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ABSTRACT 

Frazier, Shane Davis (Ph.D., Materials Science and Engineering) 

Biomimetic Antifreeze Materials for Inhibition of Ice Growth and Ice Recrystallization in 

Ordinary Portland Cement Paste 

Thesis directed by Associate Professor Wil V. Srubar III 

 

Freeze-thaw damage is a major deterioration mechanism for cementitious materials exposed 

to cyclic freezing and thawing temperatures. The formation and growth of ice crystals within the 

pores of cementitious materials can create pressures high enough to induce cracking. Cracking 

accelerates deterioration by reducing bulk mechanical properties, increasing water and ion 

penetration, and increasing susceptibility to damage upon exposure to subsequent freeze-thaw 

cycles. 

The incorporation of air entraining agents (AEAs) to create an air void network is the most 

common method for freeze-thaw mitigation of cementitious materials. High-quality air void 

networks are obtainable, especially in a laboratory setting. However, it is difficult to produce 

consistent high-quality air void systems in the field. Furthermore, freeze-thaw resistance is not 

guaranteed when a properly entrained air void network is present, and performance can vary 

based on the AEA used. 

An alternative approach for freeze-thaw mitigation that does not rely on the creation of an air 

void network is described in this work. Biomimetic ice recrystallization inhibition (IRI) active 

materials are studied as alternatives to traditional AEAs for freeze-thaw mitigation within 

ordinary portland cement (OPC) paste. It is hypothesized that when ice begins to form in the 
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cementitious pores, these biomimetic antifreeze materials interact with the ice-water interface 

and slow ice crystal growth. 

Polyethylene glycol-polyvinyl alcohol graft copolymer (PEG-PVA), polyvinyl alcohol 

(PVA), and folic acid were screened for biomimetic antifreeze properties in neutral and pH > 12 

solutions. Based on the IRI results, the materials were added as water-solubilized admixtures to 

OPC paste and tested for freeze-thaw resistance. Hardened state air contents were determined 

utilizing micro X-ray computed tomography (MXCT). The results demonstrate that highly IRI-

active polymers PEG-PVA and PVA enhance the freeze-thaw resistance of OPC paste without 

producing a properly entrained air void system (< 1% air and spacing factor > 0.2 mm). Folic 

acid which is moderately IRI active only provided resistance to surface damage.  

The water absorption characteristics and quantities of ice formed during freezing were 

investigated for PVA-modified pastes. The results indicate that the presence of PVA with 

appropriate molecular weight and degree of hydrolysis lead to nearly identical water absorption 

characteristics compared to a control paste while lower amounts of ice form during freezing. 

In a final study, the IRI activities of commonly used AEA surfactants were investigated. It 

was hypothesized that surfactant molecules in better-performing AEAs displayed higher IRI 

activity than AEAs that yield moderate or low freeze-thaw resistance. Interestingly, the IRI 

activity of sodium oleate, vinsol resin, sodium lauryl sulfate, and a phenol ethoxylate, displayed 

varying levels of IRI activity that correlate with previously reported freeze-thaw performance 

results (i.e., higher IRI activity equates to better freeze-thaw performance). The results 

demonstrate that surfactant molecules, including those commonly used as AEA admixtures, can 

display IRI activity and could provide insight into a new design parameter for AEAs. 
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Taken together, these results substantiate that highly IRI-active materials, like PEG-PVA and 

PVA, can provide freeze-thaw resistance via a mechanism alternative to air entrainment. The 

incorporation of IRI-active materials provides a unique approach for freeze-thaw mitigation in 

cementitious materials that could displace the use of AEAs. In cement paste, an air void network 

of proper size and spacing factor is not required when biomimetic antifreeze materials are 

utilized, which could result in a more effective strategy for freeze-thaw mitigation as the creation 

of a proper air void network under field conditions is difficult to produce. 
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Chapter 1 Introduction 

1.1 Problem Statement 

Cementitious materials in environments that reach near or subzero temperatures are 

susceptible to freeze-thaw damage (also referred to as frost damage). Freeze-thaw damage is a 

significant deterioration mechanism that contributes to the $2+ trillion needed to repair and 

improve the transportation infrastructure in the United States.1 The damage can be generalized 

into two categories: surface damage and internal damage. Surface damage is most often 

characterized by spalling and scaling. Internal damage is characterized by loss of mass, exposure 

of aggregate, and visible cracks. Freeze-thaw damage can be observed in structures such as 

roads, bridges, hydraulic dams, and spillways. 

 Since the 1930s, the de facto mechanism to mitigate freeze-thaw damage of concrete has 

been through the creation of an air void network. Air voids are introduced into cementitious 

materials using surface-active air entraining agents (AEAs). AEAs can provide freeze-thaw 

resistance however, the resultant air void network must meet a variety of parameters including 

air void sizes, spacing factors, and specific surface area. Although successful implementation is 

certainly feasible, it is difficult to produce consistent, high-quality air void systems in the field.2 

Researchers have utilized a variety of other materials and methods, almost exclusively in 

conjunction with AEAs, to enhance the freeze-thaw resistance of cementitious materials. These 

alternative strategies include (1) densifying and strengthening cement paste using nanoparticles 

or supplementary cementitious materials (SCMs),3–6 (2) incorporating superabsorbent hydrogel 

particles as a non-surfactant method to achieve an air void system,7,8 (3) using macroscale 

polymeric fibers for mitigating crack propagation due to freeze-thaw damage,9,10 and (4) surface 

treatment or direct incorporation of hydrophobic materials to reduce water ingress.11,12 Despite 
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some success, all of these methods aim at mitigating deleterious symptoms of ice expansion in 

cement paste, mortar, and concrete rather than inhibiting the source—ice crystal growth. 

 

1.2 Purpose of the Research 

The main objectives of the work were (1) to investigate the ability of biomimetic antifreeze 

polymers to provide freeze-thaw resistance to ordinary portland cement (OPC) paste, (2) to 

investigate the effect of biomimetic antifreeze polymers on fresh and hardened state properties of 

OPC paste, (3) to investigate a small molecule for biomimetic antifreeze properties and its ability 

to provide freeze-thaw resistance to hardened OPC paste, (4) to investigate surfactants used in 

commercially available AEAs for ice recrystallization inhibition (IRI) activity, and (5) explore 

the structure-property relationships of surfactants with IRI activity. Objectives 1-3 aim to 

provide an alternative to AEAs for freeze-thaw resistant cementitious materials. Objectives 4 and 

5 and aim to further the understanding of surfactant and small molecule IRI activity. 

 

1.3 Background 

1.3.1 What are Cement and Concrete? 

Concrete is the second most consumed material in the world behind water.13 The reasons for 

its widespread use include 1) low cost, 2) abundance, and 3) moldability, Often concrete is the 

cheapest option, primarily due to the abundance of its components, with cost in the United States 

typically  $113/yd3 to $120/yd3 in 2019.14,15 Concrete components can easily be molded (or cast) 

into a variety of shapes such as pipes, accropodes, vaults, walls, components of parking 

structures, and many others.16 Additionally, concrete requires little maintenance in many 

applications and is fire resistant.  
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Concrete is composed of cement, fine aggerates, coarse aggregates, and water. Cement is the 

key component of concrete as it acts as the binder. If cement is mixed only with water and sand 

(i.e., fine aggregate), then a mortar is produced. If cement is mixed with only water, then cement 

paste is produced. The water used in concrete, mortar, and cement paste is from local potable 

sources.17 Fine aggregates generally include sand and crushed stone and have particle sizes 

smaller than 4.75 mm. Coarse aggregates usually consist of gravel and have particle sizes greater 

than 4.75 mm.18,19 Concrete is typically composed of 60-75% aggregate, 10-15% cement, and 

15-20% water by volume.17,20 

     There are many types of cementitious binders, but ordinary portland cement (OPC) is by far 

the most widely used. OPC is a fine powder composed primarily of C3S (tricalcium silicate or 

alite), C2S (dicalcium silicate or belite), C3A (tricalcium aluminate), C4AF (tetracalcium 

aluminoferrite), and CŠH2 (gypsum) where the standard cement notation is used: C = CaO, S = 

SiO2, A = Al2O3, F = Fe2O3, Š=SO3, and H = H2O. These compounds react with water, referred 

to as cement hydration, to form the primary products shown in Equations 1.1-1.5  

 

(1.1)     2C3S + 11H → C3-S2-H8 + 3CH     

(1.2)    2C2S + 9H → C3-S2-H8 + CH    

(1.3)    C3A + 3CŠH2 + 26H → C6AŠ3H32     

(1.4)    2C3A + C6AŠ3H32 + 4H → 3C4AŠH12 

(1.5)   C4AF + 2CH+ 10H → C3AH6 + C3FH6   
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The resulting structure contains crystalline and semi-crystalline phases and additional hydration 

products. Calcium silicate hydrate (C-S-H) is a disordered semi-crystalline phase with a variable 

composition, as indicated by the hyphens, which is the main product of cement hydration.  

 

1.3.2 The Importance of Durability  

Due to the ubiquity of cement, the economic and environmental consequences are significant. 

The production of OPC alone accounts for 4%–8% of global CO2 emissions, and its use places a 

burdensome toll on potable water resources.21–24 Cement production is estimated to increase 

∼50% by 2050 to keep pace with new and aging infrastructure needs in all parts of the world.13 

The long-term durability of cementitious materials remains critical to minimizing economic and 

environmental costs associated with unplanned damage and maintenance, especially in light of a 

changing climate that may exacerbate exposure conditions and lead to premature deterioration. 

Concrete is remarkably durable but varying material sources, design and construction 

practices, and exposure conditions can limit the aesthetic, functional, and/or structural longevity. 

The causes of concrete deterioration can be classified as physical and chemical.25 Physical 

deterioration includes surface wear from abrasion, erosion, cavitation, cracking due to 

temperature and humidity gradients, structural loading, exposure to fire, and cyclic exposure to 

freeze-thaw temperatures.  

Freeze-thaw damage can be considered one of the major types of deterioration leading to 

reduced durability. Roadways, facades, exposed concrete, parking structures, sidewalks, 

driveways, and lock and dam structures are susceptible to freeze-thaw damage and it is estimated 

that the annual cost for repairs and maintenance exceeds $7 billion annually in the US alone.26 

This demonstrates the criticality of ensuring cementitious materials are resistant to freeze-thaw 
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damage. When considering freeze-thaw deterioration of hardened cement paste and concrete, the 

pore system and water content play key roles in the material’s durability. 

 

1.3.3 Pore Systems Within Cementitious Materials 

Cement paste and concrete are porous materials. The pore structure itself makes cement paste 

and concrete susceptible to damage from freezing and thawing temperatures. In fact, the porosity 

of cementitious materials greatly impacts the overall durability. The pores of cement paste and 

concrete can be categorized as followed based on size: gel pores (0.5 nm to 10 nm), capillary 

pores (5 nm to 10 m ), entrained air voids (10 m to 1 mm ), and entrapped air voids (> 1 

mm).27,28 It should be noted that the actual porosity is a continuous spectrum of sizes across all 

categories and that most pores are connected within the microstructure.  

The gel pores are the interlayer porosity of C-S-H. The capillary pores are spaces that are not 

occupied by cement grains or hydration products.29 Capillary pores are connected, and their 

connectivity plays a critical role in freeze-thaw resistance and directly affects the durability of 

cementitious materials.30,31 Entrained air voids are spherical voids that can be both intentionally 

and unintentionally introduced during mixing. The entrained air voids are also connected to 

capillary pores.32,33 Entrapped air voids are usually less spherical than entrained air voids and are 

a result of poor compaction procedures.19 

The pore sizes and distributions within cementitious materials are influenced by the water to 

cement (w/c) ratio, age, compaction, and the temperature and humidity during curing.34 As 

cement hydration continues with time, or at higher degrees of hydration, the overall pore 

distribution shifts to smaller sizes.35 At higher w/c ratios the occurrence of larger pores increases 
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in concrete,34,36 including in cement paste.37 Additionally, poor compaction can result in an 

increased number of macropores. 

  

1.3.4 Water in Cementitious Materials 

Water exists in multiple states within hardened cement paste, which is primarily governed by 

the location within the pore system. The states can be defined as free water, water held by 

capillary tension, adsorbed water, interlayer water, and chemically bound water.19,38,39  

Alternatively, the states of water could be grouped as capillary water, gel water, and chemically 

bound water.40  The difficulty of water to exit hardened cement paste is the primary differentiator 

between each category (i.e., bound vs. free water). Also, it is important to note that the water 

contained within the hardened cement paste is not pure as it contains a variety of dissolved alkali 

species. 

(1) Capillary, or free water, exists within the capillary pores that are of sizes > 50 nm. In 

capillary pores < 50 nm, water is held by capillary tension. Water held by capillary 

tension is often grouped with capillary water.40,41 Capillary water is evaporable between 

50 °C and 105 °C.40 

(2) Adsorbed water, sometimes referred to as gel water, is held near the surfaces of both 

capillary pores and gel pores throughout the hardened cement paste. Hydrogen bonding 

and other attractive forces are responsible for water adsorbing to the surfaces. Adsorbed 

water can mostly be removed from the hardened cement paste with a change in humidity 

and is evaporable at 105 °C.40  

(3) Interlayer water exists within the C-S-H structure. It is held by hydrogen bonding and is 

difficult to evaporate. It only evaporates at a relative humidity below 20%.42  
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(4) Chemically combined water, sometimes referred to as hydrate water, exists as part of the 

hydration products (see Equations 1.1-1.5) and is chemically bound.  This water is non-

evaporable. 

 

1.3.5 Freeze-Thaw Damage Mechanisms 

     The process of liquid water undergoing a phase change to ice results in a 9% increase in 

volume. The formation of ice within cement binder is well accepted to be the cause of internal 

freeze-thaw damage. However, the underlying mechanism of the damage has proven to be 

complex.  The damage induced by cyclic freezing and thawing in concrete has been explained by 

the Hydraulic Pressure Theory,43,44 Osmotic Pressure Theory,45 Litvan’s work,46–48 and 

Crystallization Pressure Theory.49 All of these theories have only been partially validated.  

Several researchers have stated that most likely, different aspects of each theory occur 

simultaneously.49,50 A brief description of each theory follows. This thesis does not include a 

discussion on freeze-thaw damage of aggregates or salt scaling, as they are outside the scope of 

this work. 

 

1.3.5.1 Hydraulic Pressure Theory      

The hydraulic pressure theory was introduced by Powers in 1949.44,51 Powers proposed that 

as water freezes in saturated capillary pores, the increase in volume can either result in the pore 

expanding or the water being pushed from the pore as shown in Figure 1.1. When the water is 

pushed away from the newly formed ice and flows through the pore system hydraulic pressure is 

generated.44,45 This would explain how air voids could reduce the generated pressure by allowing 

a location for the water to flow to. Powers generated an equation to estimate the developed 



8 

 

pressure using Darcy’s Law. According to Darcy’s Law, a given amount of water traveling a 

distance through porous media over a time period will generate pressure.52,53 If the pressure were 

to exceed the tensile strength of cement paste, then damage occurs. A sufficiently large distance 

of travel for water or sufficiently high freezing rate could result in high enough pressures to 

develop that result in damage. 

 Powers developed Equation 1.6 to calculate the maximum distance, Lmax, for water to travel 

before the hydraulic pressure causes damage.50 In developing the equation, Powers considered a 

single air void surrounded by cement paste of thickness L as shown in Figure 1.2.  

(1.6)    
𝐿𝑚𝑎𝑥

3

𝑟𝑏
+

3𝐿𝑚𝑎𝑥
3

2
=

𝐾𝑇

𝑈𝑅
 ×  𝐶   

where L is the thickness of cement paste, rb is the radius of the air void, K is the permeability 

coefficient of cement paste, T is the tensile strength of cement paste, U is the quantity of 

freezable water, R is the freezing rate, and C is a constant. Powers expanded on Equation 1.6 

and provided a method to estimate the maximum distance of water travel for all voids within a 

cement paste. The equation to estimate the maximum distance of water travel for all voids is 

used today in ASTM C457 to calculate the spacing factor.54 
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Figure 1.1. Schematic diagram of ice formation within capillary pores of cement paste. The 

formation of ice results in water near the ice crystal being pushed away and creating hydraulic 

pressure. Adapted from Mehta and Monteiro.19 
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Figure 1.2. Schematic of single air void surrounded by paste with parameters used by Powers to 

develop the maximum distance, Lmax, for water to travel before the hydraulic pressure causes 

damage, Equation 1.44,50 

 

The Hydraulic Pressure Theory is not completely valid, as Powers himself later published.55 

Experiments have shown that water flows to capillary pores and not from them.50 Additionally, 

the theory could not explain why concrete with entrained air shrunk after being exposed to cyclic 

freezing and thawing temperatures instead of expanding. Even if invalid, aspects of the 

Hydraulic Pressure Theory are likely accurate.50  

 

1.3.5.2 Diffusion and Osmotic Pressure Theories 
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     The Diffusion and Osmotic Pressure Theories are comprised of the work by Powers and 

Helmuth from 1953 to 1975.45,55 The Diffusion Theory was not named as such by Powers but has 

been given the title herein. The work was developed to account for experimental discrepancies 

that could not be explained by the Hydraulic Pressure Theory.45,55 The central discrepancy was 

experimental observations indicating that water moved towards capillary pores during freezing. 

The Diffusion and Osmotic Pressure Theories explain observations of AEA-modified concrete 

contracting as opposed to expanding during freezing. The works were meant to be an addition to 

the Hydraulic Pressure Theory.  

 Given the size of gel pores, <10 nm, it was assumed that water could not freeze within them 

but would become supercooled. Additionally, it was assumed that all the water within the gel 

pores was adsorbed onto the pore surface which also would prevent freezing. At temperatures 

below 0 °C, ice that forms within capillary pores or air voids would have lower free energy than 

the unfrozen water within the gel pores. Due to the higher chemical potential energy of the 

unfrozen water in the gel pores, it will flow to the ice within the capillary pores as depicted in 

Figure 1.3.56,57 The movement of water from the gel pores to the capillary pores creates 

shrinkage stresses. Once the water reaches the capillary pores it will freeze, creating a larger 

volume of ice resulting in pressure development. 

 Another driving force for water movement from gel pores to capillary pores results from the 

presence of an ion concentration gradient. As ice forms, the ions present in the pore solution are 

excluded from the ice crystal structure. The exclusion of the ions in the ice crystals causes the 

local concentration of the ions in the pore solution to increase, creating a concentration gradient. 

Water will move from the gel pores to the capillary pores to remove the gradient but during this 

movement generate pressure.45 
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Figure 1.3. Schematic diagram of the Diffusion and Osmotic Pressure Theories. Water in gel 

pores does not freeze but rather becomes supercooled. Supercooled water has a higher free 

energy than ice which has formed within capillary pores. Water flows from a region of high to 

low free energy. When ice forms it creates localized regions of higher ion concentration because 

the ions are excluded from the ice crystal structure. The higher ion concentrations create a 

concentration gradient which results in water flow from gel pores to capillary pores where it also 

freezes. 

 

1.3.5.3 Litvan’s Work 

Litvan developed a theory to describe freeze-thaw damage primarily based on the idea that 

water within capillary pores and absorbed to surfaces becomes supercooled.46,48,58,59 The vapor 

pressure of supercooled water is higher than the vapor pressure of ice causing the migration of 

water to a location where it can freeze. The mass transport of water results in the cement paste 

partially drying and ice accumulating at larger voids. 

Consider a piece of cement paste that is saturated and exposed to freezing temperatures. 

Water on the external surfaces and within air void surfaces freezes. The vapor pressure at these 

locations is lower than that of capillary pores creating a non-equilibrium state. The vapor 
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pressure of the supercooled water-containing regions can be lowered by the movement of water 

away from these regions. According to Litvan, damage occurs when mass transport (i.e., 

movement of water) is not allowed to proceed at an appropriate rate due to low permeability, 

degree of saturation, or high freezing rates.48 

 

1.3.5.4 Crystallization Pressure Theory 

Scherer argued that the primary cause of freeze-thaw damage in concrete is crystallization 

pressure.49,60 Crystallization pressure is created by a repulsive force between ice crystals and 

minerals in pore walls. An ice crystal is surrounded by a film of liquid water. Therefore, an ice-

water-mineral interface exists. Because the refractive index of water is higher than ice, van der 

Waals forces between the ice crystal and mineral surface are repulsive.49,61 For the ice crystal to 

come in contact with the pore wall (i.e., mineral surface), a pressure the magnitude of concrete’s 

strength is needed.60  

When an ice crystal grows within a capillary pore, it will do so until the liquid surrounding 

the crystal encounters a pore wall (or other obstruction). If an opening exists on that pore wall, 

the ice can penetrate that opening if the crystallization pressure is large enough. This is dictated 

by the radius of curvature of the pore entries, temperature, interfacial energies, pore size 

distribution, size of the pore that the ice crystal currently resides in, and shape of the ice crystal. 

Without air voids, crystals nucleate in smaller pores (i.e., capillary pores) and generate stresses 

on pore walls. 

If ice nucleates in an air void, the ice crystal can grow within the larger void allowing for 

lower crystallization pressures to develop. Scherer hypothesized that this is the role of air voids, 

to behave as preferential sites of ice nucleation. Once the ice nucleates within an air void, water 
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would be sucked from nearby capillary pores allowing for further growth. The nucleation of ice 

within air voids would explain the experimental observations of water flowing from capillary 

pores and air entrained concrete contracting under freeze-thaw cycles. 

 

1.3.6 Factors Affecting Freeze-Thaw Performance 

There are a multitude of factors that influence the resistance of a cementitious materials to 

freeze-thaw damage including the rate of cooling, tensile strength, air entrainment, the degree of 

saturation, w/c ratio, and the pore system structure. Research on the effect of freezing rate on 

freeze-thaw damage has been conflicting.62–65 Generally, it appears that internal cracking from 

freeze-thaw cycling (not salt scaling) increases with increased rates of freezing.62,64,65 The tensile 

strength of the cement paste dictates the level of pressure that can be developed from ice 

formation before damage occurs. The most important factors influencing resistance to freeze-

thaw damage are the degree of saturation, the pore structure, and air entrainment. 

 It is well studied that when saturated, concrete is highly susceptible to freeze-thaw 

damage.66–69 Saturation is the ratio of the volume of water absorbed to the total pore volume (i.e., 

the total volume of absorbable water). It has become apparent that a critical degree of saturation, 

DOScr, of 70-91% exists.68,70,71 Once the DOScr is reached, freeze-thaw damage is unavoidable 

even with the use of proper air entrainment.68 

The overall pore size distribution influences how quickly water ingress occurs and ultimately 

the time to reach DOScr. Smaller pores generate larger capillary pressure than large pores (i.e., 

air voids) according to the Young-Laplace equation.72 Due to the capillary pressure, capillary 

pores become saturated before larger air voids as illustrated in Figure 1.4.68,73,74  
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Figure 1.4. Illustration of water absorption with time. (a) – (c) the gel and capillary pores fill 

with water. (d) the entrained and entrapped air voids become filled with water. As the air voids 

become water-filled, the critical degree of saturation, DOScr, is approached. Figure adapted from 

Weiss, 2014.74 

 

 Air entrainment is the de facto method to providing freeze-thaw resistance in cementitious 

materials. Air voids provide freeze-thaw resistance by effectively providing pressure relief sites 

for developing hydraulic, osmotic, and crystallization pressures and likely serve as sites for 

preferential nucleation. To be effective, air voids must be of specific sizes and distributions and 

exhibit proper spacing.8-10 Chapter 2 will discuss air entrainment in greater detail. 

 

1.3.7 Methods to Mitigate Freeze-Thaw Damage 

Researchers have utilized a variety of materials and methods to enhance the freeze-thaw 

resistance of cementitious materials. The prevailing strategy to enhance the freeze-thaw 

resistance of OPC concrete is to entrain an air void system in the paste that effectively reduces 

the pressures that develop during cyclic freezing and thawing. Conventional air-entraining 
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admixtures (AEAs) create stabilized air void systems within cementitious matrices. Other 

materials and strategies include the incorporation or application of nanoparticles, SCMs, 

superabsorbent polymers, fibers, and hydrophobic agents.3–12 Chapter 2 will discuss each 

approach in more detail. No material or method currently used for mitigation of freeze-thaw 

damage in cementitious materials directly prevents or slows the nucleation and growth of ice. 

 

1.3.8 Ice and Ice Recrystallization 

 The formation of ice from liquid water is unique in that in the solid state, ice, has a lower 

density than the liquid state which corresponds to a 9% larger volume.75 The vast majority of ice 

on earth occurs as the hexagonal crystal structure or ice 1h.76 The hexagonal crystal structure can 

be seen in Figure 1.5a with the c- and a-axis, basal plane, primary prismatic, and secondary 

prismatic planes labeled. Figure 1.5b shows a structural representation of ice with the lattice 

constants for hexagonal ice along the basal plane a=4.52 Å and along the primary prism plane c 

= 7.36 Å labelled.75,77 

 

 
Figure 1.5. (a) Hexagonal crystal structure of ice with c-axis, a-axis, basal, primary prismatic, 

and secondary prismatic planes labeled. (b) Schematic representation of ice. The red circles 

represent oxygen atoms, the white circles represent hydrogen atoms, and the dashed lines 

represent hydrogen bonding. The structure was created using VESTA software.78 Lattice 
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constants for hexagonal ice along the basal plane a=4.52 Å and the primary prism plane c = 7.36 

Å.75,77 

 

 The formation of ice consists of nucleation, growth, and recrystallization. Nucleation can be 

both homogeneous and heterogeneous. Homogeneous nucleation occurs spontaneously and 

randomly under the conditions of supercooling. Homogeneous nucleation does not occur in pure 

water till nearly -40 °C.79 Heterogeneous nucleation occurs at surfaces, particles, or other 

impurities in contact with liquid water. In most cases, nucleation of ice occurs heterogeneously 

due to the presence of impurities, and because heterogeneous nucleation has a lower free energy 

barrier to overcome in the crystallization process compared to homogenous nucleation.80 Once 

nucleation occurs, water molecules add to ice crystals allowing them to grow. At rapid rates of 

cooling an amorphous glass forms without crystalline ice formation, a process known as 

vitrification. 

