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ABSTRACT: The direct adsorption isotherm test provides a
direct measurement of the air entraining admixtures (AEAs)
adsorption by fly ash in concrete. This method was developed
and tested using a popular Vinsol resin admixture. In this
paper, the direct adsorption isotherm test was performed on
two other commonly used AEAs of different chemical
compositions to verify the applicability of this method to
AEAs of other chemical natures. The results showed that, as in
the case of the Vinsol resin admixture, the AEAs partitioned
between the solid and liquid phase, the partitioning coefficient
changed with changing the AEA concentration, and this
method was able to quantify the fly ash adsorption capacity
based on the Fruendlich adsorption model. Also, in order to present a practically useful approach for the concrete/fly ash
industry, the isotherms results of the three AEAs were correlated to the fly ash iodine number test results. Concrete producers
can use these correlations to determine the AEA adsorption capacity, and the AEA dosage adjustment using the fly ash iodine
number without the need to perform the direct adsorption isotherm test.
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■ INTRODUCTION

Fly ash is a byproduct generated from coal combustion, mainly
in coal fired power plants. As a solid waste, fly ash is usually
landfilled and constitutes a burden to the environment,
economy, safety, and public health. Stricter regulations of fly
ash disposal are often proposed by the U.S. EPA due to the
rising concerns about the fly ash landfill safety including the
effects of fly ash toxins on groundwater and drinking water
sources.1

On the other hand, the beneficial utilization of fly ash could
turn this waste material into a sustainable material for
infrastructure. About 45% of the 52 million tons of fly ash
produced in the United States (in 2012) was beneficially
utilized, mostly by the cement and concrete industry.2 Fly ash
can be used in the production of cement, and as partial
replacement of cement in concrete. The fly ash improves many
features in concrete, reduces the amount of cement required by
30−70%, and consequently reduces the carbon footprint and
the cost of concrete. Due to its adsorptive properties, fly ash is
also used as a low-cost adsorbent for many applications such as
the removal of various gaseous pollutants and the removal of
organic compounds and metals. Fly ash is also used as a
lightweight aggregate, mine backfill, road sub-base, and for
zeolite synthesis.3−5 The beneficial utilization of fly ash also
reduces the cost and the environmental impact of landfilling fly
ash.

Highway concrete is a major market for fly ash in the United
States. Increased fly ash utilization in concrete is challenged and
limited by the tendency of fly ash to adsorb organic admixtures
used in concrete. This problem is often reported when high
carbon fly ash is used with air entraining admixtures
(AEAs).6−11 Residual carbon in the fly ash adsorbs some
components of the AEAs, reducing their availability to function
and entrain the required air void content in the concrete
mixture.7,8,12−15 Employing low temperature combustion
technologies to reduce nitrogen oxides (NOx) emissions has
increased the unburned carbon content and introduced high
adsorption capacity fly ashes.16,17

Air entraining admixtures are used to entrain 4−6% air void
content to obtain freeze−thaw resistance. AEAs also improve
mixture stability and control concrete density.18,19 AEAs
interact with cement and fly ash in a complex manner due to
the presence of various types of minerals in the concrete mix
and also due to the complex composition of AEAs. The
adsorption of organic admixtures by fly ash in concrete limits
the utilization of fly ash to very low carbon fly ash, which
represents a small fraction of the fly ash produced. The lack of
fly ash adsorption capacity measurement tools increases the
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risks associated with using fly ash in concrete, and therefore,
limits the beneficial utilization of fly ash. In practice, the AEA
dosage would be adjusted to achieve the target air void content
in concrete. This becomes very hard to control if the carbon
content or the adsorption capacity of fly ash changes, which
could happen frequently. Consequently, it is crucial to have a
simple test that can be performed by the concrete producer to
determine the adsorption capacity of fly ash and adjust the AEA
dosage accordingly.
Many different tests have been utilized to assess the

adsorption capacity of fly ash. The loss on ignition (LOI)
test and the various forms of the foam index tests are used as
surrogate measurements of the fly ash adsorption capacity.
However, both tests cannot provide a direct measurement of
the adsorption capacity of fly ash. LOI test has been used to
measure the carbon content of fly ash, depending on the
composition of fly ash, the error between carbon content and
LOI can be as low as 1% and can be as high as 75%.20,21 Also,
the carbon content does not necessarily reflect the adsorption
capacity of the carbon. The adsorption capacity of fly ash is
governed not only by the amount of carbon content but also by
other properties such as the particle size, surface chemistry,
pores size distribution, and degree of carbon activation.22

