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2. Metric Conversion Chart

[The conversion factors table below is taken from Modern Metric Conversion Factors, provided by
Federal Highway Administration and last updated in 2019. Insert this table only if the report includes

metric references.]

SI* (MODERN METRIC) CONVERSION FACTORS

APPROXIMATE CONVERSIONS TO S| UNITS

Symbol When You Know Multiply By To Find Symbol
LENGTH
in inches 254 millimeters mm
ft feet 0.305 meters m
yd yards 0.914 meters m
mi miles 1.61 kilometers km
AREA
in? square inches 645.2 square millimeters mm?
ft? square feet 0.093 square meters m?
yd? square yard 0.836 square meters m?
ac acres 0.405 hectares ha
mi’ square miles 2.59 square kilometers km?
VOLUME
fl oz fluid ounces 29.57 milliliters mL
gal gallons 3.785 liters L
ft® cubic feet 0.028 cubic meters m’
yd® cubic yards 0.765 cubic meters m®
NOTE: volumes greater than 1000 L shall be shown in m*
MASS
oz ounces 28.35 grams g
b pounds 0.454 kilograms kg
T short tons (2000 Ib) 0.907 megagrams (or "metric ton") Mg (or "t")
TEMPERATURE (exact degrees)
°F Fahrenheit 5 (F-32)/9 Celsius °C
or (F-32)/1.8
ILLUMINATION
fc foot-candles 10.76 lux Ix
fl foot-Lamberts 3.426 candela/m? cd/m?
FORCE and PRESSURE or STRESS
Ibf poundforce 4.45 newtons N
Ibf/in? poundforce per square inch 6.89 kilopascals kPa
APPROXIMATE CONVERSIONS FROM SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
mm millimeters 0.039 inches in
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
AREA
mm? square millimeters 0.0016 square inches in?
m? square meters 10.764 square feet ft?
m? square meters 1.195 square yards yd?
ha hectares 2.47 acres ac
km? square kilometers 0.386 square miles mi?
VOLUME
mL milliliters 0.034 fluid ounces fl oz
L liters 0.264 gallons gal
m® cubic meters 35.314 cubic feet ft®
m® cubic meters 1.307 cubic yards yd®
MASS
g grams 0.035 ounces oz
kg kilograms 2.202 pounds Ib
Mg (or "t") megagrams (or "metric ton") 1.103 short tons (2000 Ib) T
TEMPERATURE (exact degrees)
“© Celsius 1.8C+32 Fahrenheit °F
ILLUMINATION
Ix lux 0.0929 foot-candles fc
cd/m’ candela/m’ 0.2919 foot-Lamberts fl
FORCE and PRESSURE or STRESS
N newtons 0.225 poundforce Ibf
kPa kilopascals 0.145 poundforce per square inch Ibf/in?
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1. Application Deicers for Improved Mobility in Winters

1.1 Introduction

The accumulation of snow and ice on roads has consistently posed a longstanding safety issue in cold
climate regions. Various chemical deicers are employed for deicing operations, including sodium
chloride (NaCl), magnesium chloride (MgCl,), calcium chloride (CaCl,), calcium magnesium acetate
(Ca,Mg,(C2H302)54y)), potassium acetate (KAc), and some agri-based deicers [1]-[4]. Among all, sodium
chloride (also referred to as bulk rock salt) is the most frequently used deicer owing to its low cost, high
efficiency, and relatively lower toxicity. However, the extensive application of salt brine deicer can lead
to several drawbacks, including reduced efficiency at very low temperatures (below -12°C), corrosion
damage in the transportation infrastructure, contamination of freshwater sources, and harm to aquatic
wildlife. Therefore, there is a growing interest among researchers to reduce the amount of brine deicer
or increase its efficiency through the incorporation of various chemical additives. lowa DoT used more
than 7 million gallons of salt brine to conduct snow and ice control in 2018 utilizing a full fleet of 879
snowplows that have the potential to deice more than 10,000 lane-miles (source: lowa DoT winter
operations). Although salt brine is economical and efficient, it has two negative consequences on
transportation infrastructure: 1) chloride-ion induced corrosion, and 2) corrosion of vehicles and
snowplows [5], [6]. While attaining a high ice-melting capacity is the key feature of a desired deicer,
analyzing the frictional properties of the pavement surface after the application of the deicer is also
critical for ensuring safe vehicle operation in snowy regions. Skid resistance is commonly employed to
quantify the degree of slipperiness of the pavement surface. Low skid resistance of the pavement
surface is one of the major contributors to unsafe road condition in extreme cold climates [7].

As noted by previous studies, the application of traditional brine deicer on icy pavement can significantly
enhance the skid resistance of surface in the absence of any additives. However, the addition of organic
additives to salt brine solution can significantly impair the skid resistance of the road pavement due to
its high viscosity and nonuniform distribution on the surface. Cao et al., employed three distinct types of
agro-based deicers combined with MgCl, and CaCl, to evaluate the friction properties of the iced and
deiced concrete surface. Their results showed that addition of agro-based deicers led to the lower skid
resistance on both the ice and deiced concrete surface when compared with two traditional deicing salts
of sodium chloride (NaCl) and calcium chloride (CaCly). In another study conducted by Sajid et al., three
bio-based non-toxic corn-derived polyols were added to the brine solutions at various weight
concentrations. Their results showed that the addition of 27.7% polyol to the traditional brine solution
increased its ice melting by 100% when compared to the typical salt brine deicer. However, the skid
resistance of the Portland cement concrete (PCC) surface was reduced up to 33% when compared to the
skid resistance of dry pavement surface.

Some organic or inorganic additives can improve the performance of brine deicer by lowering
the freezing point and enhancing the ice melting capacity of deicer, particularly at extremely low
temperatures. Taylor et al. employed a combination of chloride-based deicers (NaCl and MgCl,),
glycerol, and commercial agricultural-based (agro-based) deicers to evaluate their ice melting efficiency.
According to their results, a combination of 80% glycerol with 20% NaCl has shown the greatest promise
with a freezing point of -43°C and ice melting capacity equivalent to that of 100% NaCl. However,
chemical additives with lower eutectic point than NaCl cannot guarantee the superior ice melting
capacity at extreme cold temperatures. Nilssen et al. investigated the effect of different additives
including magnesium chloride (MgCl,), calcium magnesium acetate (CMA), potassium formate (KFo),
calcium chloride (CaCly), and sugar (sucrose) to NaCl (80% NaCl with 20% additive) at -18°C. Their results



revealed that NaCl had the highest ice-melting capacity in the solid state, surpassing the second-best
solid deicer, CaCl,-2H,0, by 31%. All the other additives to solid NaCl resulted in a negligible ice-melting
capacity.

1.1.1 Reducing the Corrosivity of Traditional Deicers

Deicers play a crucial role in winter road maintenance and are a primary component of snow
removal operations. Treating roadways with deicers helps melt the ice and ensure sufficient skid
resistance for vehicular traffic in wet conditions. Commonly used salt brine deicers are known to lower
the freezing point of water to -21.1°C. Traditionally, chloride-based salts such as sodium chloride (NaCl)
and calcium chloride (CaCl2) are commonly used deicers due to their low cost and abundant availability.
In addition to chlorides, acetate-based deicers (potassium acetate, sodium acetate, and calcium
magnesium acetate), and formate-based deicers (potassium formate) have also been used. While
chloride-based deicers are effective in deicing operations, their usage causes significant durability issues
in pavements and are among the primary cause of corrosion in bridge infrastructure. Apart from
chloride and acetated-based deicers, several alternative deicers, which are mostly agriculturally derived,
have been investigated in recent years for their snow-melting efficacy and corrosion mitigation. These
alternative deicers include glycerol, beet juice, and molasses obtained from agricultural sources. For
winter road maintenance, sodium chloride-based deicers are the most often used among currently
available deicers. The United States Geological Survey (USGS) estimates that the US uses up to 24 million
metric tons of deicing salt each year, mostly made up of sodium chloride and other products with a
chloride basis.

While chloride-based deicers perform well in snow removal operations at moderately low
temperatures, their ice-melting performance reduces drastically at lower temperatures (below -21.1°C).
Furthermore, the harmful impacts of chloride-based salts are far-reaching as they increase the potential
of corrosion in structures and pollute the environment by increasing the salt content in stream water
after runoff. Chloride-based deicers are the primary contributor to infrastructure and vehicular
corrosion, and they are widely documented to accelerate corrosion and corrosion-induced deterioration
in steel and RC bridges, RC pavements, and ancillary steel structures along highways. Their usage thus
results in hefty maintenance and repairs. Additionally, their runoff into soil and water bodies causes an
imbalance in pH level, increases soil salinity, and reduces dissolved oxygen (DO) level in water. These
alterations in soil and water properties negatively impact crop production, ecological balance,
biodiversity, and the quality of drinking water sources. Therefore, alternative deicers are required to
circumvent the infrastructural and environmental concerns associated with chloride-based deicers while
maintaining deicers' effectiveness at subzero temperatures. To this end, various additives have been
added to salt brine deicer to lower their freezing point and mitigate their adverse effects. Different
organic and inorganic additives have been added to brine solutions to decrease the freezing point of
water as research suggests that the addition of non-volatile solute greatly depreciates the freezing
point. These additives lower the eutectic point of water. However, it is worth noting that a lower
eutectic point doesn’t necessarily translate to a higher ice melting capacity. With this aim in view, this
study focuses on exploring the effects of the addition of polyols especially, xylitol and erythritol on the
ice melting capacity as well as other important properties of salt brine deicer.



1.2 Research gaps

A novel approach for enhancing the ice melting capacity of the traditional brine deicer is to
preserve the saltwater concentration in saturated super absorbent polymer (SAP) that will desorb salt
water gradually to melt more ice. The introduction of SAP to the deicer solution can not only open
several new possibilities for enhancing the efficiency of deicers, but also can maintain the skid resistance
of the pavement surface, enhancing road safety. SAPs are three-dimensional cross-linked network
polymers that do not dissolve in water. They can absorb and hold water up to several hundred times
their own weight by swelling their polymeric networks. Despite their frequent use in industries such as
sanitation (e.g., diapers), healthcare (e.g., bandage production), and construction (e.g., as internal curing
agents in concrete admixtures), their potential as additives to traditional brine deicers remains
unexplored. Additionally, conventional brine deicers can cause severe corrosion in steel structures and
reinforcing bars embedded in concrete. The resulting corrosion leads to expansion, cracking, and
eventual loss of structural integrity. Current commercial corrosion mitigation options are often costly or
toxic, highlighting the need to investigate sustainable, biobased alternatives. This research aims to
evaluate and characterize such biobased solutions for potential future application.

1.3 Technical Objectives

The overarching goal of this project is to mitigate rebar corrosion by employing sustainable and
renewable materials. This goal is accomplished by fulfilling the following technical objectives:

1) To evaluate the performance of xylitol and erythritol, on the performance of NaCl brine solutions
for snow removal operations.

2) To quantify the effects of varying concentrations of xylitol and erythritol on the freezing point
depression, ice melting capacity, and pavement skid resistance of traditional brine deicer solution
(23.3% wt. NaCl).

3) Toinvestigate the impact of weight fractions of these two polyols on dissolved oxygen (DO) levels
in nearby streams.

4) To quantify the correlation between the dry and swollen SAP particle volumes in cementitious,
brine, and aqueous solutions.

5) To study the performance of erythritol and xylitol as corrosion inhibitors in traditional brine
deicer.

1.4 Organization of the report

A detailed discussion on the use of superabsorbent polymers (SAPs) as additives to a traditional
deicer solution (23.3 wt.% NaCl) and their ice-melting capacity at various low temperatures is presented
in Chapter 2. This chapter also evaluates five commercial SAPs with distinct material properties. Chapter
3 provides a comprehensive analysis of erythritol and xylitol for lowering the freezing point of deicing
solutions. Chapter 4 examines the potential of xylitol and erythritol as biobased corrosion inhibitors for
protecting ASTM A572 steel. Chapter 5 discusses the variation and distribution of dry and swollen SAP
particle sizes in cement pore solution and traditional deicers. Finally, Chapter 6 summarizes the key
findings of this project and offers recommendations for future studies.



1.5 Research products from the project

This project resulted in four journal articles and five conference talks/ posters. Here are the

references to the published articles:
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2)

3)

4)
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2 Super Absorbent Polymers (SAPs) as Concentration
Preservers in Brine Deicers for Enhanced Ice Melting
Capacity

This study aimed to investigate the effect of introducing various SAPs into a traditional brine
deicer solution (23.3% wt. NaCl) on its ice melting capacity at various low temperatures. Five commercial
SAPs with distinct material properties were chosen and added to the brine solution at different weight
concentrations. A comprehensive set of tests was conducted to evaluate the efficiency of these
materials, including: 1) swelling test to evaluate the absorption capacity of SAPs in salt brine solution; 2)
ice melting capacity test to assess the ice melting capacity of SAP-brine deicers at low temperatures; and
3) skid resistance test to evaluate the slipperiness of the pavement in the presence of SAP-brine
solution. Characterization of SAPs, along with the conducted tests, and the results obtained from each
test were discussed in detail.

2.1 Super Absorbent Polymers (SAPs) and Quantification of their Deicing
Potential

2.1.1 Properties of SAPs

Five commercially available SAPs are obtained from Emerging Technologies[4], including
Liquiblock WHS1 (SA), Liquiblock WHS2 (SB), Liquiblock 40F (SC), Liquiblock HS Fines (SD), and Liquiblock
2g-110 (SE) in this study. The properties of these SAPs including chemical composition, particle size
distribution (PSD) in um, pH value, apparent bulk density in grams/liter (g/l), moisture content in %, and
deionized water absorption capacity in grams/gram (g/g) are summarized in Table 2-1.

Among the considered SAPs, SA, and SB, have large particle sizes, SC has medium particle sizes
and SAPs SD and SE have small particle sizes. Furthermore, SAP SE is a potassium salt of crosslinked
polyacrylic acid /polyacrylamide, whereas the other SAPs are sodium salts of crosslinked polyacrylic acid.
It is also important to note that all the SAPs are slightly acidic, with the SAP SA being the most acidic of
all. Moreover, all the SAPs are less dense than salt whose relative density is 1200 grams per liter, and
hence occupy more volume. Despite their hydrophilic nature, all the SAPs have less than 7% moisture
content at the time of delivery. Large particle-sized SAPs usually have larger water absorption capacity
despite lower surface area owing to their porosity and accessibility of higher polymer chains in each
particle [7], [18].

It is important to note that the water absorption values in Table 2-1 may not be directly
applicable in the current pursuit, as the SAPs will be added to the salt brine solution and not deionized
water. This information, however, is still valuable to understanding the reduction in absorption capacity.
The swelling in the SAPs occurs in three distinct stages. In the first stage, also referred to as the wetting
stage, the surface of the SAP crystals will contact the water molecules. In the second stage, the water
molecules travel through the micropores of the SAP crystals leading to their volumetric swelling. In the
third and final stage, the maximum water swelling capacity is reached when either the maximum water
binding capacity of the SAP is reached, or the osmotic pressure gradient is diminished [1]. However, in a
salt solution, the SAPs bind the free ions in the salt brine solution causing a screening effect which blocks
the entry of water molecules in the first two stages of swelling and preventing the initiation of the third
stage of swelling. This screening effect was previously reported in the literature for sodium chloride,
potassium chloride, and calcium chloride solutions [19]. In a recent study, it was noted that the swelling



capacity was reduced from about 150 to 17 grams/gram for a sodium acrylate-co-acrylamide-based gel
in brine solution [20]. For this reason, further testing is necessary to evaluate the swelling properties of
each SAP in the salt brine solution. The weight concentration and the type of salt in reference brine
deicer is taken as 23.3% wt. NaCl is popularly used for deicing roads throughout the US. This
composition is also referred to as the eutectic composition of the sodium chloride water system which
lowers the freezing point of water from 0°C to -21°C [21]. The water absorption capacity is one of the
most important characteristics of SAPs. SAP particles do not dissolve in water due to their composition
as crosslinked homopolymers or copolymers. However, the water molecules diffuse into their polymeric
chain, resulting in swelling. If the absorption capacity of SAP in a salt brine solution is too high, the
viscosity of the solution would increase excessively, reducing the spreading power of the salt brine
deicer and decreasing the skid resistance. Hence, it is necessary to quantify the absorption capacity of
SAP additives in traditional road deicing brine solution as an initial step.

Table 2-1: Material properties of SAPs.

SAP ID SA SB SC SD SE
Commercial Liquiblock™ Liquiblock™ Liquiblock™ | Liquiblock™ Lo ™
Name WHSI WHS2 20-110 HS Fines Liquiblock™ 40F
. . Potassium salt of
. Sodium salt of | Sodium salt of SodlumA salt S"d‘“?“ salt of crosslinked
Chemical . . of crosslinked | crosslinked . .
. crosslinked crosslinked . . polyacrylic acid
composition L ... | polyacrylic polyacrylic .
polyacrylic acid | polyacrylic acid . . /polyacrylamide
acid acid
copolymer
Particle Size
Distribution 0-850 150-850 <600 1-140 1-200
(um)
pH 4 5.6-6.6 6 5.4 5.5-6.0
Apparent  Bulk
Density (/1) 600 600-700 400 500 540
Moisture Content
(%) <7 0-5 <5 <7 5
Absorption (g/g)
in Deionized | >400 >450 >490 >180 >200
H,O

2.2 Characterization Methods

2.2.1 Swelling test

Several traditional methods have been utilized in the past to measure the water absorbency
capacity of SAPs, including the sieve method, filtration method, and tea-bag method [6]. While the sieve
and filtration method generally require larger sample quantity, the tea bag method is suitable even with
smaller sample quantities. This is particularly relevant when the SAPs have very high water absorption
capacity [22].

In this study, the tea-bag method is employed to evaluate the absorption capacity of SAPs as it is
fast and accurate even for small sample sizes. To experiment, one gram of dry SAP was placed inside a
tea bag made of wood pulp paper with overall bag dimensions of 2.36 inches X 3.15 inches [23]. The tea



bag was then sealed with a tie-off string at the top. The 23.3% wt. NaCl solution was prepared at room
temperature and each tea bag was submerged in the solution over a 24-hour period, with
measurements taken after 1, 5, 10, 30, 60, and 1440 minutes. To ensure complete immersion of the tea
bags and to eliminate carbonation, a small weight was placed on top of the tea bags.

At specific time periods of 1, 5, 30, 60, 120, and 1440 minutes, each tea bag was taken out from
the brine solution, gently wiped with a paper towel to remove excess liquid, and then weighed as shown
in Figure 2-1. The absorption capacity of each SAP at a given time, denoted as W, can be calculated

using the following equation:

Wsap @

where, Wr is the final mass of the tea bag in grams (g) containing the swelled SAP at time t, Wy, is the
initial mass of the empty tea bag (g), and W 4p is the initial mass of the SAP sample (g). The results of
the swelling test in 23.3% wt. NaCl brine solution are discussed in detail in Section 2.3.1.

Figure 2-1: Swollen tea bags of SAPs after removal from NaCl brine solution.

