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Abstract

In this paper, the multi-functional benefits of the water-based organic corrosion inhibitor are presented and discussed, with
regard to the corrosion protection of embedded steel and resistance to chemical attack; specifically, the resistance of concrete to
sulfate attack and deterioration due to sulfuric acid exposure. The organic corrosion inhibitor consists of amines and fatty-acid
esters and the mechanisms by which it functions are presented and substantiated. In addition to a 30% of calcium nitrite inhibitor,
this amine-ester based organic corrosion inhibitor is a commonly used corrosion inhibitor in new construction. Time-to-corrosion
evaluations in 0.50 and 0.40 water-cementitious materials ratio concretes of moderate and high quality show that the inhibitor was
effective regardless of concrete quality, and significantly reduced chloride ingress. The permeability-reducing property of the amine-
ester based organic corrosion inhibitor has also shown effectiveness in reducing deterioration due to the ingress of other aggressive
species such as sulfate and sulfuric acid. For comparison purposes, the corrosion-inhibiting performance of the amine-ester based
organic inhibitor is compared to that of calcium nitrite, while its effect in mitigating sulfate attack and reducing deterioration due to

sulfuric acid exposure is compared to that of silica fume.
© 2003 Published by Elsevier Science Ltd.
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1. Introduction

Durability-based designs are gaining acceptance as
design engineers continue to seek ways of extending the
useful service lives of reinforced and prestressed con-
crete structures in aggressive environments. The durabil-
ity issues of concern include corrosion, sulfate resistance,
alkali-aggregate reactivity, and shrinkage. To meet the
demands of the concrete construction industry, manu-
facturers of construction materials have developed and
introduced speciality chemical admixtures, including
corrosion inhibitors that can be used to produce the
high-performance concretes required for these environ-
ments.

Of the corrosion-inhibiting admixture technologies
for reinforced and prestressed concrete currently avail-
able in the marketplace, [1-6] the two most commonly
used chemistries are calcium nitrite [1,2] and a water-
based organic inhibitor, [3,4] which consists primarily of
amines and fatty-acid esters. Calcium nitrite inhibits
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corrosion by reacting with ferrous ions to form a pro-
tective ferric oxide film, [1,2] but the water-based or-
ganic inhibitor functions via a twofold mechanism; [3,4]
first, by reducing chloride ion ingress into concrete
through a hydrophobic property imparted by the fatty-
acid esters and, second, through the formation of a
synergistic protective coating on the surface of the
embedded steel by the film-forming amine compo-
nents as well as the fatty-acid esters. The water-based
organic inhibitor also provides benefit in reducing
deterioration due to the ingress of other aggressive
species such as sulfate, because of its permeability-
reducing property.

In this paper, the multi-functional benefits of the
water-based organic inhibitor are presented and dis-
cussed, with regard to the corrosion protection of
embedded steel and resistance to chemical attack; spe-
cifically, the resistance of concrete to sulfate attack and
deterioration due to sulfuric acid exposure. For com-
parison purposes, the corrosion-inhibiting performance
of the water-based organic inhibitor is compared to that
of calcium nitrite, while its effect in mitigating sulfate
attack and reducing deterioration due to sulfuric acid
exposure is compared to that of silica fume.
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2. Protection mechanism of multi-functional organic
inhibitor

As mentioned earlier, the multi-functional water-
based organic inhibitor (MFOI) inhibits the corrosion of
steel in concrete by a twofold mechanism that involves
the formation of a protective film on the steel surface
and a reduction in the susceptibility of concrete to
chloride ion penetration, or simply stated, by ‘“‘chloride
screening’”’.

When the MFOI is first added to concrete, the esters
become hydrolyzed by the alkaline mix water to form
the carboxylic acid and its corresponding alcohol. This
reaction, under alkaline conditions, is favorable and is
not easily reversed [7]. The reaction proceeds as shown
in Eq. (1), where R and R’ represent different hydro-
carbon molecules:

RCOOR’'+ OH™ — RO; +R'OH (1)

(ester) (base) (acid anion) (alcohol)
The carboxylic anion is quickly converted in concrete
to the insoluble calcium salt of the fatty acid [7]. The
created fatty acids and their calcium salts provide a
hydrophobic coating within the pores. This causes a
reversed angle of contact in which the surface tension
forces now push water out of the pore instead of into the
pore [8]. The diameter reduction of the pore, induced
from the hydrophobic calcium salt lining, also reduces
aqueous species migration through the capillary pore
matrix. Because the admixture is uniformly distributed
throughout the concrete mixture during the mixing
operation it, becomes a part of the paste fraction and its
hydrophobic property is imparted throughout the
matrix. This provides passive corrosion inhibition by
increasing the time needed for chlorides to build up to
the critical threshold level at the surface of the steel
reinforcement.