The many forms and procedures of the foam index test have
been used to evaluate the relative performance of fly ash and
AEAs in concrete, with various levels of success.11,14,17,23−26

Unlike LOI, the foam index test results are affected by the
adsorptive properties of the fly ash. Therefore, the foam index
results could provide adsorption information not provided by
the LOI test. However, the foam index test is not a direct
measure of the adsorption capacity because the test is dynamic
and the measurement is not done at or near equilibrium.27 In
addition, the foam determination in the test is mostly
subjective, and although many test procedures exist, there is
currently no agreed upon standard procedure.27

The fly ash iodine number test reported by Ahmed22,28

provides a direct and accurate measurement of the adsorption
capacity of fly ash. This test measures the adsorption capacity of
fly ash using iodine adsorption. A similar test, ASTM D4607.94,
is widely used by the activated carbon industry for the
specification and characterization of carbon.29 The fly ash
iodine number test can be used for the specification and
characterization of fly ash, and for determining the suitability of
the fly ash for use in cement, concrete, and other beneficial
uses.28

Iodine is used in adsorption tests because it has very small
molecules, which therefore provides a good indication of the
microporosity of carbon;28,30 it is also easy to measure by
simple titration unlike other dyes that require spectroscopy and
could pose a health risk.
Because it utilizes iodine rather than AEAs as an adsorbate,

the iodine number test does not provide a direct measurement
of the AEAs adsorption capacity by fly ash in concrete.
However, if it is correlated to the combined adsorption
isotherm test results, the fly ash iodine number can be used to
predict the AEA dosage adjustment to compensate for the AEA
adsorbed by fly ash in concrete.5

The combined adsorption isotherm test developed by
Ahmed22,32 provides a direct method for the measurement of
AEAs adsorption by fly ash in concrete. This test measures the
difference in AEA concentrations caused by the change of fly
ash mass in various isotherm points, and determines the
equilibrium relationship between the AEA liquid phase

concentration and the AEA adsorbed phase concentration on
the fly ash. This test takes into account the other processes that
affect the AEA concentration in the concrete mixture such as
AEA precipitation and chemisorption.32,33 This test was
developed and tested using a popular Vinsol resin admixture.33

In this study, the test is performed on two other types of AEAs
to examine the applicability of this test to AEAs of other
chemical natures. In addition, the correlations between the
direct adsorption isotherms and the fly ash iodine number test
results were developed for these AEAs, these correlations can
be used to predict the AEA adsorption capacity based on the
iodine number of the fly ash.31

The AEAs used in this study are formulated for general use in
concrete and were not specifically formulated for the use with
fly ash. It is important to emphasize that the compositions of
these AEAs are completely different from each other and they
are designed to function differently. This study did not assess
the performance of any of these AEAs and did not compare any
of these AEAs to each other.
The results of this study will assist concrete producers to

determine the exact amount of AEA adsorbed by the fly ash in
the concrete mix, then estimate the dosage adjustment if any of
the studied AEAs was used with fly ash in concrete. Knowing
the exact adsorption capacity of AEAs by fly ash eliminates a
major variable that hinders the use of fly ash as a sustainable
material for infrastructure, facilitate increased use of fly ashes
that otherwise considered too risky for use in concrete, reduce
the amount of fly ash landfill, and reduce the cost and the
carbon footprint of concrete.

■ MATERIALS AND METHODS
Air Entraining Admixtures. Air entraining admixtures (AEAs)

are organic admixtures used to entrain air bubbles in concrete to
increase the concrete durability and resistance to freeze−thaw cycles in
cold climate. AEAs also increase the workability of concrete in its
plastic state. The most common type of AEAs is the Vinsol resin type.
α-Olefin sulfonate admixtures are also very common and widely used
in the industry. Combination admixtures could a mixture of
surfactants, urea, tall oil, and any other AEA categories. Three
commonly used AEAs were selected to represent three different
chemical compositions of AEAs. These AEAs are preapproved in many
states in the U.S. The selected AEAs chemical natures are listed in
Table 1.

Fly Ash Specimens. Eight coal fly ash specimens with various
adsorption capacities were selected for this study; Table 2 illustrates
the fly ash specimens’ identification numbers, LOIs, fly ash iodine
numbers, the silicon, aluminum, ferric, calcium and magnesium oxides,
and alkali contents. These are the same coal fly ash materials used in a
previous work 32 to develop the combined adsorption isotherm test
procedure.