2.2.2 Ice Melting Capacity Test

The ice melting capacity (IMC) of brine solution depends on its salt concentration and the
ambient temperature. At 0°C, the ice and water have the same chemical potential and can co-exist
without the ice melting. However, the salt brine is always warmer than ice in practice and has lower
chemical potential than ice leading to snow/ ice melting. In addition, the salt brine comprises of
disassociated sodium and chloride ions along with some undissolved salt particles. The ions function as
contaminants to disrupt the arrangement of water molecules, preventing the formation of crystal lattice
structures necessary for the re-formation of ice from the melted snow/ ice. As the concentration of salt
increases up to the eutectic composition, the chemical potential decreases and the disruption of water
molecules is intensified leading to lower freezing point of brine solution and consequently higher ice
melting capacity. At extremely cold temperatures (less than -10°C), however, the ice melting efficiency
of brine solution is drastically impaired [24]. To counteract this reduction, various additives such as
polyols, beet juice, corn juice, etc. have been used to improve the low-temperature performance of
deicers [25], [26]. Similar to the brine solution, the ice melting capacity of these additives is also
strongly associated with the solute concentration. On the other hand, the SAPs that are already saturated



with salt water tend to desorb this salt water to melt more ice. Thus far, the ice melting capacity SAPs
saturated with salt water has not been investigated yet and will be attempted in this study.

To date, several test methods have been developed to measure the ice melting capacity of
deicers including SHRP H-205.1 and SHRP H-205.2 (Strategic Highway Resource Program) tests, the ice
cube titration test, the shaker test, and the mechanical rocker test [27]. While the first two methods use
controlled settings to monitor changes in the solution concentration or the weight of melting ice cubes,
the latter two methods employ mechanical agitation to replicate the effects of mechanical forces on
road surfaces.

Among various standards, SHRP is the most common industrial standard that applies a limited
amount of deicer (about 5 ml for liquid deicers) on a fabricated sheet of ice. The resulting melted ice is
then measured by collecting the melt water with a syringe [28]. While this method provides a
straightforward and direct assessment of ice melting efficiency, it is prone to significant variations
including underestimations of ice melting capacity at lower deicer application rates and overestimations
at higher rates and extended measurement times. The main source of these variations is the difficulty of
accurately recovering a small amount of meltwater from a relatively large ice sample [27].

To improve this standard method, an alternative approach can be adopted, wherein a small
amount of ice cubes is introduced into a larger quantity of deicer. To this end, the current study uses a
custom-built apparatus to measure the ice melting capacity of SAP-brine deicers, as shown in Figure 2-2.
This apparatus consists of three major components: (a) K-type thermocouples employed to monitor the
solution temperature, (b) cooling bath of dry ice pellets used to achieve and maintain required
temperatures, and (c) SAP-brine solution maintained at 10°C to simulate the temperature conditions
preceding its application on roads. This method was previously co-implemented by one of the authors in
a previous study [29].

The ice melting capacity of the SAP added brine solutions is evaluated at four different
temperatures of 0°C, -10°C, -20°C, and -30°C. Temperatures below -30°C are not investigated as rock
salt deicer solutions are not effective at such temperatures. Special attention was paid to the ice melting
capacity around -30°C to investigate how the SAPs enhance the ice melting at temperatures where salt
brine becomes increasingly ineffective. This is particularly relevant to northern states in the United
States where temperatures dip below -20°C for more than 30 days annually.

To evaluate the ice melting behavior of the deicers, the acetone bath cooled with dry ice was set
to four different temperatures of 0°C, -10°C, -20°C, and -30°C using dry ice. Ice cubes, with an
approximate cube size of 22.5mm x 22.5mm x 40mm, were formed in a commercial freezer that is set at
-5 °C. Each ice cube was immersed in an acetone bath for 2 minutes to attain one of the preset target
temperatures (0°C, —-10°C, -20°C, and -30°C) and its weight is recorded after being removed and dried
off. Then, the weighted ice cube was immersed into the SAP-brine deicer solutions with different weight
percentages (as outlined in Table 2-2) of the five SAPs for an additional 2 minutes and weighed again.

The solution designs of 5% addition, 10% addition, and 5% replacement (see Table 2-2) have
been chosen due to a multitude of factors including viscosity considerations, economic considerations,
and an awareness towards minimal augmentation of brine solutions within experimental parameters.
According to our preliminary studies, adding less than 5% SAPs is insufficient to desorb the required salt
water to melt ice. Conversely, incorporating SAPs at concentrations exceeding 10% increases the
viscosity of the solution, leading to enhanced slipperiness on pavement surfaces. Additionally, higher
concentrations are not economically viable as they require more additives without proportionate
benefits in ice melting capacity.



Further, this choice in solution design allowed for a quantification of an increasing weight
fraction of SAP in brine solution, and further to understand the potential increase in ice melting capacity
with a considerable reduction in NaCl concentration. The temperatures of ice cubes for each step were
also monitored to ensure the accuracy of the test.

The ice melting capacity of each deicer can be determined by calculating the weight difference
of ice cubes before and after its immersion in the deicer solution. To better compare the role of SAP
additives in the ice melting capacity of deicing solution, the reduction percentage in weight of the ice
cube was derived for SAP-brine solution with respect to the control brine solution according to the
following equation:

) . WRg — WR

Relative Weight Change: = ————— x 100 @
WR¢
where, WR¢ is the mass loss of the ice cube after submersion in the control (23.3% wt. NaCl) brine
solution and WRg is the mass loss of the ice cube after submersion in SAP-brine solution. A total of 72
different combinations of SAPs-brine solutions with various weight percentages and temperatures (see
Table 2-5) were evaluated and each test was repeated 3 times. The results of ice melting capacity tests
are discussed in Section 2.3.2.

K-Type
Thermocouples

Augmented Brine
Solution

Figure 2-2: In-house test Setup for measuring ice melting capacity.

2.2.3 Skid resistance tests

Skid resistance is defined as the measure of pavement surface resistance to sliding or skidding
for a vehicle. It provides a correlation between horizontal and vertical force generated when the tire
slides along the surface, and is a measurement used to define and understand road conditions during
precipitous and winter storm events. As water/ice film on road and pavement surfaces increases during
wet weather, it significantly reduces the skid resistance when compared to dry roadways. This decrease
in the skid resistance of the roadway has been shown to result in higher rates of roadway accidents, and
increasingly unsafe conditions for drivers [30]. To address this issue, it seems necessary to quantify the
skid resistance of a road surface under wet conditions.

So far, numerous measurement methods have been developed to quantify skid resistance of
road surface that can be divided into two categories: field measurements and laboratory test methods.
Field measurements include methods such as the Side Force Test, Locked Wheel Test, Fixed Slip Test,



and Variable Slip Test which are conducted directly on the road surface [31]—[35]. While each of these
field tests can provide friction characteristics of a surface under a specific condition, the variable slip test
is usually preferred due to data collected in the form of a full friction curve that can be applied to
varying conditions between tires and road surfaces. Laboratory testers, on the other hand, are portable
devices designed for skid resistance evaluation in controlled laboratory conditions. Examples of
laboratory testers include the British Pendulum Tester (BPT), Dynamic Friction Test (DFT), Sand Pitch
Test, and Outflow Test [31], [32], [32]-[37], [37]-[39].

While BPT and DFT are primarily focused on the friction coefficient of road surface, the sand
patch test and outflow test consider the texture properties of the runway like surface particulate,
roughness, and material composition. This study employs the British Pendulum Tester (BPT) as it is the
most common portable laboratory tester to determine the friction characteristics of deiced surface and
is governed by ASTM E303 [40]—[43]. The BPT is known for its portability and ease of use in both
laboratory and field settings. As a low-speed testing equipment, BPT provides a measure of the kinetic
energy lost when a rubber slider is pushed over a test pavement surface. Figure 2-3 (a & b), shows the
use of BPT method on both asphalt and Portland Cement Concrete (PCC) pavement surface within the
premises of the North Dakota State University, Fargo, USA. The asphalt pavement surface falls in
accordance with asphalt specifications in Fargo, USA. The PCC pavement used in the skid resistance tests
meets the concrete pavement specifications of the city of Fargo, North Dakota. These specifications
require the PCC pavement to be constructed using Portland Cement Type | or Il (meeting the
requirements of ASTM C-150), clean water (free from oil, acid, alkali, and vegetable substances), well-
graded coarse and fine aggregates (conform to the requirements of ASTM C33), and an air-entrainment
of 5% to 8% (conforms to ASTM C226 [30]).

The skid resistances of both asphalt and PCC surfaces are determined in three groups of SAP-
brine deicing solutions on separate days with weather conditions as outlined in Table 2-2. Each of these
deicing solutions is applied to the cleaned surfaces and remains on the surface for 30 minutes. This time
interval was chosen to ensure the occurrence of a significant swelling (approximately 85% of SAP’s final
absorbent capacity), as determined by the results of the tea-bag method (see section 2.3.1) to ensure
maximum depreciation in the skid resistance. The British pendulum tester is then used to measure the
skid resistance in terms of the British Pendulum Number (BPN) as a measure of friction characteristics of
the surface. The higher BPN values imply greater skid resistance of a road pavement surface leading to
higher loss in kinetic energy of a moving vehicle. Different locations of PCC and asphalt pavement
surface are chosen for each SAP-Brine deicing solution, and each test is repeated 5 times. The results of
skid resistance test are further discussed in section 2.3.4.

Table 2-2: The composition of SAP-salt brine deicer solutions with the temperature and
relative humidity values recorded on the test day.

Solution Composition Temperature(°C) | Relative Humidity (%)
5 % Addition 23.3% wt. NaCl + 5% wt. SAP | -1.1 72
10 % Addition 23.3% wt. NaCl + 10% wt. SAP | -4.4 63
5 % Replacement | 18.3% wt. NaCl + 5% wt. SAP | -2.2 80
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Figure 2-3: British Pendulum Tester for measuring skid resistance of pavement surface on (a)
PCC pavement, and (b) asphalt pavement.

2.3 Performance of SAPs in enhancing the ice melting capacity

2.3.1 Swelling behavior of SAPs

The water absorption capacity of each SAP in the 23.3% wt. salt brine solution was measured
employing the tea bag method described in Section 2.2.1. The weight of water in grams absorbed by a
gram dry weight of SAP is plotted as a function of time in Figure 2-4a. All the SAPs except SE had a
similar water absorption as a function of time in the salt brine solution as seen in Figure 2-4a. Notably,
SAP-SE exhibited the highest water absorption capacity at all time instances, with a maximum value of
24 grams/gram (g/g). This increased water absorption capacity can be attributed to the higher osmatic
pressure caused by the presence of potassium ions in the SAP-SE mixed with a solution containing
sodium and chloride ions. The osmatic pressure facilitates the inward flow of water from the salt brine
into the SAP-SE crystals. Unlike SAP-SE that is a potassium salt of crosslinked polyacrylic
acid/polyacrylamide copolymer, other SAPs are sodium salts of crosslinked polyacrylic acid. The
presence of the non-potassium ions in the salt brine will lead to the shielding effect, preventing further
absorption of water before osmatic equilibrium is reached [44]. Moreover, the osmatic pressure is low
from the beginning as the SAP crystal and salt brine have the same ions. This, compounded with the
shielding effect, significantly lowers the water absorption capacity of these SAPs. It is worth mentioning
that all SAPs reached approximately 85% of their maximum absorption capacity within 30 minutes of
immersion in the 23.3% salt brine as depicted in Figure 2-4a.

The swelling rates of all the SAPs have been plotted in Figure 2-4b. The swelling rate is
determined by calculating the weight difference of swollen SAPs between two consecutive periods. The
swelling rate is the slope of the water absorption capacity curve in each time interval. Once again, all the
SAPs except SE exhibited maximum swell rates at 5 minutes whereas SE reached maximum swell rate
after 10 minutes of soaking. The peak swelling rate is reached when the shielding effect dominates the
osmatic pressure. As the rates slow and approach zero, the maximum shielding effect has occurred. The
maximum swell rate of each of the five SAPs in grams/minute is summarized in Table 2-3. These values
are extracted from the point at which peak swelling occurs during the 1440-minute interval (see Figure
2-4b). As previously stated, SAP-SE exhibited the highest swell rate of 2.44 grams/minute, whereas the
swelling rates for the other SAPs ranged between 1.01 and 1.69 grams/minute.
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Figure 2-4: (a) the water absorption capacity of SAPs in the 23.3% wt. NaCl brine solution as a function
of time, and (b) the relative swelling rate of SAPs as a function of time.
Table 2-3: Maximum swell rate of each SAP.

SAP SA |SB|SC|SD SE
Maximum swelling rate (grams/min) {1.01 [0.65[1.36/1.69|2.44

The SAPs exhibited significantly lower water absorption capacity in the salt brine solution due to
the shielding effect from the sodium and chloride ions. Table 2-4 summarizes the reduction in the
swelling capacity of SAPs in a salt brine solution at the end of 1440 minutes of soaking when compared
to their water absorption capacity in deionized water (see Table 2-1), as supplied by the SAP
manufacturer [42]. The absorption capacity of SAPs in brine solution is decreased by about 97%, 97%,
98%, 94%, and 88% for SAP-SA, SB, SC, SD, and SE, respectively. These sharp drops in swelling rate can
be attributed to the poor osmatic pressure in SA, SB, SC, and SD in the salt brine followed by the
screening effect. On the other hand, in the case of SE the shielding effect is more dominant in reducing
the water absorption capacity.

However, it is worth noting that SE had the least water absorption in the deionized water. This is
in part due to potassium salt-based SE particles in deionized water causing a smaller osmotic pressure
gradient, which leads to lower water absorption when compared to the sodium salt-based SAPs [45].

Table 2-4: Percent reduction in water absorption capacity in the traditional salt brine deicer

SAP SA SB SC SD SE

Reduction in Absorption Capacity (%) 96.58 | 9749 |97.61 |93.97 | 87.83
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2.3.2 Ice melting capacity

The ice melting test is conducted employing the procedure described in Section 2.2.2. The

percentage change in the weight of ice cube immersed in the SAP-brine deicing solution with respect to
the reference salt brine solution (23.3% wt. NaCl) is calculated according to Eq. Error! Reference source
not found. of Section 2.2.2 and is taken as a measure of ice melting capacity of a deicing solution in this
study. The ice melting studies are conducted for all five SAPs at 5% replacement, 5% addition, and 10%
addition at temperatures 0°C, -10°C, -20°C, and -30°C. This resulted in 72 combinations and three tests

were performed for each combination. The average weight of ice melt for the reference 23.3% wt. salt

brine solution along with all the SAP-deicing solutions is summarized in Table 2-5. These ice melting test

results are plotted in Figure 2-5, Figure 2-6, and Figure 2-7 with respect to the reference brine solution
for all the SAPs at a given deicing temperature. The positive percentage values shown in these figures
represent better performance than the reference salt brine solution.

Table 2-5: Average percentage weight loss of ice cube during ice melting test.

NacCl

SA |sB |sc |sp |sE 23.3%
p - .
o Weight Concentration (%) (%) (%) (%) (%) Brine
0 10% wt. SAP 123.3% NaCl | 28.33 | 29.64 | 20.85 | 23.74 | 14.37 | 27.73
110 10% wt. SAP 423.3% NaCl | 25.86 | 26.01 | 20.46 | 21.09 | 14.46 | 24.47
220 10% wt. SAP 423.3% NaCl | 22.22 | 25.30 | 18.76 | 20.76 | 15.62 | 18.47
-30 10% wt. SAP 423.3% NaCl | 21.63 | 21.53 | 1053 | 15.36 | 15.42 | 16.05
0 5% wt. SAP +23.3% 4021 |34.41 | 26.19 | 3526 | 18585 | 27.73
NaCl
110 5% wt. SAP +23.3% 33.73 | 39.73 | 28.16 | 29.98 | 17.82 | 24.47
NaCl
-20 5% wt. SAP +23.3% 30.82 | 25.00 | 1835 | 21.34 | 13.61 | 18.47
NaCl
0 0
-30 5% wt. SAP +23.3% 2958 | 2057 | 18.35 | 17.69 | 13.61 | 16.05
NaCl
0 5% wt. SAP +18.3% 3402 |39.92 | 20.84 | 2038 | 21.45 | 27.73
NaCl
110 5% wt. SAP +23.3% 37.78 | 32.25 | 20.00 | 17.99 | 17.32 | 24.47
NaCl
220 5% wt. SAP +18.3% 26.68 | 23.99 | 19.63 | 19.93 | 14.17 | 18.47
NaCl
-30 5% wt. SAP +18.3% 22.76 | 23.04 | 20.07 | 14.99 | 17.28 | 16.05
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From Figure 2-5, the SAPs SA and SB were found to outperform the reference salt brine at all the
considered deicing temperatures for 5% replacement, 5% addition and 10% addition. On the other hand,
the ice melting capacity of SE at all the deicing temperatures and weight fractions is inferior to the
reference salt brine.
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Figure 2-5: Relative weight loss of ice cube at various weight fractions of SAP in salt brine solution at
(a) 0°C, (b) -10°C, (c) -20°C, and (d) -30°C.

The influence of the weight percentage of SAPs is demonstrated in Figure 2-6. The discussion on
SAPs SE, SC, and SD will be ignored considering their inconsistent and inferior performance. From Figure
2-6, the 10% addition of SAPs SA and SB are not as effective or barely on par with the 5% replacement
and 5% addition at all the considered deicing temperatures. It is important to note that, although the ice
melting capacity of SA and SB in 10% addition group is still about 40% higher than the ice melting
capacity of brine solution at T=-30°C, addition or replacement of a fewer amount (5%) of the same SAP
can exhibit equal or higher efficiency (note the 80% outperformance of 5% addition group for SA) at this
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temperature. Given the weaker performance of 10% addition of SAP to brine solution coupled with the
economic inefficiency of using higher amounts of SAPs, especially at large-scale deicing operations, it is
reasonable to proceed with a more detailed analysis of ice melting test focused on the 5% addition and
5% replacement groups.
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Figure 2-6: Comparison of relative ice melting capacity for 5% replacement, 5% addition and 10%
addition at (a) 0°C, (b) -10°C, (c) -20°C, and (d) -30°C.

According to the reported inefficiency of brine solution under extreme low temperatures [26],

[46], it is imperative to investigate the efficacy of the alternative SAP-brine groups (5% addition and 5%
replacement) under severe cold conditions. The effect of 5% replacement and 5% addition for all the
SAPs across all the deicing temperatures is plotted in Figure 2-7. The SAP-SA outperformed SB for the
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5% addition case and performed better or on par with SB at very low temperatures (less than -10°C) for
the 5% replacement case. These changes may be due to the difference in the particle size gradation and
the pH value which should be explored in future studies. According to Figure 2-7a, substituting NaCl with
the 5% SA in brine solution could increase ice melting capacity by up to 60% at T=-10°C and 40% at lower
temperatures (T=-20°C and T=-30°C). Consistent with the superior performance of SA, substituting 5% of
NaCl with SB results in increased ice melting efficacy (>30%) under extreme low temperatures when
compared to the reference brine solution. Even fine particle-sized SAPs (SD and SE), which are normally
less effective than large-sized SAPs (as stated previously in Section 2.3.2), show impressive outcomes at
extremely low temperatures. For example, substituting 5% NaCl with SD at T=-30°C would increase the
solution's ice melting capacity by more than 20% when compared to the brine deicer. Figure 2-7b
presents the relative mass loss of SAP-brine solution upon the addition of 5% SAPs at different
temperatures into the brine solution. The addition of only 5% large-sized SA to the 23.3% wt. NaCl brine
solution increased the ice melting capacity by up to 65% at T=-20°C and 80% at T=-30°C. The trend is
similar for other large-sized SAP (SB), which could enhance ice melting capacity by 60% at T=-10°C and
40% at T=-20°C. The superior ice melting capacity of SAP-SA and SB is explained next.

