Diffusion of Chloride Ions in Polymer-Mortar Composites
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ABSTRACT: In recent years, the rapid deterioration of
various reinforced concrete structures has been a widely
recognized problem in the world. Penetration of chloride
ions into the concrete structures was found to be the major
cause of premature corrosion of reinforcing steel and to
promote their deterioration. The present articles deals with
the resistance to chloride penetration of polymer-mortar,
which are often used as low-cost promising materials for
preventing or repairing various reinforced concrete struc-
tures. To gain more knowledge on the efficiency of poly-
mer-mortar, four mortar mixtures: one specimen with
Portland cement (control sample) and three mixtures with

2.5,5, and 7.5 wt % of the replacement of cement by poly-
ethylene terephthalate (PET) were tested for chloride ion
permeability under immersion in 5% sodium chloride so-
lution. Their chloride ion penetration behavior is discussed
by applying Fick’s second law. In conclusion, the chloride
ion penetration depth and apparent chloride ion diffusion
coefficient of the polymer-mortar composites are smaller
than those of unmodified mortar. © 2008 Wiley Periodicals,
Inc. J Appl Polym Sci 110: 1600-1605, 2008

Key words: polymer-mortar; composite; sodium chloride
solution; polyester; PET; diffusion

INTRODUCTION

The resistance to chloride penetration of mortar and
concrete is one of the most important issues concern-
ing the durability of concrete structures. When the
chloride concentration of mortar or concrete exceeds
a certain threshold value, depassivation of steel
occurs and reinforced steel starts to corrode.'™ The
cement which is alkaline (pH = 13) oxidizes embed-
ded steel bars, forming a chemically and electrically
inactive layer (passive film) of ferric oxide. Conse-
quently the development of protective materials
with excellent resistance to chloride penetration is
demanded for the concrete structures. Polymer-
modified mortars®® using various polymer disper-
sions are often used as low-cost promising materials
for preventing the chloride-induced corrosion and
fo; 9repairing the concrete structures damaged by
it.””

The polyethylene terephthalate (PET) bottles have
taken the place of glass bottles as storing vessel of
beverage due to its lightweight and ease of handling
and storing. As the beverage consumption increases
drastically, the production of PET bottles increased
exponentially as it was reported that PET bottles
were produced about 87,000 ton at the end of 2002
in Korea.'” If waste PET bottles were reused as light-
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weight aggregates for concrete, positive effects are
expected on the recycling of waste resources and the
protection of environmental containment.'’'?* The
purpose of this study is to evaluate the resistance of
the polymer-mortar composites using typical poly-
mer to chloride ion penetration.

Chloride-induced corrosion of steel reinforcement
is known to be a major cause of concrete deteriora-
tion. It has been established'®” that the water-solu-
ble and free chlorides play a significant role in the
corrosion of steel in concrete. A simple method of
spraying 0.1 N silver nitrate aqueous solution on a
cross section of split concrete to determine a depth
of chloride penetration became very attractive
because Otsuki et al.'® and Collepardi'’ published
the results of their work.

This practice is often called a colorimetric method
because the spraying of 0.1 N AgNO; solution on a
freshly broken mortar and concrete surface leads to
the formation of white and black regions with well-
distinguished boundaries. The white region is due to
precipitation of AgCl, and hence, represents the area
that contains chloride. The black region is assumed
to correspond to the “no chloride zone.”'®

The white colorimetric front seems to correspond
to free and water-soluble chlorides, and measuring
the depth of the white front will give an idea of how
far chloride has penetrated into polymer-mortar
composites and concrete.

In this article, polymer-mortar composites using
PET polymer are prepared with different polymer—
cement ratios, and tested for chloride ion penetration
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TABLE I
Chemical and Mineralogical Properties of Cement Used
Constituent SiO, Al,O3 Fe, O3 CaO MgO SO3 CaO free Loss CsS C,S C3A C4AF
Cement 21.82 6.57 4.01 63.43 0.21 1.86 0.24 2.09 40.20 32.25 10.64 12.19

under immersion in test solution with 5% sodium
chloride (NaCl). Their chloride ion diffusion behav-
ior is discussed by applying Fick’s second law.

