N anoWorId j ournal
Research Article

https://doi.org/10.17756/nwj.2023-s2-031

Effect of Fly Ash on the Sustainability of Water Treatment
Reservoir Concrete Subjected to 3.5% Al (SO,), by
Electrochemical Impedance Spectroscopy

Adil Ech-chebab", Aadil Ejbouh’, Mouhsine Galai', Redouane Lachhab’, Tounsi Belhaj? and Mohamed Ebn Touhami'

! Laboratory of Advanced Materials and Process Engineering, Faculty of Sciences, University 1bn Tofail, PB. 133, Kenitra, Morocco
2International Institute for Water and Sanitation (IEA), National Office of Electricity and Drinking Water (ONEE), Rabat, Morocco

‘Correspondence to:

Adil Ech-chebab

Laboratory of Advanced Materials and Process
Engineering,

Faculty of Sciences, University Ibn Tofail, PB. 133,
Kenitra, Morocco

E-mail: adilechchebab@gmail.com

Received: July 25,2023
Accepted: September 25,2023
Published: September 28, 2023

Citation: Ech-chebab A, Ejbouh A, Galai M,
Lachhab R, Belhaj T, et al. 2023. Effect of Fly
Ash on the Sustainability of Water Treatment
Reservoir Concrete Subjected to 3.5% AL(SO,),

by Electrochemical Impedance Spectroscopy.
NanoWorld ] 9(S2): S174-S179.

Copyright: © 2023 Ech-chebab et al. This is
an Open Access article distributed under the
terms of the Creative Commons Attribution
4.0 International License (CCBY) (http://
creativecommons.org/licenses/by/4.0/) which
permits commercial use, including reproduction,
adaptation, and distribution of the article provided
the original author and source are credited.

Published by United Scientific Group

Abstract

'This paper presents an experimental study aimed at improving the durability
of reinforced concrete water treatment reservoirs exposed to a high concentration
of the water treatment coagulant AL (SO,),. This investigation was carried out
using electrochemical methods. The sulfate concentration of 3.5% was chosen to
meet the requirements of exposure class XA3 according to standard NF EN 206-
1. The results were obtained from three concrete mixes: a control mix containing
100% ordinary Portland cement (OPC), and 25% fly ash (FA). The samples were
immersed in the solution and then subjected to cyclic corrosion acceleration by
means of an imposed voltage of 15 V. Electrochemical impedance spectroscopy
(EIS) was used to monitor changes in the resistance of these concretes under
accelerated corrosion. In addition, X-ray diffraction (XRD) was used to examine
the corrosion products at the end of the tests. The results indicate that the mineral
additives made substantial improvements to the durability of the concrete. More-
over, 25% FA gave the best results against corrosion.
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Introduction

Some water treatment stations use (AL(SO,),) as a coagulant for water treat-
ment. This chemical product is generally added during the initial phase of the co-
agulation process, to improve the removal of suspended solids, including colloidal
particles, as well as natural organic matter [1]. Unfortunately, this coagulant con-
tains sulfate ions, which are among the most common agents of deterioration in
reinforced concrete constructions [2, 3]. These sulfate ions contribute to gypsum
and ettringite crystal formation, which could result in expansion, loss of strength,
cracking, and ultimately failure of the concrete structure [2-4]. The following
reactions explain the mechanisms of formation of the expansive products in the
case where the associated cation is the Na* ions (Eq 1 and 2) [5]:

Ca(OH), +Na,SO,+2H,0 — CaSO,.2H,0 + 2NaOH (1)
C,A +3CaS0,.H,0 +24-26H,0 — C,A.3CaS0,.30-32H,0 )

In the case where the associated cation is the Mg ion (Eq 3, 4,and 5) [6]:

Ca(OH), + MgSO,+2H,0 — CaSO,.2H,0 + Mg(OH), ©))
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C,A +3CaS0,.H,0 + 26H,0 — C,A.3CaS0,32H,0 (4)

C-S-H +MgSO,+2H,0 — CaSO,.2H,0+5(CM)-S-H  (5)

On the other hand, most of the studies were carried out
under the effect of Na,SO, or MgSO, attacks. But the study in

the medium containing aluminum sulfate is rare [7].