(a) 5% Replacement (b) 5% Addition
100 100

®@SA BSB O0SC @SD mSE #SABSBOSC @SD mSE

(o]
o
!

T
(o]
o

A O
o O
f
B (]
() © O

Ny
o

Percent Change W.R.T reference (%)
A )
o o

Percent Change W.R.T reference (%)
N
o

o
o
1
o
S

0 -10 -20 -30 0 -10 -20 -30
Temperature (°C ) Temperature (°C )

Figure 2-7: The Relative weight loss of ice cube at different temperatures for (a) 5% replacement, and
(b) 5% addition.

2.3.3 Explanation for the superior performance of SAPs SA and SB

To test the hypothesis that the SAPs preserve the salinity of water that was bound in their
microstructure and release later to melt more ice, salinity tests have been performed. To this end, 46
grams of salt is dissolved in 154 grams of deionized water to produce a 23% salt brine solution. One
gram of SAPs SA and SB have been loaded to a porous bag and was dipped in the salt brine solution for
30 minutes. After this, an additional 100 grams of deionized water has been added to the initial 200
grams of solution without removing the SAP bag. This deliberate dilution brings down the concentration
of salt to 15.33% from 23%. Ten minutes after the dilution, the SAP bag was removed, and the residual
solution was weighed, and water evaporated by slow heating until the salt was left behind. This
experiment was repeated thrice for SAPs SA and SB and the weights and salinity of the residual solution,
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and the salinity of the water bound in the SAP are summarized in the Table 3. The salinity of the
unabsorbed water in the case of SAPs SA and SB are 14.33% and 14.67%, respectively which are both
below the 15.33% salinity and suboptimal for ice melting. However, the salinity of the water absorbed in
the SAPs SA and SB are 16.2% and 15.93%, respectively which is greater than the salinity of the
unabsorbed water by 13% and 8.57%, respectively. Although this difference is minor, based on the past
literature, ice melting and freezing points are very sensitive to salt concentration [3, 34] and this
preservation of the salt brine salinity in the SAP could have led to the better performance of the SAP
blends.

These experiments have been repeated for the SAP SE and the salinity of the unabsorbed water
was found to be 11.12% which is significantly below the salt concentrations noted in the SAP SA and SB
unabsorbed solutions. However, the salinity of water in the absorbed water in the case of SAP SE is
15.77% which is slightly higher than the nominal 15.33% salinity assuming that there is no SAP bag
soaking in the salt brine solution. Despite this higher salinity within the SAP SE, it must be noted that this
SAP has a very high-water absorption capacity in the salt brine leaving behind only 28.27 grams of
unabsorbed salt brine and the water bound in the SAP did not desorb even after 10 minutes. On the
other hand, in the case of SAPs SA and SB, about 139.78 and 142.65 grams of solution was left
unabsorbed which can get engaged with the ice melting process and the SAP can desorb more readily
when there is a salinity gradient which may be leading to better ice melting capacity. More studies are
required to investigate the particle size effect, and desorption of SAPs at low temperatures to
comprehensively explain the noted phenomenon which the authors are pursuing in their ongoing
studies.

Table 2-6: Salinity tests to validate the hypothesis

Unabsorbed Unabsorbed Unabsorbed SAP SAP SAP
. . . absorbed absorbed absorbed
solution solution solution
water water water

SAP . o s e o
type Soln. wt. (g) Salt wt. (g) Salinity (%) Soln. wt. (g) | Salt wt. (g) Salinity (%)
SA 139.55 20.15 14.44 160.45 25.85 16.11
SA 139.22 20.02 14.48 160.78 25.98 16.16
SA 140.58 19.95 14.19 159.42 26.05 16.34
SB 141.88 21.02 14.82 158.12 24.98 15.79
SB 142.05 20.56 14.47 157.95 25.44 16.10
SB 144.03 21.22 14.73 155.97 24.78 15.89
SE 29.45 3.21 10.89 270.55 42.79 15.81
SE 27.50 3.12 11.35 272.50 42.88 15.73
SE 27.86 3.14 11.27 272.14 42.86 15.74

2.3.4 Skid resistance

The skid resistance of both asphalt and Portland Cement Concrete (PCC) pavements is evaluated
after the application of SAP-brine deicer employing a British pendulum tester as described in Section
2.2.3. The percentage reduction in the average BPN for different weight concentrations of SAP-brine
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solutions on a dry surface is shown in Figure 2-8. Remarkably, SA and SB exhibited the lowest BPN
reduction (1% for SA and 2% for SB) compared to dry surface in both Asphalt and PCC pavements across
all examined weight concentrations of SAP-brine solutions. This is attributed to a smaller number of
large-sized SAP particles for a given weight fraction, leading to less road surface coverage. Furthermore,
some of these particles can penetrate the porous surface of the pavements, resulting in a lower
reduction of the skid resistance. When compared to standard brine deicers, replacing, or adding 5% of
large-sized SAPs to the brine solution not only improves ice melting capability but also preserves surface
friction, resulting in increased road safety. In contrast, fine-sized SE demonstrates the highest reduction
of about 25-30% in average BPN values for various weight concentrations when compared to dry
surfaces. In contrast to the SA and SB, the large number of finer particles in SE for a given weight fraction
results in a larger coverage of pavement surface, leading to increased surface skid. Moreover, the higher
absorption capacity of SAP SE (as discussed in section 2.3.1 ) would create a layer between the road
surface and the tires, reducing the effective contact area. This diminished contact can lower the friction
between the tire and the road surface, leading to decreased skid resistance.
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Figure 2-8: Average percentage reduction in BPN for (a) 5% addition, (b) 10% addition, and (c) 5%
replacement.

To better illustrate the influence of SAP type and weight concentration on skid resistance
reduction, the percentage of BPN reduction is compared for various SAP weight percentages in PCC and
asphalt pavement as shown in Figure 2-9. While there is no significant difference in BPN reduction
between the 5% addition and 5% replacement of SAPs, a substantial reduction in skid resistance is
observed when 10% of SAPs are added to the brine solution. These findings align with the results of
prior study [25], [47]-[49], indicating that higher weight concentrations of additives in the brine solution
contribute to increased slipperiness on the pavement surface.
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Figure 2-9: Comparison of reduction in the skid resistance between (a) asphalt and (b) PCC pavement.
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3 Lowering Freezing Point and Improving Ice Melting
Capacity of Deicers with Xylitol and Erythritol

3.1 Introduction

Polyol-based salt brine solution offers a sustainable alternative to traditional deicers with considerably
lower environmental impact. Polyols have been used in the food industry for their ability to lower
freezing and melting points [50]. Polyols are characterized by multiple hydroxyl groups and are known to
decrease the freezing point of water due to the colligative property of the solution. The increase in the
total number of dissolved molecules (solute particles) and the enhanced ability to form hydrogen bonds
due to the presence of multiple hydroxyl groups result in lower freezing point depression [29], [50].
Polyols, such as sorbitol, maltitol, and mannitol, have been demonstrated to reduce the water freezing
point and increase the ice melting capacity of salt brine solutions. Recent studies have shown that
sorbitol and maltitol-mixed salt brine solution can reduce the freezing point of water to as low as -38.1°C
which is well below the freezing point depression of NaCl brine solution (-21.1°C) [29], [50]. This freezing
point depression ability of polyols, combined with increased ice-melting rates, reduces the overall
guantity of deicer needed in snow removal operations, which can result in a reduction in corrosion
vehicular and infrastructure corrosion, lower surface runoff, and reduction in related adverse effects on
soil and aquatic ecosystems [29], [50], [51].

Though polyols have great potential in terms of freezing point depression and ice melting
capacity, certain concerns need to be addressed. One of the key concerns associated with polyol-based
brine solutions, as with the usage of other organic materials, is their impact on pavement skid
resistance. As organic materials tend to be more viscous, polyols having high viscosity may potentially
decrease the pavement surface friction and vehicles may thus become vulnerable to slipping in wet
conditions. However, a recent study has shown that the addition of polyols such as sorbitol, mannitol,
and maltitol increases the overall viscosity of the deicing solution only by a small amount and thus has a
minimal impact on the pavement skid resistance [52]. Hence, it is important to ensure that an optimal
concentration of polyol is added to the deicing solution to maintain the balance between effective
deicing and sufficient pavement skid resistance.

Existing literature has demonstrated the freezing point depression and ice melting capacity of
sorbitol, maltitol, and mannitol [52]. However, there is a scarcity of data on the performance of other
commonly used polyols, such as xylitol and erythritol, both of which are widely used as alternatives to
sugar and to prevent ice crystallization [51]. Their high solubility, which imparts strong freezing point
depression capability, makes them potential candidates for addition in brine solution, thus acting as a
freezing point depressant and improving the ice melting capacity of salt brine. This study aims to
evaluate the effects of two distinct polyols, xylitol and erythritol, on the performance of NaCl brine
solutions for snow removal operations. The specific objectives of this experimental study are to quantify
the effects of varying concentrations of xylitol and erythritol on the freezing point depression, ice
melting capacity, and pavement skid resistance of NaCl brine deicing solutions. It further aims to
investigate how different weight fractions of the polyols affect the dissolved oxygen (DO) levels in
nearby streams. The findings of this study are aimed at enhancing the effectiveness of traditional
chloride-based deicers and reducing the infrastructural costs associated with their usage, thus
promoting safer and sustainable approaches to snow removal operations during winter road
maintenance.
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3.2 Experimental Procedure

This section describes the materials and experimental procedures used in this study to quantify
the freezing point depression, ice melting capacity, pavement skid resistance, and DO levels of NaCl
brine solutions with various concentrations of xylitol and erythritol. The procedures of these tests are
discussed subsequently.

3.2.1 Materials

Erythritol and xylitol utilized in this study were sourced from a commercial supplier in the United
States. The molecular structures and physicochemical properties of these polyols are provided in Figure
3-1 and Table 3-1, respectively. Although erythritol (122.12 g/mol) and xylitol (152.15 g/mol) have
slightly different molecular weights, the solubility of erythritol is 227.87% lower than that of xylitol at
room temperature.

OH OH

HO OH HO/\‘/\/ or
OH OH OH
Xylitol Erythritol

Figure 3-1: Molecular structures of xylitol and erythritol [25].

Table 3-1: Physiochemical properties of polyols used

Properties Xylitol | Erythritol
Molecular formula CsH1205 | C4H 1004
Molecular weight (g/mol) 152.15 122.12
Water solubility (g/100 g of water at 25°C) | 200 61

3.2.2 Preparation of Polyol-based NaCl Brine Deicers

The reference salt brine deicing solution in this study consisted of 23.3 wt% NaCl, which has a
freezing point of —21.1°C and is commonly used in deicing operations. The reference deicing solution
was modified by adding various weight fractions of xylitol or erythritol as a weight fraction of the
resulting solution. Each solution was stirred for 5 minutes to achieve complete solubility of polyol in the
23.3% brine deicing solution. The weight fractions of xylitol and erythritol investigated for freezing point
depression tests were: 5%, 10%, and 12.50%. The higher concentrations were excluded due to the
relatively low solubility of erythritol and xylitol in the brine solution. For the ice melting capacity test,
the following weight fractions were examined for each polyol- 0%, 5%, 10%, and 12.50%. From here on,
every percentage that is mentioned will be a weight percentage unless and until exclusively mentioned.

3.2.3 Freezing Point Depression Test

The freezing point depression of the reference and polyol-added NaCl deicing solutions was
determined by using a custom experimental setup that consisted of four components (see Figure 3-2):
(a) a test tube to hold the solution sample, (b) a cooling bath to lower the temperature of the test tube
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solution below 0°C, (c) two K-type thermocouples to measure the temperature of the solution and the
cooling bath, and (d) a magnetic stirrer to continuously mix the solution. Significantly lower
temperatures were achieved in the cooling bath by adding dry ice with acetone (freezing point: -77°C,
[28]). To carry out the freezing point depression test, ten milliliters of a specific deicing solution was
added to the test tube, which is secured on a vertical stand (refer to Figure 2). Next, a K-type
thermocouple, which is connected to a data acquisition system (DAQ) procured from Gain Express
Holdings Ltd., was placed at the center of the test tube to monitor the solution’s temperature. The test
tube was then gradually lowered into the cooling bath (beaker containing acetone). Dry ice was then
added to the acetone until the temperature was lowered to around -50 °C, and that temperature was
maintained throughout. The temperature of the deicing solution in the test tube was recorded every
second up until the end of the test. The solution was stirred continuously using the magnetic stirrer to
maintain a homogeneous temperature. Before starting the freezing point tests with polyol-modified
brine solutions, a series of validation experiments was performed for solutions with various weight
fractions of NaCl.

thermolouples

Figure 3-2: Freezing point depression test setup.

3.2.4 Ice Melting Capacity Test

The ice melting capacity (IMC) of the reference and polyol-based NaCl deicing solutions was
determined using a custom-built setup shown in Figure 3-3. The deicing solutions were prepared by
adding erythritol and xylitol to the reference NaCl brine deicer in the following weight percentages: 0%,
5%, 10%, and 12.50%. The IMC of these deicing solutions was then determined at 0°C, -10°C, -20°C, and -
30°C. Various test methods are used to evaluate the deicer’s IMC, such as the SHRP H205.2 test, the
shaker test, the mechanical rocker test, and the ice cube titration test. The SHRP H205.2 and the ice
cube titration test provide poor simulation of actual pavement contact, whereas the mechanical rocker
test and shaker tests are prone to high variability. This study employed the IMC test developed by Sajid
et al. as it mimics the real-world scenario. The deicing solution was maintained at precisely 10 °C to
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simulate deicer application conditions [24], [28], [53]. Additionally, this test employed a static setup,
with no agitation or shaking, while the ice cube was immersed in the deicing solution for two minutes,
unlike the method developed by Sajid et al. [54], to better replicate on-site conditions. To determine the
IMC of the deicing solutions, 25 mm ice cubes were first immersed in the cooling bath, which was preset
to the desired target temperature using dry ice, and kept in there for 2 minutes. K-type calibrated
thermocouple thermometers from Fluke Corporation were used to monitor the temperature of the
acetone solution and ice cubes, ensuring the target temperature was maintained. After reaching the
desired temperature, the ice cubes were removed from the cooling bath and placed near dry ice to
maintain the temperature. An ice cube was then submerged in a 150 ml test solution (NaCl brine with
polyol, set at 10°C) for 2 minutes in an insulated container. The weights of the ice cube before and after
immersion in the test solution were measured to determine the test solution’s IMC. In total, 36
combinations of NaCl brine with varying concentrations of polyols at different temperatures were tested
for IMC, with each test being repeated twice.

Test Solution

Figure 3-3: Test setup for ice melting capacity tests.

3.2.5 Skid Resistance Test

The metric that evaluates the frictional force generated when a tire slides on a wet pavement
surface is termed skid resistance. It measures the slipperiness of a pavement surface and is a key factor
contributing to road accidents. High skid resistance helps prevent vehicle tires from skidding on the
pavement surface, thereby ensuring safe vehicle control on highways. The skid resistance of pavements
can be assessed using various field and laboratory testing methods. Locked Wheel Tester (ASTM E274),
Spin Up Tester, Side Force Method (e.g. MuMeter and the Sideway Force Coefficient Routine
Investigation Machine (SCRIM)), Fixed Slip Method, Variable Slip Method (ASTM E1859), British
Pendulum Tester (ASTM E303), and Dynamic Friction Tester (ASTM E1911) are the commonly used
techniques to evaluate skid resistance of pavements [24], [55], [56]. This study assessed the skid
resistance of deiced pavement surfaces using the British Pendulum Tester in accordance with ASTM
E303 (see Figure 3-4). The skid resistance of the pavement surfaces is measured for the reference
deicing solution (23.3% NaCl) and the polyol-based deicing solutions (23.3% NaCl combined with
different weight fractions of xylitol or erythritol). Skid resistance tests were conducted on a cleaned
Portland cement concrete (PCC) pavement surface on the premises of North Dakota State University,
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which was built with Portland Cement Type-1 with an approximate air-entrainment of 6%. The relative
humidity and temperature during the skid resistance tests were noted to be 18% and 3°C, respectively.
The deicing solution was applied to a cleaned pavement surface and was left for 10 minutes. The British
Pendulum Tester was then used to measure skid resistance values in terms of British Pendulum Number
(BPN). An increase in BPN value indicates greater skid resistance in pavements. For each deicing solution
combination, various locations on the PCC pavement surface were tested five times.

Figure 3-4: British Pendulum Tester for Measuring Skid Resistance of Pavement Surface.

3.2.6 Dissolved Oxygen Test

Dissolved oxygen (DO) tests were performed to determine the influence of the reference and
polyols-based deicers runoff on the DO levels in a water body, which is an important water characteristic
for aquatic life. DO tests were performed using the test method described in Sajid et al [23]. To conduct
DO tests, 45 ml of raw lake water, sourced from a nearby lake (Tempe Town Lake), was poured into a 50
ml centrifuge tube, to which 2 ul of deicing solution was added, achieving a concentration of 45 mg/L.
The DO level of this mixture is initially measured using a Vernier Optical DO meter, marking the 'Day 0'
reading. The mixture is then left undisturbed for 72 hours to obtain a 'Day 3' reading, with the difference
in DO levels indicating the oxygen consumed by aquatic microorganisms over this period. The
instrument was calibrated using the sodium sulfite solutions at the zero-oxygen point on both occasions.
DO tests were conducted for the reference NaCl deicing solution and polyol-mixed deicing solutions.
Triplicate tests were conducted for each solution. The DO levels corresponding to the reference and
polyol-based deicing solutions are discussed in Section 3.5.

3.3 Results and Discussion

In this section, the experimental results obtained from freezing point depression, DSC, ice
melting capacity, skid resistance, and DO tests are presented and discussed for both reference and
polyol-based deicing solutions. The performance of different concentrations of xylitol and erythritol in
NaCl deicing solution is quantified, and the results are discussed in the following subsections.
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3.3.1 Validation of the Freezing Point Depression Experimental Setup

Before conducting tests on the reference and polyol-based deicing solutions, the freezing point
depression test setup was validated to confirm the reliability and consistency of the results obtained.
For this purpose, freezing point depression tests were conducted for five weight concentrations of NaCl
brine solution (5%, 10%, 15%, 20%, and 23.3%) using the procedure described in Section 2.3. This dosage
selection was opted to be inline and also to compare the major findings with the available literature
[29], [54]. The results obtained from freezing point depression validation tests are based on the
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Figure 3-5 shows that the freezing point depression values obtained from the in-house experimental
setup aligned closely with the established values, thereby validating the setup's accuracy. Notably, this
study did not explore brine solution concentrations exceeding 23.3%, as no further depression of the
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freezing point was observed beyond this threshold due to a reduction in ion dissociation of NaCl in
water at concentrations greater than 23.3%.
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Figure 3-5: Validation of freezing point depression of NaCl brine solution

3.3.2 Freezing Point Depression

Time-temperature cooling curves of the reference and polyol-based NaCl deicing solutions,
polyol-brine solutions, were derived from the freezing point depression tests, and the results are
discussed in this section. Additionally, the effect of different weight fractions of xylitol and erythritol on
the NaCl brine’s freezing point is also analyzed in this section.