 Ice recrystallization plays a critical role in cryopreservation,81–83 food storage,84–86 climate 

and glacier sciences, 87–89 among other natural phenomena and technological processes. Ice 

recrystallization is a thermodynamically driven process where large ice crystals (i.e., grains) 

grow at the expense of smaller ice crystals (i.e., Ostwald ripening).90 Ice recrystallization is 

shown in the micrographs of Figure 1.6. The grains, or ice crystals, which are highlighted in 

color can be seen to grow larger over time in Figure 1.6. Water molecules transfer from the 

surface of smaller ice crystals to the surface of large ice crystals. The reduction in the surface 

area to volume ratio with the growth of larger ice crystals results in lower free energy.  
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Figure 1.6. Ice recrystallization is shown on micrographs of a monolayer of ice. Each grain is 

highlighted in color for enhanced visualization. The ice grain, or crystals, grow over time to 

reduce the free energy. 

 

The transition between the ice crystal surface and the liquid water phase is not abrupt, but 

rather a semi-ordered phase exists between them which is referred to as the quasi-liquid layer 

(QLL). The exact characteristics of the QLL are the subject of ongoing research.91–94 However, 

significant evidence has shown the presence of the QLL and that it plays a critical role in the 

growth of ice crystals.95–98 For example, disruption of the QLL region is used to explain how 

amphiphilic anti-ice coatings function.99,100 Figure 1.7 provides a simplified schematic 

representation of the bulk or liquid water, QLL, and ice crystal phases.  
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Figure 1.7. Schematic representation of the interfaces between bulk or liquid water (■), QLL 

(■), and ice crystal phases (■). The black lines represent water molecules and hydrogen bonding 

between water molecules. The arrows on the left side of the figure indicate the movement of 

water molecules between all three phases. 

 

1.3.9 Antifreeze Proteins – Nature’s Solution to Ice Crystal Growth 

The nucleation, growth, and recrystallization of ice can be detrimental to life in cold 

climates. For example, the formation and growth of ice within a cell or blood vessel could be 

lethal. Nature has developed ice-binding proteins (IBPs) as a means to survive freezing 

temperatures. IBPs serve various functions101 including freeze avoidance by thermal hysteresis 

(TH),102–104 freeze tolerance by ice recrystallization inhibition (IRI),105–107 ice adhesion,108–110 

structuring of external ice,111,112 and ice nucleation.113–115 It is widely accepted that IBPs function 

by adsorbing to the surface of ice allowing them to control the growth of ice.116  

Antifreeze proteins (AFPs) and antifreeze glycoproteins (AFGPs) are a subset of IBPs 

produced by plants,117–119 fish,120–122 insects,123 fungi,117,124,125 diatoms,126–128 and bacteria.129–131 

AFPs and AFGPs specifically allow for freeze avoidance and freeze tolerance via TH and IRI 

activity respectively. By binding to the surface of ice, AFPs and AFGPs can inhibit the growth 
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and recrystallization of ice crystals (i.e., Ostwald ripening) via IRI. AFPs and AFGPs also induce 

dynamic ice shaping (DIS) and reduce the freezing point of ice below the equilibrium freezing 

point (i.e., TH).132 Recent work suggests that ice-binding and antifreeze properties are a result of 

anchored clathrate and ice-like motifs in AFPs and IBPs.133,134 However, the underlying 

mechanisms are yet to be fully explicated.135 

Researchers have successfully isolated AFPs and AFGPs from a multitude of freeze-tolerant 

organisms. However, the production cost of AFPs is high which limits their application.136,137 

High costs render AFP incorporation into cementitious materials impractical at the current time. 

Additionally, proteins are well known to restructure in non-native environments.138 Given that 

the structure of AFPs drives their function, the high alkalinity (pH >12.5) of concrete pore 

solution is unfavorable for protein stability.139  

To overcome economic limitations and instabilities of proteins in non-native environments, 

researchers have synthesized a variety of non-proteinaceous materials that mimic the IRI and 

DIS activity of AFPs and AFGPs.140–144 The most widely studied material displaying IRI and 

DIS activity is the polymer polyvinyl alcohol (PVA). The pendant hydroxyl groups along the 

polymer backbone of PVA mimic the highly hydroxylated carbohydrates of AFGPs.140 A more 

thorough review of biomimetic antifreeze materials will be presented in Chapter 3. 

 

1.4 Overview of Work and Organization of Dissertation 

Chapter 2 is a review of methods used to mitigate freeze-thaw damage in OPC paste, mortar, 

and concrete. This review focuses on the underlying mechanisms that allow for freeze-thaw 

resistance, materials that are used in each approach, and the shortcomings of each method. 

Specifically, air entrainment, methods for densification, use of superabsorbent polymers, the 
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addition of polymeric fibers, and application of hydrophobic agents are examined. This review 

demonstrated a clear need for investigating materials that either directly prevent the nucleation or 

slow the growth and recrystallization of ice within cementitious materials. 

 Chapter 3 is a review of biomimetic antifreeze materials. This review starts with a 

description of the current understanding of antifreeze protein (AFP) and antifreeze glycol protein 

(AFGP) function and performance in ice recrystallization inhibition (IRI) and thermal hysteresis 

(TH). A variety of materials that mimic AFPs and AFGPs are discussed including synthetic 

peptides, self-assembling molecules, polymers, nanoparticles, and small molecules. The 

structural components that allow for the biomimetic activity of these materials are discussed. 

This review demonstrated that polyvinyl alcohol is the most IRI active synthetic material 

researched and the most widely studied, which makes it an ideal candidate for study within 

hardened cement paste. 

 Chapter 4 investigates the performance of polyethylene glycol-polyvinyl alcohol graft 

copolymer (PEG-PVA) to inhibit ice recrystallization and induce dynamic ice shaping in both 

neutral and pH 13 solutions and as an additive to OPC paste for freeze-thaw performance. The 

purpose of this work was to determine if an IRI active polymer can provide freeze-thaw 

resistance to hardened cement paste without the use of traditional AEAs. The results for Chapter 

5 have been published in Cell Reports Physical Science.145 

 Chapter 5 investigates the role that both molecular weight and degree of hydrolysis play in 

the performance of PVA as an additive to OPC paste for freeze-thaw mitigation. The purpose of 

this work was to determine the molecular weight and degree of hydrolysis requirements for PVA 

to be effective at providing freeze-thaw resistance in hardened cement paste. Additionally, this 
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work demonstrated that the presence of IRI active polymers results in reduced ice contents 

during freezing temperatures.  

 Chapter 6 investigates the performance of folic acid, which mimics Type IV AFPs, to inhibit 

ice recrystallization, display thermal hysteresis, and induce dynamic ice shaping. The ability of 

folic acid to self-assembly at concentrations between 0.01-0.5 mg/mL was investigated. Lastly, 

folic acid was tested as an additive to OPC paste for freeze-thaw mitigation. This work 

demonstrates for the first time that folic acid displays IRI activity. Although folic acid shows 

promise as an IRI active material, further investigation is required to fully explicate its use as an 

additive to cementitious materials. Folic acid-modified paste displayed greater resistance to 

surface damage than internal damage during freeze-thaw cycling.   

Chapter 7 focuses on the IRI activity of surfactants used in commercially available AEAs. 

Sodium oleate, vinsol resin, sodium lauryl sulfate, and a phenol ethoxylate IRI activity were 

compared to previously published concrete freeze-thaw results to determine if a correlation 

between IRI activity and freeze-thaw resistance exists. Additionally, the role of hydrophobicity, 

topological polar surface area, molecular volume, and molecular weight on IRI activity was 

explored. For the surfactants studied, higher levels of IRI activity correlated with higher freeze-

thaw performance in concrete. The surfactants studied herein do not appear to follow the same 

structure-property relationships regarding IRI activity when compared to other small molecules. 

Chapter 8 presents a summary of scientific contributions within this thesis to the fields of 

biomimetic antifreeze materials and freeze-thaw resistance of cementitious materials. 

Suggestions for future research directions are discussed with a focus on broadening the 

application of biomimetic antifreeze materials to OPC concrete. 
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Chapter 2 Methods for Enhanced Freeze-Thaw Resistance in 

Cementitious Materials – A Review 

2.1 Introduction 

The primary aim of this chapter is to present the methods by which the freeze-thaw resistance 

of cementitious materials is enhanced and present brief a state-of-the-art review of the field. 

Researchers have utilized a variety of materials and methods to enhance the freeze-thaw 

resistance of cementitious materials. These materials and strategies include (1) creation of an air 

void system with the use of AEAs,2 (2) densifying and strengthening cement paste using 

nanoparticles or supplementary cementitious materials,3–6 (3) incorporating superabsorbent 

polymer particles (SAPs) as a non-surfactant method to achieve an entrained air void system,7 

(4) using macroscale polymeric fibers for mitigating crack propagation due to frost-induced 

damage,9,10 (5) and decreasing water absorption using hydrophobic agents.146–148 

In concrete, the most common method in the USA of evaluating freeze-thaw performance is 

outlined in ASTM C666 Procedure A.149 and AASHTO T 161 Procedure A.150 Concrete 

specimen undergo cyclic exposure to freezing and thawing temperatures while fully submerged 

in water. After 300 freeze-thaw cycles, a specimen is considered to pass if it maintains a relative 

dynamic modulus of elasticity or durability factor greater than 60% of the initial.  

To compare the strategies discussed within this chapter, the published durability factors (%) 

from previous work are graphed in Figure 2.1. All results within Figure 2.1 are for concrete 

specimen that were exposed to cyclic freeze-thaw conditions outlined in ASTM C666 Procedure 

A. As can be seen in Figure 2.1, a variety of the strategies do not result in a durability factor 

greater than 60%. It should be noted that a wide variety of other test methods exists151,152 and 

published research often modifies either ASTM C666 or another standardized test. 
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Figure 2.1. Previously reported results from ASTM C666 Procedure A. The durability factor (%) 

is the reported value at 300 cycles.153–158 
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2.2 Air Entraining Agents (AEAs) 

AEAs provide freeze-thaw resistance by allowing for the formation of an air void system 

within cementitious materials. Air void systems are believed to provide freeze-thaw resistance by 

acting as a pressure relief reservoir for the hydraulic, osmotic, and crystallization pressures that 

develop during freeze-thaw cycling. Air voids intersect the network of capillary pores and 

because the air voids are larger than capillary pores, water and ice can move from the capillary 

pores to the air voids during freezing.159 Scherer and Valenza proposed in the Crystallization 

Pressure Theory that air voids provide a preferential site for ice nucleation and growth.49 The air 

voids reduce the ingress of water and increase the time to reach critical saturation as it takes a 

longer amount of time for water to enter air voids.68 Additionally, AEAs that coagulate with Ca2+ 

have been shown to provide a protective layer around the air void.160,161 

Air bubbles within cement paste are inherently unstable due to their surface energy. AEAs 

reduce the surface tension of water which stabilizes the air bubbles. The vast majority of AEAs 

are surfactants. As shown in Figure 2.2 a, surfactants contain both a hydrophilic (i.e., water 

loving) and hydrophobic (i.e., water hating) portion and therefore are amphiphilic. When placed 

into a solution of water followed by agitation, the AEAs orient themselves such that the 

hydrophilic head is pointed toward the water and the hydrophobic tail is pointed inward toward 

the air as shown in Figure 2.2 c. Without the presence of AEAs, the air bubbles would 

thermodynamically be driven to agglomerate and form larger size air voids as shown in Figure 

2.2 b. 
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Figure 2.2. (a) Basic chemical structure of a surfactant molecule; (b) unstabilized air bubbles 

coalescing with time; (c) stabilized air bubbles through the incorporation of AEAs. 

 

AEAs can be classified in several ways. Here, they will be broadly classified in two ways: (1) 

ability to coagulate in the presence of calcium (i.e., insoluble vs soluble), and (2) by the type of 

ionic compound: anionic, cationic, zwitterionic, and non-ionic. The interaction of an AEA 

molecule with calcium is important. Vinsol resin and sodium oleate are two examples of AEAs 

that coagulate with calcium, and they do not significantly change the surface tension of water.162 

An insoluble calcium salt (or soap) is formed when two anionic surfactant molecules interact 

with Ca2+. It is believed that the collection of these calcium salts forms a hydrophobic layer 

around an air void (i.e., an insoluble calcium salt).2,163 and evidence suggests that AEAs provide 

freeze-thaw resistance when such a shell is formed.164 Examples of AEAs that coagulate with 

Ca2+ include sodium lauryl sulfate, sodium oleate,163 and vinsol resin.160,162,163 

Table 2.1 provides the classification of common AEAs. Synthetic AEAs are generally 

aliphatic chains with head groups containing either SO4
2-, CO3

2-, or OH-. Anionic surfactants are 

the most heavily used type of AEA,165 and examples include sodium dodecyl benzene sulfonate, 

sodium lauryl sulfate, sodium oleate, and sodium alkane hydroxy sulfonic acids. Vinsol resin and 

saponified rosin are among the most commonly used nonionic surfactants.166 Cationic and 
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zwitterionic surfactants have been shown to result in poor freeze-thaw performance.164 

Additionally, commercial AEAs tend to contain multiple surfactants.162 

 Several physical parameters are utilized to predict the efficacy of an air void system to 

provide freeze-thaw resistance including fresh state air content, hardened state air content, 

spacing factor, and specific surface area. Fresh state air content is most commonly determined 

following the pressure method outlined in ASTM C231.167 An air meter device is used to 

measure the air content and the air content of aggregate is accounted for. Alternatively, ASTM 

C173 or C183 can be utilized for the determination of fresh state air content. To be effective, 

AEAs need to entrain ∼4%–10% air by volume of concrete, or ∼16%–25% air by volume of 

cement paste.163,168  

The hardened state air content is typically determined using petrographic methods outlined in 

ASTM C457.54 A recent modification to the method outlined in ASTM C457 utilizes cross-

sectional images obtained using micro X-ray computed tomography.169,170 The measured fresh 

state air content is typically 0.5 to 1.5% higher than the hardened state content due to the 

opportunity for the voids to coalesce in the fresh state.171 The actual difference depends on the 

surface activity of AEA used, transportation, placement, and consolidation practices.159 In 

general, a hardened-state air content of ∼4%–10% ensures adequate resistance to freeze-thaw 

damage.168,172 

  The same petrographic methods outlined in ASTM C457 are used to determine the spacing 

factor and specific surface area.54 Spacing factor is a measure that estimates the maximum 

distance from any point within the cement paste to an air void. Generally, it is recommended that 

the spacing factor be less than <200 μm with some literature suggesting a maximum up to 250 

μm.44,159,173 It has become accepted that the spacing factor is a more accurate means of predicting 
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freeze-thaw performance compared to air content.174,175 Specific surface, α, is the ratio of the 

surface area of voids to volume (mm2/mm3). Specific surface is recommended to be at least 25 

mm2/mm3.168 

The above parameters can only be used as guidelines, as there are a multitude of examples 

where freeze-thaw resistance is not obtained when recommendations are met and vice versa. 

Despite enhancing freeze-thaw resistance, the introduction of an air void system results in 

reduced mechanical strength, which can be as high as 5% per 1% entrained air, and an increase 

in permeability that is proportional to the amount of introduced air.176  

 

2.3 Densification of Cementitious Materials 

A denser concrete has reduced permeability and higher strength. Given this, one strategy to 

improve freeze-thaw resistance of cementitious materials is through densification. The primary 

strategies for densification are through the addition of nanoparticles and supplementary 

cementitious materials (SCMs).3–6 

A variety of nanomaterials have been shown to improve the microstructure of cementitious 

materials which led to reduced permeability and enhanced freeze-thaw resistance including SiO2 

nanoparticles5,177,178 and carbon nanotubes (CNTs) 179–181. The improvement in microstructure is 

believed to be a result of 1) the nanoparticles behaving as a nucleating agent for hydration 

products which accelerates cement hydration, 2) reduction of Ca(OH)2 phase when nanoparticle 

has pozzolanic reactivity,182 and 3) behaving as a filler material in pores.183,184 Issues with 

nanoparticles include increased water demand and agglomeration of the nanoparticles. 185,186 

Agglomeration is a major challenge as previous research has shown that poor distribution can 

result in no property enhancements or even be detrimental to performance.184,187,188 Proper 
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dispersion is often achieved through the use of surfactants or sonification.188–192 For CNTs 

specifically, the source and quality of the material can also play a role in how well they 

perform.179 Lastly, the cost of CNTs, and other nanomaterials, can be cost prohibitive. 

 Fly ash,193,194 silica fume,193,195 metakaolin,4,193 and ground granulated blast furnace slag4 

have all been studied for enhancing freeze-thaw resistance, including at an early age.196 

Generally, the observed freeze-thaw performance is not sufficient to meet the 60% durability 

factor requirements of ASTM C666 unless AEAs are also utilized. Fly ash modified cementitious 

materials have mixed results regarding freeze-thaw resistance and require a properly entrained 

air void system.197,198 Silica fume, metakaolin, and ground granulated blast furnace slag4 have all 

shown the ability to provide freeze-thaw resistance without the use of air entraining agents, with 

silica fume being the most promising.193,195 The freeze-thaw performance can be attributed to the 

SCMs behaving as a filler and a pozzolan leading to densification.3,195,199 Additionally, the 

quality and availability of SCMs is becoming an ever-increasing problem.200,201 

 

2.4 Superabsorbent Polymers 

Superabsorbent polymers (SAPs) can be utilized to create voids in concrete akin to air voids. 

In fact, previous work has shown that the spacing factor of SAP voids, and all other voids, can be 

used as an indicator for freeze-thaw performance of SAP modified concrete.7 When SAPs are 

added to a mix, the SAP particles absorb water which results in their swelling. The absorbed 

water behaves as an internal curing agent as it releases water during curing.202 As cement 

hydration continues, the water surrounding the SAP particle is consumed creating a void between 

the cement paste and the SAP particle.  This process is shown schematically in Figure 2.3. The 
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voids created by SAP particles have been attributed to observed freeze-thaw resistance when 

SAPs are added to concrete.7,8,153,202–204  

 

 
Figure 2.3. Schematic representation of SAP void creation process during cement hydration. 

SAP particle is green. (a) Swollen SAP particle after initially being placed in mix. (b) De-

swollen SAP particle still surrounded by water. (c) De-swollen SAP particle where water 

surrounding particle is consumed by cement hydration. 

 

Although SAPs have been shown to provide freeze-thaw resistance, the results are not always 

satisfactory. For example, Jones and Weiss showed that concrete with SAP but no AEA did not 

pass ASTM C666 Procedure A.153 An extensive interlaboratory study found that traditionally air 

entrained concrete displayed better freeze-thaw performance than concrete modified with 

SAP.205 Furthermore, SAP particles made via suspension polymerization often contain surfactant 

molecules on their surface which can result in both the SAP voids and entrained air voids.7 

Suspension polymerization is one of the two major techniques used to create SAPs with the other 

being bulk polymerization. 

Several parameters related to SAPs play a critical role in their freeze-thaw performance 

including particle size and particle shape. Like air voids, the size of particles is critical to freeze-

thaw performance and other properties. Finer SAP particle sizes result in better freeze-thaw 

performance.205 
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2.5 Polymeric Fibers 

Fibers can be added to cementitious materials to help prevent cracking and improve strength 

and toughness.19 The fiber modified materials are referred to as fiber-reinforced concrete (FRC) 

or fiber-reinforced cement-based composites (FRCCs). The fibers are discontinuous, randomly 

dispersed, can be a variety of shapes and sizes, and are typically steel, glass, natural materials 

(i.e., cellulose or wool), or polymeric fibers.19,206 The resulting properties of FRCs are dependent 

on the size, type, geometry, dispersion, bond with paste, and content of fibers. 

 Polymeric fibers are widely used in FRCs and several commercial products exist. In addition 

to observed enhancements to mechanical properties, enhanced freeze-thaw durability has been 

reported and attributed to mitigation of crack formation.  The polymers most widely studied for 

freeze-thaw performance in FRCs include propropylene9,207,208, polyethylene, and PVA.9,154,209,210 

The fibers vary in size with reported lengths of 12 to 51 mm and diameters of 0.012 to 0.806 

mm. 

Although it is believed that the polymeric fibers provide freeze-thaw resistance by mitigating 

crack propagation, work has indicated that entrained air is still required.211 Similar to 

nanomaterials, the fibers need to be dispersed appropriately to provide enhancements.210,211 

Furthermore, polymeric fibers have been shown to entrain air.207 Fibers typically have a negative 

impact on fresh state properties including reduced workability and increased mixing and 

placement times. 

 

2.6 Hydrophobic Agents 

The degree of water saturation is a critical factor influencing the freeze-thaw resistance of 

cementitious materials. Previous work has shown that once a critical degree of saturation 
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between 86-88% is reached, freeze-thaw damage is unavoidable even with a properly entrained 

air void system.68 Hydrophobic treatments have been utilized to reduce the amount of water 

ingress. The hydrophobicity of cementitious materials can be increased by either surface 

treatment148,212–214 or the addition of a hydrophobic agent added as part of the mix design.147,215 

Silanes and siloxanes are the most commonly used hydrophobic agents for both surface and 

internal treatment.146–148,215–217 Hydrophobic surface treatment is the more prevalent strategy of 

the two.  

Surface treatment is generally classified into three categories: coatings, pore blockers, and 

pore liners. The three categories of hydrophobic surface treatment are schematically shown in 

Figure 2.4. If the surface applied hydrophobic agent is unable to penetrate the pores and only 

forms a film on the surface, it is a coating (Figure 2.4 a). If the molecule size of the surface 

applied hydrophobic agent is sufficiently small, it can penetrate the capillary pores. Once the 

material has penetrated the pores, it is considered a pore liner if it adheres to the surfaces (Figure 

2.4 b). The third type of surface treatment, pore blocker, forms insoluble products within the 

pores (Figure 2.4 c).218 

 

 
Figure 2.4. Categories of hydrophobic surface treatments. (a) Application of hydrophobic agent 

generating a surface coating. (b) Penetration of hydrophobic agent from surface to capillary 

pores, known as a pore liner. (c) Penetration of hydrophobic agent from surface to capillary 

pores and generation of insoluble product referred to as a pore blocker. Green color represents 

the hydrophobic material. White color represent pore. Grey color represents hardened cement. 
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Although hydrophobic surface treatments have been shown to reduce the ingress of water 

and reduce ionic species ingress,213 they cannot be a replacement for an air void network to 

mitigate internal cracking from freeze-thaw damage. Instead, the application of hydrophobic 

agents is done in conjunction with AEAs.219 Hydrophobic surface treatment appears to be a more 

effective strategy for reducing surface scaling than internal cracking from freeze-thaw cycling.148 

  



34 

 

Chapter 3 Biomimetic Antifreeze Materials – A Review 

3.1 Introduction 

Nature has developed a unique strategy to survive cold climates. A multitude of organisms 

produce ice binding proteins (IBPs), a broad classification of proteins that can provide freeze 

tolerance, freeze avoidance, ice recrystallization inhibition, ice adhesion, and ice nucleation.116 

Antifreeze proteins (AFPs) and antifreeze glycoproteins (AFGPs) are a subset of IBPs which 

allow species to survive freezing temperatures. AFPs and AFGPs inhibit the recrystallization of 

ice (i.e., Ostwald ripening), induce dynamic ice shaping, and reduce the freezing point of ice 

below the equilibrium freezing point (i.e., thermal hysteresis).132  

In this chapter, a brief overview of AFPs and AFGPs will be presented. First, definitions of 

ice recrystallization inhibition (IRI), thermal hysteresis (TH), and dynamic ice shaping (DIS) 

activities are presented. The current understanding of the mechanisms for each observable 

interaction along with measurement techniques is discussed. Second, the structure-property 

relationships of AFPs and AFGPs are explored. A review of biomimetic antifreeze materials 

including polymers, synthetic peptides and molecular analogs, nanostructures and self-

assembling molecules, and small molecules focusing on structure-property relationships and IRI 

activity is presented. Finally, the chapter is concluded with a discussion of the applications for 

IRI active materials. 

 

3.1.1 Biomimetic Antifreeze Properties 

3.1.1.1 Thermal Hysteresis 

TH activity is a strategy for freezing avoidance. TH results from the non-colligative 

reduction in the freezing temperature of a solution while the melting is maintained or elevated, 
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thus a hysteresis gap is developed between the freezing and melting temperatures. Due to the 

reduction in the freezing point, it becomes more difficult for a solution to freeze. AFPs can 

produce TH activities from 1°C to 5°C (moderate to hyperactive).101,116  

TH is most often measured using a nanoliter osmometer. A nanoliter-sized drop of an 

aqueous sample is placed in microscopy immersion oil. The sample is rapidly cooled to form 

polycrystalline ice (-20°C or lower). Next, the sample is slowly melted to form a single ice 

crystal (e.g., heating at a rate of 5°C/min). The temperature is kept constant for 3 – 15 minutes to 

ensure the ice crystal is stable, and this is taken as the melting temperature of the sample. Last, 

the sample is cooled at 0.01°C/min until crystal growth is observed. Figure 3.1 provides 

representative micrographic images of the polycrystalline ice, stable single ice crystal, and the 

single ice crystal beginning to grow. The temperature at which growth is observed is reported as 

the freezing temperature and the difference between the observed melting and freezing 

temperatures is taken as the TH. 

 
Figure 3.1. Representative micrographs of ice formation, melting, and growth during thermal 

hysteresis (TH) measurement using nanoliter osmometry. (a) polycrystalline ice, (b) stable single 

ice crystal, and (c) growing single ice crystal as the temperature is decreased. Scale bars are 50 

µm. 

 

Depending on the specific interaction of the material being tested with the ice crystal during 

TH measurement, the crystal shape can vary during growth (freezing). This reshaping of the ice 

crystal is referred to as dynamic ice shaping (DIS). The shape is dependent on which 
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crystallographic plane of 1h ice the material interacts with. Figure 3.2 provides a summary of 

the ice crystal shapes that result from interaction with the crystallographic planes of ice. DIS is 

likely not a strategy to survive cold climates but rather a side-effect of AFPs adsorbing to the ice 

crystals. 

 

 
Figure 3.2. Crystallographic planes of 1h ice and commonly observed shapes of single ice 

crystals in DIS assay. (a) Ice crystal planes which AFPs are known to adsorb to, including the 

basal plane, primary prismatic plane, pyramidal plane, and secondary prismatic plane. (b) The 

circular shape of ice crystal with no material adsorbing to a crystallographic plane. C-axis is 

normal to the paper plane. (c) Hexagonal shape of ice crystal when material is adsorbed on the 

primary prismatic plane.106 C-axis is normal to the paper plane. As ice continues to add to the 

basal plane, the hexagonal shape elongates along the c-axis.  (d) Lemon-shaped ice crystal 

resulting from adsorption on the primary prismatic plane and basal plane.220 Note that the lemon-

shape often has less well defined edges as shown here. (e) Bipyramidal-shaped ice crystal can 

result from adsorption onto the prism, basal, and/or the pyramidal planes.132 In the example 

shown here, the c-axis is along the points of the pyramidal structures. 