Testing Procedures. LOI tests were performed according to
ASTM C311-04.34 The sample was placed in a clean porcelain crucible
and dried at 105 °C for 2 h to determine the moisture content, then
placed in a muffle furnace for 5 h at 750 °C to determine the LOI. Five
hours at 750 °C was found to achieve the constant mass required for
all fly ash specimens. Other studies have used 2 h,35 3 h,36 and several
hours21 to achieve the constant mass required.

Table 1. Selected AEAs Chemical Natures

no. chemical nature

1 Vinsol resin admixture
2 α-olefin sulfonate admixture
3 combination admixture
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The fly ash iodine number and combined adsorption isotherm tests
were performed according to Ahmed.22,28

The combined isotherm test is based on equilibrating known masses
of a fly ash with various concentrations of an AEA for 60 min to
determine the equilibrium correlation between the fly ash adsorption
capacity and the liquid phase equilibrium concentration of the AEA.
This equilibrium correlation describes the change in the capacity of fly
ash in response to the change of the AEA concentration.
Air entraining admixture materials partition between the solid phase

(cement and fly ash) and the liquid phase of concrete mixtures. Some
of the AEA is chemisorbed by the active minerals surfaces present in
the cement and the fly ash, this chemisorption process is driven by
chemical bonding (ionic or covalent). Chemisorption is stronger than
physical adsorption and is irreversible under normal temperatures. The
nonchemisorbed portion of the AEA remains in solution and
participates in the air bubbles stabilization during mixing. The
chemisorbed part of the AEA on the solid phase stabilizes the air
bubbles by attaching them to the solid particles in the system.
The liquid phase AEA concentration is the portion that is

susceptible to adsorption by the fly ash carbon.33 To determine the
liquid phase AEA concentration for every initial AEA solution
concentration, this test utilizes a blank of AEA solution and 20 g of
cement. The 20 g of cement is enough to chemisorb all the
chemisorbable portion of the AEA, leaving the liquid phase AEA in
solution. The ratio of the equilibrium liquid phase concentration after
chemisorption to the initial concentration of the AEA is defined as the
AEA partitioning coefficient. The partitioning coefficient is dependent
on the type and the concentration of the AEA. The partitioning
coefficient for every initial AEA solution is determined by using the
following equation:22,32

=
−

partioning coefficient
COD COD

COD
blank cement

AEA

where CODAEA = COD of the AEA solution, mg/L, CODcement =
COD of 20 g cement in 200 mL of distilled water, mg/L, and
CODblank = COD of the cement blank with the AEA solution, mg/L.

Several other isotherm points are made by adding various masses of
fly ash to 20 g of cement and three different AEA concentrations. The
fly ash capacity determined from these isotherms are represented using
Fruendlich isotherm equation.37,38 After developing Fruendlich
isotherm model form the isotherm data points, the liquid phase
AEA concentration is used for the determination of the fly ash
adsorption capacity at that specific AEA equilibrium concentration.

= ×q K C n1/

where q = fly ash adsorption capacity, mL AEA/g fly ash, C = AEA
concentration, vol %, K = Freundlich adsorption capacity parameter,
(mL/g)(1/vol %)1/n, and 1/n = Freundlich adsorption intensity
parameter, unitless.

The combined adsorption isotherm test utilizes the chemical oxygen
demand (COD) test for the measurement of AEAs concentration. The
COD measurements were made using the HACH COD kit (TNT821
and TNT822) and HACH DR 5000 UV−vis spectrophotometer.
COD measurements were taken at least twice for every sample; a third
measurement was taken if the difference between the first two readings
exceeded 1%.

A matrix of 8 fly ash materials and 3 AEAs was tested in this study,
two direct adsorption isotherm tests were performed for each fly ash-
AEA combination, and therefore, 48 direct adsorption isotherm tests
results are presented in this study. Each isotherm presented was
generated using 6−8 isotherm data points; typically, three points
isotherms are considered representative by standard isotherm tests
such as the iodine number test (ASTM D4607-94).29

■ RESULTS AND DISCUSSIONS
AEAs vary in terms of their partitioning between the solid
phase (cement and fly ash) and the liquid phase in the concrete

Table 2. Fly Ash Specimens’ Properties32

fly ash ID
no.