3.3.3 Xylitol-based NaCl Deicers

In this study, three distinct weight fractions of xylitol ranging from 5% to 12.50% were examined
to determine their impact on the freezing point of the reference 23.3% NaCl brine solution. Time-
temperature cooling curves for each weight fraction of xylitol obtained from freezing point depression
tests are provided in Figure 3-6. These curves demonstrated a high degree of consistency across the
different weight fractions of xylitol assessed in this study. As observed in Figure 6, most of the xylitol
concentrations exhibited a clear horizontal plateau, which signifies the phase transition from liquid to
solid, a critical element in identifying freezing point depression.

The freezing points of xylitol-based NaCl deicers, containing varying amounts of xylitol, are
provided in Figure 3-7. The average freezing point of the different weight concentrations of xylitol: 5%,
10%, and 12.50% based deicers were found to be -27.43°C, -29.77°C, and -35.37°C, respectively. Figure 7
also shows freezing points of the NaCl deicer progressively decrease as the weight fraction of xylitol
increases. Initially, as the xylitol’s concentration was at 5%, a 25.65% decrease was observed in the
average freezing point of the deicer compared to a 23.30% brine solution. The average freezing point of
NaCl brine deicer decreased by 36.37% when the xylitol weight fraction increased to 10% in the solution.
A more substantial drop of 62% occurred in the average freezing point when the xylitol weight fraction
increased from to 12.50%. These results demonstrate that xylitol addition can lead to a substantial
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reduction in the freezing point of NaCl deicer and, hence, result in improving the efficiency of snow
removal operations in roadways.

20 20
0, i .
10 TN (a) 5% Xylitol 10 A (b) 10% Xylitol
O |
Sa_; 0Tt - - - Sample 1 Sq_; 0+ - -~ Sample 1
540+ A 00 Sample 2 5410+ B\ e Sample 2
© © "
2_20 1 Sample 3 g 20 1 3 Sample 3
E, 30 + 0 Pmyomhaes S £ .30 + LTI
|_
-40 T -40 T
-50 } } t -50 ; l l
0 100 200 300 400 0 100 200 300 400
Time (s) Time (s)
20 .
10 - (c) 12.50% Xylitol
€ o
S 10 J - - - Sample 1
"@ ........... Sample 2
g-20 T Sample 3
€30 1
— S T TS
a0 4
-50 : ' :

Figure 3-6: Effect of different weight fractions of Xylitol on the freezing point depression of 23.3% NaCl
deicing solution (a) 5%, (b) 10 %, and (c) 12.50%.
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Figure 3-7: Influence of Xylitol on depressing the freezing point of 23.3% NaCl deicing solution

3.3.4 Erythritol-based NaCl Deicers

Freezing point depression tests were conducted for 23.3% NaCl deicer with erythritol
concentrations ranging from 5% to 12.50%, and the resulting time-temperature cooling curves obtained
from those tests are provided in Figure 3-8. The time-temperature curves remained consistent for the
whole range of erythritol concentrations studied herein. The average freezing points corresponding to
different concentrations of erythritol in NaCl deicing solution are provided in Figure 3-9.

As observed in Figure 3-9, the freezing point of the NaCl deicing solution decreased almost
linearly with an increase in the concentration of erythritol in the deicing solution. The average freezing
points of different weight concentrations of erythritol: 5%, 10% and 12.50% based deicers were found to
be -27.20°C, -32.20°C, and -37.53°C, respectively. The average freezing point of the erythritol-based NaCl
deicer decreased by 47.50% when the erythritol weight fraction in the deicing solution was at 10%
compared to a 23.30% brine solution. A further increase in the weight fraction of erythritol to 12.50%
resulted in a further 71.92% reduction in the freezing point of the deicing solution. These results exhibit
the beneficial role of erythritol in the freezing point depression of the traditional NaCl deicer.
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Figure 3-8: Effect of different weight fractions of erythritol on the freezing point depression of 23.3%
NaCl deicing solution (a) 5%, (b) 10%, and (c) 12.50%
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Figure 3-9: Influence of erythritol on depressing the freezing point of 23.3% NaCl deicing solution

The lowest freezing points observed in the case of xylitol-based NaCl deicing and erythritol-
based NaCl solution are plotted in Figure 10 alongside the freezing point observed in the absence of
either of these polyols in the NaCl deicing solution. Figure 3-10 further exhibits the marked depression
in the average freezing point of the traditional NaCl deicer and highlights the role of polyols in improving
the effectiveness of the traditional deicer.
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Figure 3-10: Influence of polyols on depressing the freezing point of 23.3% NaCl brine solution

3.3.5 Ice Melting Capacity

The IMC of the reference and polyol-based deicing solutions was determined using the
procedure described in Section 2.4. Results obtained from IMC tests are presented in Figure 13 in the
form of a percent decrease in the weight of an ice cube submerged in the test deicing solution.
Additionally, Figure 3-11 shows the percent change in the ice cube's weight when immersed in polyol-
based deicing solutions compared to the reference NaCl deicer.
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The polyol addition resulted in a lower reduction in the ice cube's weight across most target
temperatures, except at -20°C and 10% polyol concentration, as per Figure 3-12. The ice melting
capacity of salt brine with 12.50% xylitol increased by 12.61% at -10°C, salt brine with 12.50% xylitol
exhibited a further increase of 16% at -20°C, and at -30°C demonstrated another increase of 8.34% (see
Figure 14(a)). The ice melting capacity of salt brine with 12.50% erythritol increased by 22.24% at -10°C,
23% at -20°C, and 19.46% at -30°C (see Figure 3-12(b)). Compared to all the other concentrations, the
12.50% addition of both erythritol and xylitol performed superiorly when added to the brine solution.
The enhanced ice-melting capacity of erythritol-based deicing solutions can be attributed to erythritol's
lower solubility in the salt brine compared to xylitol, resulting in undissolved erythritol particles in the
salt brine. These undissolved particles can melt ice and form a solution that further aids in melting the
ice. The highest ice melting capacity is noted in the case of 12.50% erythritol mixed with 23.3% brine
solution at a target temperature of -20°C.
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Figure 3-11: Percent decrease in weight of ice cube with an increase in the concentration of (a) xylitol,
and (b) erythritol in the 23.3% NaCl deicing solution at different low temperatures.
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Figure 3-12: Percent decrease in weight of ice cube immersed in (a) 23.3% NaCl brine + xylitol, and (b)
23.3% NaCl brine + erythritol, when compared to the traditional deicing solution (23.3% NaCl brine),
at different low temperatures.

3.3.6 Skid Resistance

The skid resistance of PCC pavements after applying reference and polyol-based deicing
solutions was measured in terms of BPN (British Pendulum Number) using the procedure described in
Section 2.5. The relative humidity (RH) and temperature during the skid resistance tests were measured
before conducting the tests. The RH and temperature measured during the test day were 18% and 3°C,
respectively. The BPN values of xylitol and erythritol-based deicing solutions are provided in Table 3-3
and Table 3-2, respectively. The average BPN values corresponding to the reference and polyol-based
deicing solutions are provided in Figure 3-13 and Figure 3-14 for xylitol and erythritol, respectively.
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The BPN values observed in Figure 3-13 and Table 3-2 exhibited an increase until the application
of 12.50% xylitol-based deicing solutions. This also shows that increasing the concentration of polyols in
the deicing solutions leads to a decrease in the skid resistance of the pavement surface. The results
indicate that 12.50% xylitol-based deicing solutions perform best in terms of generating sufficient
frictional force to prevent vehicle tires from skidding. A 4.80% increase in skid resistance is observed for
the application of a 12.50% xylitol-based deicing solution. Unlike xylitol, erythritol-based deicing
solutions did not exhibit a specific pattern in BPN, with BPN decreasing corresponding to some weight
fractions and increasing corresponding to others (see Table 3-4 and Figure 3-14). The results indicate
that a 10% erythritol-based deicing solution performs best in terms of generating sufficient frictional
force (2.68% decrease compared to a traditional brine solution) to prevent vehicle tires from skidding
due to the low crystallization tendency of erythritol.

Table 3-2: Average BPN values of pavement after applying xylitol-based deicer

BPN BPN BPN BPN BPN BPN
Sample No. Solution value
s values values values values values
1 2 3 4 5 Avg.
1 23.3% Brine 54 55 55 54 53 54.2
2 23.3% Brine + 5% Xylitol 58 58 55 54 55 56
3 23.3% Brine + 10% Xylitol 60 54 58 55 55 56.4
4 23.3% Brine + 12.50% Xylitol 55 55 55 63 56 56.8
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Figure 3-13: Average BPN values of pavement after applying xylitol-based deicer

Table 3-3: Average BPN values of pavement after applying erythritol-based deicer

BPN values

Sample No. | Solution
1 (2 (3 (4 |5 |Avg.

1 23.3% Brine 50 | 50 | 56 | 50 | 55 | 52.2

2 23.3% Brine + 5% Erythritol 44 | 48 | 48 | 42 | 47 | 45.8
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BPN values
Sample No. | Solution

1 (2 (3 (4 |5 |Avg.

3 23.3% Brine + 10% Erythritol 49 | 52 | 47 | 56 | 50 | 50.8

4 23.3% Brine + 12.50% Erythritol | 50 | 50 | 55 | 43 | 43 | 48.2
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Figure 3-14: Average BPN values of pavement after applying erythritol-based deicer

3.3.7 Dissolved Oxygen (DO) Level

DO tests are conducted using the procedure discussed in Section 2.6. The 3-day DO levels of the
reference and polyol-based deicing solutions are summarized in Table 3-4. The instrument was
calibrated using sodium sulfite solution before taking readings on both instances, and the calibrated
reading for zero-level oxygen at ‘Day 0’ and ‘Day 3’ was 0.37 mg/L and 0.42 mg/L, respectively. From
Table 5, it can be observed that the DO level increased in each of the cases rather than decreasing,
which is due to the temperature gradient. The solubility of oxygen decreases with an increase in
temperature [58]. As the ambient temperature was around 42°C when the water was collected from the
Tempe Town Lake and the test was conducted at 22°C, this temperature gradient was the primary
reason behind this anomaly. Fluctuations can also be noticed in the DO results, which are within the
normal range. The same water body can show a fluctuation of upto 3mg/L in DO levels. The DO test
results indicate that polyol-based deicing solutions resulted in lower depletion of dissolved oxygen when
compared to the salt brine deicer. In comparison to the salt brine deicer, the 5% xylitol-based brine
solution exhibited an increase of 24% DO, whereas 5% erythritol-based brine solution demonstrated a
decrease of 88% DO when mixed with lake water, which can be credited to the high viscosity and low
biodegradability of erythritol-based deicing solutions. At this point, it is essential to highlight that only
DO tests were performed in this study to determine the depletion of DO when polyol-based brine
solutions are used as deicers. Additional detailed tests are outside the scope of this study.

Table 3-4: Three-Day Dissolved Oxygen Test of Stream Water Mixed with Various Deicers

Day 0 Day 3
Deicer Observed Calibrated Observed Calibrated Consumed Average
Solution Reading Reading Reading Reading DO g
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9.73 9.36 10.06 9.64 -0.28

Control 9.23 8.86 9.53 9.11 -0.25 -0.28
9.55 9.18 9.91 9.49 -0.31
9.03 8.66 9.49 9.07 -0.41

Brine 9.75 9.38 9.79 9.37 0.01 -0.25
9.12 8.75 9.51 9.09 -0.34
9.7 9.33 9.6 9.18 0.15

5% Xylitol 9.11 8.74 9.6 9.18 -0.44 -0.31
9.1 8.73 9.8 9.38 -0.65
9.63 9.26 9.81 9.39 -0.13

E(Iflthl’itd 9.22 8.85 9.72 9.3 -0.45 -0.03
9.76 9.39 9.33 8.91 0.48
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4 Mitigating Corrosion Damage Steel Employing Biobased
Erythritol and Xylitol as Corrosion Inhibitions

4.1 Introduction

Traditional deicing materials, such as sodium chloride (NaCl), magnesium chloride (MgCl,), and
calcium chloride (CacCly), are primarily employed on pavements, sideways, and walk-throughs to remove
the snow and ice to ensure safe mobility in winter. These deicers primarily inhibit the bonding of snow
and ice to the pavements and help loosen the pre-bonded ice, facilitating its subsequent cleaning
through plowing. NaCl is widely used among all deicers because it is relatively inexpensive, effective,
easily available, has fewer storage issues, and is easy to apply [59]-[61]. The state Department of
Transportations (DoTs) employs salt in granular form and brine solutions form. According to the New
York DoT report, approximately 0.95 to 1 million tons of salt are applied annually on state roads to clear
the snow and ensure safe mobility [62]. Overall, in the U.S., the utilization of salts to clean the roads in
the winter has increased by 200% since 1975 [63]. The annual consumption of salt as a deicing material
in the U.S. is growing for two main reasons: a) general expansion of transportation infrastructure [29]
throughout the country and b) especially, two-thirds of the U.S. roadways are located in snowy areas
[64]. Considering the cost of chloride deicers in the U.S. and Canada, more than 2.3 and 1 billion dollars
are spent each year, respectively, to keep the highways clear for mobility [65].

While these chlorides are promising candidates for snow and ice clearance, their usage leads to
corrosion-induced deterioration in concrete pavements, bridges, highways, and automobiles. NaCl-
based deicers provide a constant supply of chloride ions that lead to the corrosion of rebars within the
concrete [48], [49]. The ingress of chlorides compromises the passive layer on the surface of the rebars
and initiates corrosion, leading to reduced functionality requiring expensive repairs at a later stage [66].
Several studies are conducted to reduce this chloride-induced corrosion, for instance, a dual oxide layer
corrosion inhibitor containing Mg, Al, and Fe in a ratio of 9:2:1, is synthesized which has the ability to
absorb the chloride ions and reduce the content of free chloride ions at low temperatures from the
surrounding [67]. Steel structures near highways and automobiles undergo accelerated corrosion due
to chloride-based deicers on the pavements. The use of chloride-based deicers not only impacts civil
engineering infrastructure but also deteriorates automobiles and the environment [68]. In addition to
this, the deicing salts also impact the highway maintenance equipment in a variety of ways such as
depreciating their values, increasing the equipment downtime, reducing its reliability, reducing
equipment service, increasing the repair cost, and safety concerns [69]. Anti-corrosion coatings were
recommended to mitigate corrosion in highway equipment. The performance and corrosion mitigation
mechanisms have been thoroughly discussed in the literature to protect the value of assets in chloride-
based environments [70]. Moreover, these deicing salts also affect the hydration products, leading to
scaling and increased alkaline pore solution, which causes osmotic pressure [71]. Several studies
attributed the scaling of the concrete to deicers (both corrosive and non-corrosive) and verified their
presence within the concrete by conducting physical and chemical studies [72]-[74]. The chloride ions
from the deicers react with calcium hydroxide in the cement paste to form expansive oxychloride
compounds, damaging the concrete [75]. Magnesium ions can substitute calcium in the (calcium-
silicate-hydrate) CSH gel to form (magnesium-silicate-hydrate) MSH that causes cracking and reduced
strength [76]. Chloride-based deicers also promote alkali-silica reaction (ASR), further damaging
concrete. The use of non-corrosive deicers, such as acetates and formate of potassium, sodium, calcium
and magnesium have shown promising results to mitigate corrosion [71]. However, their mass
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application is hindered due to its cost and its affinity to corrode certain metals. Moreover, they are also
proven to produce scaling effect in concrete [72].

With this, some studies have employed corrosion inhibitors to reduce the corrosiveness of
traditional deicers in field with plenty of success. Ideally, a corrosion inhibitor is a compound or a group
of compounds that, when added in appropriate dosage, can protect the steel from corrosion [77].
Typically introduced in limited amounts to the corrosive environment, corrosion inhibitors are
categorized based on their mechanism of action: anodic, cathodic, or mixed type [78]-[80]. Anodic
inhibitors impede the anodic reaction, cathodic inhibitors slow down the cathodic reaction, while mixed-
type inhibitors affect both reactions [79]. Regardless of their type, corrosion inhibitors interplay at the
metal-solution interface by forming films, achieved via either physical or chemical adsorption. Physical
adsorption is particularly favored in corrosion inhibition scenarios due to its spontaneous nature and
lack of requirement for external energy [80]. Various corrosion inhibitors that form a protective film on
the metal surface via physical adsorption have been very well explored in past [81]. In addition to this,
corrosion inhibitors are classified as inorganic, organic, or hybrid, each with distinct protection
mechanisms. Inorganic corrosion inhibitor usually inhibits either cathodic or anodic reaction, while
organic inhibitors delay both the anodic and cathodic reactions. The choice to opt for either inorganic or
organic is associated with factors such as cost, working performance, and ecofriendly nature. Several
inorganic chromates and phosphates of calcium, magnesium, and potassium were proven choices as
corrosion mitigation in corrosive environment, however, they have been banned due to toxicity
concerns [82], [83]. To address this, researchers have been investigating green corrosion inhibitors
derived from agricultural products, offering eco-friendly and sustainable alternatives.

A recent study investigated the corrosion inhibition potential of corn-based polyols, namely,
sorbitol, mannitol, and maltitol in combination with traditional deicing media [54]. These polyols are
renewable, cost-effective, sustainable, and environmentally friendly. Additionally, in combination with
traditional deicing solutions, they also enhanced ice melting capabilities and lowered the freezing point
without compromising skid resistance [84]. Another study, employed the mannitol and sorbitol to
reduce the corrosion damage in of ASTM A615 steel in corrosive environment [79]. Building on this
knowledge, the current study explores two other corn-based polyols: erythritol and xylitol. Belonging to
the same polyol class, erythritol and xylitol are hypothesized to function similarly in inhibiting steel
corrosion. It is pertinent to mention that, herein, the corrosion inhibition potential of erythritol and
xylitol is evaluated at neutral pH on ASTM A572, which is primarily used in bridge construction and is
often exposed to neutral salt fog from vehicle movement on bridges.

This study investigates the efficiency of erythritol and xylitol, which are four- and five-hydroxyl
group polyols, respectively, as corrosion inhibitors in combination with chloride-based deicers. Both
erythritol and xylitol are the derivatives of agriculture corn crop and are also employed as sugar
substitutes. They are prepared from corn starch via enzymatic hydrolysis or fermentation process [85]—
[88]. Their chemical structures and properties are provided in Figure 4-1, and Table 4-1, respectively.
This article is organized as follows: In Section 2, the experimental program is elaborated, detailing the
surface preparation of the test specimens and explaining the choice of erythritol and xylitol as corrosion
inhibitors. This section also covers various characterization techniques used in the study, including
accelerated corrosion tests, potentiodynamic polarization tests, the corrosion inhibition mechanism of
polyols, adsorption isotherms, and microstructural investigation of corroded specimens. Section 3
comprehensively analyzes the findings derived from these characterization techniques. Finally, Section 4
presents the key conclusions drawn from the study.
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Figure 4-1: Chemical structures of (a) erythritol, and (b) xylitol.