The National Office of Electricity and potable Water
(ONEE) in Morocco uses AL(SO,), as a coagulant in water
treatment stations. But unfortunately, it is suffering from the
attacks of this chemical. The attacks are more associated with
the use of this coagulant at high concentrations. These kinds of
failures threaten the integrity of the whole construction over
time, leading to the rapid development of corrosion of the steel
and concrete cladding [8]. After a thorough examination of
these sites, it was revealed that the reparation was inadequate
and did not stop the progress of the damage from inside the
reservoir.

The replacement of cement with FA used in the
construction of concrete structures is also a practical and
environmentally friendly way [9] because of the reduction
in the cost of construction and improvement of concrete
durability in aggressive environments [10] such as sulfate [11,
12].

'The pozzolanic effect produces a secondary gel that fills
the capillary of concrete, improving its strength [13]. Shar-
ma et al. [14] studied the compressive strength of M30 grade
concrete specimens made by replacing 5, 10, and 15 percent of
the cement with FA. The results of the study showed that the
use of FA in concrete manufacturing as a partial replacement
for cement can result in the development of more durable and
stronger concrete. Huseien et al. [15] studied the durability
performance of concrete incorporating FA. They found that
the incorporation of FA in the concrete matrix improves the
mechanical and durability characteristics of the modified con-
crete. In general, three primary strategies are recommended to
compact sulfate attack including (1) limiting the C,A content
in cement as prescribed in ASTMC150, (2) reducing the cal-
cium hydroxides content by using supplementary cementitious
material as a cement replacing material, and (3) reducing the
concrete permeability by lowering the water binder ratio [16,
17]. The aim of this study is to improve the sustainability of
water treatment reservoir concrete subjected to AL(SO,); in
order to extend the life of these reservoirs. This investigation
was carried out by EIS. To this purpose, we replaced the ce-
ment of the concrete of reservoirs, which is considered a con-
trol (containing 100% OPC), by FA at two percentages of
15% and 25%. As concrete needs a long time to be attacked by
corrosion, researchers are using laboratory techniques to ac-
celerate the attack. The applied tension technique is an accel-
erated corrosion testing technique, which indirectly provides
information on the characteristics of concrete. So, acceleration
of sulphate attack was performed by imposing a potential (15
V). Finally, XRD was carried out on the concrete specimens
removed near the surface to examine the corrosion products.

Material and Methods
Materials

The composition of the concrete mixtures used for the
preparation of specimens is presented in table 1. The chem-
ical compositions of both the cement and the FA are sum-
marized in table 2. In addition, the size distribution plots for
the cement and FA are presented in figure 1. It is determined
using laser particle size analysis (Lafarge-Morocco). Scanning
electron microscope image of FA and the diameter of the sam-
ples are displayed in figure 2 and figure 3, respectively. FA are
nanoscale materials. The coarse and fine aggregates, cement,
and FA were first mixed in the 210 L drum mixer for approx-
imately 2 minutes. Water was then added to the mix, and all
the materials were mixed until a homogeneous mixture was
obtained. Then, the fresh concrete was placed into PVC molds
and consolidated by means of a vibrating table. After 24 hours,
the samples are removed from the molds. The samples were
then cured under conditions (23 + 1 °C and 100% relative hu-
midity) for a period of 28 days. They were then immersed in
the 3.5% AL (SO,), solution to begin the study.

Corrosion accelerated testing

The durability of three types of concrete exposed to 3.5%
A1(SO,), was evaluated. This concentration was chosen as the
high experimental concentration for the accelerated laboratory
tests, which exists in the concentration range from 3000 to
6000 mg/L. SO *, which corresponds to exposure class XA3
(Aggressive chemical environments), according to standard

Table 1: Mixtures of concrete (kg/m?).