LOI
(wt %)

fly ash iodine number
(mg/g)

SiO2 (wt
%)

Al2O3 (wt
%)

Fe2O3 (wt
%)

total SiO2, Al2O3, Fe2O3
(wt %)

CaO
(wt %)

MgO
(wt %)

alkali
(% wt)*

1 0.9 0.0128 60.1 29.9 2.7 92.7 0.9 NA 0.61
7 2.3 0.3541 53.9 27.7 8.29 89.89 1.45 1.15 0.64
8 0.2 0.0040 60.9 25.7 4.66 91.2 3.46 1.12 0.69
10 1.3 0.5450 46 23.6 22.3 91.88 1.28 0.99 0.77
15 1.5 0.5346 58.9 16.2 4.71 79.81 10.3 3.13 0.73
20 0.4 0.0008 44.8 23.1 9.51 77.4 13.6 2.97 0.89
39 10.5 7.2662 39.6 20 12.7 72.3 9.1 2.28 NA
40 3.4 2.6191 53.9 26.3 6.24 86.4 4.0 0.86 NA

*Alkali is given as Na2O equivalents; NA = not available.

Figure 1. Direct adsorption isotherm results of the Vinsol resin admixture with eight fly ashes32
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mixture, some AEAs are designed to maintain high liquid phase
AEA concentration, while others maintain a lower liquid phase
concentrations and rely heavily on the AEA portion
chemisorbed by the solid phase. The AEA partitioning
coefficient is dependent on the type and the concentration of
the AEA.34 This fact was verified in this research and a unique
partitioning coefficient was obtained for each of the three
concentrations of the AEAs utilized in this study.
Vinsol Resin Admixture. Vinsol resin admixtures are a

dark reddish-brown in color, natural thermoplastic resins
extracted from pinewood. A large fraction of the Vinsol resin
composition is of phenolic nature, such as phlobaphenes,
carboxylated phlobaphenes, and substituted stilbenes; also,
there is a considerable rosin fraction such as rosin acides,
oxidized and polymerized rosin acids with a smaller fraction of
terpenoids such as wax, dimethoxystilbene, and polymerized
terpenes.39

Two separate sets of combined adsorption isotherms were
performed with the Vinsol resin solution with initial
concentrations of 0.2, 0.4, and 0.8 vol %. The blank cement−
AEA isotherm points produced partitioning coefficients of
0.375, 0.348, and 0.3, respectively, for the three concentrations.
Each milliliter of this AEA contains 270 mg of COD; therefore,
the COD of the 0.2, 0.4, and 0.8 vol % AEA solutions were 540,
1080, and 2160 mg/L, respectively.
The remaining liquid phase AEA concentration is the initial

AEA concentration available for adsorption, and the combined
adsorption isotherm equations33 were used to determine the
capacity of the other isotherm points with fly ash. Figure 1
illustrates the combined adsorption isotherm results for the
Vinsol resin with the eight fly ash specimens.

The isotherms, represented as Fruendlich isotherm equation,
of the eight fly ashes exhibited very good correlations, with R2

value of 0.95 for FA39, 0.97 for FA 40 and FA10, 0.98 for FA8,
and 0.99 and over for the rest. Five isotherm points of FA 20
and six isotherm points for the rest were utilized to construct
these isotherms. The Freundlich isotherm model parameters
for the Vinsol resin admixture with the eight specimens of fly
ash in addition to the R2 values for each model are presented in
Table 3.

α-Olefin Sulfonate Admixture. α-Olefin sulfonate
admixtures are ionic surfactants that have a hydrophilic group
or groups and a hydrophobic hydrocarbon group.40 These
admixtures are highly soluble in water and their hydrophilic
groups dissociate into cations and anions in water. One popular
example is sodium α-olefin sulfonate, which has the
composition CnH2n−1SO3Na (n = 14−16).41
Four different initial concentrations of the α-olefin sulfonate

admixture were utilized to develop the isotherm, 0.25, 0.4, 1,
and 2 vol %. The resulted partitioning coefficients for these
initial AEA concentrations equilibrated with 20 g of Portland
cement are 0.147, 0.132, 0.105, and 0.102, respectively. Each
milliliter of this AEA contains 300 mg of COD; therefore, the
COD of the 0.25, 0.4, 1, and 2 vol % AEA solutions are 750,
1200, 3000, and 6000 mg/L.
As the low partitioning coefficients indicate, this AEA is

designed to retain a low AEA liquid phase concentration. This
implies that this type of AEA is more reliant on the AEA
chemisorbed to the minerals active sites (on the cement and fly
ash) to entrain air bubbles, and stabilize the air bubbles by
electrochemically attaching them to the solid mineral materials.
The results of the adsorption isotherm performed using these