 

3.1.1.2 Ice Recrystallization Inhibition (IRI) 

Instead of avoiding freezing, IRI activity allows for freezing tolerance. Ice recrystallization is 

a thermodynamically driven process where large ice crystals (i.e., grains) grow at the expense of 

smaller ice crystals (i.e., Ostwald ripening).90 Water molecules transfer from the surface of 

smaller ice crystals to the surface of large ice crystals. The reduction in the surface area to 
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volume ratio with the growth of larger ice crystals results in a lower free energy. IRI is believed 

to result from the adsorption of material onto the surface of an ice crystal. The adsorption results 

in regions of local surface curvature that slow the growth of ice. The curvature of the crystal 

surface reduces the local melting point according to the Gibbs-Thompson equation.221–223 

 The predominant method for measuring IRI activity is the splat assay which was initially 

developed by Knight and Dumani.82 A 10-20 µL volume of sample is dropped from 1.5-3 m onto 

a glass slide (thickness of 1 mm). The glass slide is typically located on an aluminum block 

precooled with dry ice (-78°C). Once the sample hits the glass slide it forms a monolayer of 

polycrystalline ice. The slide is then immediately transferred to a cold stage and annealed at a 

temperature below the melting point for a prescribed amount of time. The annealing temperature 

is often between -4°C and -10°C and the annealing time is typically 30 minutes. Images are 

collected immediately after the sample was placed on the cold stage and again at the prescribed 

endpoint to observe ice recrystallization. The samples can be both qualitatively and 

quantitatively compared. Comparing the micrographs at the endpoint allows for qualitative 

comparison. The Feret diameter of the individual ice grains of the micrographs can be measured. 

Often the diameters, or sizes, of the grains are compared to a control (i.e., the aqueous solvent) 

and reported as the percent mean largest grain size (MLGS). A smaller % MLGS indicates a 

more IRI active material. Typically, the 10 largest grains are measured from three replicates for 

the determination of the MLGS. 

When considering IRI activity, a clear definition of what constitutes negligible vs. moderate 

vs. highly active is still not widely agreed upon.224 It is clear that AFPs and AFGPs are highly 

active as they typically result in an MLGS 20% or lower compared to a control solution at 

concentrations below 0.1 mg/mL.77,224 Biggs et al. proposed using four zones based on 
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previously studied materials. The most active materials would display IRI activity similar to 

AFGPs and function at concentrations below 0.1 mg/mL. Next are materials that display IRI 

activity up to 1 mg/mL followed by materials that display IRI activity up to 10 mg/mL. Lastly, 

are weak inhibitors which essentially display little to no IRI activity.224 One problem with the 

four zones guide is that it does not provide recommendations on the MLGSs. Briard et al. 

classified activity based on MLGS where >70% indicated inactive and <70% indicated 

activity.225 Delesky proposed a similar grouping of MLGS where >80% indicated negligible IRI 

activity and <30% indicated potent IRI activity.226 In this work the definitions outlined in Table 

3.1 will be used to define the IRI activity. 

 

Table 3.1. Definitions of IRI activity used in this work. Highly, moderately, and negligible IRI 

activity is defined by both the percent mean largest grain size (% MLGS) and the concentration 

the material was tested at. 

Category % MLGS limits Concentration limits 

Highly IRI active ≤ 20% up to 0.1 mg/mL 

Moderately IRI active > 20% and ≤ 70% ≤ 1 mg/mL 

Negligible IRI active >70% ≥ 1 mg/mL 

 

3.1.2 Antifreeze Proteins and Antifreeze Glycoproteins 

 Antifreeze proteins (AFPs) function to inhibit ice growth and recrystallization within various 

organisms via IRI and TH activity. AFPs are believed to adsorb onto the surface of ice nuclei to 

stop ice growth.223 The adsorption of the AFP to the ice surface creates micro-curvature that 

lowers the local freezing temperature through the Kelvin effect.227,228 The exact mechanism has 

not been fully explicated, but recent work suggests that ice-binding and antifreeze properties are 

a result of anchored clathrate and ice-like motifs in AFPs.16,17 This is different than traditional 

antifreeze materials (i.e., ethylene glycol, glycerol, dimethyl sulfoxide) which prevent ice 

formation in a colligative manner.   
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The size and structure of AFPs vary significantly which is likely to be a result of independent 

evolution.116 Figure 3.3 provides examples of Type I, Type II, Type III, and Type IV from fish. 

Characteristic features including size, amino acid bias, and structural features are highlighted in 

Figure 3.3. Across all four types of fish AFP, the size varies drastically from ~ 3 kDa to 24 

kDa.229–231 The same can be said about structural features such as the α-helix structure of Type I 

AFPs vs the globular, β-strand containing structure of Type III AFPs and the amino acid bias that 

is observed. This same diversity in protein structure and composition can be seen in insect AFPs 

and plant AFPs which themselves are quite different than fish AFPs.116,230–232 

 

 
Figure 3.3. Representative fish antifreeze proteins (AFPs) and distinguishing features. (a) Type I 

AFPs have a size of 3.3-4.5 kDa, are alanine rich, and α-helical.86,229,233 (b) Type II AFPs have a 

size of 11-24 kDa, are cysteine rich, generally made up of 2 α-helices and 2 β-sheets, and are 

stabilized by disulfide bonds.229,231,232 (c) Type III AFPs have a size of 6-14 kDa, no amino acid 

bias, and are globular with β-strands.229,231,232 (d) Type IV AFP has a size of 12 kDa, are 

glutamine and glutamate rich, and contain α-helical bundles.86,229,230 The protein structures were 

taken from images on the RCSB Protein Data Bank (PDB) (rcsb.org). (a) PDB id: 1WFA,234 (b) 

PDB id: 2ZIB,235 (c) PDB id: 1AME,236 and (d) PDB id: 1AEP.237 Note that 1AEP is just 

representative and not from a fish. 
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The specific site of AFPs that interacts with ice is referred to as the ice binding site (IBS) or 

ice binding face. The IBS tends to be comparatively flat, hydrophobic, lacking charged residues, 

and generally containing repeating motifs.116 The amino acid threonine is one particular motif 

that often is found in a repeating pattern on the IBS.238–241 Asparagine and aspartic acid are also 

common among other polar mildly hydrophobic residues.131  

 Antifreeze glycoproteins (AFGPs) are found in the blood serum of cold weather marine 

fish.144,242 The structure of a typical AFGP is shown in Figure 3.4. The repeating tripeptide 

sequence is often Alanine-Alanine-Threonine and the disaccharide, β-D-galactosyl(1-3)-α-N-

acetyl-D-galactosamine, is attached to the hydroxyl oxygen of the threonine residue. Compared 

to AFPs which have defined secondary structures, AFGPs are unstructured243 and are flexible 

molecules.244,245 AFGPs are grouped into eight classes based on size, with AFGP1 being the 

largest (33 kDa) to AFGP8 being the smallest (2.6 kDa).242,246 

 

 
Figure 3.4. Typical structure of antifreeze glycoprotein (AFGP). The repeating peptide sequence 

is shown here is Alanine-Threonine-Alanine. The β-D-galactosyl(1-3)-α-N-acetyl-D-

galactosamine sugar is attached to the threonine residue. 
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 AFGPs, like AFPs, have also been shown to bind to the surface of ice.247–249 The binding of 

AFGPs appears to occur on the primary prismatic planes and be reversible.245,250 Furthermore, 

molecular dynamics simulations indicate that adsorption occurs via the hydrophobic methyl 

groups of both the peptide and sugar of the AFGPs,245 which is supported by experimental 

mutation studies.251 Compared to AFPs, AFGPs have weak TH activity.242 However, AFGPs 

display the most potent IRI activity.252 

     Researchers have successfully isolated AFPs and AFGPs from a multitude of freeze-tolerant 

fish, plant, insect, algae, fungal, and bacterial species.116,119,120,122,124,128,253,254 The highly alkaline 

(pH > 12) and ionic environment of ordinary portland cement (OPC) solution, however, pose 

significant challenges for AFPs as they are well known to restructure in non-native 

environments.138,139 Additionally, the production of AFPs and AFGPs comes with significant 

economic limitations.137,255 Non-proteinaceous synthetic alternatives to AFPs and AFGPs 

displaying IRI activity having been identified and characterized. These synthetic alternatives 

provide means to potentially overcome the economic limitations and physical and chemical 

instabilities of proteins in non-native environments. The following sections will highlight a 

selection of materials shown to have biomimetic antifreeze properties. 

 

3.3 Biomimetic Antifreeze Polymers 

Polymers have much lower barriers to scalability than proteins. Polymers can be produced 

with nearly any chemical moiety, a multitude of architectures, and a wide range of sizes, with 

some control over the sequence of monomers. Given these advantages, a variety of polymers 

having chemical moieties that mimic those found on the IBS of AFPs or the highly hydroxylated 

carbohydrates of AFGPs have been studied for TH, DH, and IRI activities.224,256–258 PVA is the 
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most widely studied polymer to date and the most IRI-active synthetic material studied.77,140,259–

268 Other polymers displaying IRI activity include polyampholytes256,257,269,270 and Nylon-3 

polymers.258 Figure 3.5 provides a quick overview of the reported IRI activities of synthetic 

polymers based on the concentration they were tested at and molecular weight. No polymer 

studied to date has shown appreciable TH activity and only PVA has demonstrated DIS activity 

at relatively high concentrations (10 mg/mL).145,271  

From Figure 3.5 it is evident that of the synthetic polymers selected, PVA has the highest 

IRI activity. The only other polymer to display high levels of IRI activity (i.e., <20% MLGS) are 

nylon-3 polymers. Additionally, PVA displays high levels of IRI activity across a range of 

molecular weights, 2,000-115,500 g/mol, and concentrations, 0.04-10 mg/mL. 

 
Figure 3.5. Ice recrystallization inhibition (IRI) activity of select synthetic polymers. Activity is 

reported as % mean largest grain size (MLGS) compared to control solution. All polymers in plot 

were tested in PBS solution. The size of the data point represents molecular weight (g/mol). 

Color of data point indicates type of polymer: nylon-3 polymers,258 polyacrylic acid (PAA),243 

polyethylene glycol (PEG),243,265 poly2-aminoethyl methacrylate,243 polyampholytes,272 

polyvinyl alcohol (PVA),140,243,255,265,268 and polyvinyl pyrrolidone (PVP).140 
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Significant effort has been placed on understanding the underlying mechanism which allows 

PVA to inhibit ice recrystallization.77,140,259–268 Although the underlying mechanism is still to be 

fully elucidated, it has been shown that PVA does bind to ice.264 The binding is believed to result 

from hydrogen bonding of hydroxyl groups which are spaced at a distance that closely matches 

the lattice spacing of ice with water molecules.77,264  

Previous work has explored the effect of architecture,140,261,268 copolymerization,145,261 pH,266 

and degree of polymerization140 on IRI activity of PVA. PVA bottlebrushes261 and 3-arm star 

PVA polymers268 were shown to maintain IRI activity when compared to linear PVA which 

demonstrate the ability of PVA to maintain activity in complex architectures. Random 

incorporation of hydrophobic groups on the PVA chain was shown to reduce IRI activity which 

indicates proper placement of hydrophobic groups is critical.140 IRI activity of PVA was shown 

to be pH-dependent, and increasing pH results in greater activity. In the same study, the effect of 

anion and cation species in solution was also studied but no real influence on IRI activity was 

observed.266 The minimum chain length of PVA for IRI activity was found to be 10 repeat 

units.140  

 

3.4 Synthetic Peptides and Molecular Analogs 

Synthetic peptides and molecular analogs have been produced primarily to mimic AFPs with 

repetitive amino acid sequences, simple secondary structures, and small sizes such as Type I 

AFPs and AFGP(8).144 Making synthetic versions of Type I AFPs and AFGP(8) allow for the use 

of solution-phase synthesis and solid-phase peptide synthesis which are readily available 

techniques. Synthetic peptides have been studied more for TH and DIS activity than IRI 
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activity.144,226,273,274 Surís-Valls and Voets provide a more in-depth review than is provided 

here144, but a brief overview of select work is presented. 

A 43 residue lysine-alanine rich polypeptide was synthesized to mimic Type I AFP from 

shorthorn sculpin.273 The 43 residue polypeptide exhibited both TH and DIS activity and was 

used to better understand the structure-property relationships. Similarly, a series of polypeptides 

were synthesized to mimic a Type I AFP from winter flounder with regularly spaced lysine 

residues.274 The polypeptides with regularly spaced lysine residues were found to display both 

TH and DIS activity while polypeptides with randomly space lysine residues displayed no TH or 

DIS activity demonstrating the importance of residue sequences or location. In this case, when 

the lysine resides were all oriented on one side of the helix structure, activity was observe.  

Several synthetic peptides and homo-polypeptides including poly-L-histidine, poly-L-

hydroxyproline, poly-L-lysine, poly-L-asparagine, L-threonine, poly-L-threonine, L-arginine, 

poly-L-arginine, L-glutamic acid, poly-L-glutamic acid have all been studied for IRI 

activity.226,243 Poly-L-histidine and poly-L-glutamic acid in PBS were shown to have similar IRI-

activity to PVA with a molecular weight (Mw) of 3,500 g/mol.243 It is worth noting that poly-L-

histidine and poly-L-glutamic acid all had molecular weights exceeding the 3,500 g/mol PVA 

and did not perform as well as PVA with a larger molecular weight (i.e., >9,000 g/mol). 

Alternatively, in the same study, poly-L-hydroxyproline outperformed the 3,500 g/mol PVA but 

still was not displaying IRI activity on par with higher molecular weight PVA. The amino acids 

L-threonine, L-arginine, and L-glutamic acid were tested for IRI activity in PBS solution along 

with their corresponding homo-polypeptides poly-L-threonine, poly-L-arginine, and poly-L-

glutamic acid.226 In all cases, the amino acids displayed no appreciable IRI activity up to 10 

mg/mL while the poly-L-threonine displayed significant IRI activity, 40% MLGS compared to 
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control, at concentrations ≥ 0.1 mg/mL. Figure 3.6 provides a summary of the reported IRI 

activity from these two studies. 

Analogs of AFGPs have also been produced.275–278 Much of the research with AFGP analogs 

has focused on synthetic pathways and DIS and TH activity, with less of a focus on IRI activity. 

Analogs with as low as two alanine-threonine-alanine (ATA) repeats, see Figure 3.4, have been 

shown to display TH activity, but TH activity increased with increasing chain length.278–280 

Wilkinson et al. synthesized a series of synthetic AFGPs with sizes of 1.2 kDa to 19.5 kDa, and 

found that the synthetic AFGPs outperformed a native AFGP (AFGP8) in IRI activity when 

amino acid chain length exceeded 24.278 Additionally, the synthetic AFGPs displayed TH and 

DIS activity when amino acid chain length exceeded 24 amino acids. Figure 3.6 provides a 

summary of the reported IRI activity of the synthetic AFGPs compared to synthetic peptides and 

homo-polypeptides. 

As can be seen in Figure 3.6, only the synthetic AFGP12 and AFGP32 are highly IRI active 

(i.e., <20% MLGS).278 The other synthetic AFGPs display moderate IRI activity. The only other 

materials to display moderate IRI activity (i.e., 20%-70% MLGS at ≤ 1 mg/mL) was poly(L-

threonine). L-glutamic acid, poly(L-glutamic acid), and poly(L-hydroxyproline) display 

moderate IRI activity at concentrations exceeding 10 mg/mL. 
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Figure 3.6. Ice recrystallization inhibition (IRI) activity of select synthetic peptides and 

molecular analogs of AFPs and AFGPs. Activity is reported as % mean largest grain size 

(MLGS) compared to control solution. All materials in plot were tested in PBS solution. The size 

of the data point represents molecular weight (g/mol). Color of data point indicates material: L-

arginine,226 L-glutamic acid,226 L-threonine,226 poly(L-arginine),226 poly(L-glutamic acid),226,243 

poly(L-hydroxypropline),243 poly(L-lysine),243 poly(L-threonine),226 synthetic AFGP12,278 

synthetic AFGP16,278 synthetic AFGP 32,278 and syntheticAFGP8.278 

 

3.5 Nanostructures and Self-Assembling Molecules 

Nanomaterials141,255,281,282 and self-assembling molecules,142,283–285 which generate nanoscale 

structures, that display IRI and TH activity have generated interest because of their unique 

properties and potential applications. For nearly every material, IRI activity is attributed to 

amphiphilicity. Figure 3.7 provides a summary of the reported IRI activity of selected 

nanomaterials and self-assembling molecules. Note that not all the materials discussed here were 

screened for IRI activity with the splat assay. Materials screened with the sucrose sandwich 

method are not included in Figure 3.7 due to differences in the methods. 

 Gold nanoparticles were coated with PVA exhibited IRI activity that matched that of the free 

PVA polymer.281 Graphene oxide, which is a 2D material, was shown to adsorb on ice crystal 
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surfaces resulting in significant IRI activity and DIS activity.282 The adsorption is believed to be 

a result of hydrogen bonding by oxidized groups on the basal plane of graphene oxide.  At a 

concentration of 0.55 mg/mL in an 8.0 mg/mL NaCl solution, MLGS was reduced by ~75 %. Bai 

et al. synthesized a series of oxidized quasi-carbon nitride quantum dots (OQCNs) which 

displayed both IRI and DIS activity.141 The OQCNs were only able to reduce the MLGS by ~ 20-

34% at a concentration of 1 mg/mL, but concentrations of 10 mg/mL were able to achieve 

reductions > 50% compared to the PBS control. The IRI activity was attributed to the spacing of 

tertiary N atoms on the OQCNs which allow for adsorption onto the ice crystal surface through 

hydrogen bonding. Cellulose nanocrystals and 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) 

oxidized cellulose nanofibrils were shown to display excellent IRI activity at concentrations of 4 

and 1.5 mg/mL in a 0.01 M NaCl solution.255 The nanocellulose materials, like the graphene 

oxide materials, are believed to display IRI activity as a result of their amphiphilic nature. 

Safranine O, a synthetic dye, self assembles into fibers that demonstrates comparable IRI 

activity to that of AFGPs at millimolar concentrations.142 The authors attribute ordered waters 

along the self-assembled structure for the IRI activity. In the same study, 26 other synthetic dyes 

were studied but all failed to show IRI activity. Zirconium acetate (ZRA) and zirconium acetate 

hydroxide (ZRAH) assemble into polymer-like structures that are bridged together by hydrogen 

bonding of hydroxyl groups.286,287 Both ZRA and ZRAH have acetate and hydroxyl group 

functionalities that are believed to bind to ice via hydrogen bonding allowing for TH, DIS, and 

IRI activity depending on pH. It was proposed that ZRA arranges itself such that one side of the 

polymer contains both acetate groups and hydroxyl groups and is believed to interact with ice 

while the other side contains only hydroxyl groups and interacts with water. Similarly, ZRAH 

arranges itself with one side of the polymer containing acetate groups, the ice interacting side, 
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and the other side containing only hydroxyl groups, the water interacting side.286 Triplex 

metallohelices were shown to display IRI activity down to concentrations of 20 µM in PBS284 

These metallohelices resemble α-helices, common in Type I AFPS, in diameter and charge.288,289 

Furthermore, they are amphiphilic which is believed to be the primary reason for their activity 

given that the metallohelices do not have the chemical functionalities commonly attributed with 

IRI activity (e.g. OH). 

 

 
Figure 3.7. Ice recrystallization inhibition (IRI) activity of select nanomaterials and self-

assembling molecules. Activity is reported as % mean largest grain size (MLGS) compared to 

control solution. All materials in plot were tested in PBS solution unless indicated with * or **. * 

indicates material was tested in 0.01 M NaCl. ** indicates material was tested in 0.5 mg/mL 

NaCl. Color of data point indicates material AFGP functionalized perylene bisimide,283 AFGP 

tripeptide,283 carboxyl functionalized graphene,282 cellulose nanocrystals,255 cellulose 

nanofibrils,255 graphene oxide,282 metallohelix,284 oxidized quasi-carbon nitride quantum dots 

(OQCNs),141 PVA gold nanoparticle hybrids,281 TEMPO oxidized cellulose nanofibrils.255 
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3.6 Small Molecules 

A variety of small molecules have been shown to display IRI activity including 

surfactants,290,291 sugars (i.e., monosaccharides and disaccharides),290,292,293 lysine derivates,294 

aryl-aldonamides,225 and synthetic carbohydrate molecules.143,290,295 Small molecules with IRI 

activity are desirable for cryopreservation because materials with larger sizes having IRI activity 

such as PVA generally show poor cell recovery after cryopreservation.294 When considering 

application to other fields, small molecules might be an attractive alternative to natural AFPs, 

AFGPs, polymers, and synthetic peptides because of the synthetic efficiencies and large-scale 

production that can be obtained.295 Much of the research focus has centered around sugars and 

carbohydrate-based molecules due to biocompatibility and structural similarities to AFGPs. 

Figure 3.8 provides a summary of the reported IRI activity of select small molecules. The 3D-

QSAR model was created to predict the IRI activity of molecules.225 

 

 
Figure 3.8. Ice recrystallization inhibition (IRI) activity of select small molecules. Activity is 

reported as % mean largest grain size (MLGS) compared to control solution. All materials in plot 
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were tested in PBS solution unless indicated with * or **. * indicates material was tested in 0.5 

M NaCl. ** indicates material was tested in DI water. Color of data point indicates 

source.143,225,290–295 

 

Small molecules differ mechanistically from AFPs and AFGPs in how they inhibit ice 

recrystallization. Small molecules do not actually bind to the surface of ice like AFPs and 

AFGPs. The exact mechanism leading to small molecule IRI activity is still to be fully 

explicated. However, several reports have shown a correlation between hydration index and 

hydrophobicity to IRI activity.  

For carbohydrate-based molecules including monosaccharides and disaccharides, the 

hydration index was shown to have a linear correlation to IRI activity where a larger hydration 

index results in increased activity.293,296 Hydration index is the ratio of the hydration number to 

the molar volume of a molecule.293 The hydration number represents how many water molecules 

are tightly bound (hydrogen-bonded) to the molecule,297 and therefore the hydration index 

represents the number of tightly bound waters per volume. It was proposed that a carbohydrate 

molecule with a higher level of hydration (i.e., higher hydration index) would more strongly 

disrupt the bulk water phase at the quasi liquid layer (QLL) thus making it energetically more 

difficult for water molecules to add to the growing ice crystal resulting in IRI activity.293,297 See 

Chapter 1 for a description of the QLL. 

Amphiphilicity and hydrophobicity appear to be important parameters for small molecule IRI 

activity, as is the case for other materials including AFPs and AFGPs.294 For a series of lysine 

surfactants and hydrogelators, greater IRI activity was observed with greater hydrophobicity 

(alkyl chain length).294 Alkylated galactose derivatives did not a correlation with increased 

hydrophobicity and IRI activity but did display significant IRI activity (>85% reduction in 

MLGS compared to control solution) when alkyl chains were longest or most hydrophobic.143 A 
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series of photoswitchable carbohydrate-based surfactants were synthesized and tested for IRI 

activity.298 Exposure to UV light vs. visible light-induced a cis to trans conformational change in 

azobenzene moiety on the alkyl chains that results in a change in hydrophobicity, the trans 

isomer is more hydrophobic than the cis isomer.298,299 The trans isomer for a D-mannose based 

surfactant resulted in higher levels of IRI activity. A study focusing on surfactants, which are 

inherently amphiphilic, ability to inhibit ice recrystallization found that ionic surfactants display 

IRI activity while non-ionic surfactants do not.291 Molecular dynamic simulations and ice affinity 

experiments with the surfactants show that the surfactants do not bind to ice, but instead the IRI 

activity is a result of an interaction with the QLL.  

 

3.7 Applications 

 The inhibition of ice recrystallization is important to a variety of industries that deal with the 

unique chemical and physical properties of ice. AFPs, AFGPs, and biomimetic antifreeze 

materials have drawn tremendous interest for use in cryopreservation.265,292,300–304 During the 

freeze and thawing of cryopreserved tissues, organs, and other biomaterials, ice growth and 

recrystallization occurs which can result in damage.304,305 IRI active materials have shown some 

initial promise in limiting damage in cryopreservation. AFPs and AFGPs are currently used in 

the food industry to ensure that ice crystal size is limited, maintaining an appropriate texture in 

frozen foods.84,306–308 IRI active materials have been utilized to tune the pore size in the 

production of porous materials.309,310 Many material systems could have extended service life 

with the prevention of ice-induced damage. Concrete is susceptible to cyclic freeze-thaw damage 

and preliminary work has shown IRI active materials could provide resistance to the freeze-thaw 

damage.145,311  
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Chapter 4 Biomimetic Antifreeze Polyethylene Glycol-Polyvinyl 

Alcohol Graft Copolymer for Enhanced Freeze-Thaw Resistance of 

Ordinary Portland Cement Paste 

4.1 Introduction 

4.1.1 Freeze-Thaw Damage and Air Entrainment 

Second only to water, concrete—a mixture of water, aggregates, and ordinary portland 

cement (OPC)—is one of the most consumed materials on Earth,13 and the economic and 

environmental consequences of its worldwide ubiquity are significant. The production of OPC 

alone accounts for 4 to 8.6% of global CO2 emissions21,22,23 and places a burdensome toll on 

water resources, especially in water-scarce communities24. As the global population continues to 

rise, cement production is estimated to increase ~50% by 205013 to address new and aging 

infrastructure needs in both developing and developed countries. In all parts of the world, the 

long-term resilience of cementitious materials is critical to minimizing lifecycle economic and 

environmental costs associated with unplanned damage and maintenance, especially in light of a 

changing climate that may exacerbate environmental exposure conditions and lead to premature 

deterioration. 