After the concrete mixture is placed, key components
of the MFOI are adsorbed onto the surface of the
reinforcing steel to form a protective film. Simplistically,
the film-forming amine component, FFA, bonds with
the steel and the fatty-acid esters chain over the non-
polar tails to form a tight mesh that restricts moisture,
chloride and oxygen availability at the steel surface.
Hence, the MFOI functions as a mixed inhibitor,
affecting the anodic reaction by raising the chloride
threshold for corrosion initiation and the cathodic cor-
rosion reaction by restricting moisture and oxygen
availability.

The film-forming mechanism by which the MFOI
inhibits corrosion is the same mechanism by which other
organic corrosion inhibitors function, that is, by
adsorption on the metal surface. It is generally accepted
that organic corrosion inhibitors bond to metals by
adsorption, which can be physical and/or chemical in
nature, due to the polar or weakly-polar characteristic
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Fig. 1. FFA adsorption on steel surface.

of the organic compounds typically used in their for-
mulation (Fig. 1). The following excerpt from “COR-
ROSION INHIBITORS”, edited by Nathan, [9] gives a
basic understanding of organic corrosion inhibitor or
filming inhibitor technology:

“The mechanism by which all materials function is
the same and requires their adsorption onto the
metal through their polar group or head. The non-
polar tail of the inhibitor molecule is oriented in a
direction generally vertical to the metal surface. It
is believed that the hydrocarbon tails mesh with
each other in a sort of ‘zipper’ effect to form a tight
film which repels aqueous fluids, establishing a bar-
rier to the chemical and electrochemical attack of
fluids on the base metal. A secondary effect is the
physical sorption of hydrocarbon molecules from
the process fluids by the hydrocarbon tails of the
adsorbed inhibitor molecules. This increases both
the thickness and effectiveness of the hydrophobic
barrier to corrosion.”

The film-forming amine component, FFA, in the
MFOI can be described most effectively as a surface-
active chelant [10,11]. By definition, surface-active che-
lants are both surfactants and chelants [12,13] and their
use as corrosion inhibitors is not new [14]. It is theorized
that proper combination of surface-active and chelating
groups in the same molecule will enable surface-active
chelants to seek out the metal-water interface, undergo
chemisorption with surface metal atoms or ions, and
provide an insoluble adherent, protective chelate film on
the metal surface. It has been well documented that
chelates enhance and strengthen the chemisorption of
known inhibitors through the formation of stable five-
and six-membered chelate rings [15]. These rings are
formed as a result of the bonding between two or more
functional groups from the inhibitor (such as —NH,,
—OH, -SH, —COOH and -SO;H) [14] and the cation
metal as seen in the sarcosine-type surface chelate in
Fig. 2.

When the FFA is chemisorbed onto the steel surface
it is resonance stabilized by delocalization of the elec-
trons through the formation of a stable six-membered
ring. Corrosion research has indicated that surface
chelation provides enhancement of already existent
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Fig. 2. Sarcosine-type surface chelate.

corrosion inhibition properties and that surface-active
chelants possessing large hydrophobic substituent
groups promote adsorption onto the steel surface [14]
and once adsorbed improve the hydrophobic barrier to
electrolyte penetration [16]. In addition, this barrier may
be enhanced by the ability of the hydrophobic tails of
the chelated FFA to attract other hydrocarbon mole-
cules, such as additional FFA molecules or the water-
proofing ester, to create an additional water-repellent oil
film [9].

3. Verification of protection mechanism of multi-func-
tional organic inhibitor

3.1. Hydrophobic property

The hydrophobic or waterproofing property imparted
to concrete by the fatty-acid esters in the MFOI has
been demonstrated through chloride transport (flux and
migration), sorption (capillary absorption) and ongoing,
long-term time-to-corrosion studies.