Table 3. Freundlich Isotherm Model Parameters for the Three AEAs and the Eight Fly Ashes

Vinsol resin α-olefin sulfonate combination AEA

fly ash no. K 1/n R2 K 1/n R2 K 1/n R2

1 0.0076 0.52 1 0.0083 0.59 0.89 0.006 0.74 0.99
7 0.0069 0.53 0.99 0.0101 0.68 0.95 0.0053 0.73 0.98
8 0.0060 0.41 0.98 0.0083 0.78 0.92 0.0041 0.64 0.86
10 0.0093 0.40 0.97 0.0091 0.71 0.93 0.0039 0.44 0.94
15 0.0123 0.26 1 0.0118 0.44 0.95 0.0052 0.34 0.98
20 0.0068 0.91 1 0.0061 0.99 0.96 0.0029 0.79 0.94
39 0.0658 0.20 0.95 0.0519 0.30 0.95 0.0217 0.32 0.93
40 0.0190 0.18 0.97 0.0188 0.31 0.96 0.0086 0.32 0.98

Figure 2. Direct adsorption isotherm results of the α-olefin sulfonate admixture with eight fly ashes.
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four AEA concentrations and the eight specimens of fly ash are
presented in Figure 2.
The isotherms of the eight fly ash materials exhibited good

correlations, with R2 value of 0.89 for FA7, and 0.92−0.96 for
the rest. The number of isotherm points used to develop these
isotherms is eight for all fly ash specimens except for FA20, in
which six points were utilized. The Freundlich isotherm model
parameters for the α-olefin sulfonate admixtures with the eight
specimens of fly ash in addition to the R2 values for each model
are presented in Table 3.
Combination Admixture. The combination admixture

selected for this study is an aqueous solution of neutralized
resin/rosin, amine, and fatty acids salts. The composition of this
AEA includes dipropylene glycol, resin and rosin acids,
maleated, potassium salt, rosin polymer with formaldehyde,
tall oil, triethanolamine, and less than 1% of diethanolamine
and sodium hydroxide.42

Three different initial concentrations were utilized to develop
the isotherm correlations, 0.25, 0.5, and 0.75 vol %. The
corresponding partitioning coefficients for these initial
concentrations are 0.395, 0.362, and 0.342, respectively. One
mL of the raw AEA solution contains 476 mg of COD,
therefore the COD of the 0.25, 0.5, and 0.75% volume AEA
solution are 1190, 2380, and 3570 mg/L.
This AEA, similarly to the Vinsol resin AEA, retained about

one-third of its composition in liquid phase. The results of the
direct adsorption isotherms of the combination admixture with
the eight fly ash specimens are illustrated in Figure 3.

The isotherms of the eight fly ashes exhibited good
correlations, with R2 value of 0.86 for FA8, and 0.93−0.99
for the rest. The number of isotherm points used to develop
these isotherms is six for all fly ash specimens except for FA20,
for which five points were utilized. The Freundlich isotherm
model parameters for the combination admixture with the eight
specimens of fly ash in addition to the R2 values for each model
are presented in Table 3.
It is clear that all isotherms in Figures 1−3 exhibited very

good fit to the power regression correlation that represents the
Fruendlich isotherm equation. This indicates that the direct
adsorption isotherm procedure can be used to quantify the
AEA adsorption by fly ash for these different types of AEAs.
The results of the direct adsorption isotherm tests performed

on several AEAs were utilized by another team of researchers to
make AEA dosage adjustments for cement mortars and
concrete mixes, with various specimens of fly ash. The research
team concluded unless factors other than adsorption dominate
“The results of the mortar and concrete experiments indicate
the test could be used to predict AEA adsorption and provide
an estimate for the associated adjustment in AEA dosage”.43

The details of the mortar and concrete tests and results are
available in NCHRP 18-13 project final report.43

Correlation to Fly Ash Iodine Number. The Fruendlich
isotherm model was utilized to determine the AEA adsorption
capacities of the three AEAs at equilibrium concentrations of
0.2, 0.4, 0.6, 0.8, and 1 vol %. with each of the eight fly ash
specimens. The resulted capacities were plotted against the fly

Figure 3. Direct adsorption isotherms results of the combination admixture with eight fly ashes.