     Cementitious materials exposed to cyclic freezing and thawing are highly susceptible to 

damage. It is well known that the formation and growth of ice crystals within the pores of 

cementitious materials can create hydraulic, osmotic, and crystallization pressures high enough 

to induce microscale cracks45. Cracking results in increased damage under further freeze-thaw 

cycles due to reduced mechanical integrity and increased water and ion penetration.  
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4.1.1 Freeze-Thaw Damage and Air Entrainment 

     The prevailing strategy to enhance the freeze-thaw resistance of OPC concrete is to entrain an 

air void system in the paste that effectively reduces the pressures that develop during cyclic 

freezing and thawing of water in capillary pores. Conventional air-entraining admixtures (AEAs) 

create stabilized air void systems within cementitious matrices via surfactant mechanisms. AEAs 

must produce air voids of specific sizes and distributions and exhibit proper spacing.43,163,312 It 

remains commonplace to report the effectiveness of an AEA based solely on the volume of air in 

the paste—typically ~ 16-25% by volume of cement paste (or ~ 4-10% by volume of 

concrete).163,168 Interestingly, however, despite meeting all parameters to be considered effective, 

some AEAs do not necessarily mitigate freeze-thaw damage—a result that suggests the chemical 

properties of AEAs play a critical role in their effectiveness.163 

     Stabilized air void structures mitigate freeze-thaw damage in concrete but introduce notable 

weaknesses, including reductions in mechanical strength (typically 5% per 1% entrained air)57, 

increased permeability proportional to the amount of incorporated air, and retardation of set 

time.176,313 Additionally, it is difficult to produce consistent and high quality air void systems in 

the field.2 Given the difficulty to create and maintain entrained air void system and the inevitable 

side effects of AEAs, alternative approaches to mitigate damage due to cyclic freezing and 

thawing temperatures in cement paste are of particular interest. 

Researchers have utilized a variety of other materials and methods, often in tandem with 

AEAs, to enhance the freeze-thaw resistance of cementitious materials. These strategies include 

(1) densifying and strengthening cement paste using nanoparticles or supplementary 

cementitious materials,3–6 (2) incorporating superabsorbent hydrogel particles as a non-surfactant 

method to achieve an entrained air void system,7,8 and (3) using macroscale polymeric fibers for 
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mitigating crack propagation due to frost-induced damage,9,10 Despite some success, all of these 

methods aim at mitigating deleterious symptoms of ice expansion in cement paste and concrete 

rather than inhibiting the source—ice crystal growth. 

 

4.1.2 Nature’s Antifreeze 

     Antifreeze proteins (AFPs) and antifreeze glycoproteins (AFGPs) are a subset of ice-binding 

proteins (IBPs) produced by organisms across the biological kingdom classifications to survive 

freezing temperatures.116 By binding to the surface of ice, AFPs and AFGPs can inhibit the 

growth and coalescence of ice crystals (i.e., Ostwald ripening) via a process called ice 

recrystallization inhibition (IRI). AFPs and AFGPs also induce dynamic ice shaping (DIS) and 

reduce the freezing point of ice below the equilibrium freezing point (i.e., thermal hysteresis).132 

While recent work suggests that ice-binding and antifreeze properties are a result of anchored 

clathrate and ice-like motifs in AFPs,133,134 specific mechanisms by which AFPs inhibit ice 

recrystallization have yet to be fully explicated.135 

     Researchers have successfully isolated AFPs and AFGPs from a multitude of freeze-tolerant 

fish, plant, and insect species,116,122,123,128,231,314 which renders their incorporation into 

cementitious materials feasible. However, proteins are well known to restructure in non-native 

environments,138 yielding the highly alkaline (pH > 12.5) and ionic environment of OPC paste 

pore solution unfavorable for protein stability.139 Other studies have shown that proteinaceous 

materials behave like set-retarding admixtures in fresh concrete,315 and behave as air entrainers 

and foamers.316 
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4.1.3 Biomimetic Antifreeze Polymers 

     To overcome the economic limitations and physical and chemical instabilities of proteins in 

non-native environments, researchers have synthesized polymers that mimic the structure and 

functionality (i.e., IRI and DIS activity) of AFPs and AFGPs.140,258,269 The most widely studied 

polymer that displays IRI and DIS activity is polyvinyl alcohol (PVA). The pendant hydroxyl 

groups along the polymer backbone of PVA mimic the highly hydroxylated carbohydrates of 

AFGPs.140  

Although PVA displays IRI and DIS activity, two potential disadvantages exist when 

considering its use in cementitious systems, namely (1) although it is soluble in water, mild 

heating is needed for it to solubilize, and (2) PVA is known to readily form hydrogels when 

exposed to cyclic freezing and thawing temperatures.317,318 To this end, it was hypothesized 

using polyethylene glycol-polyvinyl alcohol graft copolymer (PEG-PVA), a commercially 

available polymer commonly used as a pharmaceutical excipient,319 would combine the IRI 

activity of PVA with the higher solubility of PEG so that it would inhibit frost-induced damage 

when used as a polymeric additive to cement paste.  

 

4.2 Experimental Procedure 

4.2.1 Materials 

PEG-PVA (CAS # 96734-39-3), polyethylene glycol (PEG) (CAS # 25322-68-3), and PVA 

(CAS # 9002-89-5) were purchased from Sigma-Aldrich and used without any modification. 

Figure 4.1 and Table 4.1 show the chemical structure and molecular weight used in this study of 

PEG, PVA, and PEG-PVA respectively. Research grade Ca(OH)2 and 1x phosphate buffered 

saline (PBS) solution were purchased from Fisher Scientific. The cement used in this study was a 



56 

 

commercially available Type I/II OPC (Quikrete®) that complies with ASTM C150.320 The 

chemical composition of the OPC is reported in Appendix A. 

 

 
Figure 4.1. The chemical structure of polymers in this study. (a) polyethylene glycol (PEG) (b) 

polyvinyl alcohol (PVA) (c) polyvinyl alcohol-polyethylene glycol graft copolymer (PEG-PVA). 

 

4.2.2 Antifreeze Properties 

4.2.2.1 Ice Recrystallization Inhibition 

The IRI activities of PEG, PVA, and PEG-PVA were tested at a concentration of 0.25 and 

0.5 mg/mL in PBS. A modified IRI assay was performed to observe IRI activity.321 10 μL of 

sample was dropped from 1.7 m onto a glass slide (thickness of 1 mm). The glass slide was pre-

cooled on an aluminum block at -78°C. The slide was then immediately transferred to an Otago 

nanoliter osmometer cold stage and annealed at -4°C (air temperature) for 30 mins. Images were 

collected immediately after the sample was placed on the cold stage and again at 30 min to 

observe ice recrystallization. For all samples, images were obtained using an Olympus BX41 

microscope with ELWD U Plan 20×/0.45 objective and crossed polarizers, equipped with an 

OMAX A35140U camera on a 0.5× C-mount adaptor. ImageJ 1.48v software (National Institutes 
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of Health) was used to estimate the mean (n=10) largest grain size of three micrographs for each 

sample.  

 

4.2.2.2 Dynamic Ice Shaping 

DIS occurs when a material interacts with one or more crystallographic planes of ice 

resulting in a change to the morphology of a single ice crystal.322 To observe DIS, a nanoliter-

sized drop of sample was placed in microscopy immersion oil (Sigma) where both are in a hole 

of ∼0.5 mm diameter within an aluminum disk. The aluminum disk was placed on an Otago 

nanoliter osmometer cold stage, where the temperature of the cold stage was rapidly cooled to -

20°C to form polycrystalline ice. Next, the sample was slowly melted to form a single ice crystal 

by heating at a rate of approximately 5°C/min. Once a single ice crystal was obtained the 

temperature was kept constant for 3 min to ensure stability. Last, the sample was cooled at 

0.01°C/min until crystal growth and/or ice shaping was observed. Samples were tested in DI 

water and a saturated Ca(OH)2 solution. A concentration of 10 mg/mL was tested for all 

polymers due to previous studies of the DIS abilities of PVA.271 

 

4.2.3 Sample Preparation 

Table 4.1 provides the sample compositions of OPC paste samples. Samples were hand 

mixed for 3 min with a 0.42 water to cement ratio (w/c) and cured for 14 days in a 99% relative 

humidity chamber prepared according to ASTM C192 at 20°C ± 2°C.323 Freeze-thaw resistance, 

air content, and compressive strength samples were cast in cylindrical polyethylene molds 32 

mm in height and 16 mm in diameter complying with the ratios of height to diameter provided in 

ASTM C39.324 The amounts of PEG, PVA, and PEG-PVA chosen in the mix design were based 
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on the concentrations used for IRI testing (i.e., 0.25 mg/mL = 0.010 wt.% polymer in mixing 

water). 

 

Table 4.1. Cement Paste Mix Designs. 

Sample Polymer MW* (g/mol) 
w/c 

Ratio 

Polymer  

(wt.% of cement) 

Control - 0.42 - 

PEG-L 3,350 (Mn) 0.42 0.010% 

PVA-L 13,000-23,000 (Mw) 0.42 0.010% 

PEG-PVA-L 45,000 0.42 0.010% 

PEG-H 3,350 (Mn) 0.42 0.021% 

PVA-H 13,000-23,000 (Mw) 0.42 0.021% 

PEG-PVA-H 45,000 0.42 0.021% 

* Values reported by manufacturer. 

 

4.2.4 Fresh State Properties 

4.2.4.1 Mini-Slump Cone 

To test the flowability, or consistency, of cement pastes, a mini slump cone test was 

performed.325 Samples were prepared following the compositions shown in Table 4.1. After 

mixing the miniature slump cone (height = 58 mm, top diameter = 19 mm, bottom diameter = 37 

mm) was filled approximately one-third of the way and tamped no more than 25 times to remove 

entrapped air. This procedure was repeated twice more to fill the cone. Finally, the top of the 

cone was screeded. The cone was removed from the sample and the diameter of the base (at two 

locations) was measured immediately and at 5 mins, 15 mins, 30 mins, 45 mins, 60 mins, and 24 

hours. The diameter was used to calculate the average spread area at each time point. Each 

mixture composition was tested in triplicate. 

 

4.2.4.2 Isothermal Conduction Calorimetry 

Isothermal conduction calorimetry (ICC) was performed to understand the impact of the 
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polymeric admixtures on both the heat of hydration and time of set. A TAM Air 8-Channel 

Isothermal Calorimeter from TA instruments was set at 21°C and allowed to equilibrate for 24 

hours. All samples were mixed for 3 minutes in glass ICC vials, with a water to cement (w/c) 

ratio of 0.5, and immediately placed in the calorimeter and allowed to equilibrate for 1 hour 

before the calorimeter signal was considered stable. Data was measured for 60 hours. The peak 

thermal power at 50% was used to approximate the time of set.326 

 

4.2.5 Hardened State Properties 

4.2.5.1 X-ray Diffraction 

X-ray diffraction (XRD) was performed on all samples to qualitatively determine 

mineralogy. After 14 days of curing samples were placed in acetone for a minimum of 24 hours 

to stop hydration reactions. Samples were crushed into a fine powder and suspended in ethanol 

(200 proof) to homogenize the powder. The suspension was pipetted onto a silica zero 

background plate and placed on a heated plate to allow for ethanol evaporation resulting in a thin 

film of sample. Diffractograms were collected using a Bruker D8 Advance XRD equipped with a 

Cu Kα radiation source. Data were recorded in the range of 2θ = 5° to 65° with a step size of 

0.02° and a dwell time of 2 sec/step. 

 

4.2.5.2 Hardened State Air Content 

Micro X-ray computed tomography (MXCT) enabled 3D visualization of internal air void 

systems. The MXCT (ZEISS Xradia 520 Versa) source voltage was set to 140 kV and the power 

to 10 W. An objective with an optical magnification of 0.4× was used. The source and detector 

locations were varied to obtain the desired resolution (voxel size) of approximately 4.6 – 5.0 μm. 
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Samples were scanned using MXCT before and after freeze-thaw cycling. The scans performed 

before freeze-thaw cycling were used to ensure cracking was not occurring due to other 

phenomena (e.g., shrinkage). Internal cracks present in the samples post-freeze-thaw cycling 

indicated damage due to freeze-thaw cycling. 

 The volume of air in hardened paste, or air content, was determined from the volume of 

all voids with diameters greater than 15 μm for 2 replicates of each sample. These diameters 

were chosen based on the accepted size range of air voids,19 previous research,327 and resolution 

capabilities of MXCT. Dragonfly 2021.1 software (Object Research Systems) was used to 

generate the 3D reconstructions, to calculate the scanned volume of sample, and volume of all 

voids.  

The MXCT data were first segmented within Dragonfly 2021.1 to identify voxels that are 

associated with air voids (i.e., region of interest, ROI). Following segmentation, a multi-ROI 

analysis was performed. The multi-ROI analysis groups the labeled voxels and calculates a 

variety of properties including volume. The resulting volumes were exported and used to 

generate histograms of air void sizes (diameters).  

 

4.2.5.3 Compressive Strength 

Compressive strength of 16 mm x 32 mm (diameter x height) cylinders was measured on an 

INSTRON 5889 compression load frame with a 50-kN load cell. Samples were loaded at a rate 

of 0.025mm/s. Due to the size of the samples, no preloading was attempted. The average 

compressive strength of six trials is reported. 

 

4.2.5.4 Freeze-Thaw Resistance 
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Freeze-thaw cycling of OPC paste samples was performed in a custom-built chamber 

following a modified version of ASTM C666 procedure A.149 Details of the chamber may be 

found in Appendix B. All samples were tested for a total of 30 cycles in which the freezing 

lasted for 1.5 hours and thawing for 2.5 hours, respectively. During freezing cycles, the 

temperature reached -15°C ± 2°C and thawing cycles 16.5°C ± 2°C, as measured with a DHT-22 

temperature sensor (SparkFun Electronics, USA). A water level that kept ~1/3 of the samples 

submerged was maintained in the sealed sample chamber to ensure the samples remained 

saturated. 

 

4.3 Results 

4.3.1 Antifreeze Properties 

4.3.1.1 Ice Recrystallization Inhibition 

Splat-assay micrographs showing the IRI activity of polymers PEG, PVA, and PEG-PVA at 

low and high concentrations in neutral pH PBS solution are shown in Figures 4.2 and 4.3 

respectively. As expected PVA140 exhibits IRI activity, while PEG328 displays no IRI activity. 

PEG-PVA exhibited IRI activity and reduced the average ice crystal grain size up to 90% when 

compared to a phosphate-buffered solution (PBS) control—an interesting result, given that the 

IRI activity of PEG-PVA has not yet been reported.  
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Figure 4.2. Optical Micrographs of IRI Splat Assay of PEG, PVA, and PEG-PVA at low 

concentrations (L) in neutral PBS solution. Images show individual ice crystal grains that form in 

(a) PBS control solution, (b) 0.25 mg/mL PEG (PEG-L), (c) 0.25 mg/mL PVA (PVA-L), and (d) 

0.25 mg/mL PEG-PVA (PEG-PVA-L) in PBS after 30 min of annealing at −4°C. Scale bars are 

100 μm. 
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Figure 4.3. Optical Micrographs of IRI Splat Assay of PEG, PVA, and PEG-PVA at high 

concentrations (H) in neutral PBS solution. Images show individual ice crystal grains that form 

in (a) PBS control solution, (b) 0.50 mg/mL PEG (PEG-H), (c) 0.50 mg/mL PVA (PVA-H), and 

(d) 0.50 mg/mL PEG-PVA (PEG-PVA-H) in PBS after 30 min of annealing at −4°C. Scale bars 

are 100 μm. 

 

The IRI activities of all polymers were also screened in pH 13 solutions to determine whether 

their IRI activities would be affected by the highly alkaline environment characteristic of OPC 

pore solution. The IRI activities of both PVA and PEG-PVA, however, were unaffected by the 

pH 13 solution, Figures 4.4 and 4.5. The results for PVA were anticipated, as Burkey et al. 

previously demonstrated that the IRI activity of PVA increases in pH 13 solutions when 

compared to pH 1 and pH 7 solutions.266 Similarly, PEG-PVA retains the IRI activity in a highly 
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alkaline solution, showing an ~88% reduction in the mean largest size of ice grains compared to 

the control pH 13 solution. 

 

 
Figure 4.4. Optical Micrographs of IRI Splat Assay of PEG, PVA, and PEG-PVA at low 

concentration (L) in pH 13 adjusted PBS solution. Images show individual ice crystal grains that 

form in (a) pH 13 control solution, (b) 0.25 mg/mL PEG (PEG-L), (c) 0.25 mg/mL PVA (PVA-

L), and (d) 0.25 mg/mL PEG-PVA (PEG-PVA-L) in pH 13 adjusted PBS solution after 30 min 

of annealing at −4°C. Scale bars are 100 μm. 
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Figure 4.5. Optical Micrographs of IRI Splat Assay of PEG, PVA, and PEG-PVA at high 

concentration (H) in pH 13 adjusted PBS solution. Images show individual ice crystal grains that 

form in (a) pH 13 control solution, (b) 0.50 mg/mL PEG (PEG-H), (c) 0.50 mg/mL PVA (PVA-

H), and (d) 0.50 mg/mL PEG-PVA (PEG-PVA-H) in pH 13 adjusted PBS solution after 30 min 

of annealing at −4°C. Scale bars are 100 μm. 

 

4.3.1.2 Dynamic Ice Shaping 

Figure 4.6 shows the DIS micrographs of each polymer in DI water and saturated Ca(OH)2 

solution at a concentration of 10 mg/mL. Both PVA and PEG-PVA induced hexagonal shaping, 

indicating evidence of interaction of these molecules with ice crystal surfaces. Recent work has 

shown that the IRI activity of PVA is a result of hydroxyl group interaction with the prismatic 

faces of 1h (hexagonal) ice.263,264 Together, the IRI and DIS results indicated PVA and PEG-
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PVA maintain their ability to interact with ice in the highly alkaline, highly ionic, and Ca2+ rich 

environment of cement pore solution.  

 

 
Figure 4.6. Optical Micrographs of DIS. Single ice crystals for (a) DI water, (b) 10 mg/mL PEG 

in DI, (c) 10 mg/mL PVA in DI, and (d) PEG-PVA at 10 mg/mL in DI. Both PVA and PEG-

PVA display hexagonal ice shaping. Single ice crystals for (e) saturated Ca(OH)2 solution. (f) 10 

mg/mL PEG in sat. Ca(OH)2 solution. (g) 10 mg/mL PVA in sat. Ca(OH)2 solution. (h) 10 

mg/mL PEG-PVA in sat. Ca(OH)2 solution. Both PVA and PEG-PVA maintain their ability to 

shape ice in the presence of saturated Ca(OH)2 solution. Note that in (c), (d), and (g) the c-axis 

of hexagonal ice crystal is perpendicular to the plane of image and in (h) it is in plane of the 

image. Scale bars are 50 μm. 

 

4.3.2 Fresh State Properties 

4.3.2.1 Mini-Slump Cone 

     All polymers increased the initial fluidity when compared to the control regardless of 

concentration. As can be seen in Figure 4.7, all polymer additions resulted in ≥ 20% increase in 

the initial area (i.e., t = 0) except PVA-L.  After 60 mins, the observed areas are only 3-17% 

greater than the control as shown in Figure 4.8.  
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Figure 4.7. Flowability (mini-slump cone) results for all samples at t = 0. Values presented are 

the average and one standard deviation of three replicates. 

 



68 

 

 
Figure 4.8. Flowability (mini-slump cone) results for all samples at t = 60 mins. Values 

presented are the average and one standard deviation of three replicates. 

 

4.3.2.2 Isothermal Conduction Calorimetry 

ICC results in Figures 4.9-4.12 show that time of set and heat of hydration were minimally 

impacted at low concentrations of polymer, whereas no change was observed in high 

concentrations of polymer. Figure 4.9 shows that the addition of PEG-L results in slightly higher 

total heat compared to the control and all other polymer additions. Figure 4.11 shows that for all 

polymer additions at low concentrations (0.010% by wt. of cement) there is a marginal 
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acceleration in hydration. Figures 4.10 and 4.12 show no observable difference in normalized 

total heat or heat flow for polymer additions at high concentrations (0.021% by wt. of cement) 

compared to the control. Generally, the addition of water-soluble polymers, including PVA,329,330 

reduces the heat of hydration and retards set, however this behavior is typically observed when 

the polymeric additions are ≥ 0.1% by weight of cement.331 Many polymeric materials help to 

impede flocculation of cement grains, including PVA, which can result in accelerated 

hydration.332,333 It appears that the ability of the polymers to impede flocculation is dependent on 

polymer concentration. However, the high concentrations in this study appear to not retard time 

of set.  
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Figure 4.9. Normalized total heat plots for (a) low concentrations: control (▬), PEG-L (▬), 

PVA-L (▬), PEG-PVA-L (▬) up to 60 hrs. 
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Figure 4.10. Normalized total heat plots for control (▬), PEG-H (▬), PVA-H (▬), PEG-PVA-

H (▬) for up to 60 hrs. 
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Figure 4.11. Normalized heat flow plots for control (▬), PEG-L (▬), PVA-L (▬), PEG-PVA-L 

(▬) up to 24 hrs. 
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Figure 4.12. Normalized heat flow plots for control (▬), PEG-H (▬), PVA-H (▬), PEG-PVA-

H (▬) for up to 24 hrs. 

 

4.3.3 Hardened State Properties 

4.3.3.1 X-ray Diffraction 

Figure 4.13 and Figure 4.14 show XRD diffractograms for low and high concentration 

polymer additions, respectively. Regardless of polymer concentration the main constituent 

minerals (i.e., portlandite, calcite, and calcium silicate hydrate) are present. Additionally, 

ettringite, brownmillerite, larnite (belite), and alite were present in all samples. The presence of 
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these minerals in hardened ordinary portland cement paste was expected.334,335 Table 4.2 

summarizes the peaks identified in Figures 4.13 and 4.14 and the corresponding mineral.  

 
Figure 4.13. XRD diffractograms of samples after 14-day cure. Diffractograms of OPC control 

(▬), PEG-L (▬), PVA-L (▬), PEG-PVA-L (▬). Bro: Brownmillerite; Cc: calcite; CH: 

portlandite; C-S-H: calcium silicate hydrate; Ett: Ettringite; C2S: Larnite (Belite); C3S: Alite. 
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Figure 4.14. XRD diffractograms of samples after 14-day cure. Diffractograms of OPC control 

(▬), PEG-H (▬), PVA-H (▬), PEG-PVA-H (▬). Bro: Brownmillerite; Cc: calcite; CH: 

portlandite; C-S-H: calcium silicate hydrate; Ett: Ettringite; C2S: Larnite (Belite); C3S: Alite. 

 

Table 4.2. Summary of peaks identified in XRD diffractograms. 

Symbol Mineral 2θ Reference 

Bro Brownmillerite 32.1 334 

Cc Calcite 23, 29.3 334,336,335  

CH Portlandite 18.1, 29, 34.1, 47.2, 51, 54.5 334,336,335,337,338  

C-S-H Calcium silicate hydrate 29.6, 32.2 335,339  

C2S Larnite (Belite) 32.2, 32.6, 39.5, 41.2 334,340  

C3S Alite 34.1, 47.2 334,340 

Ett Ettringite 9.1, 15.8, 23 334,336,335,337,338 
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4.3.3.2 Hardened State Air Content 

The percent volume of air, or air content, of samples was determined by measuring the 

volume of pores with a diameter larger than 15 μm. This volume was determined from MXCT 

scans of samples after curing and before freeze-thaw cycling. Figure 4.15 provides 

representative MXCT 2D cross-sections of the air void systems, colored red, and the average air 

content for all samples. PEG, PVA, and PEG-PVA at both concentrations used in this study 

introduce less than 0.7% air content. In the case of PEG-PVA-H, less than 0.7% air was 

entrained while freeze-thaw resistance was increased. These observed air contents are much 

lower than the industry accepted air contents of ~ 16 to 25% air by volume of cement paste, or ~ 

4 to 10% by volume of concrete.163,312 

 
Figure 4.15. Representative MXCT 2D cross-section with air voids highlighted red for (a) 

control, (b) PEG-L, (c) PVA-L, (d) PEG-PVA-L, (e) PEG-H, (f) PVA-H, and (g) PEG-PVA-H. 

Scale bars are 1 mm. The average (n = 2) air content is shown in the lower left corner of each 

cross-section image. 

  

 Although the air content is low, a higher number of small air voids could explain higher 

freeze-thaw resistance. However, as can be seen in Figures 4.16 and 4.17 the polymer modified 
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samples do not contain higher numbers of air voids with diameters < 60 µm compared to the 

control. Table 4.3 summarizes details of the air void size histograms including the minimum air 

void diameter, maximum air void diameter, average air void diameter, and the number of air 

voids identified. 

 
Figure 4.16. Histograms of air voids with diameters <60 µm for (a) control, (b) PEG-L, (c) 

PVA-L, and (d) PEG-PVA-L hardened paste samples. 
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Figure 4.17. Histograms of air voids with diameters <60 µm for (a) control, (b) PEG-H, (c) 

PVA-H, and (d) PEG-PVA-H hardened paste samples. 

 

Table 4.3. Summary of air void analysis. Values in parentheses represent the second replicate. 
 Minimum Air 

Void Size (µm) 

Maximum Air 

Void Size (µm) 

Average Air 

Void Size (µm) 

Number of Air 

Voids 

Control 15.09 (15.09) 960.58 (754.47) 19.52 (20.05) 528,018 (452,768) 

PEG-L 15.09 (15.07) 809.98 (740.28) 20.00 (21.00) 270,399 (232,067) 

PVA-L 15.07 (15.09) 921.31 (854.18) 20.85 (20.29) 280,200 (410,406) 

PEG-PVA-L 15.07 (15.09) 656.83 (968.50) 20.70 (20.03) 164,917 (236,839) 

PEG-H 15.09 (15.09) 1,557.56 (913.16) 19.88 (20.42) 404,637 (421,970) 

PVA-H 15.09 (15.10) 790.42 (749.53) 21.17 (20.57) 489,733 (91,183) 

PEG-PVA-H 15.09 (15.09) 831.22 (941.49) 21.02 (20.31) 317,645 (436,986) 

 

4.3.3.3 Compressive Strength 

Initial compressive strengths of all samples, Figure 4.18, show that there are no significant 

effects due to polymer addition, regardless of concentration. These results further indicate that 

minimal air was entrained, given that air entrainment is well known to decrease compressive 

strength by ~ 5% per 1% entrained air.57 Previous research has shown that higher additions of 
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PEG and PVA (0.1 to 3 wt.% of cement) can lead to denser microstructures and increased 

compressive strength by retarding flocculation during hydration, thereby enabling higher 

reactivity of cement particles.341,342 However, the low wt.% additions investigated herein neither 

increased nor decreased the compressive strength of the hardened cement paste. 

 

 
Figure 4.18. Initial compressive strength results of all paste formulations. Compressive strength 

of all samples with one standard deviation reported for six results (n = 6). 

