of contact between the chemicals and cement before solution extrac-
tion. Therefore, it is important to consider these conditions when comparing the results.
However, in general, nonionic surfactants (including the copolymers used in this study)
tend to exhibit low adsorption on cement surfaces compared to ionic surfactants or poly-
mers [33,42–44]. For instance, lignosulphonate-, naphthalene-, and melamine-based ionic
superplasticizers, which primarily act through adsorption on cement and providing electro-
static repulsion, typically display high adsorption levels [45]. Merlin et al. [46] conducted a
study examining the adsorption of nonionic TX100 and TX405 on various surfaces within
cement paste, including C3S, C–S–H, Ca(OH)2, and ettringite, and observed insignificant
adsorption. Since the interactions that govern adsorption can be categorized into ionic and
dispersion interactions [41], this low adsorption of nonionic surfactants can be attributed
to two possible reasons.
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The first reason nonionic copolymers exhibit low adsorption on cement is due to the
ionic mechanism of adsorption of surfactants. Ionic surfactants adsorb on positively and
negatively charged surfaces of hydrating cement particles, through electrostatic interac-
tions [42]. This adsorption occurs within the Stern or diffuse double layers formed on the
particle surface [33,42,47]. Therefore, the absence of charge in copolymers results in no
electrostatic interactions with the cement surface. The second reason for low adsorption
is the hydrophilic nature of cement particles. In the absence of ionic charge, nonionic
surfactants rely on hydrophobic attractive forces to adsorb on hydrophobic surfaces. These
hydrophobic attractive forces are driven by hydrophobic blocks (PPGs in copolymers)
that position themselves near the solid surface to minimize the hydrophobic repulsion
with water, while the hydrophilic blocks (PEGs in copolymers) extend outward into the
aqueous solution [11]. However, because the surface of cement is quite hydrophilic, the
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magnitude of these hydrophobic attractive forces is very low. Consequently, nonionic
copolymers experience limited overall adsorption on cement. A study on the adsorption
of hydrophobic nonionic surfactants on surfaces with varying degrees of hydrophobicity
showed that the lowest adsorption happens on the most hydrophilic solid surface [41]. This
further supports the notion that the hydrophilic nature of cement particles is a key factor in
the low adsorption of nonionic copolymers on cement surfaces.

Despite the weak hydrophobic attractive forces and low overall adsorption, the effect of
copolymer hydrophobicity on adsorption is evident. The specific adsorption of copolymers
on cement in Figure 7 exhibits a relationship with their overall hydrophobicity, reported
as HLB index in Table 1. The highest adsorption is observed for COP1100 and COP3300,
which have a low HLB of 1–5. In contrast, the copolymers COP8400 and COP14600 with
higher HLB values, possess lower hydrophobicity and consequently lower adsorption
among the copolymers. Other factors including the molecular weight of copolymers can
also influence the adsorption, as has been seen for other polymers [44,48].

The influence of different hydrophobic groups and their rigidity on the adsorption
of polymers, including polycarboxylate, has been studied previously, revealing that hy-
drophobic groups generally enhance adsorption on cement particles [49,50]. Likewise,
greater surfactant hydrophilicity resulting from a higher number of ethylene oxide groups
in the structure typically leads to lower adsorption [41]. Some degree of micellization,
especially near the solid cement interface is also expected. In the absence of an accessible
hydrophobic solid interface for copolymer molecules to escape to, hydrophobic blocks of
the copolymer can micellize near the hydrophilic surface [51].

3.3.2. Effect on the Dispersion of Cement Paste

The flow of cement paste is influential on the stability of air bubbles in the fresh paste. If
the flow is too low, not enough air can be entrained during mixing, whereas a paste with very
high flow does not have enough inhibition against the buoyancy forces of air bubbles that want
to escape the paste [31]. Therefore, to understand the air-entrained microstructure of cement
affected by copolymers, it is useful to study their effect on the flow of the paste. The flow test
results of fresh cement paste, both the Ctrl and with 0.25% concentration of copolymer, are
presented in Figure 8. Copolymers showed a minimal effect on the flow compared to the Ctrl
sample, and even CEM-COP14600, which displayed the largest difference, deviates by no more
than 5% from the 24.5 cm flow of the Ctrl paste. This observation is not surprising because, in
addition to their low adsorption, nonionic copolymers lack the requisite electrostatic charge
that is an integral component of the repulsion mechanism of superplasticizers. Even when
comparing structurally similar neutral hydrophobic and ionic polymers, it is typically the ionic
polymers that show higher adsorption and enhanced flowability [49]. Moreover, the type and
conformation of hydrophobic side chains can significantly impact the dispersing capabilities
of polymers. In a study by Shu et al. [49], variations in polycarboxylate superplasticizers with
different hydrophobic groups but similar chain rigidity demonstrated differences as high as
25% in flowability.