The chloride flux, chloride migration and sorption
were performed on three reference concrete mixtures
and one MFOI-treated mixture using nominal cement
contents of 356 kg/m> and a water-cementitious mate-
rials ratio (w/cm) of 0.45. The concretes were air-
entrained. The chloride flux and chloride migration tests
were performed using two-compartment cells and spec-
imen thicknesses of 25 and 50 mm as shown in Fig. 3(a)
and (b), respectively. No voltage was applied across the
cells in the flux test, however, an electrical potential of
12 V was used in the migration test to saturate the
specimen with a constant chloride concentration. Sorp-
tivity was determined in accordance with the Nordtest
Method NT BUILD 386, “Capillary Absorption”™ uti-

Table 1
Chloride flux, chloride migration and capillary absorption data
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Fig. 3. Chloride flux and chloride migration test set-up: (a) chloride
flux apparatus and (b) chloride migration apparatus.

lizing a 2.5 M NaCl solution. Further details of the
chloride flux, chloride migration and sorptivity tests
are presented in Ref. [11]. The chloride flux, chlo-
ride migration and sorptivity data are summarized in
Table 1.

Diffusion coefficients from the chloride flux and
chloride migration testing for the reference concretes
ranged from 3641 to 58—73 mm?/yr with averages of 39
and 64 mm?/yr, respectively. The data in Table 1 show
that, relative to the reference mixtures, the MFOI re-
duced chloride transport by approximately 13% in the
chloride flux test and by 30% in the chloride migration
test. In the sorptivity tests, the average sorption rate for
the MFOI-treated concrete was 3.3 g/m?s!/> compared
to an average of 7.6 g/m”s'/? for the reference concretes,
a reduction of 56% in capillary absorption rate.

Chloride data from an ongoing long-term corrosion
evaluation of the MFOI have shown significant reduc-
tions in chloride ingress under cyclic wetting and drying
conditions [17]. The amounts of acid-soluble chlorides
that penetrated into the concrete specimens after 1000
and 2240 days of cyclic ponding were determined from
chloride analyses of 0.375-mm thick slices cut from cores
obtained from companion unreinforced specimens. The
data are presented in Tables 2 and 3 and graphically in
Figs. 4 and 5, respectively, for the two test ages. The
Mixture ID used in the tables and figures represent the
treatment, water—cement ratio (w/c) and the inhibitor
dosage in liters for the inhibitor-treated concretes.

The 1000-day data show that the chloride front has
penetrated beyond the 70-mm depth in all the 0.50 w/c
concretes and, at least, to a depth of 50-mm in the REF-
0.4-0 and CNI-0.4-20 concretes. The chloride front

Mixture Chloride flux* (mm?/y) Chloride migration® (mm?/y) Capillary absorption® (g/m?s'/?)
Reference 1 41 73 8.8
Reference 2 40 60 7.4
Reference 3 36 58 6.6
Reference average 39 64 7.6
MFOI 34 42 33

@ Average of two specimens
® Average of three specimens.
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Table 2
Chloride contents after 1000 days of cyclic ponding [17]

Mixture ID Acid-soluble chloride content (percent by mass of concrete)/Depth from ponding surface (mm)
13 32 50 70
REF-0.5-0 0.983 0.746 0.719 0.566
CNI-0.5-20 1.012 0.814 0.625 0.573
MFOI-0.5-5 0.556 0.172 0.023 0.017
REF-0.4-0 0.607 0.290 0.033 <0.007
CNI-0.4-20 0.609 0.195 0.011 <0.007
MFOI-0.4-5 0.390 0.103 <0.007 <0.007

REF-reference concrete; CNI—calcium nitrite inhibitor-treated concrete.

Table 3
Chloride contents after 2240 days of cyclic ponding

Mixture ID Acid-soluble chloride content (percent by mass of concrete)/Depth from ponding surface (mm)
3 13 25 75 125
REF-0.4-0 - - - - -
CNI-0.4-20 1.231 0.763 0.574 0.021 0.019
MFOI-0.5-5 0.981 0.729 0.471 0.150 0.013
MFOI-0.4-5 1.037 0.557 0.363 0.023 0.010
* Not sampled at 2240 days.
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Fig. 4. Chloride content versus depth after 1000 days of cyclic pond-
ing.

appears to be between the 32- and 50-mm depth in the
MFOI-0.4-5 concrete. For the 0.40 w/c concretes, the
chloride content at the 32-mm depth in the MFOI-0.4-5
concrete is 64% less than that in the REF-0.4-0 concrete
and 46% less than that of the CNI-0.4-20 concrete.
Furthermore, the chloride content at the same depth in
the 0.50 w/c MFOI-0.5-5 concrete is 41% less than that
in the REF-0.4-0 concrete and 12% less than that of the
CNI-0.4-20 concrete. This strongly suggests that the
MFOI at a w/c of 0.50 is more effective than 0.40 w/c
concrete without inhibitor.