Concrete mixtures Il k2 ks

(0%FA) | (15%FA) | (25%FA)

OPC kg/m? 400 340 300

Sand 0/1 mm kg/m® 580 580 580

Fine aggregate 03/8 mm kg/m’ 400 400 400

Coarse aggregate 18/16 mm kg/m?® 760 760 760

Water kg/m® 168 168 168

FA kg/m? - 60 100

E/C 0.42 0.42 0.42

Table 2: Cement and FA chemical composition given by X-ray fluorescence.

Type of cement OPC FA
ALO, 3.683 33.4
CaO 58.42 4.44
CaO, - 3.92
Cl 0.01

CO, - -
Fe,0, 2361 3.35
FeO - -
K0 0.56 0.81
MgO 2.55 2.06
Na,0 0.06 1.13

Na,O_ 0.455 -
SiO, 15.18 39.5
SO 2.59 0.4
PO - 1.91
LOI 14.58 8.54
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Figure 1: Laser particle size distribution of cement and FA.
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L Figure 2: Scanning electron microscope images of FA.
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NF EN 206-1, while the values used for the treatment of
drinking water in reservoirs range from 15 to 100 g/m*. A DC
power supply was employed to apply a 15 V constant potential
to the rebars as shown in. Every 24 hours of the accelerated
corrosion cycle, the samples were left standing for 48 hours
without accelerated corrosion to reach a corrosion steady state.
Then, an EIS measurement is performed. Another corrosion
cycle (accelerated/rest) is performed after this measurement.
All samples were connected in parallel to the DC power supply.
They were exposed to the same 15 V voltage to determine
the sustainability of concrete. Because the sustainability of
concrete depends on its ability to inhibit the penetration of

cations and anions [18, 19]. Three electrodes were used to
evaluate the electrochemical response: the armature was used
as the working electrode, a saturated calomel electrode served
as the reference electrode, and a platinum electrode served
as the counter electrode. In the present study, all the EIS
measurements were performed over the frequency interval
from 100 kHz to 10 mHz. The results have been modeled and
analyzed using the EC-Lab Analyzer program.

XRD analysis

Sample small quantities of powder identical samples of
F1, F2 as well as F3, were prepared for XRD identification
in the Bragg-Brentano reflection geometry of the X'Pert3
Powder PANanalytical diffractometer, employing a Cu Ka
anode radiation source set at a voltage of 45 KV and a current
of 40 mA. The continuous scan range was 5 - 90° 26 with a
step size of 0.02° 26.

Results and Discussion
Compressive strength

Compressive strength test values at 7 and 28 days were
measured according to Moroccan standards NM10.1.005. The
results are presented in figure 4.

The findings indicate enhanced compressive strength of
F1, F2, and F3 with increasing curing time. These results are
attributed to the continuous hydration reaction of the non-hy-
drated cement constituents to generate C-S-H that fills the
pores [8-20]. In addition, the compressive strength of F2 and
F3 is higher than F1. This improvement is attributed to poz-
zolanic reactions [21] caused by FA that produces additional
C-5-H responsible for a denser and more compact micro-
structure [22, 23]. Furthermore, the surface roughness of the
FA particles and their small size, as well as the irregular size of
the FA particles (Figure 2), allowed a better interlocking with
the cement paste, which leads to a better interfacial transition
zone between aggregates as well as the matrix paste [24].

e 7
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Figure 4: Evolution of the compressive strength of concrete F1, 2, and
|_F3 at 7 and 28 days.