 

4.3.3.4 Freeze-Thaw Resistance 

Figures 4.18 and 4.19 provide representative images from multiple trials of the bulk paste 

samples post 30 freeze-thaw cycles. As can be seen in Figure 4.18, the control paste and paste 



80 

 

modified with low concentrations of polymer all display significant external damage including 

cracking and spalling. The same is seen in Figure 4.19 for all samples except PEG-PVA-H 

which display no visible external damage. Figures 4.20 and 4.21 provide representative 2D 

cross-sectional MXCT images of paste samples after 30 freeze-thaw cycles. Control paste and 

pastes modified with PEG and PVA at both low (L) (0.010 wt.% cement) and high (H) (0.021 

wt.% cement) concentrations display clear signs of internal crack formation. OPC paste 

containing PEG-PVA at an addition of 0.021 wt.% of cement (PEG-PVA-H) exhibited no 

damage.  

 
Figure 4.19. Post freeze-thaw bulk sample images from two trials. (a) control, (b) PEG-L, (c) 

PVA-L, and (d) PEG-PVA-L. Bulk samples are 16 mm in diameter by 32 mm in height. 
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Figure 4.20. Post freeze-thaw bulk sample images from two trials. (a) control, (b) PEG-H, (c) 

PVA-H, and (d) PEG-PVA-H. Bulk samples are 16 mm in diameter by 32 mm in height. 
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Figure 4.21. Post freeze-thaw MXCT 2D cross-sectional images. (a) control, (b) PEG-L, (c) 

PVA-L, and (d) PEG-PVA-L. MXCT cross-sections are ~9 mm in diameter. 
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Figure 4.22. Post freeze-thaw MXCT 2D cross-sectional images. (a) control, (b) PEG-H, (c) 

PVA-H, and (d) PEG-PVA-H. MXCT cross-sections are ~9 mm in diameter. 

 

4.4 Discussion 

Together with the IRI and DIS data, the freeze-thaw resistance testing and air void content 

analysis reveals that, with sufficient dosage, PEG-PVA can provide resistance to freeze-thaw 

damage in OPC paste by a mechanism that is distinct from AEAs. While AEAs stabilize an air 

void system that helps dissipate hydraulic and osmotic pressures that are generated by ice crystal 

growth and coalescence, the results presented herein indicate that PEG-PVA imparts freeze-thaw 

resistance to paste via IRI activity. Given that PEG-PVA exhibited IRI and DIS activity in high-
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pH solutions characteristic of OPC pore solution, the resistance of PEG-PVA-modified paste to 

resist freeze-thaw damage is mechanistically attributable to the ability of PEG-PVA to inhibit ice 

crystal growth. 

 These results suggest that biomimetic antifreeze molecules, like PEG-PVA, can inhibit 

freeze-thaw damage in cement paste. The use of these molecules may help counter other 

deleterious disadvantages that coincide with the use of AEAs. For example, despite achieving 

target air void contents, some AEAs do not necessarily mitigate freeze-thaw damage—a result 

that suggests the chemical properties of AEAs may play a critical role in their effectiveness.163 In 

addition, it is well known that reductions in compressive strength, increased permeability, and 

retardation of setting time can occur with the use of AEAs176,313—behaviors that were not 

exhibited herein by the use of PEG-PVA in cement paste. Furthermore, recent research has 

indicated that, if a critical water saturation level is reached in air-entrained concrete (∼86%–

88%), entrained air void systems are rendered ineffective and freeze-thaw damage is 

inevitable.68,70 While the time to reach this critical water saturation level can be years,68,72 the 

propensity for unavoidable damage in saturated air-entrained concrete is a limitation to the use of 

AEAs. 

 

4.5 Conclusions   

The results presented herein substantiate that a polymer that displays biomimetic antifreeze 

behavior (i.e., IRI and DIS) enhances the freeze-thaw resistance of OPC paste without producing 

an entrained air void system or negatively affecting the fresh- or hardened-state properties of the 

paste. By providing an alternative to traditional surfactant air-entraining agents, biomimetic 

antifreeze polymers represent a new class of admixture biotechnologies for cement and concrete 
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that could enhance long-term durability in cyclic freeze-thaw environments. In summary, the 

results from this work indicate that robust IRI- and DIS-active molecules with an ability to 

interact directly with ice and prevent its continued growth and coalescence can provide an 

alternative mechanistic approach to freeze-thaw mitigation in cement paste—a finding that 

motivates further research and development into biomimetic antifreeze admixture technologies. 
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Chapter 5 Biomimetic Antifreeze Polyvinyl Alcohol for Enhanced 

Freeze-Thaw Resistance of Ordinary Portland Cement Paste 

5.1 Introduction 

Concrete placed in environments that reach near or subzero temperatures is susceptible to 

freeze-thaw damage. Freeze-thaw damage affects numerous concrete structures including roads, 

bridges, hydraulic dams, and spillways. The formation (i.e., nucleation) and growth of ice 

crystals within the pores of cementitious materials can create hydraulic, osmotic, and 

crystallization pressures high enough to induce microscale cracks.45,49 Cracking accelerates 

deterioration by reducing bulk mechanical integrity, exacerbating water and ion penetration, and 

increasing susceptibility to damage upon exposure to subsequent freeze-thaw cycles. The 

damage can be generalized into two categories: surface damage and internal damage. Surface 

damage is most often characterized by spalling and scaling. Internal damage is characterized by 

loss of mass, exposed aggregate, and visible cracks. 

 The de facto approach to freeze-thaw resistance in concrete has relied upon the creation of a 

stabilized air void network. Air voids are stabilized in fresh concrete by the use of surface-active 

air-entraining agents (AEAs). While air voids can provide freeze-thaw resistance, the resultant 

void network must meet a variety of parameters, including proper air void sizes, spacing factors, 

and specific surface area. While adequate air void networks are easily achievable in controlled 

laboratory settings, in practice, it is difficult to produce consistent, high quality air void 

systems.2,312 Additionally, previous research has shown that once a critical degree of saturation is 

reached, 70-91%, an adequate air void network cannot prevent freeze-thaw damage.68,71,343 

 Researchers have utilized a variety of other materials and methods to enhance the freeze-

thaw resistance of cementitious materials. These strategies include densifying and strengthening 
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cement paste using nanoparticles and supplementary cementitious materials,5,198 reduction of 

water ingress through the use of hydrophobic agents,147,148 and incorporating superabsorbent 

polymers as a non-surfactant method to achieve a void system.7,344 In addition, researchers have 

used polymeric fibers for mitigating crack propagation due to frost-induced damage.9,10 Each of 

these strategies is often deployed in conjunction with traditional air entrainment.153,197,219 All of 

these methods aim at mitigating deleterious symptoms of ice formation in cement paste and 

concrete rather than inhibiting the source, ice crystal growth. 

 Recently, a new strategy for providing freeze-thaw resistance in cement paste, mortar, and 

concrete based on the biomimetic antifreeze properties of water-soluble polymers has been 

introduced.145,311 It is proposed that when ice begins to form within the pores of cement paste and 

concrete, these biomimetic antifreeze polymers interact with the ice-water interface and slow ice 

crystal growth. Polyethylene glycol-polyvinyl alcohol graft-copolymer (PEG-PVA), which is 

75% PVA, was shown by Frazier et al. to provide freeze-thaw resistance to both cement paste 

and concrete at dosages of 0.021% and 0.066% by wt. of cement respectively.145 However, in 

that same study PVA was also tested and shown to provide no freeze-thaw resistance at the same 

dosage in cement paste. In another study, Qu et al. showed that PVA can provide scaling 

resistance to mortar at dosages as low as 0.0089% by wt. of cement.311 When comparing the 

PVA used in these two studies, the only difference was the molecular weight and dosages of 

PVA. Additionally, neither study used a PVA with a degree of hydrolysis below 98%. 

 In other fields, biomimetic antifreeze polymers, such as PVA and PEG-PVA, have been 

studied as alternatives to antifreeze proteins (AFPs) and antifreeze glycoproteins (AFGPs). AFPs 

and AFGPs are directly linked to the survival of a multitude of species in sub-zero conditions.132 

Specifically, AFPs and AFGPs can directly bind to ice and inhibit the growth and coalescence of 
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ice crystals via a process called ice recrystallization inhibition (IRI). When considering PVA, the 

hydroxyl groups along the backbone of the polymer mimic highly hydroxylated AFGPs.140 

Recent work suggests that the interaction of PVA hydroxyl groups, whose spacing closely 

matches lattice constants of the ice crystal structure, with the basal and prismatic faces of ice 

results in IRI activity.77,263,264 

 The IRI activity of PVA has been well studied.77,140,259,261–266,268,345 Researchers have found 

that, at molecular weights exceeding 21,000 g/mol, PVA exhibits significant IRI activity, which 

we define as reducing the mean largest grain size of ice crystals by >80% at concentrations of 0.1 

mg/mL or lower.140,224 At molecular weights below 21,000 g/mol PVA has minimal to no IRI 

activity at concentrations of 0.1 mg/mL and lower. This led us to hypothesize that a molecular 

weight of PVA that exceeds 21,000 g/mol would be needed to provide freeze-thaw resistance to 

cement paste.  

PVA has been utilized in cementitious materials primarily as a solid fiber9,154,210 and as a 

water-soluble polymer additive.329,346,347 When added as a polymeric fiber, PVA helps prevent 

crack migration. PVA has also been used as a water-soluble polymer additive. When used in 

dosages ~1% by wt. of cement, soluble PVA can improve flexural strength,348 increase 

aggregate-paste bond strength,346 and improve workability349 due to the formation of polymer 

films and the interaction of PVA with Ca(OH)2. Although PVA can lead to beneficial property 

enhancements, it has also previously been shown to interact with cement grains resulting in 

retardation of hydration.329,330 Additionally, PVA is known to entrain air at dosages >1% by wt. 

of cement.347 No previous studies have investigated the effect of PVA added as a water-soluble 

admixture on the freeze-thaw resistance of cement paste. 
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The objectives of this work were (1) to determine if the presence of IRI-active PVA in 

hardened cement paste yields lower quantities of ice when frozen, (2) to study the effect of PVA 

molecular weight and degree of hydrolysis on freeze-thaw resistance of cement paste, and (3) to 

analyze the effect of PVA molecular weight and degree of hydrolysis on hydration kinetics and 

mineralogy at a dosage of 0.021% by wt. of cement. 

 

5.2 Experimental Procedure 

5.2.1 Materials 

PVA of three molecular weights, namely Mw=13,000-23,000 g/mol (PVA 1), Mw=31,000-

50,000 g/mol (PVA 2), and Mw=130,000 g/mol (PVA 3) having degrees of hydrolyses of 98%, 

98-99%, and >99%, respectively, were purchased from Sigma Aldrich (St. Louis, MO, USA) and 

used without further modification. Polyethylene glycol (PEG) having an Mn of 3,350 g/mol was 

Sigma Aldrich and used without further modification. PVA of molecular weights Mw=75,000 

g/mol (PVA 4) and Mw=214,500 g/mol (PVA 5) having degrees of hydrolyses of 86.5-89% and 

87-89% respectively were generously provided by Kuraray American (Houston, TX, USA). A 

commercially available AEA with active ingredients of sulfonic acids (1-3%) and rosin (<1%) 

was used without modification. The cement used in this study was Type I/II OPC (Quickrete®) 

that complies with ASTM C150.350 The chemical composition of the OPC is reported in 

Appendix A. 

 

5.2.2 Ice Recrystallization Inhibition 

The IRI activities of PEG, PVA 1, PVA 2, PVA 3, PVA 4, and PVA 5 were tested at a 

concentration of 0.5 mg/mL in PBS. This concentration was chosen based on previous research 
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in cement paste.145 A modified IRI assay was performed to observe IRI activity.321 10 μL of 

sample was dropped from 1.7 m onto a glass slide (thickness of 1 mm). The glass slide was pre-

cooled on an aluminum block at −78°C. The slide was then immediately transferred to an Otago 

nanoliter osmometer cold stage and annealed at −4°C (air temperature) for 30 min. Images were 

collected immediately after the sample was placed on the cold stage and again at 30 min to 

observe ice recrystallization. For all samples, images were obtained using an Olympus BX41 

microscope with ELWD U Plan 20×/0.45 objective and crossed polarizers, equipped with an 

OMAX A35140U camera on a 0.5× C-mount adaptor. ImageJ 1.48v software (National Institutes 

of Health) was used to estimate the grain sizes. 

 

5.2.3 Sample Preparation 

Cement paste samples were hand-mixed for 3 min at a water to cement ratio (w/c) of 0.42 

and cast into cylindrical polyethylene molds 32 mm in height and 16 mm in diameter.  Cast 

samples were cured for 14 days in a 99% relative humidity chamber according to ASTM C192 at 

20°C ±2°C.323 Table 5.1 provides the sample compositions. The amount of PVA chosen in the 

mix design was based on previous work,145 and is equivalent to the 0.5 mg/mL concentration 

used in the IRI assay. An AEA-modified sample was prepared for testing in differential scanning 

calorimetry only. The AEA dosage of 1.4% by wt. of cement was found to entrain 18% air in the 

fresh state. See Appendix C for details of the AEA dosage and fresh state air content 

measurements. 

 

Table 5.1. Cement Paste Mix Designs. 

Sample 
Polymer Mw* 

(g/mol) 

Degree of Hydrolysis*  

(%) 

w/c 

Ratio 

Polymer  

(wt.% of cement) 
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Control - 
- 

0.42 - 

PVA 1 13,000-23,000 
98 

0.42 0.021% 

PVA 2 31,000-50,000 
98-99 

0.42 0.021% 

PVA 3 130,000 
>99 

0.42 0.021% 

PVA 4 75,200 
86.5-89 

0.42 0.021% 

PVA 5 214,500 
87-89 

0.42 0.021% 

AEA - 
- 

0.42 1.4% 

* Values reported by manufacturer. 

 

5.2.4 Isothermal Conduction Calorimetry 

Isothermal conduction calorimetry (ICC) was performed to understand the impact of the 

polymeric admixtures on both the heat of hydration and time of set. A TAM Air 8-Channel 

Isothermal Calorimeter from TA instruments was set at 21°C and allowed to equilibrate for 24 

hours. All samples were mixed for 3 minutes in glass ICC vials, with a w/c ratio of 0.5, and 

immediately placed in the calorimeter and allowed to equilibrate for 1 hour before the 

calorimeter signal was considered stable. Data was measured for 72 hours to capture the peak 

thermal power. The peak thermal power at 50% was used to approximate the time of set.326 

 

5.2.5 X-ray Diffraction 

X-ray diffraction (XRD) was performed on all samples to qualitatively determine 

mineralogy. After 14 days of curing samples were placed in acetone for a minimum of 24 hours 

to stop hydration reactions. Samples were crushed into a fine powder and suspended in ethanol 

(200 proof) to homogenize the powder. The suspension was pipetted onto a silica zero 
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background plate and placed on a heated plate to allow for ethanol evaporation resulting in a thin 

film of sample. Diffractograms were collected using a Bruker D8 Advance XRD equipped with a 

Cu Kα radiation source. Data were recorded in the range of 2θ = 5° to 65° with a step size of 

0.02° and a dwell time of 2 sec/step. Crystalline phases were identified using Bruker 

DIFFRAC.EVA software and the International Center for Diffraction Data (ICDD) PDF-4 

AXIOM 2019 database.351 

 

5.2.6 Freeze-Thaw Resistance 

Freeze-thaw cycling of OPC paste samples was performed in a custom-built chamber. Details 

of the chamber may be found in Appendix B. All samples were tested in triplicate and exposed 

to a total of 30 cycles in which the freezing lasted for 1.5 h and thawing for 2.5 h, respectively. 

During freezing cycles, the temperature reached -15°C ± 2°C and thawing cycles 16.5°C ± 2°C. 

To ensure samples remained saturated, a minimal water level was maintained at the bottom of 

the chamber. 

 Freeze-thaw damage was assessed by visual inspection for spalling of bulk samples and by 

scanning with micro X-ray computed tomography (MXCT) to observe internal microcracking. 

The MXCT (ZEISS Xradia 520 Versa) source voltage was set to 140 kV and the power to 10 W. 

An objective with an optical magnification of 0.4× was used. The source and detector locations 

were varied to obtain the desired resolution (voxel size) of approximately 5 µm. Dragonfly 3.9 

software (Object Research Systems) was used to generate reconstructions from MXCT scans that 

were analyzed for microcracking. 
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5.2.7 Differential Scanning Calorimetry 

Differential Scanning Calorimeter (DSC) was used to quantify the ice content formed within 

hardened cement paste. Samples were prepared as outlined in section 5.2.3. Samples were 

chipped from the cylindrical samples and trimmed to ensure they both fit within the DSC pans 

and had a flat surface to contact the bottom of the DSC pan. Thermal data were collected using a 

TA Instruments Q2000 DSC in a nitrogen environment using a purge rate of 50 mL/min. 15-45 

mg samples of saturated surface dried (SSD) paste samples were placed in hermetically sealed 

aluminum pans. The SSD masses were recorded before sealing the pans. The samples were first 

equilibrated to 15 °C followed by cooling at a rate of 5 °C/min to -60 °C. The samples were then 

heated at a rate of 5 °C/min to 5°C. 

 Figure 5.1 shows a representative DSC thermogram for the freezing and thawing cycles. The 

four characteristic peaks are identified in Figure 5.1. Peak 1 is a supercooling event that results 

from water freezing in macropores (i.e., capillary pores and air voids).352 Due to the nature of 

supercooling, this DSC peak cannot be directly analyzed. Peaks 2 and 3 can be attributed to ice 

formation within mesopores, 2-50 nm, (i.e., capillary pores) and micropores, <2 nm, (i.e., gel 

pores) respectively.352,353 
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Figure 5.1. Representative DSC thermogram of hardened OPC paste showing characteristics 

peaks. 

 

 The amount of ice formed or melted within the hardened cement paste was estimated 

using a method adapted from Sun and Scherer.354 First, the enthalpy of DSC peaks 2, 3, and 4 

were calculated by integration of the heat flow curves using the software package Universal 

Analysis 2000 Version 4.5A (TA Instruments). A representative enthalpy calculation is shown in 

Figure 5.2. The enthalpy is determined by using a sigmoidal tangent baseline for integration to 

account for the baseline having a slope before and/or after a thermal event. Second, the enthalpy 

was then divided by a corrected heat of fusion, H’ (J/g), to calculate the ice content, mc (g):  
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(5.1)    𝑚𝑐 =
ℎ 

𝐻′
   

For freezing events, the corrected heat of fusion is H’ = 332.4 J/g 354,355. The same corrected heat 

of fusion is also valid for melting if pores are assumed to be spherical. For this analysis, the 

corrected heat of fusion, H’ = 332.4 J/g, is used for both heating and cooling. 

 

 
Figure 5.2. Representative enthalpy calculations using software package Universal Analysis. 

The green line represents the DSC data, and the red line represents the baseline 

programmatically placed for the determination of the enthalpy. The small vertical red lines 

indicate the beginning and endpoints for the enthalpy calculation. 

 

 The mc was calculated for peaks 2, 3, and 4 of Figure 5.1 using Equation 1. It was assumed 

that all the ice formed during the freezing events of peaks 1, 2, and 3 melted during the melting 

event, or peak 4. Therefore, the amount of ice that formed during peak 1, or the supercooling 

event, can be estimated using Equation 5.2. Note that the supercooling event occurs at a 

temperature near the freezing temperature used in the freeze-thaw cycles used within this study. 

(5.2)    𝑚𝑐,𝑝𝑒𝑎𝑘 1 = 𝑚𝑐,𝑝𝑒𝑎𝑘 4 − (𝑚𝑐,𝑝𝑒𝑎𝑘 2 + 𝑚𝑐,𝑝𝑒𝑎𝑘 3) 
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5.2.8 Water Absorption 

The water absorption behaviors of the Control, PVA 1, PVA 2, PVA 3, PVA 4, and PVA 5 

modified pastes were characterized by testing 3 cylinder specimens after a 14-day cure as 

described in section 5.2.3 and 3 samples with masses between 0.15 mg and 0.45 mg to match the 

sample size used in the DSC experiments. The specimen were placed in an oven at 170 °F (77 

°C) to remove free water. The specimen masses were monitored until negligible mass loss was 

observed (<2%). 

 After oven-drying, the specimen were placed in room temperature tap water. The mass was 

monitored for 600 mins at intervals of 5, 10, 40, 70, 120, 180, 290, and 600 mins. The water 

absorbed, WA, was calculated according to the following: 

(5.3)   𝑊𝐴 =
𝑚𝑡−𝑚𝑜

𝑚𝑜
 × 100% 

Where mt is the mass of the sample at a given time, and mo is the initial mass of the sample after 

oven drying. 

 

5.2.9 Air Void Parameters 

The air content, spacing factor, void frequency, and specific surface were calculated using 

equations provided in the linear traverse method of ASTM C457 for 1 of the 3 replicates used in 

freeze-thaw cycling of each sample 54. The methods described in ASTM C457 were applied to 

MXCT 2D cross-sectional images as opposed to using light microscopy. This general approach 

has previously been used 170,356. Here 18 cross-sectional images per sample were analyzed. 

 Figure 5.3 visually summarizes the approach used. The cross-sectional images were opened 

in ImageJ 1.48v software (National Institutes of Health), Figure 5.3a. The images were then 
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thresholded to create a binary image such that the cement paste and air voids were divided into 

two classes of pixels. This can be seen in Figure 5.3b where the cement paste pixels are assigned 

white and the air void pixels are assigned black. An equally sized grid was applied to all images 

as shown in Figure 5.3c. Ten horizontal lines were placed on the grid and the plot profile tool 

was used to measure the distance of paste (i.e., white pixels) and air voids (i.e., black pixels) 

traversed. A minimum of 1,000 mm length was traversed per sample. 

 
Figure 5.3. Image processing of MXCT 2D cross-sectional images within ImageJ for 

determination of air void parameters. (a) unmodified MXCT 2D cross-sectional image. (b) image 

after undergoing thresholding where the paste is assigned white and the air is assigned black. (c) 

grid applied to an image and 10 horizontal lines were placed on the grid to measure grey values 

(i.e., white and black pixels) using the plot profile tool. 

 

5.3 Results 

5.3.1 Ice Recrystallization Inhibition 

Figure 5.4 shows the splat assay micrographs for the PBS control, PEG, PVA 1, PVA 2, 

PVA 3, PVA 4, and PVA 5 at 0.5 mg/mL in PBS. Based on visual comparison of grain sizes, at 

30 mins PVA 1, PVA 2, PVA 3, PVA 4, and PVA 5 all exhibited significant IRI activity when 

compared to the negative control, PEG, and the PBS control. The mean largest grain size 

(MLGS) of the PBS control sample was 105 ± 12 µm. The reduction in grain size for all PVA 
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samples easily exceed 80% compared to the control PBS solution with MLGS ≤ 10 µm. These 

results were expected at a concentration of 0.5 mg/mL.140 

 
Figure 5.4. Optical micrographs of IRI splat assay. (a) PBS control solution, (b) 0.5 mg/mL 

PEG, (c) 0.5mg/mL PVA 1, (d) 0.5 mg/mL PVA 2, (e) 0.5 mg/mL PVA 3, (f) 0.5 mg/mL PVA 

4, and (g) 0.5 mg/mL PVA 5 in PBS after 30 min of annealing at -4°C. Scale bars are 100 µm. 

 

5.3.2 Isothermal Conduction Calorimetry 

Figures 5.5 and 5.6 provide the normalized total heat and normalized heat flow for PVA 1, 

PVA 2, and PVA 3, while Figures 5.7 and 5.8 provide the normalized total heat and normalized 

heat flow for PVA 4 and PVA 5. The data were normalized with respect to the sample masses 

used in the ICC. As shown in Figure 5.5 the normalized total heat was minimally affected up to 

24 hours by the addition of 0.021wt% PVA at all three molecular weights where the degree of 

hydrolysis exceeded 98%. After 40 hours, PVA 1, PVA 2, and PVA 3 modified paste had 

cumulative heats that were 97.7%, 98.0%, and 99.1% of the control, respectively. After 60 hours, 

PVA 1, PVA 2, and PVA 3 modified paste had cumulative heats that were 96.9%, 97.1%, and 

98.0% of the control, respectively. PVA 4 and PVA 5 with lower degrees of hydrolysis also 

resulted in minimal impact to the total heat as shown in Figure 5.6. After 24 hours, PVA 4 and 

PVA 5 modified paste had cumulative heats that were 102 and 103% of the control. 
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Figure 5.7 and Figure 5.8 show the normalized heat flow for the first 24 hours. The start of 

the acceleration period is delayed by approximately 30 mins for PVA 1, PVA 2, and PVA 3 

modified paste. At 50% peak thermal power the setting time can be estimated.326 The presence of 

PVA 1, PVA 2, and PVA 3 resulted in delayed set times of 0.56 hrs, 0.67 hrs, and 0.69 hrs 

compared to the Control. The start of the acceleration period is delayed by approximately 12 

mins for PVA 4 and PVA5 modified paste and the set times were delayed by less than 10 mins 

compared to the Control. 

 

 
Figure 5.5. Isothermal conduction calorimetry normalized total heat plots for Control (black), 

PVA 1 (blue), PVA 2 (green), and PVA 3 (red). 
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Figure 5.6. Isothermal conduction calorimetry normalized total heat plots for Control (black), 

PVA 4 (orange), and PVA 5 (yellow). 
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Figure 5.7. Isothermal conduction calorimetry normalized heat flow plots for Control (black), 

PVA 1 (blue), PVA 2 (green), and PVA 3 (red). 
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Figure 5.8. Isothermal conduction calorimetry normalized heat flow plots for Control (black), 

PVA 4 (orange), and PVA 5 (yellow). 

 

5.3.3 X-ray Diffraction 

Figure 5.9 shows XRD diffractograms of the control, PVA 1, PVA 2, and PVA 3 modified 

paste samples with identified minerals. Table 5.2 summarized the identified peaks, all of which 

are anticipated for hardened OPC paste. The primary difference between the unmodified and 

PVA modified paste where the degree of hydrolysis >98% can be seen at 2θ = 50.8° and 54.4°, 

both of which have been identified as Ca(OH)2.
334,335 The peak at 50.8° is not present for PVA 3, 
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the highest molecular weight PVA. The peak at 54.4° appears to disappear for both PVA 2 and 

PVA 3. Figure 5.10 shows XRD diffractograms of the control, PVA 4, and PVA 5 modified 

paste samples with identified minerals. PVA 4 and PVA 5 both have a degree of hydrolysis < 

90%. Unlike PVA 2 and PVA 3, the Ca(OH)2 at 54.4° does not disappear for PVA 4 or PVA 5. 