Figure 4. α-Olefin sulfonate admixtures adsorption capacity vs fly ash iodine number.
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ash iodine number for each fly ash specimen as presented for
the α-olefin sulfonate admixtures in Figure 4.
The results presented in Figure 4 shows that even for an

extremely small fly ash iodine number, there is a corresponding
small AEA adsorption capacity. However, the adsorption of that
small fraction of the AEA may not be perceptible in the
concrete mixture for two reasons; the first is that the change in
the AEA concentration is small, and the second is that the
concrete air void content is not very sensitive to such small
changes in the AEA concentration. Ahmed et al.4 suggested that
“a fly ash with a fly ash iodine number less than 0.1 mg/g can
be considered a good fly ash with low adsorption capacity” as
this correspond to LOI less than 2%, and therefore adsorption
of AEAs by such low capacity is not likely to cause adsorption
problems.
Accordingly, correlations for each AEA with respect to iodine

number can be constructed and used to determine the AEA
adsorption capacity of fly ash materials as shown in Figures
5−7.

Figures 5−7 demonstrate a simple methodology to predict
the AEA adsorption capacity from the fly ash iodine number of
any fly ash. Unlike the fly ash iodine number, the direct
adsorption isotherm test is a relatively complicated procedure.
Predicting the adsorption of AEAs by fly ash without the need
to perform a direct adsorption isotherm would be a more
practical method to use.
To use these graphs, the fly ash iodine number test has to be

performed on the fly ash of interest, then the fly ash iodine
number can be used, along with the appropriate graph to
determine the AEA adsorption capacity of that fly ash at that
AEA concentration.

The capacity obtained from Figures 5−7 represents the
amount of AEA required to fulfill the adsorption capacity of the
fly ash in the concrete mixture, and adding this specific amount
of AEA will bring the AEA concentration to the same level of
the fly ash free concrete base mixture, eliminating the effect of
the adsorption of AEAs by the fly ash. These graphs represent
the relative adsorbability of various concentrations of the AEA
to iodine.
Although the data presented exhibited good correlations,

more work is needed to populate such graphs by using more
specimens of fly ash to increase the confidence in the
correlation and to examine the data in a more comprehensive
statistical approach.
Assuming relatively consistent production and little variation

in AEAs compositions, the direct adsorption isotherm test can
be performed on the AEA with a suit of fly ashes that covers a
wide range of adsorption capacities, as done in this study, and
the results can be used to predict the AEA adsorption by similar
ashes, based on the fly ash iodine number. This ideally should
be done and supplied by the AEA manufacturers in order to
promote the use of their products and to make it easier for
concrete producers to use their admixtures with fly ash in
concrete.

■ CONCLUSIONS AND RECOMMENDATIONS
The direct adsorption isotherm test was successful in
quantifying the adsorption capacity of the α-olefin sulfonate
and the combination air entraining admixtures used in this
study, very good fits to the Freundlich adsorption isotherm
model were obtained.
The α-olefin sulfonate admixture exhibited low partition

coefficients (0.102−0.147) compared to Vinsol resin (0.3−
0.375) and the combination admixture (0.342−0.395).
However, this does not necessarily mean that the latter two
are better to use with fly ash, because the activity of the AEA
left in solution also vary among the AEAs.
The graphical representation of the AEA adsorption capacity

versus the fly ash iodine number represents the fly ash
adsorbability of various concentrations of the AEA relative to
iodine. This correlation can be developed for any AEA and used
to estimate the fly ash adsorption capacity of the AEA using the
iodine number of the fly ash of interest. However, an exact
measurement can only be done through performing the direct
adsorption isotherm test on the specific AEA and fly ash.
This study quantifies the adsorption of AEA, or some portion

of the AEA, by fly ash in concrete. It does not study the
performance of these AEAs in fly ash containing concrete
because the performance in concrete is dependent on whether

Figure 5. Vinsol resin adsorption capacities for fly ash iodine numbers
higher than 0.1 mg/g.

Figure 6. α-Olefin sulfonate admixture adsorption capacities for fly ash
iodine numbers higher than 0.1 mg/g.

Figure 7. Combination admixture adsorption capacities for fly ash
iodine numbers higher than 0.1 mg/g.
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the adsorbed part of the AEA is active or not, which is not the
focus of this study. This study present a method of determining
the AEA dosage adjustment needed to compensate for the
adsorbed part of the AEA, which eliminates the effect of AEA
adsorption by fly ash in concrete.
There is a great deal of effort given to examining the various

properties of fly ash and AEAs in order to understand the effect
of various materials properties on adsorption of AEAs by fly
ash. The methods used in this study provide a direct tool for
adsorption measurement, this will assist concrete materials
researcher to understand the impact of material properties on
adsorption, and ultimately air entrainment in fly ash containing
concrete.
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