The 2240-day data show that, for the 0.40 w/c
inhibitor-treated concretes, the chloride content at the 3,
13 and 25-mm depths in the MFOI-0.4-5 concrete are,
respectively, 16%, 27% and 37% less than the corre-

o
it
I

Chloride Content
(percent by mass of concrete)
S
=)

0 10 20 30 40 50 60 70 80
Depth from Ponding Surface (mm)

Fig. 5. Chloride content versus depth after 2240 days of cyclic pond-
ing.

sponding chloride values in the CNI-0.4-20 concrete.
Because of the long-term nature of the study, the ref-
erence specimens were not sampled at 2240 days.
However, from Table 2 and Fig. 3 it can be seen that the
chloride profiles for the reference concretes are quite
similar to those for the 20 I/m? calcium nitrite concretes.
Thus, it is reasonable to assume that their profiles at
2240 days would be similar also. This implies that sim-
ilar reductions in chloride ingress can be expected be-
tween the MFOI-0.4-5 concrete and the REF-0.4-0
concrete.

Table 3 also show that the chloride content in the
MFOI-0.5-5 concrete is less than that in the CNI-0.4-20
concrete at all depths, with the exception of the 75-mm
depth. It can be inferred from the 2240-day data that
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less chloride penetrated the MFOI-0.5-5 concrete rela-
tive to the REF-0.4-0 concrete. This is consistent with
the 1000-day data and deduction, and it again suggests
strongly that the MFOI at a w/c of 0.50 is more effective
than 0.40 w/c concrete without inhibitor. The chloride
data also show that the screening mechanism of the
MFOI is still effective after 2240 days of accelerated
testing, which includes three days of drying each week
at 38 °C.

3.2. Film-forming property

Several studies have been performed specifically to
verify the presence of the protective film formed by the
MFOI as well as its effectiveness and impact on the rate
of corrosion. These studies include Fourier transform
infrared spectroscopy (FTIR), electrochemical solution
tests using electrochemical impedance spectroscopy
(EIS) and linear polarization (LP). The FTIR studies are
presented in detail in Ref. [11] and they included a series
of tests that evaluated the MFOI in mortar and satu-
rated calcium hydroxide solution. In addition, key
components of the MFOI were also evaluated in satu-
rated calcium hydroxide solution and in various solu-
tions including hexane and carbon tetrachloride. The
following conclusions were drawn from the FTIR
studies [11]:

1. Iron oxides, Fe,O3; and Fe;O,, were not seen on cou-
pons treated with the MFOI. However, different oxi-
des were present depending upon the individual FFA
and surfactant components.

2. The MFOI and its key components are strongly ad-
sorbed onto the steel surface.

3. The FFA complexed with the steel and could not be
removed from the coupons by competitive reactions
with the fatty-acid ester or by solvent washing.

Verification of the effectiveness and impact of the
protective film formed by the MFOI on the rate of
corrosion was performed in a series of comparative
electrochemical solution tests using an EG&G PAR 273-
A potentiostat and an EG&G PAR 5710 lock-in
amplifier. The LP procedure was performed at a po-
tential sweep of £20 mV of the open circuit potential
(E.) at a sweep rate of 0.1 mV/s. In the EIS procedure,
an excitation signal with amplitude of 10 mV around £,
over a frequency range of 100 kHz to 1.5 MHz was used.
The signal was applied sequentially from 100 kHz to 10
Hz using a multi-sine technique that sends a digitized
waveform of prime harmonics over a range of frequen-
cies, and then uses a fast Fourier transform to calculate
the impedance for those frequencies from the cell re-
sponse.

Four rounds of testing consisting of two specimens
per treatment were performed using steel specimens

polished to a “600 grit” finish. In the first round of
testing, only LP was performed. In subsequent rounds,
each specimen was first tested by LP, allowed to depo-
larize for a minimum of 1 h, and then tested by EIS. At
the end of each round of testing, the specimens were
visually inspected for any rust deposits that may have
formed. Each specimen was allowed to passivate in the
test solution, saturated Ca (OH), or saturated Ca(OH),
with the MFOI, for 4 h prior to the addition of 7.0 g of
NaCl. This resulted in a test solution with a chloride
concentration of 0.2 molal. The specimen was then al-
lowed to stabilize in the chloride solution for approxi-
mately 14 h prior to testing.