Table 4-1: Properties of erythritol and xylitol.

Polyol Chemical formula | Molar mass (g/mol) | Density (g/cm®)
Erythritol C4H140, 122.120 1.45
Xylitol CsH,04 152.146 1.52

4.2 Corrosion Characterization Program

This section provides a comprehensive description of the preparation of steel specimens for
accelerated corrosion testing and potentiodynamic polarization analysis. Furthermore, this section
describes the methodologies and protocols implemented for characterizing the two selected polyols,
i.e., erythritol and xylitol, within the scope of this study.

4.2.1 Preparation of Corrosion Test Specimens

In this research, ASTM A572 steel [89], commonly used in the U.S. construction industry,
particularly in bridge construction [47], [54], [90], was chosen to assess the corrosion inhibition
effectiveness of erythritol and xylitol. This choice is also pertinent due to the similarity of ASTM A572
steel to other varieties, such as Q460, Q345B, and S355JR, which are extensively utilized in European
and Chinese construction sectors [91], [92]. The study involved preparing two sets of ASTM A572 steel
specimens, with their chemical composition detailed in a prior study [54]. Disc-shaped specimens with a
19 mm diameter were prepared for the accelerated corrosion tests, while square plate specimens
measuring 75mmX75mm were prepared for potentiodynamic polarization tests. To minimize the
influence of surface roughness on the efficiency of the polyol-based corrosion inhibitors, both specimen
sets underwent a systematic polishing process using silicon carbide sandpapers in a sequential grit order
of #60, #120, #220, #400, #600, and #800. A previous study [93], demonstrated how rougher surfaces
experience a higher rate of initial corrosion. Polishing would eliminate this difference allowing us to
consider the polyol type and concentration as the two parameters of interest. Following the grinding,
specimens were thoroughly cleansed with warm water and acetone to eliminate any residual dust or
debris. In total, nine specimens were prepared for the accelerated corrosion tests, and an equal number
were prepared for the potentiodynamic polarization tests. The methodologies employed in these tests
are elaborated in Section 2.2 of this article.
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4.3 Characterization Methods

4.3.1 Accelerated Corrosion Test Protocols

The accelerated corrosion test involves disc-shaped ASTM A572 steel specimens exposed to a
continuously flowing deicing solution composed of 23% wt. NaCl, with varying concentrations of
erythritol and xylitol (0%, 0.5%, 1%, 2%, and 3%). The accelerated corrosion tests are carried out in a
controlled chamber, maintaining an ambient temperature of 30°C and humidity levels at 100%, per
ASTM B117 standards [94]. The experimental setup includes a feeder for the deicing media, a peristaltic
pump to ensure consistent flow, and a disc-shaped specimen positioned on an inclined plane. This
inclination prevents the accumulation of the deicing solution on the specimen's surface during the
experiment. The setup designed for accelerated corrosion study is illustrated in Figure 4-2. The steel
specimens are subjected to a recurring flow (0.5mL/min) of the deicing solution. This flow rate allows
enough oxygen to interact with the metal surface to initiate and further progress the corrosion process.
A high flow rate may flush the adsorbed polyols from the steel surface, while a low flow rate may not
depict accurate corrosion damage. Furthermore, the same flow rate was also employed in the previous
study [54]. Photographs of the specimens are taken at 12-hour intervals to visually assess corrosion
damage. However, to accurately document early-stage corrosion, especially in specimens subject to 23%
wt. NaCl solution without polyols, images are captured every 8 hours. This approach allows for a
detailed comparison between the corrosion effects on specimens with and without polyol inclusion in
the deicing solution. Finally, to make the corroded area more quantifiable for better comparison, Image
J.JS online software [95] was used to calculate the percent damage area on the surface of the ASTM
A572 steel specimens, at the end of the testing period (48 hours).

Deicing media

ASTM A572
specimen

Inclined plate

Figure 4-2: ASTM A572 disc-shaped specimen exposed to 23% brine deicing solution containing 0.5%,
1%, 2%, and 3% of polyols at 30°C of ambient temperature and 100% relative humidity.
4.3.2 Potentiodynamic Polarization Test Protocols

In previous research, various electrochemical techniques, such as electrochemical impedance
spectroscopy, linear polarization, and potentiodynamic polarization, have been utilized to analyze the
immediate corrosion behavior and mechanisms of metals [48], [49], [96]-[100] In the present study, the
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potentiodynamic polarization technique is chosen for its ability to provide comprehensive insights into
the corrosion mechanism, corrosion rate, and passivation range [97]. This technique is favored for its
reproducibility, efficiency, and cost-effectiveness. Tests are conducted using Gamry's Potentiostat
Interface E1000. The setup comprises three electrodes: a saturated calomel electrode (SCE) serving as
the reference electrode (RE), an ASTM A572 steel square specimen (75mmX 75mm) as the working
electrode (WE), and a stainless-steel wire mesh as the counter electrode (C.E.) [54]. To prepare the WE,
plastic tape is applied to the surface of the ASTM A572 steel plate, exposing a circular area of 7.07 cm?
[89]. This prepared electrode is then immersed in a 23% brine solution containing polyols for
approximately 2 hours before testing, allowing for the establishment of a stable state potential.

In this experimental configuration, the SCE acts as a benchmark for potential measurements,
comparing the potentials between it and the exposed area of the WE. A potential difference applied
across these electrodes generates a current, measured per unit area of the WE, known as the corrosion
current density [96]. This parameter is crucial as it is directly proportional to the corrosion rate at the
WE (Holland 1991). To ensure accuracy and reliability, each polyol concentration test is repeated thrice,
although, for clarity, only one representative curve is presented here, as all curves closely overlap with
each other. The testing involves varying the potential from a cathodic to an anodic scan within a range
of 500 mV at a scanning rate of 10 mV/sec. Maintaining a high potential and scanning rate is crucial for
observing the passivation and pitting behavior of the ASTM A572 steel specimens. Detailed information
regarding the potentiodynamic polarization test parameters can be found in the referenced literature
(Progress 2009; Holland 1991; Song and Saraswathy 2006). All tests are conducted at an ambient
temperature of 25°C.

4.3.3 Surface Characterization of Corroded Specimens

Previous studies have indicated that the addition of polyols in corrosive media can significantly
alter the corrosion behavior of ASTM A572 steel specimens [54], [79]. Building on this understanding,
the present research aims to explore how the presence of erythritol and xylitol in deicing media affects
the formation and nature of corrosion products on ASTM A572 steel surfaces. To this end, this study
employs a variety of surface characterization techniques to investigate the types of corrosion products
formed and to assess the morphological changes on the corroded surfaces. X-ray diffraction (XRD)
analysis is utilized to identify the types of corrosion products and their intensities. The surface
morphology of the corroded specimens is examined using scanning electron microscopy (SEM), while
energy-dispersive X-ray spectroscopy (EDX) is employed to determine the elemental composition of the
damaged surfaces. The preparation of the disc-shaped ASTM A572 steel specimen surfaces for SEM and
EDX analysis follows the protocol outlined in Section 2.1. These specimens are then subjected to
accelerated corrosion in a deicing solution containing polyols for a duration of 48 hours. Post-
accelerated corrosion testing, the specimens are air-dried for 24 hours at room temperature and
subsequently coated with gold using sputtering equipment to prepare them for SEM and EDX analysis.
Additionally, XRD analysis is performed to corroborate the composition of the corrosion products
formed during the accelerated corrosion tests further. For this purpose, a Bruker AXS D8 Discover
multipurpose X-ray diffractometer is employed. The diffractometer’s laser is precisely collimated and
focused on a circular area of 100um diameter on the specimen surface. Diffractograms are acquired
over a 2-theta range of 10-100°, with the generator settings adjusted to 40kV and 30mA to ensure
optimal results.
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4.4 Results and Discussion

This section presents results obtained from the accelerated corrosion tests and potentiodynamic
polarization tests about the corrosion inhibition performance of erythritol and xylitol. Additionally,
adsorption isotherms are employed to elucidate the corrosion inhibition mechanism of the two
mentioned polyols. The final sub-section explains the surface morphology of the corroded specimens
and the characterization of the corrosion products formed during the accelerated corrosion studies.

4.4.1 Accelerated Corrosion Results

In this research, accelerated corrosion tests were conducted to assess the impact of various
fractions of considered polyols on the corrosion of ASTM A572 steel disc specimens. These tests
involved exposing the specimens to a standard deicing solution (23% wt. NaCl) and observing the
surface corrosion over 48 hours, both with and without the addition of polyols (erythritol and xylitol).
Corrosion progression was tracked through photographs taken every 12 hours. Initially, at t = 0 hours, all
the specimens are free from any type of corrosion, and they show uniform polished surfaces. However,
as exposure time increased, varying levels of corrosion were observed, depending on the weight fraction
and the type of polyol used. Specimens exposed to the standard deicing solution without polyols
exhibited significant corrosion when compared to those containing polyols.

Specific findings include: 1) traditional deicing solution (no polyols): noticeable corrosion began
after 8 hours, covering almost 80% of the surface area by 48 hours (see Figure 4-3, and Figure 4-6), 2)
deicing solution with erythritol (0.5%, 1%, 2%, 3%): corrosion started after 12 hours and showed minimal
progression over 48 hours. At the end of the testing period, 30.01%, 24.83%, 32.11%, and 26.52% of the
total surface area was corroded for 0.5%, 1%, 2%, and 3% erythritol, respectively (see Figure 4-4, and
Figure 4-6). Specimens with 2% and 3% erythritol had the least corrosion, starting after 24 hours with no
further increase (see Figure 4-4), 3) deicing solution with xylitol (0.5%, 1%, 2%, 3%): exhibited superior
corrosion inhibition. The 0.5% xylitol solution showed minor corrosion after 12 hours of exposure
without further progression. Higher concentrations of xylitol (1% to 3%) demonstrated minimal to
negligible corrosion, with only minor pitting observed by the end of the test period, i.e., 48 hours (see
Figure 4-5). The percent corroded area for 0.5%, 1%, 2%, and 3% of xylitol is determined to be 9.39%,
7.26%, 12.40, and 5.36% of the total area, respectively (see Figure 4-6). This delayed corrosion can be
attributed to the chelating properties of polyols, which adsorb the polyols onto the metal surface,
blocking active sites and inhibiting anodic dissolution [101]. The accelerated corrosion tests provide
visual evidence supporting the corrosion inhibition potential of polyols in the deicing solution (23% wt.
NaCl solution). Moreover, the corrosion inhibition mechanism and corrosion rates are quantified using
the potentiodynamic polarization test in the next section. The detailed mechanism of corrosion
inhibition by these polyols is further discussed in Section 3.4.

Oh 8h 16h 24h 32h 40h 48 h

Figure 4-3: Periodic visual appearance of ASTM A572 disc-shaped specimen exposed to 23% brine
solution at 30°C of ambient temperature and 100% relative humidity.
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Erythritol 0.5%

Erythritol 1%

Erythritol 2%

Erythritol 3%

Figure 4-4: Periodical visual appearance of ASTM A572 disc-shaped specimen exposed to 23% brine
solution containing 0.5%, 1%, 2%, and 3% of erythritol at 30°C of ambient temperature and 100%
relative humidity.
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Figure 4-5: Periodical visual appearance of ASTM A572 disc-shaped specimen exposed to 23% brine
solution containing 0.5%, 1%, 2%, and 3% of xylitol at 30°C of ambient temperature and 100% relative
humidity.
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Polyols concentration 0.5%

Erythritol at 48 h
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Xylitol at 48 h

% Surface corrosion 9.39% 7.26% 12.40% 5.36%

Figure 4-6: Percent corroded area of ASTM A572 disc-shaped specimen exposed to 23% brine solution
with and without 0.5%, 1%, 2%, and 3% of erythritol and xylitol.

4.4.2 Potentiodynamic Polarization Results

Building upon the qualitative assessment of corrosion damage conducted through the accelerated
corrosion tests, the potentiodynamic polarization test aims to quantify the corrosion rates, corrosion
current densities, and corrosion mechanism of ASTM A572 steel. This test is conducted in the absence
and presence of erythritol and xylitol at varying concentrations of 0.5%, 1%, 2%, and 3%. The procedure
employed for these tests is detailed in Section 2.2.2.

The potentiodynamic polarization curves obtained from the polarization tests provide a detailed insight
into the electrochemical processes occurring at both the anodic and cathodic sites. Typically, such
curves exhibit two distinct branches: anodic branch, where the potential (V) increases with the increase
in logarithmic current (A/cm?), and cathodic branch, wherein the potential (V) decreases as the
logarithmic current increases. Within the cathodic branch, two primary regions can be identified: oxygen
dissolution followed by hydrogen evolution, resulting in a reduction of the passive film [66], [102]-[104].
Within the anodic branch, several regions can be distinguished: active corrosion region, characterized by
an increase in current density with minimal change in potential, passive corrosion region, where a
passive oxide film is formed on the steel surface, maintaining a constant corrosion current density while
the potential increases. Eventually, the passive oxide layer dissolves, initiating pit formation [105].

Figure 4-7 and Figure 4-8 display the potentiodynamic polarization curves of ASTM A572 steel in the
presence of varying concentrations (0.5%, 1%, 2%, and 3%) of erythritol and xylitol. From both the
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figures, it can be observed that all the polarization curves exhibit typical Tafel behavior, demonstrating a
linear relationship between logarithmic current and potential. The presence of erythritol and xylitol in
the deicing solution causes a shift in the polarization curves towards lower current regions, indicating
the corrosion inhibition potential of both the erythritol and xylitol. Additionally, all curves shift towards
a more positive potential (more noble) in the presence of polyols, suggesting a retardation of
electrochemical reactions [106], [107]. This retardation signifies less anodic dissolution and hence
corrosion protection to the ASTM A572 steel specimens. Comparing erythritol and xylitol, the curves for
xylitol shifted more towards the noble potential region, indicating better corrosion protection
performance [108], [109]. These findings align with observations from accelerated corrosion tests,
further supporting xylitol's superior corrosion inhibition capability. The polarization cures are utilized to
determine the corrosion current densities and corresponding corrosion rates for varying concentrations
of erythritol and xylitol, which will be discussed in the subsequent section.
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Figure 4-7: Potentiodynamic polarization curves obtained for ASTM A572 steel in the presence of
0.5%, 1%, 2%, and 3% of erythritol in salt brine deicer.
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Figure 4-8: Potentiodynamic polarization curves obtained for ASTM A572 steel in the presence of
0.5%, 1%, 2%, and 3% of xylitol in salt brine deicer.

4.4.3 Tafel Extrapolation

This study employs the Tafel extrapolation technique to quantify electrochemical parameters
like corrosion potentials (E.,,,), corrosion current densities (i.,,-), and Tafel slopes (anodic slope, 3,
and cathodic slope, 8;,) [110]. Studies in the past indicate that Tafel extrapolation can be conducted by
considering either the anodic branch, cathodic branch, or both [66], [105], [111]—-[113], provided that at
least one branch exhibits Tafel behavior wherein the logarithmic current density shows a linear variation
with the potential of the WE [66], also known as linear or Tafel section [49], [114], [115]. Considering
both anodic and cathodic branches is advantageous for determining the Tafel slopes. However,
determining the Tafel slope and respective corrosion current density using a single branch is also
possible. While employing a single branch, the cathodic branch is preferred due to its typically
prominent Tafel region compared to the anodic branch, which may exhibit deviation due to passivation,
pitting behavior, and surface deterioration [116].

In this study, we considered cathodic branches for Tafel extrapolation because the
potentiodynamic polarization curves obtained from ASTM A572 steel specimens display a more
prominent Tafel region in the cathodic curves compared to their respective anodic counterparts. A
detailed explanation of the Tafel exploration is provided elsewhere [117]. The different polarization
parameters obtained via Tafel analyses are listed in Table 4-2, while the corrosion current densities are
displayed in Figure 4-9. More explicitly, the corrosion current density deicing solution without any
polyol was 63.169 pA/cm? Incorporating polyols in the deicing solution reduced the corrosion current
densities, ranging from of 20.378 uA/cm? to 4.356 uA/cm?. Deicing solution with erythritol (0.5%, 1%,
2%, 3%) revealed corrosion current densities of 20.378 pA/cm?, 14.591 pA/cm?, 16.292 pA/cm?, and
7.721 pA/cm?, respectively. Similarly, deicing solution with xylitol (0.5%, 1%, 2%, 3%) showed corrosion
current densities of 12.135 pA/cm?, 5.652 pA/cm?, 8.324 uA/cm?, and 4.356 pA/cm?, respectively.
With these values, it is clear that the presence of the polyols in the deicing media reduced the corrosion
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current densities substantially. Moreover, the reduction in corrosion current densities of the deicing
media containing erythritol and xylitol relative to the benchmark solution (no polyols) is quantified in
terms of percentage corrosion inhibition efficiency (CIE) employing the following equation

CIE-(%) = (ilorr — iforr)/iorr X 100 Eq.1
where CIE represents the percent corrosion inhibition efficiency, i3, is the corrosion current density
without polyol and i?orr is the corrosion current density with polyols (erythritol or xylitol)
concentrations in the deicing media. Mean CIE values for different concentrations of polyols (erythritol
or xylitol) are displayed in Figure 4-10. Figure 4-10 shows that the addition of 0.5%, 1%, 2%, and 3%, of
erythritol in deicing media revealed a CIEs of 68%, 77%, 74%, and 88%, respectively. On the other hand,
the addition of xylitol led to CIEs of 81%, 91%, 87%, and 93%, respectively. With these CIEs, it can be
concluded that the addition of a very limited quantity (0.5%) of erythritol and xylitol into the deicing
media resulted in a pronounced effect on the CIE of polyols. The corrosion rates are determined using
the following equation, conforming to ASTM G102 [99]

Corrosionrate (m) =327 x 1073 x " % W Eq.2
year p

where, icq.r is the corrosion current density, which is measured from the Tafel graph in pA/cm?, p is the
density of steel taken in g/cm?, while E. W. is the equivalent weight of alloy, and in the current case it is
determined to be 28.25. The average values of the corrosion rates are displayed in Figure 4-11. It can be
noticed that the average corrosion rates (mm/year) corresponding to the deicing media containing
various concentrations of erythritol and xylitol are substantially reduced in comparison to the traditional
deicing media (23% wt. NaCl). The corrosion rate for the traditional deicing solution is recorded to be
0.742 mm/year, whereas, for erythritol concentrations of 0.5%, 1%, 2%, and 3%, the corrosion rates are
0.239 mm/year, 0.171 mm/year, 0.191 mm/year, and 0.090 mm/year, respectively. Correspondingly,
for xylitol concentrations of 0.5%, 1%, 2%, and 3%, the corrosion rates are determined to be 0.142
mm/year, 0.066 mm/year, 0.097 mm/year, and 0.051 mm/year, respectively. The percent reduction
in corrosion rates compared to the benchmark solution is calculated as 67.74%, 76.90%, 74.21%, and
87.77% for erythritol, and 80.79%, 91.05%, 86.82%, and 93.10% for xylitol, for concentration of 0.5%,
1%, 2%, and 3%, respectively. Overall, the maximum reduction (93.10%) in corrosion rate is recorded in
the presence of 3% xylitol. The mechanism underlying the improvement in CIEs and reduction in
corrosion rates due to erythritol and xylitol incorporation are discussed comprehensively in the
subsections.
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Figure 4-9: Decrease in corrosion current densities in ASTM A572 steel specimens as a function of

weight concentrations of erythritol and xylitol in salt brine deicer.
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Figure 4-10: Improvement in corrosion inhibition efficiencies as a function of varying concentrations of
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Figure 4-11: Decrease in corrosion rates in ASTM A572 steel specimens as a function of weight
concentrations of erythritol and xylitol in salt brine deicer.