 
Figure 5.9.  XRD diffractograms of control, PVA 1, PVA 2, and PVA 3 modified paste samples 

after 14-day cure. Bro: Brownmillerite; Cc calcite; CH: Ca(OH)2/portlandite; C-S-H: calcium 

silicate hydrate; Ett: Ettringite, C2S: belite; C3S: alite. 
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Figure 5.10. XRD diffractograms of control, PVA 1, PVA 2, and PVA 3 modified paste samples 

after 14-day cure. Bro: Brownmillerite; Cc calcite; CH: Ca(OH)2/portlandite; C-S-H: calcium 

silicate hydrate; Ett: Ettringite, C2S: belite; C3S: alite; Gyp: gypsum. 

 

 

5.3.4 Freeze-Thaw Resistance 

Figure 5.11 provides representative 2D cross-sectional MXCT images of paste samples after 

exposure to 30 freeze-thaw cycles. Control pastes and pastes containing 0.021 wt% additions of 

PVA 1 exhibited signs of internal crack formation as highlighted by the red arrows. Figure 5.12 

provides images of the bulk samples paste samples after exposure to 30 freeze-thaw cycles. 

Control pastes and PVA 1 and PVA 5 modified pastes exhibited clear external damage. OPC 
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paste containing PVA 2 displayed minor spalling near the top of the samples. OPC paste 

containing PVA 3 and PVA 4 at an addition of 0.021 wt.% of cement exhibited no internal or 

external damage. 

 

 
Figure 5.11. Representative post-freeze-thaw MXCT 2D cross-sectional images of (a) control, 

(b) PVA 1, (c) PVA 2, (d) PVA 3, (e) PVA 4, and (f) PVA 5 cement paste formulations. Red 

arrows indicate microcracks. Scale bars are 1 mm. 
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Figure 5.12. Post-freeze-thaw images of bulk samples. (a) control, (b) PVA 1, (c) PVA 2, (d) 

PVA 3, (e) PVA 4, and (f) PVA 5 cement paste formulations. Bulk samples are ~16 mm 

diameter by 32 mm in height. 

 

5.3.5 Differential Scanning Calorimetry 

The calculated ice contents for the freezing events (peaks 1, 2, and 3) and melting event 

(peak 4) are shown in Figure 5.13. PVA 1, PVA 2, PVA 3 and PVA 4 modified pastes had lower 

ice contents during the supercooling event (i.e., peak 1), which were 64%, 44%, 39%, and 57% 

of the control respectively. PVA 5 and AEA modified pastes had resulted in minor reductions in 

ice contents, 87% and 86% respectively. All PVA-modified paste samples have significantly 

higher ice contents within mesopores (i.e., peak 2) where ice was observed to form between -25 

°C and -40 °C. The PVA 1, PVA 2, PVA 3, PVA 4, and PVA 5 modified pastes have ice 

contents of 258%, 219%, 197%, 269%, and 248% respectively but with significant variability. 

The AEA modified had essentially the same ice content within the mesopores. Within the 

micropores (i.e., peak 3) ice contents of 100%, 75%, 90%, 34%, and 40% of the control were 

observed for PVA 1, PVA 2, PVA3, PVA 4, and PVA 5 modified paste samples where ice forms 

between the temperatures of -40 °C and -55 °C. The PVA modified samples all had lower 
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calculated ice contents during the melting event (i.e., peak 4). The melting event is representative 

of the overall ice that formed during the freezing process. The ice contents for PVA 1, PVA 2, 

PVA 3, PVA 4, and PVA 5 were 86%, 64%, 59%, 73%, and 96% of the control. The AEA 

modified paste ice content during the melting event was 87% of the control. 

 

 
Figure 5.13. Calculated ice contents of each freezing and melting event for control (black), PVA 

1 (blue), PVA 2 (green), PVA 3 (red), PVA 4 (orange), PVA 5 (yellow), and AEA (purple) from 

DSC. Error bars represent one standard deviation of 3 replicates. 
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5.3.6 Water Absorption 

Figure 5.14 shows the water absorption behavior in percent mass gained of the control, PVA 

1, PVA 2, PVA 3, PVA 4, and PVA 5 modified pastes after oven-drying at 120 mins in tap 

water. In Figure 5.14 a, the samples are equivalent in dimension to samples used in freeze-thaw 

cycling, 16 mm x 32 mm cylindrical samples. In Figure 5.14 b the samples are 0.15 – 0.45 mg 

of hardened paste to match the size of samples used in the DSC analysis.  

As can be seen in Figure 5.14 a, all cylindrical PVA modified paste have approximately the 

same amount of water absorption compared to control. The DSC-sized PVA 1 and PVA 5 

modified pastes had slightly lower water absorption while the other PVA modified pastes have 

approximately the same amount of water absorption compared to the control. Additionally, the 

results in Figure 5.15 indicate that the samples reach maximum water absorption by ~80 

minutes. Figure 5.15 provides the time dependent water absorption behavior of the cylindrical 

Control, PVA 1, PVA 2, PVA 3, PVA 4, and PVA 5 modified pastes after oven-drying up to 600 

mins in tap water. 

 



109 

 

 
Figure 5.14. Water absorption for Control, PVA 1, PVA 2, PVA 3, PVA 4, and PVA 5 modified 

paste samples reported as percent mass gained compared to oven dry mass. (a) Water absorption 

for 16 mm x 32 mm cylindrical samples at 120 mins. (b) Water absorption for samples with 

masses between 0.15 mg and 0.45 mg at 120 mins. Error bars represent one standard deviation of 

3 replicates. 
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Figure 5.15. Water absorption curves for Control, PVA 1, PVA 2, PVA 3, PVA 4, and PVA 5 

modified paste samples. All samples were 16 mm x 32 mm cylindrical samples. Error bars 

represent one standard deviation of 3 replicates. Vertical grey line indicates 120 mins. 

 

5.3.7 Air Void Parameters 

The hardened state air content was evaluated to determine how the molecular weight of PVA 

influenced air entrainment. Table 5.3 summarizes the hardened state air contents and spacing 

factor of all samples. PVA 1, PVA 2, PVA 3, PVA 4, and PVA 5 at 0.021wt% of cement 

introduce <1.0% air content in the paste. The observed air contents are lower than the industry 

accepted air contents of ~16-25% air by volume of cement paste, or 4-10% by volume of 
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concrete, which are recommended for freeze-thaw resistance.163 The spacing factors all exceed 

the recommended 200 µm maximum.168  Interestingly, all samples meet the recommended 

minimum specific surface of 25 mm-1 except PVA 2 modified paste which was calculated at 24 

mm-1.168 Higher values of specific surface indicate smaller air voids. However, the void 

frequency is well below the 0.3/mm recommended value.54 

 

Table 5.2. The air void parameters of Control, PVA 1, PVA 2, PVA 3, PVA 4, and PVA 5 

modified paste samples. Results for oven dry density were calculated from three replicates. Air 

void parameters were calculated using the linear traverse method of ASTM C457 applied to 

MXCT 2D cross-sectional images. 

Sample 

Length 

Traversed 

(mm) 

Number 

of Voids 

Void 

Frequency 

(mm-1) 

Hardened 

State Air 

Content 

(%) 

Specific 

Surface 

(mm2/mm3) 

Spacing 

Factor 

(µm) 

Control 1311 52 0.040 0.25 62 445 

PVA 1 1337 67 0.050 0.54 37 567 

PVA 2 1405 50 0.036 0.59 24 835 

PVA 3 1260 98 0.078 0.60 52 389 

PVA 4 1034 108 0.10 0.59 71 285 

PVA 5 1278 91 0.071 0.98 29 573 

 

5.4 Discussion 

This work, along with previous studies,145,311 demonstrate that biomimetic antifreeze 

polymers such as PVA can provide freeze-thaw resistance to cementitious materials due to their 

interaction with ice. Taken together, these studies suggest the IRI activity of biomimetic 

polymers can be exploited as an alternative, mechanistic approach to air entrainment. In Chapter 

4, PEG-PVA, which is 75% PVA, was shown to be effective at providing freeze-thaw resistance 

in cement paste while PVA having a molecular weight of 13,000-23,000 g/mol was not.145 In a 
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separate study, PVA with a molecular weight of 146,000 g/mol was shown to provide scaling 

resistance in mortar.311 In these previous works, PVA having a degree of hydrolysis ≥ 98% was 

used. Therefore, the only difference between the types of PVA was molecular weight.  

Understanding the PVA molecular weights and degree of hydrolyses that are effective at 

providing freeze-thaw resistance is critical for the application of the polymer as a water 

solubilized additive for freeze-thaw resistance. Both molecular weight and degree of hydrolysis 

affect solubility, viscosity, adhesive strength, and IRI activity.140,357 Generally, solubility is 

increased with a reduced degree of hydrolysis or reduced molecular weight. Viscosity increases 

with increased molecular weight and increased degree of hydrolysis. From the results herein and 

those in Frazier et al. and Qu et al.,145,311 a molecular weight (Mw) of ~31,000 g/mol to ~146,000 

g/mol is required to impart freeze-thaw resistance to cement paste. PVA having a molecular 

weight of 214,000 (i.e., PVA 5) failed to provide freeze-thaw resistance to cement paste. PVA 5 

might have failed to provide freeze-thaw resistance in the study because of a higher viscosity. 

PVA 5 has a reported viscosity ~4x greater than that of PVA 4. This increased viscosity could 

result in reduced distribution of the polymer throughout the cement matrix. Additionally, a 

degree of hydrolysis between 87% and 99% appears to be acceptable within the recommended 

range of molecular weights. 

Based on a significant amount of previous literature,132,140,224,252,345 it can be stated that PVA 

2 (Mw = 31,000-50,000 g/mol), PVA 3 (Mw = 130,000 g/mol), PVA 4 (Mw = 75,200), and PVA 5 

(Mw = 214,500 g/mol) used in this study and PVA with a molecular weight of 146,000 g/mol 

used by Qu et al. are highly IRI active while PVA 1 (Mw = 13,000-23,000 g/mol) is not highly 

IRI active. More specifically, PVA 1 is the only polymer that does not provide reported IRI 

activity exceeding 80% MLGS reduction at a concentration of 0.1 mg/mL.140 As can be seen in 
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Figure 5.11 and Figure 5.12, PVA 2, PVA 3, and PVA 4 provided freeze-thaw resistance to the 

hardened cement paste samples while PVA 1 and PVA 5 provided no to limited freeze-thaw 

resistance.  

Although PVA and a PVA-containing copolymer have been shown to provide freeze-thaw 

resistance in cementitious materials, no direct evidence of the polymer interacting with ice within 

cement paste, mortar, or concrete has been reported prior to this work. Previous work has only 

shown IRI activity and resulting freeze-thaw resistance. The DSC results shown in Figure 5.13 

provide direct evidence that PVA results in lower ice contents during freezing temperatures. 

While the overall amount of ice that formed in PVA-modified pastes was reduced (i.e., ice 

content of peak 4), PVA-modified pastes did exhibit up to 258% higher ice contents in peak 2 

alone, which corresponds to mesopores or 2 to 50 nm in diameter. This result indicates that a 

larger number of capillary pores, sizes 2–50 nm, likely exist in these samples compared to the 

control. Given that (1) the temperatures used in this study for freeze-thaw cycling (i.e., -15 °C) 

was well above the -25 °C to -40 °C required to form ice within these pores and (2) we observed 

lower ice contents during melting, we conclude that freeze-thaw resistance is not a result of an 

increased number of capillary pores but rather due to the interaction of PVA with ice. 

Relatedly, PVA 2, PVA 3, and PVA 4 modified paste exhibited nearly identical water 

absorption characteristics, indicating that the lower observed ice contents were not a result of 

lower water contents. PVA 2, PVA 3, and PVA 4 modified paste exhibited ~27-41% lower 

overall ice contents, Figure 5.13, but nearly identical water contents at 2 hours, Figure 5.14 and 

Figure 5.15 (i.e., time at which DSC testing began after submersion in water). The 0.15 mg – 

0.45 mg samples exhibited 1% higher water contents for PVA 2 and PVA 3 and 2.5% lower 

water content for PVA 4 compared to the control. 
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One drawback of using PVA in cement paste and concrete is the susceptibility of PVA to 

delay cement hydration and entrain air.329,341,358,359 As shown in Figure 5.7, the acceleration 

stage of the hydration reactions is delayed by approximately 30 mins, which is relatively minor, 

regardless of PVA molecular weight when the degree of hydrolysis exceeds 98%. Similar results 

have been previously reported for a variety of molecular weights and explained by the interaction 

of PVA with cement particles and adsorption onto C3S, nucleation sites of Ca(OH)2 and 

CSH.329,330,359 XRD diffractograms in Figure 5.9 indicate that PVA with >98% degree of 

hydrolysis does have a propensity to interact with Ca(OH)2. The peaks at 2θ = 50.8 and 54.4, 

which can be attributed to Ca(OH)2, disappear with increasing molecular weight of PVA. The 

interaction of PVA with Ca(OH)2 is believed to result from hydrogen bonding between hydroxyl 

groups.329 This result is substantiated by the XRD diffractograms in Figure 5.10 showing the 

negligible effect of PVA 4 and PVA 5, which have a lower degree of hydrolysis, on the peaks at 

2θ = 50.8 and 54.4.  Additionally, a negligible effect of PVA 4 and PVA 5 on the acceleration 

stage is observed as shown in Figure 5.8. The decreased degree of hydrolysis results in a 

reduced number of pendant hydroxyl groups that can interact with cement particles, adsorb onto 

C3S, Ca(OH)2 , and C-S-H. 

PVA and other water-soluble polymers are known to be surface-active and, therefore, can 

stabilize air voids within cement paste.347,358,360 In fact, PVA has amphipathic characteristics as a 

result of hydrophilic hydroxyl groups and hydrophobic methylene groups. Therefore, it is no 

surprise that PVA has been reported on numerous occasions as an additive that entrains air, but 

typically this observation occurs at doses of 1% by weight of cement or greater.347,358 In this 

study, the concentration or dosage of PVA used is considerably lower (0.021% by weight of 

cement). Thus, it was anticipated that the amount of air entrained would be relatively low, which 
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was confirmed via MXCT. As can be seen in Table 5.3, the hardened state air contents are all 

below 1%, considerably lower than standard recommendations of 4-10% in concrete. However, 

it is worth noting that the PVA modified samples had double the hardened state air content of the 

control. Additionally, the spacing factors were all above the recommended value of 0.2 mm and 

the void frequency below the recommended value of 0.3 mm-1.54,168 The specific surface areas 

were at or above the recommended value of 0.25 mm-1 though, indicating that the voids that are 

present are relatively small.157  

Taken together, these results substantiate that IRI-active polymers, like PVA, can provide 

freeze-thaw resistance via a mechanism alternative to air entrainment. The use of IRI-active 

polymers provides a unique approach to provide freeze-thaw resistance to cementitious materials 

that could supplant AEAs. In cement paste, an air void network of proper size and with a small 

enough spacing factor is not required when biomimetic antifreeze polymers are utilized, which 

could result in a more effective strategy for freeze-thaw mitigation as the creation of a proper air 

void network under field conditions is difficult to produce. Additionally, there is a possibility 

that biomimetic antifreeze polymers work in conjunction with traditional air entrainment. 

 

5.5 Conclusions   

This work presents experimental evidence that the molecular weight of PVA is a critical 

parameter for the IRI-active polymer to provide freeze-thaw resistance to cement paste. 

Furthermore, the molecular weight should be sufficiently high such that the PVA is IRI active at 

concentrations below 0.1 mg/mL (i.e., highly IRI active). Results from freeze-thaw testing 

indicate that a molecular weight of 31,000 g/mol to 130,000 g/mol is required to provide freeze-

thaw resistance. DSC results indicate that cement paste modified with higher molecular weights, 
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PVA 2 (Mw=31,000-50,000 g/mol), PVA 3 (Mw=130,000 g/mol), and PVA 4 (Mw=75,200 

g/mol) result in lower amounts of ice developing during freezing temperatures when water 

contents are nearly identical to control pastes. The air contents of all PVA modified samples 

were less than 1% and spacing factors were greater than 200 µm. In summary, these results 

suggest that PVA provides freeze-thaw resistance through its biomimetic antifreeze properties, 

mainly IRI activity, rather than its ability to form a stabilized air void system. 
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Chapter 6 Biomimetic Antifreeze Properties of Folic Acid and 

Application for Freeze-Thaw Resistance in Ordinary Portland Cement 

Paste 

6.1 Introduction 

A multitude of organisms produce ice binding proteins (IBPs), a broad classification of 

proteins that can provide freeze tolerance, freeze avoidance, ice recrystallization inhibition, ice 

adhesion, and ice nucleation.116 Antifreeze proteins (AFPs) and antifreeze glycoproteins 

(AFGPs) are a subset of IBPs which allow species to survive freezing temperatures. AFPs and 

AFGPs inhibit the recrystallization of ice (i.e., Ostwald ripening), induce dynamic ice shaping, 

and reduce the freezing point of ice below the equilibrium freezing point (i.e., thermal 

hysteresis).132 Ice recrystallization inhibition (IRI), dynamic ice shaping (DIS), and thermal 

hysteresis (TH) activity are macroscopic effects resulting from the microscopic interactions of 

AFPs and AFGPs with ice. 

Fish AFPs are classified as Type I, Type II, Type III, and Type IV. Each type of fish AFP has 

characteristic features including size, amino acid bias, and structural features. Across all four 

types of fish AFP, the size varies drastically from ~ 3 kDa to 24 kDa.229–231 The same can be said 

about structural features such as the α-helix structure of Type I AFPs vs the globular, β-strand 

containing structure of Type III AFPs.  

A variety of molecules have been shown to mimic the IRI activity of AFPs and AFGPs 

including synthetic peptides,144,226,273,274 self-assembling molecules,142,283–285 polymers,224,256–258, 

nanomaterials,141,255,281 and small molecules.143,286,292,293 The diverse structure and chemical 

functionalities resulting in IRI activity parallels the observed diversity in AFPs and AFGPs 



118 

 

which they mimic. The IRI activity is generally attributed to (1) chemical moieties that mimic 

those of AFPs and AFGPs that are believed to bind with ice (e.g., threonine and hydroxyl 

groups), (2) spacing of chemical moieties that match the lattice spacing of 1h ice crystal 

structure, and (3) amphiphilic nature. 

Type IV AFPs are unique in that they have particularly high contents of glutamate and 

glutamine.86,230,361 Glutamate is the ionic form of glutamic acid. As shown in Figure 6.1, folic 

acid contains a glutamic acid group. Folic acid is a vitamin which in solution self-assembles into 

disk-like tetramers induced by hydrogen bonding between hoogsteen-type bases,362,363 Figure 

6.2a. Furthermore, the tetramers have been shown to stack and form a columnar rod-shaped 

mesophase,362,364 Figure 6.2b. Once an appropriate concentration is reached, the formation of a 

hexagonal mesophase composed of the columnar structures forms, Figure 6.2c.363,364 

Intermolecular spacing between glutamic acid groups of the disk-like tetramer has been 

proposed to be 7.28 Å.365 The diameter of the rod-like structures has previously been reported to 

be 14.5 – 15.5 Å and spacing between tetramers to be 3.3 – 4.0 Å.363–365 These distances are 

particularly interesting when considering the lattice spacing of 1h ice. The intermolecular 

spacing of the glutamic acid groups, 7.28 Å, is close to the 7.36 Å primary prism plane spacing 

of 1h ice.75,77 Additionally, the diameter of the rod-like structures, 14.5 – 15.5 Å, closes matches 

the 2x the primary prism plane spacing, 14.72 Å. Lastly, 4x spacing between tetramers, 13.2 – 

16.0 Å, closes matches the 2x the primary prism plane spacing.  



119 

 

 
Figure 6.1. Chemical structure of folic acid. (●) pterin group. (●) para-amino benzoic acid. (●) 

glutamic acid. 

 

 
Figure 6.2. Self-assembly of folic acid. (a) formation of tetramers via hydrogen bonding 

between hoogsten-type bases highlighted orange. Intermolecular spacing between glutamic acid 

groups of the disk-like tetramer has been proposed to be 7.28 Å.365 (b) stacking of tetramers into 

columnar mesophase. Diameter of columnar structures previously reported to be 14.5 – 15.5 Å 

and spacing between tetramers to be 3.3 – 4.0 Å.363–365 (c) top view of hexagonal mesophase 

composed of columnar structures. 

 

Based on the similar chemical moieties to Type IV AFPs (i.e., glutamic acid), spacing of 

intra- and intermolecular spacing within self-assembled structures, and known amphiphilic 

characteristics at higher pHs362, folic acid was hypothesized to display biomimetic antifreeze 

properties. The IRI, TH, and DIS activities of folic acid have not been previously reported. The 

objectives of this work were (1) to determine if folic acid displays IRI, TH, and DIS activity, (2) 

to determine the extent that folic acid self-assembles at concentrations less than 1 mg/mL (0.1 
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wt%), and (3) to determine if folic acid can provide freeze-thaw resistance to hardened cement 

paste. 

 

6.2 Experimental Procedure 

6.2.1 Materials 

Folic acid (CAS # 59-30-3) was purchased from Sigma-Aldrich (St. Louis, MO, USA) and 

used without modification. A 1x phosphate buffered saline (PBS) solution was purchased from 

Fisher Scientific. The cement used in this study was Type I/II OPC (Quickrete®) that complies 

with ASTM C150.350 The chemical composition of the OPC is reported in Appendix A. 

 

6.2.2 Antifreeze Properties 

6.2.2.1 Ice Recrystallization Inhibition 

A modified IRI assay was performed to observe IRI activity.321 10 μL of sample was dropped 

from 1.7 m onto a glass slide (thickness of 1 mm). The glass slide was pre-cooled on an 

aluminum block at −78°C. The slide was then immediately transferred to an Otago nanoliter 

osmometer cold stage and annealed at −4°C (air temperature) for 30 min. Images were collected 

immediately after the sample was placed on the cold stage and again at 30 min to observe ice 

recrystallization. For all samples, images were obtained using an Olympus BX41 microscope 

with ELWD U Plan 20×/0.45 objective and crossed polarizers, equipped with an OMAX 

A35140U camera on a 0.5× C-mount adaptor. ImageJ 1.48v software (National Institutes of 

Health) was used to measure the grain sizes.  

The IRI activity of folic acid was tested at concentrations of 0.01 mg/mL, 0.05 mg/mL, and 

0.5 mg/mL in DI, PBS, 0.41 mM NaCl, and 4.1 mM NaCl. Additionally, IRI activity was tested 
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in 0.86 mg/mL Ca(OH)2 PBS solution. The concentration of 0.5 mg/mL folic acid was chosen to 

match the research in Chapters 4 and 5.  

 

6.2.2.2 Thermal Hysteresis and Dynamic Ice Shaping 

TH results from the non-colligative reduction in the freezing temperature of a solution while 

the melting temperature is maintained or elevated, thus a hysteresis gap is developed between the 

two temperatures. DIS occurs when a material interacts with one or more crystallographic planes 

of ice resulting in a change to the morphology of a single ice crystal and occurs in tandem with 

TH. To observe TH and DIS, a nanoliter-sized drop of sample was placed in microscopy 

immersion oil (Sigma-Aldrich) where both are in a hole of ∼0.5 mm diameter within an 

aluminum disk. The aluminum disk was placed on an Otago nanoliter osmometer cold stage, 

where the temperature of the cold stage was rapidly cooled to -20°C to form polycrystalline ice. 

Next, the sample was slowly melted to form a single ice crystal by heating at a rate of 

approximately 5°C/min. Once a single ice crystal was obtained, the temperature was kept 

constant for 3 min to ensure stability. Last, the sample was cooled at 0.01°C/min until crystal 

growth and/or ice shaping was observed. Samples were tested in DI water at a concentration of 

0.05 mg/mL, 0.5 mg/mL, and 5 mg/mL. Additionally, the samples were tested in a 0.75 M 

NaOH at concentrations of 5 mg/mL and 10 mg/mL. 

 

6.2.3 X-Ray Diffraction Studies 

 X-ray diffraction (XRD) patterns were performed on liquid solutions (capillary tubes) of folic 

acid. The system included a 30W Genix 3D x-ray generator with a Cu anode (λ = 1.54 Å) x-ray 

source and Dectris Eiger R 1M detector. The diffraction patterns were recorded between 4−30° 
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2θ using an increment of 0.02° 2θ. Folic acid was tested in both DI and a 0.75 M NaOH solution, 

pH = 13.5, at concentrations of 5.0 mg/mL, 0.5 mg/mL, and 0.05 mg/mL. The NaOH solution 

was used to determine the effect of a highly alkaline environment on the ability of folic acid to 

self-assemble into disk-like tetramers and columnar rod-like structures. 

 

6.2.4 Cement Paste Sample Preparation 

Cement paste samples were made with a water to cement ratio (w/c) of 0.42. Folic acid was 

added to the mixing water and stirred until dissolved. After a 3 min hand mix, cement paste 

samples were cast into cylindrical polyethylene molds 32 mm in height and 16 mm in diameter 

and cured for 14 days in a 99% relative humidity chamber according to ASTM C192 at 20°C 

±2°C.323 Table 6.1 provides the cement paste sample compositions. The amount of folic acid 

chosen in the mix design was based on IRI results.145  

 

Table 6.1. Cement Paste Mix Design 

Sample 
Cement 

(g) 
w/c ratio 

Folic acid concentration 

in mixing water  

(mg/mL) 

Folic acid  

(wt.% of 

cement) 

Control 100 0.42 - - 

FA-L 100 0.42 0.05 0.0021% 

FA-M 100 0.42 0.5 0.021% 

FA-H 100 0.42 1.0 0.042% 

 

6.2.5 Isothermal Conduction Calorimetry 

Isothermal conduction calorimetry (ICC) was performed to understand the impact of folic 

acid on both the heat of hydration and time of set. A TAM Air 8-Channel Isothermal Calorimeter 

(TA instruments) was set at 21°C and allowed to equilibrate for 24 hours. All samples were 

mixed for 3 minutes in glass ICC vials, with w/c=0.42, and immediately placed in the 
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calorimeter and allowed to equilibrate for 1 hour before the calorimeter signal was considered 

stable. Folic acid was tested at 0.00042%, 0.0021%, and 0.021% by weight of cement (i.e., 0.01, 

0.05, and 0.5 mg/mL in mixing water concentrations). Data was measured for 60 hours. The peak 

thermal power at 50% was used to approximate the time of set.326 

 

6.2.6 Rapid Freeze-Thaw Testing 

Freeze-thaw cycling of control, FA-L, FA-M, and FA-H paste samples was performed in a 

custom-built chamber. Details of the chamber may be found in Appendix B. All samples were 

tested in triplicate and exposed to a total of 30 cycles in which the freezing lasted for 1.5 h and 

thawing for 2.5 h, respectively. During freezing cycles, the temperature reached -15°C ± 2°C and 

thawing cycles 16.5°C ± 2°C. A water level that kept ~1/3 of the samples submerged was 

maintained in the sealed sample chamber to ensure the samples remained saturated.  