Polarization resistance values from the LP test were
determined using an analysis function in EG&G
PARC’s M352 software package and shown in Table 5.
The polarization resistance was calculated by fitting a
line through all points within 10 mV of the open circuit
potential (E.,;) of the steel coupon in the test solution,
that is, E..;; == 10 mV. This is in accordance with ASTM
G359, “Standard Test Practice for Conduction Poten-
tiodynamic Resistance Measurements.” Polarization
resistance values from the EIS testing in Table 4 were
determined by fitting the impedance data to electrical
circuit models using the non-linear least squares fitting
routine of the program ‘“Equivalent Circuit” by Bernard
A. Boukamp. Data from the reference was modeled
using a “Randle Circuit” and the MFOI was modeled
by a circuit applicable to a coated passive metal [18].

Polarization resistance (R,) and corrosion rate are
inversely related [19]. Hence, increasing values of R, are
indicative of decreasing corrosion rates. Studies by Feliu
et al. on the polarization resistance of reinforcing steel in
chloride-contaminated and chloride-free concrete beams
and slabs have shown that R, values less than 20 kQ cm?
are indicative of active corrosion conditions, whereas R,
values greater than 100 kQcm? typically represent pas-
sive conditions [20]. Therefore, for the steel specimens
used in this evaluation, all of which had a surface area of
4.85 cm?, active corrosion condition was indicated by R,
values less than approximately 4.0 kQ, whereas R, val-
ues greater than 20.0 kQ indicated passive conditions.

As shown in Table 4, the R, data from the LP and
EIS procedures were very similar. R, values could not be
determined from the impedance data for the MFOI
specimens because the lowest frequency used in the EIS
experimental setup was not low enough to completely
examine the steel interface in this test solution. The open
circuit (corrosion) potential data from the two proce-
dures were checked before each procedure, and as
indicated by the data in Table 4 they were very similar.
This indicates that the 1 h depolarization period be-
tween the LP and EIS tests was sufficient and that the
LP procedure was non-destructive.

The data shown in Table 4 show that MFOI had
average R, values greater than 20 kQ. This implies that
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Table 4
Polarization resistance and open circuit corrosion potential data

No. Polarization resistance, R, (kQ) Corrosion potential, E.o;; (mV vs. SCE)
LP EIS LP EIS
Ref. MFOI Ref. MFOI Ref. MFOI Ref. MFOI
1 - 895 - - =505 -214 -
2 1.151 742 - - -436 =219 -
3 0.912 779 0.811 * =530 -229 —-533 -226
4 2.023 775 1.577 o —461 -222 -470 =217
5 0.769 3009* 0.766 * =525 =225 -528 -220
6 1.090 933 1.185 o =511 =205 =520 -198
7 1.378 7098* 1.139 * =529 -207 —-533 =201
8 1.208 5861* 1.392 o =513 =218 =525 =211
Average 1.219 825 1.143 =501 =217 =518 =212
Standard 0.406 83.7 0.317 344 8.4 24.1 11.0
deviation
Standard 12.6% 5.1% 11.3% 2.6% 1.5% 1.9% 2.1%
error
“Not included in statistical calculations.
" EIS curves indicated extremely passive conditions (R, > 500 kQ).
the MFOI effectively reduced chloride-induced corro- Z 200
sion of the steel specimens. The average R, value of E
1.0 kQ for the reference specimens strongly suggest ac- Z o Control| ﬂﬂ
tive corrosion conditions, as supported by the corrosion % 160 |-a-Miror |
potential data. Visual inspection of the steel specimens 3l /‘q /u
also confirmed the presence of corrosion products on the E 120 e
reference specimens and nothing on the MFOI-treated g “1 j L
specimens. This showed that the protective film formed 2 s y
by the MFOI at the surface of the steel provides active S ,-LI l
inhibition by reducing the rate of corrosion in the E ” -~ r b
presence of chlorides. = “ !
&
Ry - la
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functional organic inhibitor

The effectiveness of the MFOI has been demonstrated
in several accelerated time-to-corrosion evaluations of
the inhibitor [3,4,17] that include a long-term evaluation
of untreated and inhibitor-treated air-entrained con-
cretes containing 356 kg/m?® and a low w/c of 0.40. De-
tails of the long-term evaluation and data through 1000
days of cyclic ponding with a 15% solution of sodium
chloride can be found in Ref. [17].