Table 4-2: Electrochemical parameters obtained from Tafel extrapolation.

Comonon | boget | Eeorrc | oy | LLBTE | Comen
(pA/em?)
1 | Benchmark - -1.001 63.169 0.135 0.742
2 Erythritol 0.5 -0.991 20.378 0.105 0.239
1 -0.972 14.591 0.095 0.171
2 -0.984 16.292 0.095 0.191
3 -0.962 7.721 0.085 0.090
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3 Xylitol 0.5 -0.969 12.135 0.109 0.142

1 -0.942 5.652 0.102 0.066
2 -0.923 8.324 0.096 0.097
3 -0.856 4.356 0.082 0.051

4.4.4 Corrosion Phenomenon and Inhibition Mechanism
Corrosion Process

The corrosion phenomenon, as a consequence of a redox reaction wherein two complimentary
reactions occur [118], involves the dissolution of iron at the anodic site results in deterioration and
physical loss of the metal which is governed by Eq. 3 (see Table 4-3). The pH level of the solution
influences the reaction at the cathodic site. In an acidic environment, the reduction of hydrogen ions
(H*) take place, whereas, in basic or at neutral pH conditions, reduction of dissolved oxygen occurs as
depicted by Eq. 4, and Eq. 5 (see Table 4-3). The hydroxyl ions (OH™) generated from the reduction of
dissolved oxygen at the cathodic site migrates to the anodic site, reacting with the iron ions Fe?* to
form ferrous hydroxide Fe(OH),, which is regarded as the initial corrosion product [60], [119].
Furthermore, in brine solutions, the concentration of dissolved oxygen is significantly low due to the
prevalence of sodium (Na*) and chloride (CL™) ions, diminishing the prominence of dissolved oxygen
reduction compared to the hydrogen liberation. To maintain the chemical equilibrium, hydrogen
evolution (see Eq. 6) also occurs by the direct reduction of water molecules as indicated in the literature
[80], [120].

The presence of sodium (Na*) and chloride (Cl7) ions in the benchmark deicing media (23% wt.
NacCl) without polyols augments the electrolytic conductivity of the solution, thereby accelerating the
rates of both cathodic and anodic reactions. Additionally, these ions foster the formation of FeCl,,
alongside Fe(OH),, and sodium hydroxide (NaOH). The formation of FeCl, initiate the hydrolysis of
water, resulting in the formation of hydrochloric acid (HCI) (see Eq. 7), thereby amplifying the solution’s
acidity and corrosiveness [121]. The addition of polyols into the deicing solution inhibits the corrosion of
metal, which is discussed in the following section.

Table 4-3: Chemical reactions involved in the corrosion process.

Reaction description Equation No.
Anodic dissolution of iron Fe - Fe** + 2e- Eq. 3
Cathodic reduction (Acidic environment) 2H" 4+ 2e¢” > H, Eq. 4

Cathodic reduction (Neutral or basic environment) H, + 2H,0 -+ 4e~ - 40H" | Eq.5

Reduction of water 2H,0 -+ 2e” - H,+ 20H™ Eq. 6

Formation of HCI FeCly + 2H,0 - FeO -+ 2HCL | gq.7

Role of Erythritol and Xylitol in Corrosion Inhibition
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When the polyols (erythritol or xylitol) are added to the deicing solution, they engage in a
competition with the OH™ and 0, atoms to adhere to the iron ions by physical, chemical, or both
adsorption. In previous studies, polyols of a similar class, namely, sorbitol, mannitol, and maltitol, were
investigated, confirming their chelating affinity for metals [29], [84]. In an alkaline or neutral
environment, polyols can furnish anionic sites where multivalent iron/metal ions can bind. Multivalent
iron ions refer to ferrous (Fe2*) and ferric ions (Fe3*), which can bind to the polyols molecules by losing
two or three electrons, respectively [29], [84]. These characteristics facilitate the formation of stable
complexes on the iron surface, impeding the active sites for electrochemical reactions.

Pertaining to the potentiodynamic polarization curves, the corrosion protection performance of
polyols has been thoroughly discussed in Sections 3.2 and 3.3. In addition to the reduction in corrosion
rates and movement of polarization curves toward the more noble region, displacement in corrosion
potential is discussed herein. The average displacement in corrosion potential of erythritol is 0.024V,
whereas for xylitol is 0.078V. With this, it is established that the average shift in corrosion potential for
both erythritol and xylitol falls below the threshold of 0.085V. This threshold is typically followed in
literature to classify corrosion inhibitors as anodic or cathodic [122], [123]. These observations conclude
that the erythritol and xylitol act as mixed-type corrosion inhibitors. Overall, the shifting of corrosion
potential towards the more positive side shows the dominance of anodic inhibition, which is more
prominent in the case of xylitol. Mixed types of corrosion inhibitors adhere to the steel surface via
physisorption or chemisorption to protect the surface by blocking the active sites, which will be
discussed in the next section [105].

4.4.5 Adsorption Isotherms of Erythritol and Xylitol

The adherence of the polyols (erythritol and xylitol) to the steel surface is further quantified
using the adsorption isotherms. Adsorption isotherm is the graphical interpretation between the
corrosion inhibitor molecules and their adsorb concentration on the metal surface [111]. The
concentration of the corrosion inhibitor molecules is usually determined experimentally [123]. The
interaction of the corrosion inhibitors and steel surface depends on several factors, such as the chemical
structure of the corrosion inhibitor molecules, electrode potential, temperature of the electrolyte, and
characteristics of the steel surface (composition, roughness, etc.) [99], [124]. Corn-based polyols., i.e.,
erythritol and xylitol, are organic in nature, and their adsorption onto the steel surface in an aqueous
medium is considered a quasi-substitutional process [115], [125]. Quasi substitutional process refers to
the reaction where a reactant molecule physically replaces a radical of the second reactant. Herein, the
polyol (erythritol or xylitol) molecules substitute the associated water molecules that are adsorbed onto
the steel surface [115], [126] as depicted by Eq. 8 (see Table 4-4). Herein, x is the number of water
molecules that are substituted by the polyols. The water molecules adhered to the steel surface are
replaced by the polyol molecules., i.e., erythritol or xylitol. Adsorption isotherms are developed for
erythritol and xylitol adsorption using the Langmuir isotherm model [124]. The Langmuir isotherms, also
known as straight-line models, are developed for various concentrations of polyols (erythritol and
xylitol) employing Eq. 9 (see Table 4-4). Cp,yy, is the concentration of polyols employed in the study, 0 is
known as surface coverage representing a thin layer of adsorb polyols on the surface of the steel
specimens and is determined using the CIE (%) data using Eq. 10 (see Table 4-4), while K, 4 is the
standard adsorption equilibrium constant. K, 4 is determined from the Langmuir isotherm model and is
then used to calculate the standard free energy (Angs) of adsorption which quantifies the interaction
of adsorbed polyols with the steel surface, provided in Eq. 10 [123]. Eqg. 11 relates the AngS to K45
[126], [127]. R is the universal gas constant which is equal to 8.314Joule/K-mol, T is the absolute value of
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temperature in kelvin (K) which is equal to 293.15K, and 55.5mol/L is a constant factor which represents
the molar concentration of water.

Figure 4-12 displays the plots of the polyol concentration (Cp,ly ) to the ratio of polyols
concentration and respective surface coverage (Cp,1y/0). It is noticed that the plots yield straight lines,
which confirms that the adsorption of erythritol and xylitol on the ASTM A572 steel surface in traditional
deicing media obeys the Langmuir adsorption isotherm [124]. The adsorption parameters obtained from
the Langmuir adsorption isotherms are tabulated in Table 4-5. For both the types of polyols investigated
in this study, the AngS values are observed to be negative which suggest that the adsorption process of
polyols onto the surface of ASTM A572 steel is spontaneous, and does not necessitate an external
source of energy. Studies in the past reported that investigating the AngS offer a valuable insight into
the type of adsorption between the corrosion inhibitor and the metal surface [128], [129]. The
adsorption of corrosion inhibitors is considered physical if the value of AGY4 are less than -20kJ/mol
[127]. Physical adsorption means that the inhibitors will adhere to the metal surface via electrostatic
attraction also known as physisorption. Similarly, the adsorption will be considered as chemical if the
AG2 . values are greater than -40kJ/mol [126]. This means that the inhibitors will attach it to the steel
surface through the sharing or transfer of electrons, which will establish a coordinate type of bond, also
known as chemisorption. Studies performed in the recent past showed AngS values in a range of -
28kJ/mol, which is associated with mixed types of adsorption [127], [130], [131]. In this study, the values
of AG? ;. are less than -20kJ/mol (see Table 4-5) which shows that both the erythritol (-15.10kJ/mol) and
xylitol (-17.68 kJ/mol) are adsorbed onto the ASTM A572 steel surface via physisorption. Moreover, the
Angs for xylitol is comparatively closer to the threshold value (-20kJ/mol) than the erythritol which
show the stronger adsorptive and film-forming ability of xylitol. Furthermore, this observation is also in
line with the results from accelerated corrosion studies.

4
3.5 | V= 1157x +0.125 (Erythritol)
< | y=1.080x+0.044 (Xylitol) - 8
< 3 + /...'
7.
S 251 2
S z..
O':L 2 + z."
z.
1.5 + . AErythritol
1 T /ld "
‘ WXylitol
05 + -
o —— : : : : :
0 0.5 1 1.5 2 2.5 3 3.5

Polyols concentration (%)

Figure 4-12: Evaluation of langmuir adsorption isotherm for steel specimens in traditional deicing
media (23% wt. of NaCl) containing various concentrations of erythritol and xylitol.

Table 4-4: Equations used to determine various adsorption parameters for erythritol and xylitol in a
chloride environment.

Reaction description Equation No.

+ xH,0 + xH,0

Substitution reaction of polyols Polyol
in water

(soD) (ads) - POly oz(ad

s) (sol) Eq. 8
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CPoly 1
Langmuir adsorption model = —+C Poly Eq. 9
6 ads
CIE (%)
Surface coverage 0 = oo Eq. 10
Standard free energy of 0 —._
adsorption AGgqs RTIn(55.5K45) Eq. 11

Table 4-5: Electrochemical parameters from the Langmuir isotherm model.

Polyol type | 1/K 45 | AGY,,(k.Jol/mol) Refs
1 | Erythritol 0.125 | -15.10 This study
2 | Xylitol 0.044 | -17.68 This study
3 | Sorbitol 0.092 | -23.04 [54]
4 | Mannitol 0.079 | -23.43 [54]
5 | Maltitol 0.054 | -25.95 [54]

4.4.6 Adsorption Isotherms of Erythritol and Xylitol

The surface of the steel specimens subjected to a recurring flow of traditional deicing media
(23% brine solution) for 48 hours incurred variable degrees of corrosion damage. As already discussed in
Section 3.1, the steel specimens subjected to various concentrations (0.5%, 1%, 2%, and 3%) of
erythritol and xylitol revealed less corrosion damage than the benchmark deicing solution (see Figure
4-3 to Figure 4-6). Therefore, we investigated the surface of the steel specimens using three different
characterization techniques to determine the types of corrosion products and surface morphology of
these specimens. All three characterizations are performed on the benchmark specimen (exposed to
traditional deicing media containing no polyols) and the specimen exposed to deicing media containing
3% of each polyol. SEM micrographs and EDX analysis are conducted on the surface of the
representative specimens using a JEOL JSM-6490LV scanning electron microscope. All the SEM images
are taken at 2000X magnifications (see Figure 4-13). The ASTM A572 steel specimen exposed to
traditional deicing media containing no polyol exhibits a relatively rough surface morphology (see Figure
4-13 — (a)). The whole surface was predominantly covered with goethite (« — FeOOH) and lepidocrocite
(y — FeOOH) in the form of semi crystalline species [132]. The rough surface also contains some form of
amorphous ferrous hydroxides [130]. Moreover, the presence of sodium chloride crystals on the surface
of the steel specimens was also confirmed during the SEM analysis. On the contrary, the steel specimens
subjected to the deicing solution containing polyols (3% of erythritol or 3% of xylitol) display a thick
oxide layer, some spherical-shaped goethite crystals (¢« — FeEOOH) and occasional salts crystal deposits
(see Figure 4-13 — (b & c)). Notably, the SEM micrographs reveal less corroded surface morphology
regardless of the type of polyols employed in the deicing media. The prominent difference in surface
roughness and reduced corrosion product formation indicate that polyols effectively act as corrosion
inhibitors which slow down the corrosion process. The observed corrosion products were then
characterized through EDX analyses and the elemental composition is presented in Figure 4-14, Figure
4-15, and Figure 4-16. EDX analyses were performed at two different spots on the same specimen’s
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surface. It is noticed that all three representative specimens revealed four main elements in their EDX
spectra: iron (Fe), oxygen (0), sodium (Na), and chlorine (Cl). The intensified peaks of Fe and O confirm
the formation of corrosion products, while the mild peaks from Na and Cl indicate the residual salts
from deicing media.

The composition of the corrosion products on the surface of the steel specimens is further
validated by performing XRD analyses. Herein, the XRD patterns were directly obtained from the surface
of representative specimens (benchmark specimens and specimens subjected to 3% of erythritol or
xylitol). The analysis was performed using a multipurpose X-ray diffractometer named Bruker AXS’ D8
Discover, following the procedure described in Section 2.2.3. The diffractograms are presented in Figure
4-17, Figure 4-18, and Figure 4-19. All the XRD patterns exhibit three characteristic peaks which are
commonly observed in low-carbon steels, along with peaks corresponding to NaCl from the deicing
solution [104]. These patterns signify the presence of NaCl, FeOOH, Fe, 05, and metallic iron in the
corrosion products [59]. Both FeOOH, Fe, 03, are the oxides of iron resulting from the loss of two and
three electrons, respectively. Structurally, FeOOH serves as an outer layer, while Fe, 05 forms an inside
layer. FeOOH is vivid or dark orange in color, formed at the initial stage of corrosion, acting as a
protective passivation layer against further corrosion. In contrast, Fe, 05 displays a reddish-brown color
and forms a more stable oxide layer on the metal surface, serving as a site for the accumulation of
corrosion products [133], [134]. However, both of these layers are porous and can allow oxygen, and
water, alongside the chloride ions from the deicing solution, to further deteriorate the metals [134]. The
presence of these products also validates the findings of SEM and EDX analyses, which suggest the
formation of different corrosion products on the surface of steel specimens. Notably, a higher count is
observed for FeOOH in case of the specimen exposed to traditional deicing media containing no
polyols. In addition to this, the disappearance of the peak corresponding to Fe, 05 in the case of the
deicing solution containing polyols confirms that polyols effectively slow down the corrosion rate and
consequently limit the formation of corrosion products.
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Figure 4-13: Evaluation of langmuir adsorption isotherm for steel specimens in traditional deicing
media (23% wt. of NaCl) containing various concentrations of erythritol and xylitol.
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Figure 4-14: EDX spectra illustrating the elemental composition of corroded ASTM A572 steel
specimen’s surface subjected to the recurring flow of traditional deicing media containing no polyols.
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Figure 4-15: EDX spectra illustrating the elemental composition of the corroded steel specimens
subjected to the recurring flow of traditional deicing media containing erythritol.
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Figure 4-16: EDX spectra illustrating the elemental composition of the corroded steel specimens
subjected to the recurring flow of traditional deicing media containing xylitol.
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Figure 4-17: XRD diffractogram showing the patterns of various phases present on the surface of
corroded steel specimen subjected to the recurring flow of traditional deicing media containing no
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Figure 4-18: XRD diffractogram showing the patterns of various phases present on the surface of

corroded steel specimen subjected to the recurring flow of traditional deicing media containing 3% of
erythritol.
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Figure 4-19: XRD diffractogram showing the patterns of various phases present on the surface of
corroded steel specimen subjected to the recurring flow of traditional deicing media containing no
polyol 3% of xylitol.



5 Correlation Between Dry and Swollen Superabsorbent
Polymer Particle Sizes in Cement Pore Solution and Salt
Brine

5.1 Introduction

Superabsorbent polymers (SAPs) have hydrophilic, three-dimensionally crosslinked polymer
networks that can absorb and retain substantial amounts of water or aqueous fluids relative to their
own mass [135]. SAPs are engineered to absorb between 200 and 4000 grams of fluid per gram of
polymer without dissolving, due to their distinct network structure and crosslink density [136]. These
materials were first conceptualized in the 1930s and were first commercialized in the 1960s for
ophthalmic applications and subsequently in various other applications [4]. SAPs were initially utilized
for hygiene products and have since been widely used in biomedical applications in drug delivery,
wound dressings, and tissue engineering, where their ability to swell and hold moisture helps release
medicines gradually and promote healing [1], [22], [26]. The primary distinguishing features of SAPs
include their high swelling capacity, mechanical deformability in the dry state, and fragility when
swollen, all resulting from water-polymer interactions and osmotic pressure gradients [20], [23], [137].
The swelling mechanism of SAPs is governed by the balance between osmotic pressure driving water
uptake and the repulsion between ionized carboxylate groups within the polymer network. Upon
contact with water, the higher chemical potential outside the polymer matrix, which acts as the driving
force for mass transfer, causes water to diffuse into the polymer matrix. The chemical potential is
essentially defined as the measure of the free energy per unit amount of a substance that drives its
tendency to move, react, or equilibrate between phases or regions, such as between a polymer gel and
its surrounding solution. Deswelling occurs with changes in temperature, chemical equilibrium,
humidity, or mechanical pressure. Factors such as crosslinking density, ionic strength, and the properties
of the absorbed fluid affect this process [138], [139].

Recently, SAPs have been increasingly integrated into cementitious systems in civil engineering
and construction materials. They help mitigate autogenous shrinkage, control early age cracking, and
enhance internal curing efficiency. Their absorption and desorption behaviors influence hydration
kinetics, microstructure development, and mechanical performance, making them essential additives for
high-performance concrete applications [46], [138], [140]. Acting as internal water reservoirs, SAPs
gradually release water as the surrounding matrix dries, which aids in maintaining hydration continuity
and improving the durability of high-performance concrete. In addition, SAPs have also proven to be
useful for preserving the concentration of brine solution used for deicing of roads, resulting in enhanced
ice melting capacity with minimal impact on skid resistance [141]-[143].

However, despite the widely recognized advantageous inclusion of SAPs in various systems, they
tend to exhibit unique size-dependent absorption and desorption characteristics that govern their
functionality in cementitious, brine, and aqueous environments [144], [145]. Recent studies have
demonstrated that smaller SAPs enable faster hydration in cementitious environments due to more
rapid water release, whereas larger particles can influence a wider hydration zone while increasing total
porosity. Furthermore, smaller SAP particles exhibit faster absorption rates due to reduced diffusion
paths, meaning that water can penetrate the polymer more quickly because of the shorter diffusion
distance within the particle structure [26], [146]. The effect of the different morphology of SAPs,
spherical versus irregular granules, has been investigated in previous studies and found to have some
impact on the swelling behavior of SAPs. Despite all these observations, the size-dependent effect on
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the swelling behavior of SAPs still requires further investigation. This gap is particularly relevant in
cementitious environments, due to the increasing use of SAPs as internal curing agents [147].