MATERIALS AND METHODS

The mortar and/or mortar-polymer composites mix-
tures were prepared in collaboration with two labo-
ratories, at the laboratory of the Civil Engineering
Department, ENSET Oran (Algeria) and the labora-
tory of Polymer Chemistry, University of Oran Es-
Senia, using the following materials.

Cement

The cement used was a blended Portland cement
type CPJ-CEM II/A (pouzzolanic cement) obtained
from Zahana factory located in the western Algeria,
having a 28-day compressive strength of 32.5 MPa
and an absolute density of 3.09 g/cm’. Initial and
final setting times of the cement were 2 h and 3 h
20 min, respectively. Its Blaine specific area was
2987 cm?/g. Its chemical and mineralogical proper-
ties are given in Table 1.

Polymer

The polymer used was PET (polyester); it has an ap-
proximate melting point of 248°C. The PET powder
is obtained by finely crushing the drink bottles (plas-
tic); its particle size distribution is shown in Figure
1. After preliminary tests, we decided to use in
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Figure 1 Particle size distributions of polyethylene ter-
ephthalate (PET) and Sand.

this study the polymer particles of size lower than
1 mm.

Sand

Crushed sand obtained from career of Kristel was
used (Oran, Algerian West). The principal character-
istics are given in Table II, and particle size distribu-
tion is shown in Figure 1.

Preparation and casting of test specimens

Four mixtures were made to compare the effect of
adding PET as a cement replacement material. First
was control sample (without PET).

The other three polymer-mortar composite mix-
tures were made by replacing cement with 2.5, 5,
and 7.5% of PET by mass. The specimens will be
graded PET and the numbers 0, 2.5, 5, and 7.5 repre-
sent the percentage of the replacement of Portland
cement by PET at 0, 2.5, 5, and 7.5% by weight of ce-
mentitious material, respectively.

The mortar mixes had proportions of 1 binder: 3
Sand (by weight). The binder consisted of cement
and PET. The water to binder ratio was kept con-
stant at 0.5. The physical properties of the pastes of
mortars were determined in accordance with EN
196-3." The detailed mix proportions of the mortars
are shown in Table III. The mortar was placed in
prismatic steel molds having dimensions of 10 cm x
10 cm x 10 cm. After casting, specimens were left
covered with a plastic sheet. After removal from
the molds at 24 h of age, all specimens were cured
in a condition of 20°C + 3°C and immersed
in water saturated with lime for a period of 28
days.

Before the test, the finished and bottom surfaces
and two sides of cube mortar specimens were coated
with an epoxy resin paint (Fig. 2).

TABLE II
Physical Properties of Sand Used
Absolute density (g/cm?) 2.53
Equivalent of sand (%) 84
Fineness modulus 2.55
Nature Limestone
Absorption coefficient (%) 0.5

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE III
Mix Proportions of Polymer-Mortar Composites
Cement: Polymer— Water—
sand cement ratios cement ratios

Mix design (by weight) (%) (%)
PET 0 1:3 0 50
PET 2.5 1:3 25 50
PET 5.0 1:3 5.0 50
PET 7.5 1:3 7.5 50

Chloride ion penetration test

The resistance to chloride penetration was deter-
mined in accordance with UNI 7928%° and JIS A
1171.2' The cured cube mortar specimens were
immersed in test solutions at 20°C for 7, 28, and 91
days for chloride ion penetration. The test solution
used was 5% of NaCl. The test solution was changed
every 7 days up to an immersion period of 28 days,
and then every 28 days.

After 7-, 28-, and 91-day immersions, the compos-
ite specimens were split, and the split cross-sections
were sprayed with 0.1 N silver nitrate (AgNO;) indi-
cator'® as prescribed in UNI 7928 (concrete-determi-
nation of the ion chloride penetration). The depth of
the rim of each crosssection changed to white color
was measured with slide calipers as a chloride ion
penetration depth as shown in Figures 3 and 4.