In superplasticizers, a certain amount of polymer adsorption on the cement substrate is
required for the plasticizing effect to take place [52]. However, beyond this initial adsorption,
the relationship between adsorption amount and flowability is not always linear. Factors
including electrostatic and steric repulsive forces, as well as the thickness of the adsorption
layer, can also play a critical role [50,52]. In this study, copolymers exhibit minimal adsorption
on cement particles and as a result, their influence on the flow is very small.
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3.4. Effect of PEG-PPG Triblock Copolymers on Hardened Cement Paste Properties
3.4.1. Void Structure

To investigate the impact of the copolymer addition on the microstructure of cement
paste, micro-CT tests were performed to characterize the macro-scale air-entrained voids.
Various classifications exist in the literature for categorizing voids and pores based on their
size. For instance, some classify voids smaller than 5 nm as gel pores, those in the range of
5 nm to 8 µm as capillary pores, and those larger than 8 µm as air voids [53]. In this study,
a common classification scheme was adopted: under 10 nm for gel and interparticle C-S-H,
10 nm to 1 µm for capillary pores, 10 µm to 1 mm for air-entrained voids, and larger than
1 mm for entrapped voids. This classification is similar to the categories outlined by Mehta
and Monteiro [54].

Micro-CT scans were performed to investigate the impact of copolymer type and
concentration on the air-entrained void structure of cement paste in the range of 10–1000 µm.
The results, including porosity, separation, and volume-averaged diameter, are summarized
in Table 3. It is important to note that separation, although conceptually similar to the
spacing factor, is determined through a different calculation method. The spacing factor is a
parameter commonly used in the analysis of air void systems in concrete and cementitious
materials [55]. While the spacing factor relies on a theoretical formula, separation quantifies
the average distance between the outer surfaces of the voids and is directly derived from
the three-dimensional reconstructed structure of the pastes obtained from the micro-CT
scans [56]. The distribution of the voids in the Ctrl and cement paste with the copolymers is
depicted in cross-sectional images in Figure 9. As Table 3 shows, the more porous samples
usually have smaller void sizes and lower separation which is crucial for hydraulic pressure
mitigation in freeze-thaw [8].

Figure 10a,b displays the effect of copolymer type and concentration on the porosity
of cement paste. As shown in Figure 10a, the concentrations of 0.25% and 1% have minimal
effects on porosity, with no significant alteration observed in most samples, except for
CEM-COP14600. Even at a relatively high concentration of 1%, there is no noticeable air
entrainment in CEM-COP1100 and CEM-COP3300. However, CEM-COP14600 displays
a very high amount of entrained air. Figure 10b illustrates the porosity–concentration
relationship for CEM-COP14600, revealing that concentrations below 0.1% are sufficient
for practical applications in concrete, providing an air volume of 5–7%, while the average
void size remains relatively similar to higher concentrations (refer to Table 3).
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Table 3. Microstructure of air-entrained cement samples with different types and concentrations of
the copolymers, obtained from the micro-CT analysis. The void diameter is weight-averaged using
the volume to minimize the impact of the noise and very fine voids.

Sample Micro-CT Analysis

Copolymer Conc. Porosity (%) Separation (mm) Ave. Void
Diameter (mm)

Ctrl 0.00% 0.51 0.54 0.11

CEM-COP1100
0.25% 2.15 0.83 0.28
1.00% 1.38 1.46 0.42

CEM-COP8400
0.25% 3.23 0.47 0.33
1.00% 5.00 0.54 0.32

CEM-COP14600

0.01% 2.80 0.53 0.29
0.05% 4.60 0.50 0.29
0.10% 9.85 0.58 0.34
0.25% 29.20 0.28 0.32
1.00% 31.17 0.27 0.30

CEM-COP3300
0.25% 0.77 1.27 0.49
1.00% 0.33 1.23 0.42
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of copolymer, and (b) porosity vs. log concentration in CEM-COP14600. Inset cross-sections are a
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3.4.2. Water Sorption
Gravimetry