Freeze-thaw damage was assessed by visual inspection for spalling of bulk samples and by 

scanning with micro X-ray computed tomography (MXCT) to observe internal microcracking. 

The MXCT (ZEISS Xradia 520 Versa) source voltage was set to 140 kV and the power to 10 W. 

An objective with an optical magnification of 0.4× was used. The source and detector locations 

were varied to obtain the desired resolution (voxel size) of approximately 5 µm. Dragonfly 

2021.1 software (Object Research Systems) was used to generate reconstructions from MXCT 

scans that were analyzed for microcracking. 

 

6.2.7 Hardened State Air Content 

MXCT enabled 3D visualization of internal air void systems. The same MXCT parameters 

outlined in Section 6.2.6 were used and samples were scanned before freeze-thaw cycling. 
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Dragonfly 2021.1 software (Object Research Systems) was used to generate 3D reconstructions, 

to calculate the scanned volume of sample, and volume of all voids. The volume of air voids was 

determined from all voids with diameters greater than 14.8 μm. This diameter was chosen based 

on the accepted size range of air voids,19 previous research,327 and resolution capabilities of 

MXCT.  

The MXCT data were first segmented within Dragonfly 2021.1 to identify voxels that are 

associated with air voids (i.e., region of interest, ROI). Following segmentation, a multi-ROI 

analysis was performed. The multi-ROI analysis groups the labeled voxels and calculates a 

variety of properties including volume. The resulting volumes are exported and used to generate 

a histogram of air void sizes (diameters).  

 

6.3 Results and Discussions 

6.3.1 Antifreeze Properties 

6.3.1.1 Ice Recrystallization Inhibition 

Representative IRI assay micrographs of folic acid in DI, PBS, 0.41 mM NaCl, and 4.1 mM 

NaCl solutions at 0.01 mg/mL, 0.05 mg/ml, and 0.5 mg/mL can be found in Figures 6.3-6.7. 

Figure 6.8 summarizes the IRI activity of folic acid in each solution, reported as the percent 

mean largest grain size (MLGS) of the corresponding control solution. As can be seen in all 

solutions, folic acid is moderately IRI active (MLGS <70%) at concentrations of 0.05 mg/mL 

and 0.5 mg/mL. The IRI activity in DI was screened to confirm that the compound has activity 

without the presence of Na+. The mean largest grain size (n=10) was reduced by 29%, 44%, and 

56% for 0.01 mg/mL, 0.05 mg/mL, and 0.5 mg/mL folic acid respectively when compared to DI 

water.  
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The NaCl solutions were chosen to determine the effect of Na+ on the IRI activity of folic 

acid. Previous work has shown that Na+ and K+ can induce chirality in the self-assembled 

columnar structures.364,366 Visually, this can be seen when the solutions display pearlescent 

coloring. None of the folic acid solutions tested for IRI display pearlescent coloring, but the 5 

mg/mL and 10 mg/mL concentrations used for DIS testing did. The self-assembled structures 

appear to only result in multiple phases when the concentration of folic acid is greater than 1 

mg/mL.366 Representative splat assay micrographs of folic acid in 0.41 mM and 4.1 mM NaCl 

are provided in Figures 6.5 and 6.6. As can be seen in Figure 6.8, the IRI activity of folic acid 

in 0.41 mM and 4.1 mM NaCl is essentially the same at 0.05 mg/mL and 0.5 mg/mL. However, 

the IRI activity of 0.01 mg/mL folic acid in 4.1 mM NaCl is drastically higher than in 0.41 mM 

NaCl, 69% and 93% MLGS respectively.  

Representative splat micrographs of folic acid in 0.86 mg/mL Ca(OH)2 PBS solution are 

shown in Figure 6.7. No IRI activity was observed at a concentration of 0.5 mg/mL folic acid, 

therefore a higher concentration, 1.0 mg/mL, was tested. Negligible IRI activity was observed at 

1.0 mg/mL folic acid in the Ca2+ containing solution. The Ca(OH)2 solution was used to 

determine how Ca2+ would affect IRI activity. It is clear Ca(OH)2 disrupted the ability of folic 

acid to inhibit ice recrystallization.  
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Figure 6.3. Representative micrographs of folic acid solutions in DI. (a) DI control, (b) 0.01 

mg/mL folic acid, (c) 0.05 mg/mL folic acid, and (d) 0.5 mg/mL folic acid in DI after 30 min of 

annealing at -4°C. Scale bars are 100 µm. 
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Figure 6.4. Representative micrographs of folic acid solutions in PBS. (a) PBS control solution 

and (b) 0.01 mg/mL folic acid, (c) 0.05 mg/mL folic acid, and (d) 0.5 mg/mL folic acid in PBS 

after 30 min of annealing at -4°C. Scale bars are 100 µm. 
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Figure 6.5. Representative micrographs of folic acid solutions in 0.41 mM NaCl. (a) 0.41 mM 

NaCl control solution and (b) 0.01 mg/mL folic acid, (c) 0.05 mg/mL folic acid, and (d) 0.5 

mg/mL folic acid in 0.41 mM NaCl after 30 min of annealing at -4°C. Scale bars are 100 µm. 
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Figure 6.6. Representative micrographs of folic acid solutions in 4.1 mM NaCl. (a) 4.1 mM 

NaCl control solution and (b) 0.01 mg/mL folic acid, (c) 0.05 mg/mL folic acid, and (d) 0.5 

mg/mL folic acid in 4.1 mM NaCl after 30 min of annealing at -4°C. Scale bars are 100 µm. 

 

 

 
Figure 6.7. Representative micrographs of folic acid in 0.86 mg/mL Ca(OH)2 PBS solution. (a) 

0.86 mg/mL Ca(OH)2 PBS solution and (b) 0.5 mg/mL folic acid, and (c) 1.0 mg/mL folic acid 

in 0.86 mg/mL Ca(OH)2 PBS after 30 min of annealing at -4°C. Scale bars are 100 µm. 
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Figure 6.8. Ice recrystallization inhibition (IRI) activity results for folic acid. Results are 

reported as percent mean largest grain size (% MLGS) compared to solvent. Error bars represent 

one standard deviation. Solvents are deionized water (▬), 0.41 mM NaCl (▬), 4.1 mM NaCl 

(▬), PBS (▬), and 0.86 mg/mL Ca(OH)2 PBS (▬). 

 

The IRI activity of folic acid in PBS and NaCl solutions is promising as it parallels 

previously reported IRI active small molecules but at lower concentrations. For example, sugar 

molecules290,292,293, surfactants,290,294 and synthetic carbohydrate-based molecules143,295 have 

been reported with MLGS of 50-72% compared to PBS and NaCl solutions but almost all at 

concentrations exceeding 1 mg/mL.  
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6.3.1.2 Thermal Hysteresis and Dynamic Ice Shaping 

Folic acid did not display TH or DIS activity at any concentrations tested. Figure 6.9 shows 

DIS micrographs of each folic acid concentration tested in DI. The DI control, 0.5 mg/mL folic 

acid, 5.0 mg/mL folic acid, and 10 mg/mL folic acid solutions displayed cylindrical shaping 

indicating no DIS activity. Figure 6.10 shows the DIS micrographs of 5 mg/mL and 10 mg/mL 

folic acid in 0.75 M NaOH solution. Similar to folic acid in DI, folic acid in 0.75 M NaOH 

displayed no DIS activity. It is common for moderately IRI active materials (as opposed to 

highly active) not to display TH and DIS activity. Furthermore, the lack of TH and DIS activity 

would suggest that folic acid does not bind to ice to inhibit ice recrystallization like other small 

molecules.  

Figure 6.11 provides an image showing folic acid fiber-like structures that formed at 

concentrations of 5 mg/mL and 10 mg/mL in 0.75 M NaOH. The fiber-like structures occurred 

during melting of the bulk ice but before a single ice crystal was obtained. The fiber structures 

have diameters that are approximately 4 to 5 µm which closely matches the folic acid based fiber 

diameters reported by Motkar et al.366  

 

 
Figure 6.9. Dynamic ice shaping images. (a) DI control solution, (b) 0.5 mg/mL folic acid, (c) 5 

mg/mL folic acid, and (d) 10 mg/mL folic acid in DI. Note that in (a), (c), and (d) the c-axis of 

the ice crystal is perpendicular to the plane of the image and in (b) it is in the plane of the image. 
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Figure 6.10. Dynamic ice shaping images of(a) 0.75 M NaOH solution, (b) 5 mg/mL folic acid, 

and (c) 10 mg/mL folic in 0.75 M NaOH. Note that in (a) and (c) the c-axis of the ice crystal is 

perpendicular to the plane of the image and in (b) it is in the plane of the image. 

 

 
Figure 6.11. Micrograph of 5 mg/mL folic acid in 0.75 M NaOH. Interestingly, rod-like 

structures formed during TH and DIS testing. The rod-like structures have a diameter of ~ 4 to 5 

µm. Scale bar is 50 µm. 

 

 

6.3.2 X-Ray Diffraction 

 Figures 6.12 and 6.13 show XRD diffractograms of 0.05 mg/mL folic acid, 0.5 mg/mL folic 

acid, and 5 mg/mL folic acid in DI and 0.75 M NaOH. The peak centered at 15.6-16.0 Å is the 

most prominent and matches previously published values for the diameter of the folic acid 
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tetramers, 14.5-15.5 Å.363–365 In both DI and 0.75 M NaOH, the diffractograms corresponding to 

5 mg/mL concentrations do not display other distinguishable peaks. At 8.2-8.5 Å another peak is 

present for 0.05 mg/mL folic acid and 0.5 mg/mL folic acid in both DI and 0.75 M NaOH. In 

previous XRD studies of folic acid, peaks between 8-11 Å have been observed and attributed to 

the internal structure of folic acid assemblies366 and the repeat distance between tetramer 

stacks.365 Only 0.05 mg/mL folic acid in 0.75 M NaOH displays a peak at 4.2 Å, which agrees 

well with previously reported values for the distance between stacked tetramers.363–365 The 

presences of peaks located at 15.6-16.0 Å and 8.2-8.5 Å indicate some level of folic acid 

tetramer self-assembly which is an interesting result as the self-assembly of folic acid has 

previously been studied at concentrations exceeding 1 mg/mL.363–365  
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Figure 6.12. XRD diffractograms of folic acid solutions in DI. 5 mg/mL folic acid (▬), 0.5 

mg/mL folic acid (▬), and 0.05 mg/mL folic acid (▬) in DI. 
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Figure 6.13. XRD diffractograms of folic acid solutions in 0.75 M NaOH solution (pH ~ 13.8). 5 

mg/mL folic acid (▬), 0.5 mg/mL folic acid (▬), and 0.05 mg/mL folic acid (▬) in 0.75 M 

NaOH solution. 

 

 

6.3.3 Folic Acid as a Cement Additive 

6.3.3.1 Isothermal Conduction Calorimetry 

ICC results for folic acid modified pastes are shown in Figures 6.14. As can be seen in the 

normalized heat flow plot, the addition of folic acid at 0.01 mg/mL, 0.05 mg/mL, and 0.5 mg/mL 

resulted in a decrease of 6.9%, 4.8%, and 9.4% levels of peak thermal power compared to the 

control respectively. The approximate time of set was delayed by 48 mins, 33 mins, and 35 mins 
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for the 0.01 mg/mL, 0.05 mg/mL, and 0.5 mg/mL folic acid modified paste. The start of the 

acceleration period was delayed by 23 mins, 20 mins, and 22 mins for the 0.01 mg/mL, 0.05 

mg/mL, and 0.5 mg/mL folic acid modified paste respectively. 

Organic compounds containing carboxylic acid, such as polycarboxylic acid 

superplasticizers, are known to be retarding agents.367,368 Citric acid is a small molecule that has 

carboxylic acid functional groups like that of the glutamic acid group of folic acid. Citric acid369–

371 and citrate372 (deprotonated citric acid) have been previously studied as an additive to OPC 

paste, including its effect on cement hydration. Citric acid retards hydration at concentrations of 

0.1-0.6% by wt. of cement similarly to the observations of folic acid herein. The retardation of 

hydration in the presence of citric acid was proposed to result from adsorption onto cement 

clinker grains which would retard dissolution.369 
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Figure 6.14. Isothermal conduction calorimetry normalized heat flow plots for control (▬), 0.01 

mg/mL folic acid (▬), 0.05 mg/mL folic acid (▬), 0.5 mg/mL folic acid (▬). 

 

 

6.3.3.2 Rapid Freeze-Thaw Cycling 

Folic acid was tested as a water-soluble additive for freeze-thaw resistance in cement paste. 

Figure 6.15 provides images of the control, FA-L (0.05 mg/mL folic acid), FA-M (0.5 mg/mL 

folic acid), and FA-H (1.0 mg/mL folic acid) modified pastes samples post 30 freeze-thaw 

cycles. The red arrows in Figure 6.15 indicate spalling and scaling damage (i.e., surface 

damage) in the control paste (2/2 replicates display damage), FA-M modified paste (2/2 
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replicates display damage), and FA-H modified paste (1/2 replicates display damage). The 

spalling and scaling are minimal in the FA-M replicates and occurs near the top of the sample. 

Thus, the spalling and scaling could be a result of poor settling and/or bleeding. The FA-L 

modified paste showed no surface damage. 

Given the lack of surface damage, the FA-L modified paste was scanned with MXCT for the 

presence of internal microcracking. Representative 2D MXCT cross-sections of the control and 

FA-L modified paste samples can be found in Figure 6.16. The FA-L modified paste does 

display internal microcracking as indicated by the red arrows.  

The presence of internal damage with no surface damage makes the FA-L modified pastes 

samples unique when compared to polyethylene glycol (PEG) and polyvinyl alcohol (PVA) 

modified pastes from Chapter 4 that did not display freeze-thaw resistance. All the PEG and 

PVA modified pastes that displayed internal microcracking had apparent spalling and scaling. 

Previous studies of silica fume modified concrete have reported increased internal cracking with 

enhanced scaling resistance.373 The propensity for resistance to surface damage vs internal 

freeze-thaw damage is likely a result of different mechanisms for the two types of damage.374,375 

Given the observations of surface damage resistance, further testing of folic acid as an additive 

for scaling resistance is recommended. 
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Figure 6.15. Images of bulk samples post 30 freeze-thaw cycles. Red arrows indicate areas of 

spalling. (a) control samples, (b) 0.05 mg/mL folic acid, (c) 0.5 mg/mL folic acid, and (d) 1.0 

mg/mL folic acid modified paste. 
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Figure 6.16. Post freeze-thaw MXCT 2D cross-sectional images of (a) control and (b) 0.05 

mg/mL folic acid modified paste. Red arrows indicate microcracking. Scale bars are 1 mm. 

 

6.3.3.3 Hardened State Air Content 

The air content of the samples was determined by measuring the volume of pores with a 

diameter larger than 14.7 μm. This volume was determined from MXCT scans of samples after 

curing and before freeze-thaw cycling. Table 6.2 summarizes the hardened state air content and 

the number of air voids detected in the scanned volumes. Figure 6.17 provides representative 2D 

MXCT cross-sections with air voids colored pink for all samples.  

FA-L, FA-M, and FA-H modified paste samples all contained less than 0.9% air while the 

control contained 0.41% air in the hardened state. These observed air contents are much lower 

than the industry accepted air contents of ~ 16 to 25% air by volume of cement paste,163 or ~ 4 to 

10% by volume of concrete.163,168 However, it is worth noting that the air content is 

approximately double for the samples containing folic acid compared to the control. 

Additionally, the number of air voids with diameters between 15 µm and 60 µm are greater for 

FA-M and FA-H modified paste compared to the control, while FA-L has less. The air void size 

(diameter) distribution up to 60 µm for each sample is plotted in Figure 6.18. Taken together 
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with the freeze-thaw cycling results, the air content does not appear to affect the ability of folic 

acid to provide freeze-thaw resistance (internal or surface). Additionally, the low hardened state 

air contents taken together with the ICC results indicate that folic acid could be used as an 

environmentally friendly, non-toxic retarding admixture. 

 

 
Figure 6.17. Representative 2D MXCT cross-sections with air voids highlighted in pink for (a) 

FA-L, (b) FA-M, and (c) FA-H. Scale bars are 1 mm. 
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Table 6.2. Hardened state air void parameters of control and folic acid modified hardened 

cement paste. 

 Hardened state air content % Number of voids 

Control 0.41 572,975 

FA-L 0.72 460,391 

FA-M 0.85 763,544 

FA-H 0.73 615,362 

 

 
Figure 6.18. Histogram of air void diameters up to 60 µm. (a) control, (b) FA-L, (c) FA-M, and 

(d) FA-H. 

 

6.5 Conclusions   

This work presents, for the first time, experimental evidence that folic acid displays IRI 

activity. At concentrations as low as 0.01 mg/mL, folic acid was shown to reduce the MLGS by a 

minimum of 25% compared to DI, PBS, 0.41 mM NaCl, and 4.1 mM NaCl control solutions. 

Furthermore, an increase in the concentration of folic acid up to 0.5 mg/mL did not result in 

significantly higher IRI activity. The highest IRI activities achieved were 44% and 62% MLGS 

at 0.5 mg/mL in DI and 4.1 mM NaCl solution respectively. However, in the presence of 0.86 

mg/mL Ca(OH)2, folic acid displays negligible l IRI activity (~81% MLGS) up to concentrations 

of 1 mg/mL. XRD experiments indicate that self-assembly of folic acid into tetramers occurs at 
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concentrations as low as 0.05 mg/mL (0.005% wt). Although folic acid shows promise as an IRI 

active material, further investigation is required to fully explicate its use as an additive to 

cementitious materials. Samples modified with folic acid 0.0021% and 0.021% (FA-L and FA-

M) by wt. of cement displayed resistance to surface freeze-thaw damage but did display internal 

microcracking. ICC results indicate that folic acid behaves as a retarding agent. Taken together, 

future research on folic acid as an additive to cement paste and concrete is merited, especially 

considering the non-toxic and environmentally friendly aspects of folic acid. 
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Chapter 7 Ice Recrystallization Inhibition Activity of Air Entraining 

Agents 

7.1 Introduction 

It is widely accepted that air entraining agents (AEAs) can be effective at providing freeze-

thaw resistance when a high-quality air void system is created. However, a review of previously 

published results demonstrates variability in observed performance.2,312 Our current 

understanding of air void systems suggests that performance can be predicted by a set of physical 

parameters, primarily fresh state air content and spacing factor.  

Fresh state air content is a measure of all air present, including both entrained and entrapped 

air, within a freshly mixed cement paste, mortar, or concrete mixture. The recommend fresh state 

air content is 4-10% depending on the source, aggregate size, and exposure conditions.163,168 The 

spacing factor is a measure that estimates the maximum distance from any point within the 

cement paste to an air void. The spacing factor is recommended to be below 0.2 mm.50,168 For 

both fresh state air content and spacing factor, meeting these recommendations does not 

guarantee freeze-thaw durability and in some cases freeze-thaw performance is seen when these 

recommendations are not met.157,158,376  

Figure 7.1 demonstrates this variability in performance from a selection of publications. 

Figure 7.1 contains concrete freeze-thaw cycling results from previously published work.155–158 

For all of the data points, the samples are modified with AEA and ASTM C666 was followed. 

The red line indicates a durability factor of 60%, which is the minimum allowable durability 

factor to pass ASTM C666.149 As can be seen in Figure 7.1 (a), many concrete specimen, 21%, 

maintain a durability factor above 60% with a fresh state air content below the recommended 4-
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10%. An even larger number of the concrete specimen, 46%, maintain a durability factor above 

60% with a spacing factor > 0.2 mm as shown in Figure 7.2 (b). 

 

 
Figure 7.1. Reported freeze-thaw performance of AEA modified concrete. (a) The effect of fresh 

state air content on durability factor. (b) The effect of spacing factor on durability factor. The red 

line indicates a durability factor of 60% which is the point of failure in ASTM C666 freeze-thaw 

test. Data were taken from Malhotra (•),155 Wang et al. (•),156 Tanesi and Meininger (•),157 and 

Ley et al. (•).158 

 

The variability in performance could be due to an array of parameters that influence an AEAs 

ability to stabilize air voids including mix design, the mixing process itself, placement, finishing 

practices, and temperature.377 However, some research has shown drastic variations in freeze-

thaw performance when parameters (i.e., mix design, air content, spacing factor, freeze-thaw 

conditions) were essentially identical for concrete samples modified with different AEAs.163,378–

380 It was suggested by Chatterji that some aspect of an AEA’s chemical nature play an important 

role in performance.163 

There are obvious chemical differences between the surfactants used as AEAs, which can be 

seen in how they are classified; 1) by the type of ionic compound: anionic, cationic, zwitterionic, 
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and non-ionic and 2) by their ability to coagulate in the presence of calcium (i.e., insoluble vs. 

soluble). These chemical differences have been shown to affect the resulting air void system. For 

example, AEAs differing in ionic character have been shown to produce different size 

distributions and shapes of air voids in concrete.381 Additionally, previous work has suggested 

that a minimum hydrocarbon chain length of 12 carbon atoms is required for effective air 

entrainment.  

In the presence of AEAs, air voids have been shown to form with a shell around 

them.160,162,382–384 The shell is a result of the surfactant molecules coagulating with calcium.162 It 

is believed that the collection of these calcium salts forms a hydrophobic layer (i.e., an insoluble 

calcium salt), which can reduce the amount of water that enters air voids.2,163 A reduction in the 

amount of water that enters the air voids would lead to reduced ice formation within them. 

When ice begins to form in the pores and air voids of cementitious materials, biomimetic 

antifreeze polymers are believed to interact with the ice-water interface and slow ice crystal 

growth. Biomimetic antifreeze polymers with ice recrystallization inhibition (IRI) activity have 

been shown to provide freeze-thaw resistance to hardened cement paste,145 mortar,311 and 

concrete.145 In concrete, IRI-active polymers resulted in freeze-thaw resistance while having a 

marginal fresh state air content of 4.2%, a hardened state air content of 2.3%, and a spacing 

factor exceeding 0.390 mm.145 IRI activity slows or prevents the thermodynamically driven 

process where smaller ice crystals grow into larger ice crystals (i.e., Ostwald ripening).  

Given that (1) variability in freeze-thaw performance is observed when different AEAs create 

similar air void systems (i.e., physical parameters) in concrete, (2) microscopic imaging has 

shown ice forms on the surfaces of air voids (where surfactant molecules are located), (3) 
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enhanced freeze-thaw resistance observed with the use of biomimetic antifreeze polymers, it was 

hypothesized that surfactants used in AEAs display varying levels of IRI activity. 

 

7.2 Scope of Work 

This study compared the IRI activity of sodium oleate, vinsol resin, sodium lauryl sulfate, 

and a phenol ethoxylate (4-nonylphenol-polyethylene glycol) because of previously reported 

side-by-side concrete freeze-thaw testing with each of these surfactants. Hewlett et al. reported 

the results shown in Table 7.1 where the air content of each sample is nearly identical.385 The 

freeze-thaw rating is reported to be an average of the measured modulus and compressive 

strength after freeze-thaw cycling. It is clear from the results in Table 7.1 that although the 

AEAs resulted in similar air contents, they had considerably different freeze-thaw performances. 

Chatterji pointed out that others have reported similar observations.163,378,380  

 

Table 7.1. Freeze-thaw results of AEA modified concrete reported by Hewlett et al. 

Surfactant Air content (%) Freeze-thaw rating 

Sodium oleate 5.6 86 

Vinsol resin 5.2 57 

Sodium lauryl sulfate 5.8 46 

Phenol ethoxylate 5.2 7 

Control 2.0 5 

 

 

In addition to the surfactants listed in Table 7.1, sodium dodecylbenzene sulfonate and 

sodium octanoate were also screened for IRI activity. The structure of each surfactant studied 

herein can be found in Figure 7.2. Beyond screening the surfactants for IRI activity, this work 

explores the molecular properties that influence the IRI activity of surfactants and compares 

them to other small molecules previously studied for IRI activity. 
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Figure 7.2. The chemical structure of surfactants used in this study. a-d were used in the work of 

Hewlett et al.385 (a) sodium oleate, (b) abietic acid (major component of vinsol resin), (c) sodium 

lauryl sulfate, (d) 4-nonylphenol-polyethylene glycol (phenol ethoxylate), (e) sodium 

dodecylbenzene sulfonate, and (f) sodium octanoate. 

 

7.2 Experimental Procedure 

7.2.1 Materials 

Sodium lauryl sulfate (SLS) (CAS # 151-21-3), sodium dodecylbenzene sulfonate (CAS # 

25155-30-0), sodium octanoate (CAS # 1984-06-1), 4-nonylphenol-polyethylene glycol (CAS # 

9016-45-9), and Ca(OH)2 were purchased from Sigma-Aldrich and used without any 

modification. Sodium oleate (CAS # 143-19-1) was purchased from TCI and used without any 

modification. A commercially available vinsol resin based AEA was purchased and used without 

any modification. 
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7.2.2 Ice Recrystallization Inhibition 

The IRI activity of each surfactant was tested at a concentration of 1.00 mg/mL in phosphate 

buffered saline (PBS). Sodium oleate, vinsol resin, sodium lauryl sulfate, and phenol ethoxylate 

were additionally tested in a 0.86 mg/mL Ca(OH)2 PBS solution at a concentration of 1.00 

mg/mL. A modified IRI assay was performed to observe IRI activity.321 10 μL of sample was 

dropped from 1.7 m onto a glass slide (thickness of 1 mm). The glass slide was pre-cooled on an 

aluminum block at −78°C. The slide was then immediately transferred to an Otago nanoliter 

osmometer cold stage and annealed at −4°C (air temperature) for 30 min. Images were collected 

immediately after the sample was placed on the cold stage and again at 30 min to observe ice 

recrystallization. For all samples, images were obtained using an Olympus BX41 microscope 

with ELWD U Plan 20×/0.45 objective and crossed polarizers, equipped with an OMAX 

A35140U camera on a 0.5× C-mount adaptor. ImageJ 1.48v software (National Institutes of 

Health) was used to measure the mean largest grain size (MLGS). The MLGS is the average size 

of the 10 largest grains in a micrograph. Reported MLGS values are the average of 3 replicates.   