Macrocell corrosion current data through 1550 days
of cyclic ponding are as shown in Fig. 6. The data show
virtually no corrosion activity in the MFOI test speci-
mens. The macrocell corrosion current data is supported
by the half-cell potential data shown in Fig. 7, which
shows half-cell potentials more positive than —200 mV
CSE for the MFOI. The MFOI was used at its recom-
mended dosage of 5 1I/m*. By contrast, the control un-
treated specimens exhibited signs of corrosion activity
after about 200 days and specimens containing 20 1/m?
of a calcium nitrite inhibitor (CNI) started corroding

Fig. 6. Macrocell corrosion current data from comparative long-term
accelerated corrosion investigation.

0
g 100 454 =2 Aﬁ; /}"' ___’\_-AL ﬂwnL p
é 3 200 , , [
23 | Ml
= 5300
§ E 400 } ’\ }}
2 Wl B g

600 ‘ J \\A U

0 260 400 600 800 1000 1200 1400 1600
TEST AGE (days)

Fig. 7. Half-cell potential data from comparative long-term acceler-
ated corrosion investigation.
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between 800 and 900 days. The ponding cycle being
utilized in this accelerated corrosion test consists of four
days of ponding with the 15% sodium chloride solution
at 16-27 °C, followed by three days of drying at 38 °C.
This test cycle is similar to that used in earlier studies
[21,22] and it creates a macrocell within the specimen
with the top layer of reinforcing steel becoming anodic
and the bottom layer of steel cathodic. The relative
humidity is being maintained at approximately 60—80%.
Additional test details, such as specimen preparation
prior to testing, are given in Refs. [21,22].

5. Additional benefits of the multi-functional organic
inhibitor

The hydrophobic property imparted to concrete by
the MFOI results in a significant reduction in concrete
permeability as shown by the chloride data presented
and discussed earlier. This reduction in concrete per-
meability also reduces the ingress of other aggressive
species such as sulfates, thus providing additional ben-
efits with regard to concrete durability.

The effect of the MFOI on sulfate expansion was
investigated in a field evaluation of untreated and
MPFOI-treated air-entrained concrete mixture with a
nominal cement content of 362 kg/m?® and a w/c of 0.40.
The MFOI was evaluated at its recommended dosage of
5 1/m*® of concrete. The sulfate expansion data through
nine months of exposure are as shown in Fig. 8. The
data plotted in the figure represent the average expan-
sion of three prisms for each mixture. It is obvious that
the MFOI significantly reduced the amount of deleteri-
ous expansion caused by sulfate ingress. The overall
reduction after nine months of exposure to the sulfate
solution was 83% relative to the untreated concrete.

The beneficial effect of the MFOI in reducing
expansion due to sulfate exposure has also been re-
ported by Amey et al. [23] from studies that were per-
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Fig. 8. Length change (expansion) due to sulfate exposure.

formed to investigate the durability of MFOI-treated
concrete exposed to sulfate and sulfuric acid solutions.
In the sulfate studies, concrete prisms were exposed to
magnesium sulfate solution under cyclic wetting and
drying conditions for 48 weeks, and the prisms were
evaluated by length change and appearance over time.
In the sulfuric acid studies, other concrete prisms were
exposed to a sulfuric acid environment at a pH of 1 for
100 days and the prisms were evaluated by the change in
pH of the test solution. Relevant parameters of the
concrete mixtures used in the magnesium sulfate and
sulfuric acid exposure tests are summarized in Table 5.
Further details are provided in Ref. [23].

All the concrete prisms reportedly exhibited expan-
sion during the 48 weeks of cyclic exposure to the
magnesium sulfate solution, and at the end of the
exposure period the mixtures were ranked in terms of
expansion as follows [23]:

Ref. 2 > MFOI 2 > Ref. 1 > MFOI 1

(Most expansion) (Least expansion)

The average expansion of the MFOI 2 prisms was 75%
less than the average for the Ref. 2 prisms. Reducing the
w/cm from 0.40 to 0.32 and adding pozzolans resulted in
a 90% reduction in expansion for Ref. 1 relative to Ref.
2. Finally, the expansion measured for MFOI 1
amounted to reductions of 99% and 90%, respectively,
relative to Refs. 2 and 1 [23]