RESULTS AND DISCUSSION
Chloride penetration immersion test

Figure 5 illustrates the chloride ion penetration
depth (CI™ penetration depth) of unmodified mortar
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Figure 3 Crosssection of specimen after chloride ion pen-
etration test.

and polymer-mortar composites immersed in 5%
NaCl solution for 7, 28, and 91 days.

Generally the Cl™ penetration depth of unmodi-
fied mortar PETO and different composites PET2.5,
PET5, and PET7.5 increases with additional immer-
sion period. Regardless of the types of polymer—
cement ratios, the C1™ penetration depth of polymer-
mortar composites is markedly smaller than that of
unmodified mortar and reduced with an increase in
polymer—cement ratio. These results are in agree-
ment with those reported by Ohama et al.”?

In ordinary cement concrete, it is generally consid-
ered that the Cl- permeates easily through pores
with radii under 20 A because the pore surfaces are
electrically gositive due to the adsorption of calcium
ion (Ca®").”> By contrast, the Cl~ penetration into

the polymer-mortar composites seems to be inhib-
ited by the incorporation of PET polymer. It (PET
polymer) makes the cementing matrix denser and
reduces the porosity of the hardened paste.

24,25

Figure 2 The cube mortar specimens with an epoxy resin
paint. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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Figure 4 Crosssection of specimen after using 0.1 N of
silver nitrate indicator test. [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com.]
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Figure 5 Polymer-cement ratios versus Cl~ penetration
depth of polymer-mortar after 5% NaCl solution immersion.

Application of Fick’s second law of diffusion

As chloride ion penetration through polymer-mortar
composites in test solution with 5% NaCl concentra-
tion follows Fick’s second law®® under nonsteady
state conditions for diffusion, the solution to the law
is given by the following equation:

£ =1 — erf (x)
Co 2vDt

where C is the concentration of chloride ions at a
chloride ion penetration depth, x is distance from
the polymer-mortar composites surface (the penetra-
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tion depth), Cy is the concentration of chloride ions
at the exposed surfaces of the polymer-mortar com-
posites, t is the immersion period in the NaCl test
solutions, D is chloride ion diffusion coefficient, and
erf is error function available in standard mathemat-
ical tables. An approximation to eq. (1) is expressed
as follows”:

x = 4VDt )

The typical examples of the relationships between
the immersion period and chloride ion penetration
depth of polymer-mortar composites are illustrated
in Figures 6 and 7.

Generally the chloride ion penetration depth of
the polymer-mortar composites increases with addi-
tional immersion period and is reduced with an
increase in polymer—cement ratio at the respective
immersion period. As seen in Figures 6(a,b) and
7(ab), x — \/t plots are linear with negative inter-
cepts on the v/t - axis regardless of the types of poly-
mer-mortar composites and the polymer—cement
ratio. This means that the x — v/t plots do not follow
Fick’s second law because of the reaction of the chlo-
ride ions with some cement hydrates. The chlorides
may be found by reaction in different states: bound
chloride, chemically combined with C-A-H in form,
for instance, of C3A.CaCl,.10 H,O; bound chloride,
adsorbed on C-S-H or free chloride ions within the
pore aqueous solution."” Goto et al.*® reported that
the diffusion of chloride ion through the hardened
cement was also accompanied by a chemical reac-
tion. In addition, our results are in agreement with
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Figure 6 (a,b) Immersion period versus chloride ion penetration depth of polymer-mortar composites during 5% NaCl

immersion.
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Figure 7 (a,b) Immersion period versus chloride ion penetration depth of polymer-mortar composites during 5% NaCl

immersion.

those reported by Ohama et al.** Accordingly the
estimation of the apparent chloride ion diffusion
coefficient by the following equation can be reco-
mmended®:

x = 4/D,t + k 3)

where D, is the apparent chloride ion diffusion coef-
ficient calculated from the slopes of the x — V't lines,
and k is empirical constant. The typical empirical
equations based on eq. (3) are shown in Figures
6(a,b) and 7(a,b).