 

7.2.3 Molecular Properties 

7.2.3.1 Hydrophobicity 

The hydrophobicity of small molecules, including surfactants, has previously been shown to 

play an important role in IRI activity.143,294,298 Given this, the relative hydrophobicity of the 

surfactants was compared using the partition coefficient, log P.165 The partition coefficient is the 

log of the ratio of the concentration of a molecule in an aqueous phase and an organic phase at 

equilibrium. Figure 7.3 provides a schematic representation of how the partition coefficient is 

measured. As log P increases in value so does the relative hydrophobicity of the molecule. 
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 The measurement of log P in a laboratory setting is time intensive and difficult which led to 

the development of algorithms to predict log P.386 Algorithms to predict the log P value are 

included in a variety of commercially available software packages including Molinspiration 

Cheminformatics (Slovensky Grob, Slovakia), which was used here. For each surfactant tested 

here, the log P values were calculated from the charged form where applicable. 

 

 
Figure 7.3. Schematic representation of how the partition coefficient, log P, is calculated. The 

concentration of a molecule is measured in two immiscible phases. In the example, the two 

phases are octanol and water. 

 

7.2.3.2 Topological Polar Surface Area 

 Molecular polar surface area (PSA) is the surface area of polar atoms in a molecule. 

Topological polar surface area (tPSA) is a method of rapidly calculating the PSA based on 

surface contributions of polar fragments.387 A variety of software packages are capable of 

calculating tPSA. Molinspiration Cheminformatics (Slovensky Grob, Slovakia) was used to 

calculate tPSA values used herein.388 

 

7.2.3.3 Molecular Volume 

 Molecular volume influences the transport characteristics of molecules and is often used in 

models to correlate molecular properties to given activities. Molinspiration Cheminformatics 

(Slovensky Grob, Slovakia) was used to calculate molecular volumes.388  
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7.3 Results and Discussion 

7.3.1 Ice Recrystallization Inhibition 

Representative splat-assay micrographs showing the IRI activity of sodium oleate, vinsol 

resin, sodium lauryl sulfate, phenol ethoxylate, sodium dodecylbenzene sulfonate, and sodium 

octanoate at a concentration of 1 mg/mL in PBS solution are shown in Figures 7.4. The activity, 

reported as the % MLGS, of each surfactant compared to the PBS control solution is shown in 

Figure 7.5. 

Sodium octanoate exhibited the highest level of IRI activity with an MLGS of 55% compared 

to the PBS control. Interestingly, sodium oleate exhibited the highest IRI activity, 74%, of the 

surfactants tested in the previously published side-by-side freeze-thaw study summarized in 

Table 7.1. Moreover, the trend in observed freeze-thaw performance matches that of IRI activity 

(i.e., higher IRI activity, greater freeze-thaw performance). Sodium oleate, vinsol resin, and 

sodium lauryl sulfate all reported freeze-thaw performance in the side-by-side freeze-thaw 

cycling, while phenol ethoxylate which has no IRI activity performed nearly identical to the 

control in freeze-thaw cycling. 

The observed IRI activities for the surfactants studied herein appear to agree well with the 

IRI activity of other previously studied hydrocarbon-containing surfactants. Fan et al. reported a 

MLGS of 70% for sodium lauryl sulfate at a concentration of ~0.05 mg/mL (0.2 mM)291. 

However, Capicciotti et al. previously reported no IRI activity for sodium lauryl sulfate at 

concentrations of ~ 0.1, 1.3, and 2.7 mg/mL (0.5, 5, and 10 mM respectively).290 Additionally, 

Capiccotti et al. reported the IRI activity of Brij58 and Triton X-100 which are both 

commercially available surfactants. Brij 58 and Triton X-100 resulted in MLGS of 88% and 82% 



152 

 

compared to a PBS control at concentrations of ~ 5.6 and 3.1 mg/mL (5 mM) respectively.290 

Balcerzak et al. reported IRI activities ranging from 5% to 95% for a series of anionic lysine 

surfactants.294 

 

 
Figure 7.4. Optical Micrographs of IRI Splat Assay of sodium oleate, vinsol resin, sodium lauryl 

sulfate, phenol ethoxylate, sodium dodecylbenzene sulfonate, and sodium octanoate in PBS 

solution. Images show individual ice crystal grains that form in (a) PBS control solution, (b) 1 

mg/mL sodium oleate, (c) 1mg/mL vinsol resin, (d) 1 mg/mL sodium lauryl sulfate, (e) 1 mg/mL 

phenol ethoxylate, (f) 1 mg/mL sodium dodecylbenzene sulfonate, and (g) 1 mg/mL sodium 

octanoate in PBS solution after 30 min of annealing at −4°C. Scale bars are 100 μm. 

 



153 

 

 
Figure 7.5. Summary of surfactant IRI activity in PBS. 1 mg/mL sodium oleate (■), 1 mg/mL 

vinsol resin (■), 1 mg/mL sodium lauryl sulfate (■), 1 mg/mL phenol ethoxylate (■), 1 mg/mL 

sodium dodecylbenzene sulfonate (■), and 1 mg/mL sodium octanoate (■) in PBS. IRI activity is 

reported as the percent mean largest grain size (% MLGS) compared to the control PBS solution. 

Error bars represent one standard deviation of 3 replicates. The grey area represents the control 

PBS solution MLGS. 

 

Representative splat-assay micrographs showing the IRI activity of sodium oleate, vinsol 

resin, sodium lauryl sulfate, and phenol ethoxylate at a concentration of 1 mg/mL in 0.86 mg/mL 

Ca(OH)2 PBS solution are shown in Figure 7.6. The pH of the 0.86 mg/mL Ca(OH)2 PBS 
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solution was 12.5. The activity of each surfactant compared to the 0.86 mg/mL Ca(OH)2 PBS 

control solution is shown in Figure 7.7. 

The IRI activity of these surfactants was tested in the presence of Ca2+ because sodium 

oleate,163 vinsol resin,160,162,163 and sodium lauryl sulfate389 are known to coagulate in the 

presence of Ca2+. Additionally, these are the surfactants previously studied in a side-by-side 

cyclic freeze-thaw test in concrete. The MLGS compared to the 0.86 mg/mL Ca(OH)2 PBS 

solution were 73%, 92%, 90%, and 96% for sodium oleate, vinsol resin, sodium lauryl sulfate, 

and phenol ethoxylate respectively at 1 mg/mL. Sodium oleate was the only surfactant that 

maintained or increased IRI activity in the presence of Ca2+. 

 

 
Figure 7.6. Optical Micrographs of IRI Splat Assay of sodium oleate, vinsol resin, sodium lauryl 

sulfate, and phenol ethoxylate in PBS solution. Images show individual ice crystal grains that 

form in (a) PBS control solution, (b) 1 mg/mL sodium oleate, (c) 1mg/mL vinsol resin, (d) 1 

mg/mL sodium lauryl sulfate, and (e) 1 mg/mL phenol ethoxylate in PBS solution after 30 min 

of annealing at −4°C. Scale bars are 100 μm. 
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Figure 7.7. Summary of surfactant IRI activity in Ca(OH)2 solution. 1 mg/mL sodium oleate (■), 

1 mg/mL vinsol resin (■), 1 mg/mL sodium lauryl sulfate (■), and 1 mg/mL phenol ethoxylate 

(■). IRI activity is reported as the percent mean largest grain size (% MLGS) compared to the 

control 0.86 mg/mL Ca(OH)2 in PBS solution. Error bars represent one standard deviation of 3 

replicates. The grey area represents 0.86 mg/mL Ca(OH)2 in PBS solution MLGS. 
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7.3.2 Molecular Properties 

Table 7.2 summarizes the calculated log P, tPSA, and molecular volume for each surfactant. 

Figure 7.8 shows the relationship between log P, tPSA, molecular volume, and molecular 

weight, and the IRI activity of each surfactant in PBS at 1 mg/mL. 

The hydrophobicity of small molecules, including surfactants, has previously been shown to 

play an important role in IRI activity.143,294,298 Given this, the relative hydrophobicity of the 

surfactants was compared using log P.165 Large values of log P indicate higher relative 

hydrophobicity. As can be seen in Figure 7.8 (a), there is no obvious relationship between log P 

and the IRI activity for the surfactants tested.  

A lack of trend between hydrophobicity and IRI activity does not match the findings reported 

in literature. Balcerzak et al. showed that IRI activity is dependent upon the length of alkyl 

chains for anionic lysine surfactants, an indicator of hydrophobicity.294 Trant et al. found that for 

alkylated galactose derivatives, hydrophobic chain lengths of appropriate length (n = 6 to 7) 

provided substantial IRI activity (i.e. >80% reduction).143 The alkylated galactose derivatives did 

not show a general trend of increasing hydrophobicity, or chain length, leading to increasing IRI 

activity. For the anionic surfactants studied herein, the chain length does not appear to explain 

differences in IRI activity. This is evidenced by sodium lauryl sulfate, a C-12 alkane chain, 

having a lower IRI activity (i.e., higher MLGS) than sodium octanoate, a C-7 alkane chain. 
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Table 7.2. Summary of calculated partition coefficients (log P), topological polar surface area 

(tPSA), molecular volumes, and molecular weights for surfactants. 
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Figure 7.8. Relationship between molecular properties and IRI activity. (a) hydrophobicity (log 

P), (b) topological surface area (tPSA), (c) molecular volume, and (d) molecular weight. IRI 

activity is in PBS at a concentration of 1 mg/mL for each surfactant. Data points represent 

sodium oleate (●), vinsol resin (●), sodium lauryl sulfate (●), phenol ethoxylate (●), sodium 

dodecylbenzene sulfonate (●), and sodium octanoate (●). 

 

Amphiphilicity has previously been shown to play a role in the function of AFPs, especially 

Type I AFPs.234,390 Furthermore, amphiphilicity appears to be a factor contributing to the IRI 

activity of nanomaterials,255,282 metallohelices,284 polymers,391 and small molecules.294,392 

Previously, the amphiphilicity of small molecules has been characterized by comparing the 
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content of CH groups in alkyl chains to hydroxyl groups, the ratio of polar surface area (PSA) to 

the molecular surface area, and general qualitative comparison of chemical structures when 

studying IRI activity.294,392 When considering surfactants, they are inherently amphiphilic.  

 Topological polar surface area (tPSA) represents the surface area of polar atoms in a 

molecule. Previously, IRI activity was shown to decrease with increasing net polarity for N-alkyl 

aldonamides and N-alkyl-erythonamides derivatives (linear relationship with R2 = 0.8456).  The 

same general trend can be observed for the surfactants studied herein as shown in Figure 7.8 (b), 

where greater polarity leads to decreased IRI activity.  

 For polymers and specifically PVA, IRI activity has been shown to depend on molecular 

weight.266,345 Carbohydrate-based small molecules have been shown to display increasing IRI 

activity with increasing alkyl chain lengths and therefore increasing molecular weights.294 The 

molecular weight of a molecule is closely related to the molecular volume. To the authors' 

knowledge, the molecular volume has not previously been studied as a parameter that influences 

the IRI activity of small molecules. The relationship between IRI activity and molecular volume 

and the molecular weight is shown in Figures 7.8 (c) and 7.8 (d) respectively. For the surfactants 

studied herein, decreasing molecular weight and molecular volume led to increasing IRI activity. 

However, a majority of the surfactants (4 of 6) have similar molecular weights, 143-282 g/mol, 

and IRI activity, 77-83%. 

 Polar surface area, molecular volume, and molecular weight appear to have a linear 

relationship to the IRI activity of the surfactants studied here. When considering the effect of log 

P, tPSA, molecular volume, and molecular weight on IRI activity, caution should be taken 

extracting the results herein and applying them to non-surfactant small molecules. A review of 

the literature clearly shows that a unifying mechanism for explaining small molecule IRI activity 
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is still to be explicated. Furthermore, the molecular properties that influence IRI activity are still 

to be explicated. The small molecules that have been studied for IRI activity are almost 

exclusively polyols (i.e., containing many hydroxyl groups) making their chemical structure 

significantly different than surfactants containing hydrocarbon chains and few to no hydroxyl 

groups (i.e., sodium octanoate, sodium lauryl sulfate).  

Figures 7.9-7.11 show the IRI activity of a variety of small molecules previously published 

and the results herein based on log P, tPSA, and molecular weight.  log P data includes 71 

molecules with 22 of them being non-polyols. tPSA data includes 48 molecules with 19 of them 

being non-polyols. Molecular weight data includes 112 molecules with 22 of them being non-

polyols. When looking at the effect of tPSA on IRI activity in Figure 7.9, it appears that a tPSA 

> 100 Å2 is required for high IRI activity (i.e., MLGS < 20%) in combination with 

concentrations exceeding 7.5 mg/mL. A similar trend can be seen for the effect of molecular 

weight on IRI activity in Figure 7.11, where it appears that a molecular weight > 300 g/mol and 

concentrations exceeding 5 mg/mL are needed for high IRI activity. There does not appear to be 

a trend in the log P data shown in Figure 7.10. 
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Figure 7.9. IRI activity of select small molecules based on tPSA (Å2). Size of data point 

indicates concentration (mg/mL) tested at. Color of data point represents the 

source.143,225,290,290,291,294 

 

 
Figure 7.10. IRI activity of select small molecules based on log P. Size of data point indicates 

concentration (mg/mL) tested at. Color of data point represents the source.143,225,290–295 
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Figure 7.11. IRI activity of select small molecules based on molecular weight (g/mol). Size of 

data point indicates concentration (mg/mL) tested at. Color of data point represents the 

source.143,225,290,290–294  

 

 The molecular properties may explain surfactant IRI activity. It appears that decreasing 

molecular weight, decreasing molecular volume, and decreasing tPSA result in increasing IRI 

activity. This is evidenced by sodium octanoate having the highest IRI activity and lowest 

molecular weight, molecular volume, tPSA of the surfactants studied herein. However, when 

compared to the results of other small molecules previously studied for IRI activity, the effect of 

these molecular properties does not follow the same trends. The difference in the effect of the 

surfactants studied herein and the previously studied small molecules is likely because the vast 

majority of previously studied small molecules are polyols instead of amphiphilic surfactants. 

The chemical and structural properties from a more extensive library of surfactants and small 

molecules could be utilized to develop correlations with IRI activity. This model could be used 

to assist in the prediction of small molecules with IRI activity and ultimately a better 

understanding of the chemical and structural parameters that contribute most significantly to IRI 
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activity. Briard et al. developed a quantitative structure-activity relationship (QSAR) model 

based on 83 previously studied small molecules.225 However, all of the molecules used for the 

development, training, and testing of the model were polyols. The majority of small molecules 

studied for IRI activity are polyols because the primary intended application is cryopreservation. 

Small molecules with IRI activity are desirable for cryopreservation because IRI active materials 

with larger sizes such as PVA generally show poor cell recovery after cryopreservation.294  

Although not including in the experimental work and analysis herein, it is important to 

discuss the critical micelle concentration (CMC). Surfactants undergo micelle formation at the 

CMC. Continued addition of surfactant molecule after the CMC results in increased micelle 

formation. Previous work has indicated that IRI activity is not affected at concentrations at or 

above the CMC for a given surfactant. The influence of micelle formation on the mechanism of 

IRI could be complex. Furthermore, CMC affects molecular properties such as the partition 

coefficient.393  

 

7.4 Conclusions  

The results presented herein demonstrate that surfactant molecules, including those 

commonly used as AEA admixtures, can display IRI activity. Interestingly, the IRI activity of 4 

surfactants, namely sodium oleate, vinsol resin, sodium lauryl sulfate, and a phenol ethoxylate, 

displayed varying levels of IRI activity that correlate with previously reported freeze-thaw 

performance results (i.e., higher IRI activity equates to better freeze-thaw performance). These 

initial results provide insight into new design parameters for effective AEAs.  

The surfactants studied herein do not appear to follow the same structure-property 

relationships regarding IRI activity when compared to small molecule polyols. For polyol small 
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molecules it appears that a tPSA > 100 Å2 and a molecular weight > 300 g/mol in combination 

with concentrations exceeding 5 mg/mL are required for high IRI activity (i.e., MLGS < 20%).  

that a molecular weight > 300 g/mol and concentrations exceeding 5 mg/mL are need for high 

IRI activity. The results of the study highlight the need for future research focusing on 

understanding the underlying mechanisms that govern small molecule surfactant and polyol IRI 

activities in order to elucidate the likely differences in their governing structure-property 

relationships. 
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Chapter 8 Concluding Remarks 

8.1 Summary of Contributions 

 The research presented herein advances the scientific understanding and technological 

application of IRI active materials for use as additives in cementitious materials for freeze-thaw 

resistance. The following provides a summary of the significant scientific contributions. 

• The review of techniques used for freeze-thaw mitigation within cementitious materials 

provided an overview of the underlying mechanisms that allow for freeze-thaw 

resistance, materials used in each approach, and shortcomings of each method. 

• The review of biomimetic antifreeze materials has provided an overview of the various 

materials reported to mimic the IRI activity of AFPs and AFGPS. The structure-property 

relationships that allow for IRI activity are presented. 

• Polyvinyl alcohol-polyethylene glycol graft copolymer (PEG-PVA) was shown to display 

both IRI and DIS activity in neutral and pH 12.5 solutions.  

• PEG-PVA and PVA maintain DIS activity in a saturated Ca2+ environment. 

• PEG-PVA provides freeze-thaw resistance while minimally impacting fresh and 

hardened state properties of OPC paste (i.e., hydration, mineralogy, compressive strength, 

and hardened state air content) at a dosage of 0.021% by wt. of cement. 

• PVA of appropriate molecular weights (i.e., >30,000 g/mol and < 214,500 g/mol) and 

degree of hydrolysis (i.e., > 88%) provides freeze-thaw resistance to hardened OPC paste 

and result in lower amounts of ice during freezing temperatures as determined by DSC. 

• Folic acid exhibits moderate IRI activity (i.e., 45-70% MLGS) at concentrations down to 

0.05 mg/mL in DI, PBS, and NaCl solutions, however, loses IRI activity in the presence 

of Ca2+. 
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• Folic acid displays evidence of tetramer self-assembly in DI and 0.75 M NaOH at 

concentrations down to 0.05 mg/mL. Additionally, XRD results indicate that small 

columnar structures of the folic acid tetramers self-assemble at 0.05 mg/mL folic acid in 

0.75 M NaOH. 

• Folic acid retards cement hydration at dosages of 0.0021% to 0.042% by wt. of cement. 

• Surfactants commonly used in AEAs display varying levels of IRI activity with sodium 

octanoate being the most active, 55% MLGS, surfactant studied at 1 mg/mL in PBS. 

• Structure-property relationships describing the IRI activity of previously studied small 

molecules, which are almost exclusively polyols, do not appear to be accurate for the 

surfactants studied herein. 

 

8.2 Future Research Directions 

 In this work, a new method for freeze-thaw mitigation of cementitious materials was 

introduced. The work focused on exploring the ability of PEG-PVA, PVA, and folic acid, all of 

which are IRI active, to enhance freeze-thaw resistance in OPC paste while entraining minimal 

air. The addition of these biomimetic antifreeze materials at appropriate IRI activity results in 

freeze-thaw mitigation and as evidence by DSC, lower amounts of ice development during 

freezing temperatures. However, further research is required to determine the performance of 

biomimetic antifreeze materials in concrete.  

 

Future Research Direction #1. Propensity of IRI Active Materials to Entrain Air. A critical step 

for incorporation of IRI active materials in concrete and further mechanistic understanding will 

require knowledge of the propensity for IRI active materials to entrain air in concrete. For 
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example, PVA is known to entrain air in concrete but usually this is seen at dosages exceeding 

1% by wt. of cement. Testing the ability for IRI active materials to entrain air should include a 

variety of doses and w/c ratios. Determination of the fresh state air content, hardened state air 

content, spacing factor, and specific surface, materials surface tension, and foaming capacity 

should all be included in these studies.  

 

Future Research Direction #2. IRI Active Polymers in Concrete.  Ultimately, these IRI active 

materials need to be placed in concrete and tested for freeze-thaw resistance. PEG-PVA has been 

tested in concrete and shown to provide freeze-thaw resistance.145 PVA has been shown to 

provide scaling resistance in mortar.311 However, these are both preliminary studies (for example 

only a single w/c ratio was tested). Freeze-thaw testing should be performed for a variety of mix 

compositions, sample ages, and water saturation levels. Additionally, the freeze-thaw testing 

would need to be performed with AEA modified concrete as a positive control. Lastly, during the 

freeze-thaw cycling, water used in the freeze-thaw chamber to maintain saturation should be 

tested for the presence of the IRI active materials to determine if and how much leeching occurs. 

 

Future Research Direction #3. Incorporation of IRI Active Material and AEA. Given that an air 

void system can provide freeze-thaw resistance and increase the time till a critical degree of 

saturation (DOScr) is reached, the ability of IRI active materials to work synergistically with 

AEAs should be explored. Investigating the effect of the IRI active material on the ability of the 

AEA to create a high-quality air void network would be critical. Additionally, testing of the 

fresh- and hardened-state properties will be necessary.  
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Future Research Direction #4. Interaction of Biomimetic Antifreeze Polymers with Other 

Concrete Additives. Concrete almost always contains a variety of admixtures such as water 

reducing agents and superplasticizers. An investigation that explores the propensity of IRI active 

materials to interact with other concrete admixtures is critical for the application of these 

materials in the field. The investigations should ensure that no detrimental effects are seen for the 

IRI active materials, other concrete admixtures, and SCMs.  

 

Future Research Direction #5. Highly IRI Active Small Molecules. Folic acid was the only IRI 

active small molecule tested for its ability to provide freeze-thaw resistance in this work. Highly 

IRI active (i.e., MLGS <20%) small molecules should be tested as an additive for freeze-thaw 

resistance in both cement paste and concrete.  
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Appendix A Chemical Composition of Ordinary Portland Cement (OPC) 

Paste 

Quantitative X-Ray Fluorescence (XRF) was performed on Type I/II OPC to determine the 

chemical composition. The XRF results, including oxide content, can be found in 

Table A1. 

 

Table A1. Chemical Composition of Type I/II OPC 

Composition Percentage 

Al2O3 4.38 

CaO 62 

Fe2O3 3.33 

K2O 0.757 

MgO 1.38 

MnO 0.21 

Na2O 0.19 

P2O5 0.183 

SiO2 19.7 

SO3 3.32 

TiO2 0.18 

LOI 2.96 
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Appendix B Freeze-Thaw Chamber for Cement Paste 

A schematic of the custom-built freeze-thaw chamber can be found in Figure B1 (a). All 

parts used to make the chamber were commercially available. The sample chamber was a 3-in x 

3-in x 1.5-in (L x W x H) sealable plastic container. Ice water was kept cold in a refrigerator and 

pumped through an aluminum block to act as a heat sink for stacked Peltier plates, which 

provided the source for cold temperatures. The Peltier plates were stacked and wired to a 

benchtop power board (SparkFun), as shown in Figure B1 (b), to achieve the desired cooling 

temperature. The temperature within the chamber was monitored with a DHT-22 temperature 

sensor (SparkFun). The temperature sensor was connected to a Raspberry Pi Zero W for data 

collection. The temperature profile can be found in Figure B2. 

 

 
Figure B1. Layout of the custom-built freeze-thaw chamber. (a) Schematic diagram of the 

freeze-thaw chamber and (b) wiring diagram of Peltier plates to 12V, 5V, and 3.3V power 

supply. 
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Figure B2. Temperature profile of the custom-built freeze-thaw chamber. The temperature 

profile showing the maximum and minimum temperatures, rate of heating and cooling, and 

length of a single cycle. 
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Appendix C Air Entraining Agent Dosage in Cement Paste 

The fresh state air content of 0.45 w/c and AEA modified paste was measured according to 

ASTM C231. The fresh state air content was determined using a Humboldt H-2783 concrete air 

meter. Batches of AEA modified paste were mixed and fresh state air content was measured until 

a desired fresh state air content of ~18% was achieved. 18% fresh state air was chosen as the 

target to meet industry accepted air contents of ~ 16 to 25% air by volume of cement paste, or ~ 

4 to 10% by volume of concrete.163,312 A commercially available AEA with active ingredients of 

sulfonic acids (1-3%) and rosin (<1%) was purchased and the surfactant 4-nonylphenol-

polyethylene glycol, phenol ethoxylate, (CAS # 9016-45-9) was purchased from Sigma-Aldrich. 

Micro X-ray computed tomography (MXCT) enabled 3D visualization of internal air void 

systems. Samples were scanned using MXCT before freeze-thaw cycling. The MXCT (ZEISS 

Xradia 520 Versa) source voltage was set to 140 kV and the power to 10 W. An objective with 

an optical magnification of 0.4× was used. The source and detector locations were varied to 

obtain the desired resolution (voxel size) of approximately 5 µm. Dragonfly 2021.1 software 

(Object Research Systems) was used to generate 3D reconstructions, to calculate the scanned 

volume of sample, and volume of all voids. The volume of air voids was determined from all 

voids with diameters greater than 15 μm. This diameter was chosen based on the accepted size 

range of air voids,19 previous research,327 and resolution capabilities of MXCT.  

The MXCT data were first segmented in Dragonfly 2021.1 to identify voxels that are 

associated with air voids (i.e., region of interest, ROI). Following segmentation, a multi-ROI 

analysis was performed. The multi-ROI analysis groups the labeled voxels and calculates a 

variety of properties including volume.  
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Table C.1 summarizes the fresh and hardened state air contents of the control and AEA 

modified OPC paste. Additionally, the AEA dosages used to entrain ~18% fresh state air are 

provided in Table C.1. Figure C.1 provides representative MXCT 2D cross-sections of the 

control, phenol ethoxylate, and commercially available AEA modified hardened pastes where the 

air void system can be visualized. 

 

Table C.1. Measured fresh and hardened state air content of control and AEA modified OPC 

paste samples at w/c=0.45. 

Sample 
AEA dosage  

(wt. % of cement) 

Fresh state air 

content (%) 

Hardened state air 

content(%) 

Control - 4.6 0.41 

Phenol ethoxylate 0.8 18.0 17.4 

Commercial AEA 1.4 18.5 9.0 

 

 
Figure C.1. Representative MXCT 2D cross-sections of air void system of (a) control, (b) 0.8 

wt% phenol ethoxylate, and (c) 1.4 wt% commercial AEA modified hardened OPC paste. Scale 

bars are 1 mm. 