Figure 11a,b illustrates the water sorption behavior of the 28-day samples with varying
copolymer types and concentrations. It is seen in Figure 11a,b that all samples exhibited
increased water sorption compared to the Ctrl. As seen in Figure 11c, samples with longer
curing age showed an inverse relationship with sorption, with 14-day and 28-day samples
displaying slightly lower sorption compared to the 7-day samples. The reduction in water
sorption with curing age is attributed to increased densification and reduced capillary
porosity of the microstructure with age [57].
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The mechanisms of water sorption differ significantly between the two types of voids.
Capillary suction primarily affects capillary pores, while air dissolution and diffusion affect
air voids [58]. Air-entrained voids have a sorption rate that is orders of magnitude lower
than that of capillary pores [58]. The prevailing consensus is that macro air voids have
limited effects on the short-term water sorption of concrete since it is primarily governed by
the capillary pore structure. However, over the long term, water sorption tends to increase
with higher macro air content [59,60]. The significant impact of air-entrained voids lies in
their ability to reduce the degree of saturation and extend the time it takes for concrete to
reach the critical degree of saturation, at which freeze-thaw cycles can significantly damage
concrete structure [59]. Nevertheless, depending on the conditions of concrete, a slight
increase in sorption with higher porosity is sometimes observed [61,62].

The water sorption behavior of cement samples containing copolymers aligns with the
mechanism previously discussed. As shown in Figure 11a,b, cement pastes with copolymers
exhibit higher water sorption compared to the Ctrl paste after a short initial period, both
at 0.25% and 1% concentrations. The difference in water sorption in 1% concentration
seems to be slightly larger than that in the case of the 0.25% concentration. CEM-COP14600
displays the highest sorption in both concentrations.

To obtain an estimate of the capillary porosity in the samples, approximate values of
the volume fraction of capillary pores to the total volume of samples were calculated. This
calculation is based on the dry density of the paste, assuming a density of 2.2 g/cm3 for
the cement matrix and subtracting the large air void porosity calculated from micro-CT
(refer to Table 3). These values are presented in Table 4 for both concentrations. In general,
most samples exhibit higher porosity compared to Ctrl, except for CEM-COP14600. Due
to the very high amount of large air voids that occupy large volumes of the sample, CEM-
COP14600 has a lower fraction of capillary pores relative to the total volume. Since air voids
are not expected to contribute to water sorption in the early stages, the effective sorption
area of the samples in Equation (4) is smaller in CEM-COP14600 leading to a higher height
of water in this sample. There is an insignificant change in the estimated capillary porosity
observed between different concentrations of 0.25% and 1% of the same copolymers.

Table 4. Approximate volume fraction of capillary pores of cement pastes with 0.25% and 1%
concentration of copolymers.

Sample
Capillary Porosity (%)

0.25% 1%

Ctrl 28.16 28.16
CEM-COP1100 34.54 37.28
CEM-COP8400 31.12 32.65

CEM-COP14600 22.08 21.92
CEM-COP3300 34.65 33.00

It is also interesting to examine the ability of different copolymers to modify the
hydrophobicity of cement paste. Cement paste has a very hydrophilic matrix due to its
many capillary pores and the affinity of its hydration products to bind with water [63].
Figure 12 shows the change in contact angle of samples with 0.25% concentration of
copolymers, where copolymers are reducing the contact angle of cement paste by 9–17%.
From this reduction in contact angle, it can be concluded that copolymers are lowering
the hydrophobicity of cement paste and making it even more hydrophilic. It has been
shown that by increasing the PEG content in poly(dimethylsiloxane), the hydrophilicity
of the bonded molecule increases, and they absorb more water [64]. Therefore, it can be
postulated that the hydrophilic PEG blocks of the copolymer in the matrix increase the
hydrophilicity of the paste.
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Although this change is small, it can be a contributing factor in the higher water sorption
of copolymers compared to the Ctrl in Figure 11. It is well understood that by increasing the
hydrophobicity of cement paste, water sorption generally declines [65,66]. Here, the decrease
in the hydrophobicity of copolymers can contribute to the higher sorption in cement samples.
Interestingly, the HLB value of the copolymers themselves appears to have a weak correlation
with the water sorption in Figure 11a,b. Cement samples containing copolymers with higher
HLBs—COP14600 and COP8400—have generally higher sorption than copolymers with lower
HLBs, COP1100 and COP3300. Similarly, in Figure 11c, 1% concentration showed higher
water sorption compared to 0.25% concentration, which can be attributed in part to the higher
hydrophilicity of 1% samples that contain more PEG groups.

Micro-CT

Figure 13 presents the outcome of water sorption experiments conducted with micro-
CT on cement samples with a height of two inches. In Figure 13a, profiles of cement samples
containing various copolymers are shown at different exposure times, including 0 min
(initial), 30 min, 60 min, 150 min, and 300 min. The dark red regions represent the level of
CsCO3 solution in the cylinder tube, while the bright orange regions indicate the sorption
of CsCO3 solution into the sample. The highest intensity is observed at the bottom where
the cement sample is in contact with the solution and has absorbed the largest amount
of solution. This intensity gradually decreases along the height of the sample, indicating
a lower amount of absorbed solution at the top. Instead of qualitatively determining
the highest point of water sorption in the sample, a procedure based on the greyscale
average values was implemented, as described in detail in the methodology section. The
result of this analysis is presented in Figure 13b. The highest sorption was observed for
CEM-COP14600 and other samples, including Ctrl, that have lower sorption in comparison,
which is consistent with the gravimetric water sorption results in Figure 11a.