Figure 8 illustrates the polymer—cement ratios ver-
sus apparent chloride ion diffusion coefficient of
polymer-mortar composites. The apparent chloride
ion diffusion coefficient was obtained from the
slopes of x — V/t lines after the fitting of experimen-
tal data of the profiles type to eq. (3), as demon-
strated in Figures 6(a,b) and 7(a,b). The apparent
chloride ion diffusion coefficient of the polymer-
mortar composites PET2.5, PET5, and PET7.5 is
much smaller than that of unmodified mortar PET0
regardless of the NaCl concentration.

The order of magnitude of chloride penetration in
the portland cement and polymer—cement (compo-
sites) pastes is 107® cm?/s at 25°C, and this value is
about thousand times smaller than of the same ion
in water” (2.03 x 107° cm?/s). The interaction
between the pore surfaces of the hydrated cement
and chloride ions can be responsible for the decrease
in the diffusion rate. These results confirm the order
of magnitude of the diffusion coefficients for C1~ ion
in the cement pastes is 10°® cm?/s, a value smaller

Journal of Applied Polymer Science DOI 10.1002/app

than D for CI™ ion diffusion in water by a factor of
10° obtained by Collepardi et al.”’*'

The hydration of cement led to the formation of
new hydrates (C-S-H gel...) in time. Its makes the
cementing matrix denser and reduces the porosity of
the hardened paste, which reduces the penetration
of chlorides ions. So, if the period of immersion
increases one has a reduction in D and D,.

Nevertheless, there is the possibility that the dif-
ference in the diffusion coefficients might be due to
a different mobility of the water molecules inside
the pores. Finally, it cannot be excluded that the
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Figure 8 Polymer—cement ratios versus apparent chloride
ion diffusion coefficient of polymer-mortar composites.



DIFFUSION OF CHLORIDE IONS IN POLYMER-MORTAR COMPOSITES

diffusion coefficient of chloride ion depends also on
the type of cation (K" or Ca®") of the salt.

In general, the apparent chloride ion diffusion
coefficient tends to decrease with increasing poly-
mer—cement ratio. It is also obvious from the above
data that the polymer-mortar composites are gener-
ally superior to the unmodified mortar in the resist-
ance to chloride ion penetration.

CONCLUSIONS

The Fick’s second law of diffusion was fitted to data
from experiment to determine the diffusion coeffi-
cient. The conclusions derived from the experimental
investigation and analyses are presented below:

The order of magnitude of chloride penetration in
the Portland cement and polymer-cement (compo-
sites) pastes is 1078 cm?/s at 25°C, and this value is
about thousand times smaller than of the same ion
in water. The interaction between the pore surfaces
and the diffusing ions could be responsible for low-
ering the diffusion coefficient of the CI™ ion in the
hydrated cement.

Regardless of the type of PET polymer, chloride
ion penetration depth and apparent chloride ion dif-
fusion coefficient of polymer-mortar composites are
remarkably smaller than those of unmodified mor-
tar, and generally tend to decrease with an increase
in polymer—cement ratio. This may be explained due
to the reduced volume of large-sized pores, and the
improved resistance to the absorption of the test sol-
utions with an increase in polymer—cement ratio.
Such mortars can be recommended as effective
materials for preventing the chloride-induced corro-
sion of reinforcing steel in various concrete
structures.

References

1. Thomas, M. Cem Concr Res 1996, 26, 513.

2. Alonso, C.; Andrade, C.; Castellote, M.; Castro, P. Cem Concr
Res 2000, 30, 1047.

3. Chindaprasirt, P.; Rukzon, S.; Sirivivatnanon, V. Constr Build
Mater 2008, 22, 932.

4. Chindaprasirt, P.; Chotithanorm, C.; Cao, H. T.; Sirivivatna-
non, V. Constr Build Mater 2007, 21, 356.

O 0 N O

10.
11.
12.
13.
14.