Based on the literature, SAP particles have different sizes, ranging from around 50 um to 850 um.
There is a notable lack of understanding regarding how size influences the swelling behavior of SAPs.
Current assessment methods primarily examine the bulk behavior of these materials [148]. A clear
understanding of the impact of size on the swelling mechanism is particularly relevant for evaluating the
pore structure of concrete or measuring the retention capacity of particles when used alongside deicers
as additives [149].

Different bulk gravimetric methods have been used to quantify the swelling mechanism of SAPs.
Many commonly used pre-screening techniques, such as the RILEM-recommended tea-bag and filtration
methods, offer approximate estimates and are primarily intended for comparative assessments rather
than precise representation of in situ behaviour. Zhao et al. and Olawuyi & Boshoff stated that the
interstitial water retention, which refers to the water molecules trapped in the tiny spaces between SAP
particles, within the tea bag, often leads to overestimated absorption values [148], [150], [151]. Manual
blotting also introduces operator bias, while pouch confinement restricts the swelling of highly
absorptive SAPs. Similarly, the filtration method, although more direct, typically disrupts swollen SAP
particles under vacuum pressure, potentially underestimating absorption due to particle loss through
filter pores.

Advanced imaging methods offer more accurate, spatially resolved insights into SAP behavior.
Optical microscopy and laser diffraction techniques have been employed to track swelling behavior and
particle size evolution, providing direct visual confirmation of particle swelling, albeit limited to two-
dimensional imaging and less effective for embedded SAPs. X-ray micro-computed tomography (uCT),
utilized by Olawuyi & Boshoff [149], offers non-destructive 3D analysis of internal void formation caused
by SAP swelling, revealing void size, distribution, and morphology. The TC 260-RSC recommends
standardized SAP characterization techniques, including laser diffraction, SEM/ESEM, uCT, and optical
microscopy, depending on the desired resolution and transparency of matrices [152].

The objective of this study is to quantify the correlation between the dry and swollen SAP particle
volumes in cementitious, brine, and aqueous solutions. An advanced digital microscope with 3D imaging
capability was used, as gravimetric analysis has limitations in analyzing individual particles. The swollen
SAP particle sizes were assessed at 5, 10, 30, and 60 minutes. The resulting 3D images were investigated
to characterize water absorption and its rate.

5.2 Materials and Methods

5.2.1 Super Absorbent Polymer and Test Solution Preparation

Liquiblock WHS2 is a commercially available SAP that was procured from Chase Corporation,
named as SB in this study. It is a sodium salt of crosslinked polyacrylic acid containing hydrophilic
carboxylate groups, which exhibit strong affinity towards water due to their negative charges and polar
nature [148]. SB was selected for this study because of its widespread use in internal and external curing
applications within cementitious systems, where its high water retention and controlled release capacity
enhance hydration and reduce shrinkage [145], [153]. Additionally, SB has shown promise in deicing
applications by improving the longevity and efficiency of brine-based systems, owing to its ionic
compatibility and swelling behavior in saline environments [145]. The properties of SB, including
chemical composition, particle size distribution (PSD) in um, pH value, apparent bulk density in

58



grams/liter (g/1), moisture content in %, and deionized water absorption capacity in grams/gram (g/g)
are provided by the manufacturer and summarized in Table 5-1.

The swelling capacity of SB highly depends on its responsiveness to external stimuli such as pH
and ionic concentration [26], [154], [155]. To evaluate these effects, SB was tested in three distinct
media: cement pore solution, 3.5% NaCl solution, and distilled water. The cement pore solution was
prepared following the procedure outlined in RILEM recommendations by mixing cement and water at a
water-to-cement ratio of 5:1 by weight, magnetically stirring the mixture for 24 hours, and subsequently
filtering to obtain a clear solution. The pH of the resultant pore solution was 12.7, which was measured
by an OAKLAN PH550 pH meter. The 3.5% NaCl solution was selected to simulate SAP deicer blends
applied on icy roads.

Table 5-1: Material properties of SAP.

Particle Apparent
SAP | Commercial | Chemical Size H Bulk Moisture Chemical
ID Name composition Distribution | P Density Content (%) | structure
(jum) (g
.. Sodium salt of Oy, -ONa
™ -
sp | Liquiblock™ | 0 slinked 150-850 361 600-700 | 0-5
WHS2 o 6.6
polyacrylic acid N

5.2.2 SAP Particle Volume Measurement

A total of 180 SB particles, covering a range of dry volumes from 0.03 mm? to 0.35 mm?,
were evaluated across the three previously described media, with 60 particles allocated to each
medium. SB particles were initially separated by dry sieving using ASTM standard sieves with
mesh sizes of No. 50 (300 um), No. 40 (425 um), No. 35(500 um), No. 30 (600 pm), and No. 25
(710 pm). Subsequently, particles within each sieved size range were inspected via optical
microscopy to confirm consistency in dry volume distribution.

The swelling behavior of SB particles was analyzed using a Keyence VHX-7000 digital
microscope equipped with a 4K CMOS image sensor and high-resolution lenses capable of
magnifications ranging from 20X to 6000x. Each SAP particle was submerged individually into
the selected solutions, and their 3D profiles were captured at specified intervals of 0-, 5-, 10-, 30-
, and 60- minutes. To ensure accurate volumetric assessment of irregularly shaped particles,
images were taken at three different tilt angles. The final particle volume was determined as the
average of these three measurements. The microscope’s built-in Depth from Defocus (D.F.D.)
algorithm was employed to calculate the vertical positioning of each pixel through lens movement.
This algorithm generates a brightness versus z-height curve, identifying the pixel height at
maximum brightness and thereby enabling detailed and accurate 3D characterization of both dry
and swollen SAP particles. To better visualize this process, Figure 5-1 illustrates how the
volumetric measurements were derived. In Figure 5-1. (a), a 3D cross-sectional view of an SB
particle is shown, where a slicing plane intersects the particle to reveal its internal contour. Figure
5-1. (b) presents the top view of the same particle, along with a corresponding height profile (green
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line) across the selected cross-section. The maximum vertical height (e.g., Hmax = 477 pm) is
marked as an example of the depth data captured. Using this approach, the height at each point on
the particle’s surface is measured across successive cross-sections, and the total volume is
calculated by integrating these heights over the corresponding surface areas. This method enables
precise volume estimation of highly irregular SAP particles.

The absorption rate of each particle (Ry,) was calculated using the following equation

_ (s —Va) X pw (3)

R
v t

where V; is the dry volume, V is the swollen volume, py is the density of water (approximately
1000 g/L), and t is the swelling time in minutes.

Figure 5-1: 3D digital microscopy images of an SB particle used for volumetric analysis: (a) cross-
sectional view showing the internal structure along a slicing plane (light band), and (b) top view of the
same particle with a height profile line (see the lower half of image) used to measure vertical heights
across the selected cross-section. Experimental Program

5.2.3 Correlation analysis

The purpose of this study is to evaluate the correlation between the dry and swollen volumes of
the SAP particles. To this end, Pearson correlation coefficient, Spearman rank correlation coefficient,
and distance correlation coefficient were used. The correlation coefficients were computed between the
dry SAP volume and swollen SAP volumes evaluated at four different time intervals: 5 mins, 10 mins, 30
mins, and 60 mins, after soaking the SAP particles in distilled water, 3.5% wt. NaCl solution and cement
pore solution. The Pearson correlation coefficient quantifies the linear correlation between the dry and
swollen volumes. The value of the Pearson correlation coefficient varies between -1 and +1, where
positive and negative coefficients indicate direct and inverse linear relationships between the dry and
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swollen volumes, and a value of 0 indicates no linear correlation. The Pearson correlation coefficient
(rp) is given as:
r = 2 =)@ — )
VI — 02X — 7)?

where, x; and y; are the i values of the dry and swollen volumes of the SAP particle, ¥ and ¥ are the
mean values of the dry and swollen volumes of the SAP particle.

“4)

The Spearman’s correlation coefficient was also evaluated for the dry and swollen volumes of
the SAP particles to assess the monotonic relationship between the variables. Unlike Pearson’s
correlation coefficient, the Spearman correlation coefficient is evaluated using the ranks of the data
rather than the raw values. The correlation coefficient varies between -1 and +1, where a value close to
+1 indicates a strong monotonic relationship, and a value close to 0 indicates a very weak relationship.
The sets of values of the two variables are assigned ranks, and the correlation coefficient is quantified
based on the rank differences between the observations of the two variables. The Spearman’s
correlation coefficient (1;) is given as:

6Y d?

TGy ®

=

where, d; is the difference between the two ranks and n is the total number of observations.

Furthermore, the distance correlation between the two variables was also quantified. The
distance correlation measures the dependence between two variables irrespective of the nature of the
relationship, making it possible to capture any nonlinear correlation between the variables. Let us
assume two random vectors X € R*n and Y € R"n, representing n paired observations, denoted by
sample vectors x= (x_1,x_2,.....,x_n)ATand y=(y_1,y_2,....,y_n )AT. The pairwise distance matrices
A=[a_ij ]€ R*(nxn) and B=[b_ij ]€ R*(nxn) are computed using a_ij=||x_i-x_j||_p and b_ij=|ly_i-y_j|_a,
where ||:|_p and ||]|_q denote the |_p and |_q norms, respectively, and i and j represent the i*th and j*th
observations. Subsequently, the distance matrices A and B are double-centered to obtain A= [A_ij ]€
RA(nxn) and B=[B_ij 1€ R*(nxn) where,

=1 k=1 k=1
_ 1% 1\ 1 % 6)
Bij=bij_gzbil_g by; +ﬁz b

=1 k=1 k=1

The squared sample distance covariance is then given as:

n
1 -
dCOVZ(x,y) = ﬁ Z A”B”
ij=1 N

Finally, the sample distance correlation (R) is given as:
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dCov?(x,y)
R = dCor?(x,y) = { \/dCov?(x, x)dCov2(y,y)
0 if dCov2(x, x)dCovi(y,y) =0

if dCov? (x, x)dCov?(y,y) > 0

®)

5.2.4 Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) test

To evaluate the effect of SB on cement pore solution chemistry, two liquid samples were
prepared and analyzed using ICP-OES: (1) a control cement pore solution and (2) cement pore solution
exposed to SB. In both cases, 100 mL of cement pore solution was prepared, and 0.2 grams of SB was
immersed in the solution using a sealed teabag for 1 hour at room temperature to simulate ion
exchange conditions. After exposure, the teabag was removed, and the solution was filtered as needed
prior to analysis. ICP-OES measurements were conducted using an Agilent 5900 instrument in
Synchronous Vertical Dual View (SVDV) mode with polychromator boost. Calibration was performed
using the M26P standard, a commercial multi-element solution (VHG-SM75B) doped with phosphorus,
covering 26 trace metals.

5.2.5 Elemental Composition Analysis

Laser-Induced Breakdown Spectroscopy (LIBS) was employed to evaluate the elemental
composition of SB particles after exposure to cement pore solution. The SB particles were first soaked in
cement pore solution for 60 minutes, then filtered, rinsed, and dried prior to analysis. For comparison, a
separate set of SB particles that had not been exposed to any media was also tested under identical
conditions. LIBS was performed in drilling mode to carry out depth profiling, allowing for the detection
of elemental distribution from the surface inward. A high-energy pulsed laser was directed at a fixed
point on each particle, progressively removing micro-layers of material and generating plasma emissions
at each depth. The emitted spectrum was analyzed to identify the presence of elements. Five layers
were profiled per test, each corresponding to a depth of 10 um, enabling evaluation of changes in
elemental composition throughout the particle cross-section.

5.3 Results and Discussion

SB is a homopolymer composed of acrylic acid monomers that have been crosslinked and
subsequently neutralized using sodium hydroxide. This process forms an anionic structure with
hydrophilic carboxylate functional groups distributed along its polymer chains. Upon exposure to an
aqueous solution, SB undergoes swelling due to a difference in chemical potential between the polymer
and the external solution. This difference in the chemical potential is due to the concentration gradient
of ions between the particle's internal structure and the surrounding aqueous medium that causes
osmotic pressure [144], [145]. To facilitate a clearer understanding of the swelling behavior of SB
particles, this section is divided into three subsections based on the type of swelling medium: distilled
water, cement pore solution, and NaCl solution. The swelling behavior of SB in each medium is discussed
in detail in the following subsections.

5.3.1 Swelling Behavior of SB in Distilled Water

The swelling response of SB in distilled water is characterized by rapid water uptake and
substantial volume change due to strong osmotic pressure. When SB is exposed to water, it undergoes
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an initial wetting stage, during which the surface of SB comes into contact with water molecules.
Subsequently, water molecules penetrate the micropores of the SB, hydrating sodium cations and
carboxylate groups within the polymer chains. As illustrated in Figure 5-2, the horizontal and vertical
wavy lines can be visualized as polymer chains with carboxylate groups (COO~) and disassociated sodium
ions within the SAP particle (grey region) surrounded by water. The presence of higher sodium ions and
COO~ in the SAP particle will lead to a higher ionic concentration, resulting in water entering the SAP
particle [144]. In addition, the electrostatic repulsion between the negatively charged COO~ groups on
the polymeric chains, depicted by red arrows in Figure 5-2, provide gaps between polymer chains,
allowing the newly entered water molecules to be retained within the SAP particle. These combined
osmotic pressure and electrostatic repulsion forces contribute to the pronounced swelling behavior of
SB in distilled water.

® 1o

Figure 5-2: Schematic illustration of the swelling mechanism of SB in distilled water.

The swelling evolution of SB in distilled water is presented in Figure 5-3, showing the
morphological changes of a representative particle at different times from 0 to 60 minutes. A rapid
increase in particle size is observed within the first 10 minutes, followed by continued but slower
swelling up to 30 minutes. Beyond this point, the particle exhibits minimal further swelling, suggesting
that maximum swelling is attained by 30 minutes, referred to as equilibrium, consistent with
observations previously reported in the literature [144], [145]. The equilibrium is obtained when either
the osmotic pressure diminishes or the constraint imposed by the elastic restoring force of the SAP is
achieved [135], [156].
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Figure 5-3: Swelling of a typical SB particle in distilled water at various times until 60 minutes.

To investigate the effect of particle size on swelling behavior, Figure 5-4. (a) presents the
variation of swollen volume of SB particles with respect to the dry volumes in distilled water. Larger SB
particles exhibit higher absorption, primarily due to the increased number of polymer chains that are
capable of hydrogen bonding [144]. Smaller particles absorb less water overall, as they contain fewer
internal polymer chains when compared to larger particles, but their higher surface area allows
absorption through weaker surface interactions, such as Van der Waals forces [20], [144], [146], [157].
However, this is not as effective as binding water through hydrogen bonding in the larger particles.

To quantitatively assess the relationship between dry and swollen volumes, three correlation
coefficients, Pearson (r3,), Spearman (), and distance correlation (R), were calculated for volumes at
four time points (5, 10, 30, and 60 minutes) in distilled water, as shown in Table-5-2. All three
correlation coefficients indicate strong correlations between dry and swollen volumes during the first 30
minutes, with Ty 2 0.83, r;, = 0.78, R = 0.80. In addition, the distance correlation, which is capable of
characterizing nonlinear correlations, is very close to the Pearson correlation coefficient, indicating the
absence of any nonlinear correlation. This can be corroborated from the Figure 5-4. However, at 60
minutes, the correlation values decreased (rp = 0.61, 1, = 0.56, R = 0.58), indicating a relatively
weaker correlation between dry and swollen volumes as the particles approach equilibrium.

Figure 5-4.(b) illustrates the variation of absorption rate (R,,) of SB particles with respect to the
dry particle volume at various time points in distilled water. Since the absorption rate is calculated based
on the change in swollen volume over time (Equation 1), the same correlation analysis applied to Figure
5-4.(a) is also relevant for interpreting Figure 5-4.(b). The highest absorption rates are observed at 5 and
10 minutes, and this trend gets stronger with the increase in the particle size (dry volume), as they
benefit from a greater number of accessible hydrophilic sites early in the swelling process. As time
progresses, the correlation declines markedly for all particles, reflecting a transition toward equilibrium
as the ion concentration gradient between the SAP and surrounding medium diminishes or the elastic
limit of the SAP particle is reached.

64



() Distilled Water (b) Distilled Water

250
A 5 min A 5 min
x 10 min . 207 10 min
«E 200 - ® 30 min . e = °30 min
g ¢ 60 min . TR * 60 min “ on
3 g L
E 150 % *A x;
S = x AL KxA
5 g 104 L o ity S
2 100 2 o b AT x
z : Rl v
@ _8 5 :A x:f_('.'-.‘.');.AxA % A °
50 < x_:::;'.ff‘ X o -,v“._.'..t
a0 ee® N ¢ %008 AN
I Y & Akt SR o -8
Fraa W AW e o
1] 0 A_" : ; ** .
0.4 0.0 0.1 0.2 0.3 0.4
Dry volume (mm?) Dry volume (mm?)

Figure 5-4: Distilled water medium: (a) swollen volume versus dry volume, and (b) absorption rate
versus dry volume over time.

Table 5-2: Correlation coefficients between dry and swollen volumes in distilled water over time for

SB.
Solution Elapsed soaking Pearson Spearman Distance
time (min) correlation (rp) correlation (ry) correlation (R)
5 0.849 0.855 0.820
Distilled | 10 0.848 0.847 0.830
Water 30 0.833 0.783 0.803
60 0.610 0.563 0.588

5.3.2 Swelling Behavior of SB in 3.5 wt.% NaCl Solution

In the saline environment, the swelling behavior of SB is markedly altered due to ionic
interactions that disrupt the typical osmotic pressure-driven uptake observed in deionized water. When
SB is introduced into a 3.5 wt.% NaCl solution, the carboxylate groups (COO~) within the polymer matrix
interact with free Na* ions from the solution. As illustrated in Figure 5-5, the yellow Na* ions represent
sodium ions from the external NaCl solution, some of which remain in the surrounding medium while
others diffuse into the polymer network. The other Na* ions without the circle originate from the SAP
itself and are present inside the particle before exposure. This interaction results in the formation of
COO~Na* complexes, which reduce the number of free, dissociated COO™ groups, as illustrated in Figure
5-5. The reduction of these free negatively charged groups is referred to as the ionic shielding effect, a
phenomenon that occurs when cations (in this case, Na*) in the solution interact with negatively charged
carboxylate groups, reducing the electrostatic repulsion between COO~ groups [158].
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Figure 5-5: Schematic illustration of the swelling mechanism of SB in 3.5% NaCl solution.

The time-dependent swelling response of a typical SB particle in 3.5% NaCl solution is shown in
Figure 5-6 for various time intervals. Compared to the behavior in distilled water, the swelling is visibly
reduced at all time points. The limited swelling is directly related to the restricted repulsion of polymer
chains due to the formation of ionic complexes, as discussed earlier. The particle reaches its maximum
size around 30 minutes, after which negligible swelling occurs, consistent with previously reported
literature [144], [145].