3.4.3. Freeze-Thaw Damage

To evaluate the impact of these copolymers on the freeze-thaw resistance of cement
paste, an accelerated freeze-thaw experiment was conducted. Figure 14 shows the effect
of 50 freeze-thaw cycles on 1-inch cubes of Ctrl and pastes with different copolymers.
Figure 14a,b compares the Ctrl sample before and after the freeze-thaw treatment. As
shown in Figure 14b, the Ctrl sample exhibited extensive cracking and spalling after
50 cycles, indicating significant damage. This damage is also severe in CEM-COP3300 and
CEM-COP1100, where the freeze-thaw action caused the sample to break into small pieces.
CEM-COP8400 displayed a slightly lower degree of damage than Ctrl. On the other hand,
CEM-COP14600 remained mostly intact compared to the other samples, with damage
limited to only surface delamination.
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Figure 13. Results of the water sorption experiments. (a) X-ray shadow projections of cement samples
with different copolymers and different water exposure times in minutes, and (b) height of CsCO3

solution in different samples. Samples have a height of two inches.

When comparing the freeze-thaw damage in Figure 14 to the water sorption in Figure 11,
it is evident that there is not a direct correlation between water sorption and the damage
in freeze-thaw action. On the other hand, there is a direct correlation between freeze-thaw
damage and the amount of air-entrained porosity reported in Table 3 and Figure 10a. Ctrl,
CEM-COP1100, and CEM-COP3300 were not able to entrain enough small, well-dispersed
voids to increase the resistance of cement paste samples for freeze-thaw action. However,
CEM-COP8400, with a slightly higher volume of air voids, and CEM-COP14600, with a very
high air void porosity, were more resistant to freeze-thaw damage. Another important factor
is the separation distance between voids, where CEM-COP8400 and CEM-COP14600 possess
much smaller values compared to the rest, and therefore, have improved performance in
freeze-thaw. Both CEM-COP1100 and CEM-COP3300 have higher separation and average
void diameters compared to even Ctrl, which can explain why they showed significantly
higher degrees of freeze-thaw damage.

As discussed earlier, the way entrained air void volume, average distance, and size
affect freeze-thaw is through modifying the degree of saturation of samples, and the rate of
advance toward the critical degree of saturation, at which point, cementitious materials
start to sustain significant damage in freeze-thaw [59,67,68]. Therefore, based on Table 3
and Figure 14, it can be concluded that CEM-COP1100 and CEM-COP3300 reach the critical
degree of saturation very fast, even before the Ctrl sample, whereas CEM-COP8400 and
CEM-COP14600 have higher saturation limit and take much longer to reach the critical
degree of saturation. In the case of CEM-COP14600, it seems that the sample did not reach
a critical degree of saturation during the 50 cycles of freeze-thaw. The important point is
that due to their small size of 1 inch, these samples saturate in a shorter timescale. For
larger concrete samples, this saturation will take significantly more cycles. The freeze-thaw
results presented here provide qualitative insights into the freeze-thaw damage of the
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samples modified with different copolymers. Further studies are needed to examine the
quantitative damage characteristics.
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4. Conclusions

In this study, the air-entraining effect of four PEG-PPG triblock copolymers with different
molecular structures in cement paste was studied. The following conclusions are drawn:

• The surface activity and foaming measurements showed that although all copolymers
are capable of significantly reducing surface tension, only some of the copolymers
(namely F-68 LF and F-108) produce stable foam. Interestingly, the copolymer with
the lowest surface tension did not exhibit any foaming ability.

• Copolymers adsorb minimally to the cement particles, and as such, did not affect
cement particle dispersion due to a lack of electrostatic repulsion.

• Certain copolymers including COP14600 can produce considerable amounts of air
voids in the samples. The results showed that both foaming and air void volume
showed a direct relationship with the HLB of the copolymers rather than their surface
tension. Thus, HLB could be used as an indicator of the air-entraining performance of
these copolymers in cement paste.

• The samples modified with the copolymers showed an increase in water sorption
compared to the control sample. This is attributed to increased capillary porosity and
increased surface hydrophilicity in the modified samples.
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• Almost all samples experienced slightly increased water sorption that was linked to
the change in microstructure and a lower hydrophobicity of the matrix. The results
for water sorption were compared to micro-CT and freeze-thaw results, and a good
correlation was observed between air-entrained properties of the microstructure and
freeze-thaw resistance.
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