15.
16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

1605

. Ohama, Y. Hand Book of Polymer-Modified Concrete and

Mortars, Properties and Process Technology. Noyes Publica-
tions: USA, 1995, p 236.

. Ohama, Y. Adv Cem Based Mater 1997, 5, 31.

. Lavelle, J. A. Am Paint Coatings ] 1982, 67, 47.

. Kuhlman, L. A_; Foor, N. C. Cem Concr Aggr 1984, 6, 11.

. Ohama, Y.; Notoya K.; Miyake, M. Trans Jpn Concr Inst 1985,

7, 165.

Choi, Y.-W.; Chung, J.-S.; Moon, D.-J.; Shin, H.-C.; Hwang, Y.-
T. Proc Korea Concr Inst 2002, 14, 211.

Choi, Y.-W.; Moon, D.-J.; Chung, J.-S.; Cho, S.-K. Cem Concr
Res 2005, 35, 776.

Ochi, T.; Okubo, S.; Fukui, K. Cem Concr Comp 2007, 29, 448.
Bishara, S. W. ACI Mater ] 1991, 88, 265.

Boddy, A.; Bentz, E.; Thomas, M. D. A.,; Hooton, R. D. Cem
Concr Res 1999, 29, 827.

Yang, C. C.; Wang, L. C. Mater Chem Phys 2004, 85, 266.
Otsuki, N.; Nagataki, S.; Nakashita, K. Constr Build Mater
1993, 7, 195.

Collepardi, M. In Proceedings of International RILEM Work-
shop on Chloride penetration into concrete, Saint Remy-les-
Chevreuse, France, 15-18 October 1995, p 10.

Meck, E.; Sirivivatnanon, V. Cem Concr Res 2003, 33, 1113.
EN 196-3. Methods of Testing Cement—Part 3: Determination
of Setting Time and Soundness. Comité Européen de Normal-
isation (CEN) 1995.

UNI 7928. Concrete-Determination of the Ion Chloride Pene-
tration. UNI—Ente Nazionale Italiano Di Unificazione, Milano,
piazza A. Diaz, December 2, 1978.

JIS A 1171 (E). Test methods for polymer-modified mortar.
Japanese Industrial Standard (JIS) 2000.

Ohama, Y.; Demura, K.; Miyake, M. In Proceedings of the 4th
International Conference on Durability of Building Materials
and Components, Singapore, 4-6 November 1987, p 559.

Goto, S.; Shigeru, K.; Takagi, T.; Daimon, M. Semento Gijutsu
Nempo 36, The Cement Association of Japan, Dec. 1982, p 49.
Benosman, A. S.; Taibi, H.; Mouli, M.; Belbachir, M. Phys
Chem News (PCN) 2005, 26, 109.

Benosman, A. S. Mechanical Behaviour and Durability of
Materials Polymer-Mortar Composites, Magister Thesis, Uni-
versity of Oran, Algeria, 2006, p 133.

Crank, J. The Mathematics of Diffusion; Clarendon Press:
Oxford, 1956, p 347.

Collepardi, M.; Marcialis, A.; Turriziani, R. IL. Cemento, 1972,
69, 143.

Goto, S.; Tsunetani, M.; Yanagida H.; Kondo, R. ] Ceram Soc
Jpn 1979, 87, 127.

Goto, S.; Tsunetani, M.; Yanagida, H.; Kondo, R. Yogyo-Kyo-
kai-Shi 1979, 87, 126.

Kolthoff, I. M.; Lingane ]. J. Polarography, 2nd ed.; Inter-
science Publishers: NY, 1952; Vol. I, p 52.

Collepardi, M.; Marcialis, A.; Turriziani, R. ] Am Ceram Soc
1972, 55, 534.

Journal of Applied Polymer Science DOI 10.1002/app