Figure 5-6: Swelling of a typical SB particle in 3.5% NaCl solution at various times until 60
minutes.

Figure 5-7 (a) presents the variation of swollen volume of SB particles with respect to the dry
volumes in 3.5% NaCl solution is presented in Figure 5-7. (a). The correlation between dry and swollen
volumes was evaluated using Pearson (), Spearman (r5), and distance correlation (R) coefficients, as
summarized in Table 5-3. At 5 minutes, all three correlation coefficients indicate a weaker correlation
compared to later time intervals. The strength of correlation improves over time, reaching high values
by 30 and 60 minutes, which suggests that the correlation between the particle size and swelling volume
becomes more pronounced as time progresses. This trend is attributed to the dominant ionic shielding
effect during the early stage, which suppresses electrostatic repulsion between polymer chains, thereby
delaying water uptake. Over time, the influence of particle size becomes more evident, as larger SB
particles exhibit higher absorption due to the increased number of polymer chains that are capable of
hydrogen bonding [33,44], as previously discussed.
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Figure 5-7. (b), shows the variation of absorption rate (R,,) of SB particles with respect to the dry
particle volume at various time points in brine solution. Although the maximum absorption rate still
occurs at 5 minutes, its magnitude is markedly lower under saline conditions when compared to distilled
water. For particles with dry volumes greater than 0.3 mm3, the average absorption rate during the first
5 minutes is approximately 0.59 g/min per particle in NaCl solution. In contrast, the corresponding rate
in distilled water is around 12.5 g/min per particle, highlighting the significant suppression of swelling
due to the ionic shielding effect in the saline medium.
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Figure 5-7: 3.5%NaCl medium : (a) swollen volume versus dry volume, and (b) absorption rate versus
dry volume over time.

Table 5-3 . Correlation coefficients between dry and swollen volumes in 3.5% NaCl solution over time.

Elapsed soaking Pearson correlation | Spearman correlation | Distance
Sol . . .
time (min) (rp) (ry) correlation (R)
5 0.753 0.822 0.795
3.5% 10 0.845 0.882 0.855
NaCl 30 0.907 0.903 0.892
60 0.869 0.878 0.848

5.3.3 Swelling Behavior of SB in Cement Pore Solution

The swelling behavior of SB in cement pore solution is markedly different due to the presence of
multiple ionic species, including Ca?*, Na*, and K", as illustrated in Figure 5-8. These cations are released
during cement hydration and interact with the negatively charged carboxylate (COO") groups within the
polymer network. Such interactions induce a strong ionic shielding effect and lead to the formation of
ionic complexes, which suppress the electrostatic repulsion between the carboxylate groups. In particular,
multivalent cations like Ca?" can connect multiple polymer chains by binding with several COO™~ groups
simultaneously (a process known as cross-linking), which tightens the polymer structure and hinders its
ability to swell. The red arrows in Figure 5-8 represent these interactions between Ca*" ions and the
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carboxylate groups. This reduction in internal spacing leads to a denser network structure that restricts
water uptake and significantly limits the swelling capacity of SB [155].

@Ok ONat @ca*

Figure 5-8: Schematic illustration of the swelling mechanism of SB in cement pore solution.

The swelling evolution of a typical SB particle in the cement pore solution is shown in Figure 5-9.
Maximum swelling occurs within the first 10 minutes; however, unlike in distilled water or NaCl solution,
a noticeable reduction in particle volume is observed after 30 minutes. The early-stage swelling is
attributed to an initial osmotic pressure gradient between the polymer and the external pore solution.
However, as cations rapidly diffuse into the polymer matrix, they form insoluble ionic complexes with
carboxylate groups. The precipitation of calcium-carboxylate salts on the particle surface results in the
formation of a distinct, white, crust-like layer, which is visibly evident at 30 and 60 minutes. This
phenomenon is further supported by the ICP-OES results presented in Figure 5-10, which reveals an
approximate 33% reduction in Ca?* concentration in the pore solution following SB exposure compared
to the control. This decline indicates significant calcium uptake by the SB particles, consistent with the
formation of ionic cross-links and the development of the observed egg-shell-like crust on the SB
surface. In parallel, Na* concentration increases by approximately 154%, reflecting substantial sodium
ion release from the SB matrix into the surrounding solution.

Figure 5-9: Swelling of a typical SB particle in cement pore solution at various times until 60 minutes.
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Figure 5-10: lon concentrations in cement pore solution before and after exposure to SB, measured by
ICP-OES.

To further validate the presence of calcium-rich deposits on the SB surface after exposure to
cement pore solution, elemental depth profiling was conducted using LIBS. Figure 5-11 compares the
elemental composition of (a) an unexposed, dried SB particle and (b) a particle exposed to cement pore
solution for 60 minutes. In the unexposed sample, no calcium signal is detected across the analyzed
depth layers. In contrast, the exposed particle shows a consistent presence of calcium across all five
layers. This clear difference confirms that calcium from the pore solution has diffused into the polymer
and formed ionic complexes. These results strongly support the ICP-OES findings and provide direct
evidence of calcium accumulation within the outer regions of the polymer, consistent with the
formation of the observed white crust as shown in Figure 5-9. Additionally, sodium content, which is
prominent in the unexposed SB particle, is significantly reduced in the exposed particle, with no clear
sodium signal detected in the depth profile. This further corroborates the occurrence of ion exchange,
where Na* ions are displaced by multivalent cations such as Ca?*.
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Figure 5-11: Elemental composition of SB particles analyzed by LIBS: (a) unexposed SB showing no
calcium signal, and (b) SB exposed to cement pore solution for 60 minutes showing calcium presence
across all depth layers and reduced sodium content.

The particle size-dependent swelling behavior is presented in Figure 5-12.(a). The
correlation between dry and swollen volumes was assessed using Pearson (7;,), Spearman (r5),
and distance correlation (R) coefficients, as presented in Table 5-4. At 5 minutes, all three
coefficients indicate a strong correlation (1, = 0.916 r; = 0.906, R = 0905), which
progressively declines over time. As particle size increases, swelling is initially enhanced due to
the increased accessible polymer chains capable of forming stronger hydrogen bonds. However,
the influence of multivalent cations such as Ca®" becomes increasingly dominant as time
progresses. These cations form ionic complexes by additional cross-links with carboxylate
groups, reducing the osmotic pressure gradient and diminishing electrostatic repulsion between
polymer chains. The concurrent precipitation of calcium, as previously discussed, contributes to
deswelling by releasing absorbed water [155].

Figure 5-12. (b) shows the variation of the absorption rate (R,,) of SB particles with
respect tothe dry particle volume at various time points in the cement pore solution. Similar to
the brine solution, the maximum absorption rate occurs at 5 minutes but remains substantially
lower than in distilled water. For particles with dry volumes greater than 0.3 mm?, the average
absorption rate during the first 5 minutes is approximately 1.9 g/min per particle. This reduced
absorption is primarily attributed to the formation of ionic complexes, which lower the osmotic
pressure gradient and hinder further water uptake.
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Figure 5-12: Cement pore medium: (a) swollen volume versus dry volume, and (b) absorption rate
versus dry volume over time.

Table 5-4 . Correlation coefficients between dry and swollen volumes in cement pore solution

over time.
Solution Elapsed soaking Pearson Spearman Distance
time (min) correlation (rp) correlation (r;) correlation (R)
5 0.916 0.906 0.905
Cement 10 0.848 0.861 0.831
pore 30 0.617 0.775 0.697
60 0.622 0.763 0.700

5.3.4 Comparative Analysis of Swelling Behavior Across Media

Figure 5-13 compares the swollen volume of SB particles in distilled water, 3.5 wt.% NacCl,
and cement pore solution at 5, 10, 30, and 60 minutes. Across all time points, SB particles
exhibit the greatest swelling in distilled water, with pronounced reduced swelling in cement pore
solution and 3.5 wt.% NaCl solution. The superior swelling in distilled water is attributed to a
high osmotic pressure gradient and strong electrostatic repulsion between carboxylate groups,
which enable rapid water uptake.

At 5 minutes (see Figure 5-13. (a)), swelling in NaCl solution is significantly reduced due
to the ionic shielding effect of Na* ions, which form ionic complexes with carboxylate groups.
The cement pore solution, on the other hand, exhibits a higher swollen volume than NaCl at 5
minutes, likely due to the presence of a diverse set of ions. However, over time, the presence of
cations like Ca?" in cement pore solution exhibits a strong affinity for carboxylate groups,
forming ionic cross-links and insoluble calcium-carboxylate complexes. This interaction
decreases osmotic pressure and electrostatic repulsion, thereby suppressing further swelling.
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Additionally, calcium precipitation both on the surface and within the matrix leads to deswelling
and partial particle degradation. Consequently, as shown in Figure 5-13. (¢) and Figure 5-13. (d),
SB particles in cement pore solution show the lowest swollen volumes at 30 and 60 minutes.
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Figure 5-13: Comparison of the swollen particle volume across different media at: (a) 5 minutes; (b) 10
minutes; (c) 30 minutes; and (d) 60 minutes.

To visualize the swelling characteristics of SB particles, Figure 5-14 presents the volume
evolution of five particles with similar initial volumes (greater than 0.3 mm?3) in distilled water, 3.5 wt.%
NaCl solution, and cement pore solution. After reaching maximum swelling within the first few minutes,
the swollen volumes in both distilled water and NaCl solution stabilize over time. In contrast, particles in
the cement pore solution exhibit a pronounced decline in volume after the initial swelling, indicating
significant deswelling behavior. At 60 minutes, the average swollen volume of SB particles is
approximately 137.70 mm? in distilled water, 8.41 mm?3 in 3.5% NaCl solution, and 1.52 mm? in the
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cement pore solution. The sharp decline in the cement pore curves is primarily attributed to the

interaction between calcium ions and the carboxylate groups of the polymer, which induces ionic cross-

linking and the precipitation of calcium—carboxylate salts. This reaction lowers the osmotic pressure
gradient and reduces water retention, leading to progressive deswelling.
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Figure 5-14: Time-dependent swelling behavior of five SB particles in distilled water, 3.5 wt.% NaCl
solution, and cement pore solution
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6 Conclusions and Recommendations

This chapter summarizes the important conclusions of this project followed by a list of
recommendations for future research.

6.1 Super Absorbent Polymers (SAPs) as Concentration Preservers in Brine
Deicers for Enhanced Ice Melting Capacity

The following conclusions can be drawn from the present study:

The water absorption capacity of SAPs in brine solution approximately decreased by 97%, 97%,
98%, 94%, and 88% for SAP-SA, SB, SC, SD, and SE, respectively, compared to the deionized water
absorption capacity.

SAP-SE had the highest water absorption capacity (24 grams/gram) in salt brine solution. This is
due to the increased osmatic pressure induced by the presence of potassium ions in the SAP-SE mixed
with sodium and chloride ions in the salt brine solution. In contrast, the presence of similar sodium ions
in other SAPs leads to lower osmotic pressure, reducing their water absorption capacity when compared
to SE.

Adding or replacing NaCl with 5% large-sized SAPs (SA and SB) in the brine solution significantly
increased their ice melting capacity at all subfreezing temperatures. The addition of merely 5% large-
sized SA into the 23.3% wt. NaCl brine solution increased the ice melting capacity by up to 65% at T=-
20°C and 80% at T=-30°C. Likewise, replacing NaCl with 5% large-sized SAP (SA and SB) in the brine
solution enhanced their ice melting capacity by up to 40% at T=-30°C compared to the traditional brine
deicer.

The ice melting capacity of SE at all the deicing temperatures and weight fractions is lower than
that of the reference salt brine. This subpar performance can be attributed to its high saltwater
absorption leaving behind free water that has lower concentration of salt.

Adding or replacing 5% of SAPs in the brine solution demonstrated superior performance
compared to the 10% addition group at all subfreezing temperatures in the ice melting test.

Adding or replacing 5% large-sized SAPs (SA and SB) resulted in the lowest BPN reduction (1% for
SA and 2% for SB) compared to dry surface in both asphalt and PCC pavements.

A notable reduction in skid resistance is observed when 10% of SAPs are added to the brine
solution, indicating that higher weight concentrations of additives increase slipperiness on the
pavement surface.

The SAP-brine deicers introduced in this study can be applied directly to the pavement surface
like the traditional salt brine deicers. Specifically, replacing NaCl with 5% large-sized SAP (SA and SB) in
traditional brine deicer can enhance the ice melting efficiency at extreme subfreezing temperatures
while reducing the consumption of chloride-based salt. This innovative approach holds the potential to
bring about a transformative change in the deicing industry, particularly within regions characterized by
severely cold climatic conditions.

Based on the results of the current study, several avenues for future research can be
explored to further enhance the efficacy and sustainability of deicing methods using SAP-brine solutions.
This section highlights some of the recommendations as follows:
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New environmentally friendly SAP formulations can be tailored specifically for deicing
applications to enhance ice melting performance. Exploring alternatives such as organic compounds or
biodegradable polymers could offer sustainable solutions that reduce environmental impact while
maintaining or improving ice melting efficiency.

Investigating the fundamental mechanisms responsible for variations in absorption properties
among different SAP types in a salt brine environment is essential. Future research should focus on
factors such as particle size, crosslinking density, and polymer composition to optimize SAP formulations
for enhanced performance in deicing applications.

Real-world performance of SAP-brine deicers can be assessed through long-term field trials to
understand their effectiveness and durability across different road types and various climatic conditions.

Detailed cost analysis can be conducted to evaluate the production, application, and maintenance costs
of SAP-brine solutions compared to traditional deicers. Potential cost savings can be considered from
reduced salt usage and improved road safety, as well as the scalability of production and distribution for
wider adoption.

A comprehensive environmental life cycle analysis (LCA) can be performed to understand the
broader ecological implications of using SAP-brine deicers. The environmental footprint of the product
can be assessed from production to disposal, including potential impacts on soil, water sources, and
local ecosystems.

6.2 Lowering Freezing Point and Improving Ice Melting Capacity of Deicers with
Xylitol and Erythritol

The following conclusions could be drawn from this study:

1. The addition of polyols to a 23.3 % NaCl deicing solution successfully reduced the freezing point
below -21.1°C, with a 12.50% erythritol-brine solution and a 12.50% xylitol-brine solution showing
optimal performance. These solutions lowered the freezing point to approximately -37.53°C and -
35.37°C, respectively, outperforming other tested concentrations.

2. Xylitol and erythritol-based NaCl deicers exhibited superior ice melting capacity even at sub-freezing
temperatures when compared to salt brine deicer alone. When 12.50% xylitol is added to the salt
brine deicer, a 16% increase in the ice melting is observed at -20°C, when compared to the reference
23.3% NaCl deicer, whereas addition of 12.50% erythritol led to a 23% increase in the ice melting
capacity.

3. The 12.50% xylitol-based NaCl deicing solution exhibited optimal performance in generating
sufficient frictional force to prevent vehicle tires from skidding when compared to the reference
23.3% NaCl deicing solution.

4. Addition of polyols did not result in considerable changes in DO levels of the lake water for the
temperatures studied herein. The polyol-modified deicers exhibited up to a 24% increase in
dissolved oxygen in lake water when compared to the salt brine deicer.

Experimental results suggest that a combination of 12.50% xylitol with a 23.3% NaCl deicing solution
is well-suited for deicing in regions where temperatures fall below -20°C, considering skid resistance and
environmental aspects. The polyol-enhanced deicing solutions developed in this study can be applied
directly to pavement surfaces or used for pre-wetting in deicing operations. Future research will focus
on assessing the performance of these polyol-brine solutions through direct road application.
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6.3 Mitigating Corrosion Damage in Steel Employing Biobased Erythritol and
Xylitol as Corrosion Inhibitions

In this research, the corrosion inhibition performance of erythritol and xylitol is investigated in
traditional deicing media (23% wt. of NaCl solution). Based on the discussion, the following
conclusions are drawn.

Accelerated corrosion tests showed relatively less and delayed corrosion on the surface of the
ASTM A572 steel specimens subjected to the recurring flow of deicing media containing erythritol and
xylitol, which is attributed to the adherence of erythritol and xylitol to the steel surface.

The polarization curves displayed typical tafel behavior, wherein the logarithmic current density
linearly varies with change in potential. For the deicing media containing erythritol and xylitol, the
polarization curves shifted towards the low current and more noble potential regions, indicating that
both erythritol and xylitol retard electrochemical reactions and inhibit corrosion.

The deicing media containing erythritol showed CIEs in a range of 68% to 88%. Similarly, the
presence of xylitol revealed CIEs in a range of 81% to 93%. These observations conclude that adding
small amounts of polyols substantially improved the corrosion inhibition in ASTM A 572 steel subjected
to deicing media.

The presence of 3% erythritol in deicing media, reduced the corrosion rate (0.090 mm/year) by
87%, while the presence of xylitol decreased the corrosion rate (0.051 mm/year) by 93%, in
comparison to traditional deicing media (0.742 mm/year) containing no polyols.

The adsorption isotherms for erythritol and xylitol obey the straight-line model, while the AngS

for erythritol (-15.10kJ/mol) and xylitol (-17.68 kJ/mol) are mixed type of corrosion inhibitors, suggesting
that both these polyols spontaneously physisorbed onto the steel specimens in the brine solution.

Finally, the SEM-EDX and XRD analyses confirm the increased formation of corrosion products on
the surface of the steel specimens subjected to the deicing solution containing no polyols. Conversely,
the specimens subjected to a deicing solution containing erythritol and xylitol exhibit a reversed trend,
indicating their effective corrosion protection performance in chloride environments.

6.4 Correlation between dry and swollen superabsorbent polymer particle
sizes in cement pore solution and salt brine

The following conclusions can be drawn from the present study:

The swelling capacity of SB was highly sensitive to the ionic composition of the surrounding
medium. In distilled water, SB exhibited the highest swelling due to the presence of a high osmotic
pressure gradient and electrostatic repulsion between carboxylate groups.

In 3.5 wt.% NaCl solution, swelling was substantially reduced due to the ionic shielding effect of
sodium ions. These ions formed ionic complexes with carboxylate groups, which reduced the number of
free ionized sites, suppressed electrostatic repulsion, and decreased the osmotic pressure gradient.

Cement pore solution also led to low swelling behavior. This reduction was attributed to the
presence of multivalent cations (e.g., Ca?*), which not only shielded charges but also introduced ionic
cross-linking by simultaneously interacting with multiple carboxylate groups, thereby restricting
swelling. In later stages, deswelling occurred due to calcium-carboxylate precipitation and white crust
formation, which further limited water retention.
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Particle size played a dominant role in the swelling behavior observed across all media.
Correlation analyses (Pearson, Spearman, and distance correlation) consistently demonstrated strong
size dependence in the early stages of swelling, particularly in distilled water and cement pore solution.
However, in cement pore solution, this size-dependent effect decreased over time due to degradation
and deswelling processes, but remained high enough to consider it as an important factor.

Across all media, the highest absorption rates occurred within the first 5 minutes, emphasizing
the initial impact of osmotic pressure gradients. Distilled water showed the highest absorption rate
(~12.5 g/min), followed by cement pore solution (~1.9 g/min), and 3.5 wt.% NaCl (~0.59 g/min). The
suppressed rates in saline and cement pore environments were consistent with the ionic complexation
and reduced osmotic pressure discussed earlier.
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