The change in pH in the sulfuric acid exposure study
can be attributed to the reaction between the sulfuric
acid and the hydrated paste, primarily the calcium
hydroxide, and also leaching of ions from the concrete
prisms. This implies that the cumulative pH change of
the test solutions for the different concrete mixtures
could be used as a measure of the “reactivity” with the
mixture. Using this criterion, the mixtures were ranked
in terms of change in pH as follows [23]:

Ref. 1' > Ref. 2’ ~ MFOI 1’ > MFOI 2/

(Most pH change) (Least pH change)

The reduction in “reactivity’”’ for the MFOI 1’, which
was a 2.5 I/m? dosage of the inhibitor, was reportedly
42% relative to Ref. 1’ and 9% relative to Ref. 2'. For
MFOI 2, the 5 I/m? dosage of the inhibitor, reductions
in “reactivity” of approximately 55% and 42% were
obtained relative to Refs. 1’ and 2’, respectively [23]. The
rankings were noted to be consistent with mass loss and
surface appearance observations recorded for each
mixture at the end of the 100-day exposure study.

As mentioned earlier, the introduction of the MFOI
into concrete results in the formation of insoluble cal-
cium salts of the fatty acid and a hydrophobic coating
within the pores. This causes a reversed angle of contact
in which the surface tension forces now push water out
of the pore instead of into the pore [8]. The diameter
reduction of the pore, induced from the hydropho-
bic calcium salt lining, also reduces aqueous species



206 C.K. Nmai | Cement & Concrete Composites 26 (2004) 199-207

Table 5

Summary of concrete mixtures for sulfate and sulfuric acid exposure studies [23]

Magnesium sulfate exposure

Sulfuric acid exposure (pH of 1)

Ref 1 MFOI 1 Ref 2 MFOI 2 Ref I Ref 2/ MFOI I MFOI 2'
Cement (kg/m?) 403 403 386 386 390 359 390 390
Silica fume (kg/m?) 24 24 - - - 31 - -
Fly ash (kg/m?) 47 47 - - - - - -
MFOI (I/m?) - 5 - 5 - - 25 5
w/cm 0.32 0.33 0.40 0.40 0.38 0.38 0.38 0.38

migration through the capillary pore matrix. The bene-
ficial effect of the MFOI in the sulfate and sulfuric acid
exposure studies may be explained by a couple of fac-
tors. First, it is likely that the solutions could not readily
penetrate the concrete matrix because of the reduction in
permeability imparted by the MFOI. Second, the lining
of the pores by the hydrophobic coating may also reduce
accessibility of the aggressive solutions to the hydrated
cement paste, thus reducing the rate of reaction and
overall degradation.

6. Effect of the multi-functional organic inhibitor on fresh
and hardened properties

As reported elsewhere, [3] the MFOI has no signifi-
cant impact on typical fresh and hardened concrete
properties. It has no effect on water demand but, be-
cause of the fatty-acid esters, higher than normal do-
sages of air-entraining admixture may be required to
achieve the desired air content. Unlike calcium nitrite
that accelerates concrete set, the MFOI has no effect on
the setting characteristics of concrete.

With regard to hardened properties other than those
already discussed, a decrease in compressive strength
may be experienced with the MFOI depending on the
mixture ingredients. The decrease may be about 5-7.5%
relative to a control untreated mixture [3]. However,
because of the low w/cm required for corrosion control
purposes, the strength decrease is often negligible from a
design perspective for most cast-in-place construction
and has not been an issue in field applications.

7. Summary

In this paper, the mechanism and MFOI that consists
of amines and fatty-acid esters have been presented and
discussed. The primary use of the MFOI is the corrosion
protection of embedded steel and time-to-corrosion
evaluations in 0.50 and 0.40 water-cementitious mate-
rials ratio concretes of moderate and high quality have
showed that the inhibitor is effective regardless of con-
crete quality, and significantly reduces chloride ingress.
The chloride data show that the addition of 5 1/m?® of

the MFOI to 0.50 w/c concrete was more effective
than lowering the w/c of untreated concrete from 0.50
to 0.40.

The permeability-reducing property of the MFOI has
also shown effectiveness in reducing deterioration due to
the ingress of other aggressive species such as sulfate and
sulfuric acid. For comparison purposes, the corrosion-
inhibiting performance of the MFOI was compared to
that of calcium nitrite, while its effect in mitigating sul-
fate attack and reducing deterioration due to sulfuric
acid exposure was compared to that of silica fume.
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