J

EIS analysis

Figure 5a, 5b, and 5c illustrate the Nyquist graphs of
concretes 1, F2, and F3 subjected to a 3.5% AL(SO,),
solution. The figures reveal an increase in the diameter of the
semicircle at low frequency. Furthermore, the graphs shift to
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Figure 5: Nyquist diagrams for concrete: (a) F1, (b) F2, and (c) F3.

the right indicating the reduction of electron transfer between
the steel surface and the corrosive medium and the increase in
durability of the concrete coating [25]. For the interpretation
of these experimental results, an equivalent electrical circuit
(Figure 6) was employed to model the impedance diagrams
[26]. Table 3 shows the electrochemical parameters obtained.
R_ . isassigned to the bulk resistance properties of concrete
coating R and CPE_ are respectively referred to as the passive
layer resistance and the Constant Phase Element. The charge
transfer resistance and the properties of the double layer are
represented by R, and CPE . The impedance constant phase

element (Z ) can be described as:
ff
L CPEdI
—(= ﬁ r
G : Interfaciale Double |
film
. CPEf . CPEdI
Rm Rf Rdl
Figure 6: Equivalent circuit used to interpret EIS.
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F1,F2,and F2 after the end of the test.

Zepp = [CPE(ja))" :I_l (6)

R increases as the accelerated corrosion cycles in-
crease for F1, F2, and F3 (Figure 7a), representing an en-
hancement of the cementitious matrix properties throughout
a test. This behavior is attributed to the reactions of hydration
leading to a tendency to fill the voids, allowing the devel-
opment of the least porous cement matrix during the aging
phase, which eventually isolates and protects the reinforce-
ment [25]. Moreover, the resistance of the concretes F3 and
F2 increased most obviously, followed by F1. This is due to
the pozzolanic behaviour of FA in the cement hydration pro-
cess, where the SiO, and ALO, compounds in FA interact
with Ca(OH), [27] to produce C-S-H and C-A-H, resulting
in a denser and more concrete coating matrix resistance. In
the intermediate frequency, the resistance of the passive film
(Figure 7b), (R)) increases inversely with the non-ideal capaci-
tance CPE, during the aging process. This is mainly due to the
development of a passive film around the steel reinforcement
or, due to an increase in the properties of adhesion of the rebar
through a passive film due to the basic pH values of the con-
crete [28]. R _ is the charge transfer resistance which is a direct
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Table 3: The values obtained from each electrical component of EC for F1,F2,and F3 subjected to 3.5 % AL(SO,), under various accelerated corrosion durations.
Concretes Cycle number | R (Q.cm?) | R, (Q.cm?) | CPE x10?(Fs"! cm?) n, R, (Q.cm’) | CPE;x103 (Fs** cm?) n,
0 347 83 0.26 0.58 8894 4.64 0.79
1 573 34 1.62 0.97 1295 7.48 0.68
2 686 57 1.11 0.67 2849 6.37 0.68
F1 3 766 111 1.09 0.72 2476 3.65 0.80
3 805 96 1.10 0.73 3624 3.83 0.80
5 873 101 0.99 0.75 4342 4.02 0.81
6 942 121 0.97 0.75 5228 3.62 0.80
0 861 70 0.91 0.71 7185 5.34 0.70
1 1170 137 0.84 0.73 6029 3.37 0.76
2 1371 232 0.80 0.82 7690 2.42 0.75
F2 3 1524 375 0.78 0.74 10944 1.72 0.82
3 1659 319 0.77 0.84 10786 1.89 0.77
5 1700 300 0.18 0.48 14904 0.65 0.71
6 1884 280 1.24 0.84 17766 0.60 0.77
0 1097 162 0.78 0.57 4583 3.72 0.71
1 1600 214 0.66 0.65 8104 2.58 0.71
2 1868 241 0.52 0.68 9199 2.51 0.75
3 3 2080 229 0.70 0.78 8237 2.29 0.75
3 2240 324 0.77 0.69 11038 1.8 0.78
5 2437 293 0.69 0.77 11460 2.13 0.76
6 2660 336 0.90 0.85 18386 1.95 0.75

indicator of the ability of the electrons to transport from the
steel into the surrounding matrix/solution [18]. In addition,
the charge transfer resistance has the same variation trend
(Figure 7c), as the resistance of the concrete coating (R__ ).
It can be seen that there was a significant improvement in R |
for F1, F2, and F3 specimens after only 1 cycle of accelerat-
ed corrosion probably due to the passivation of steel. On the
other hand, the resistance of F2 and F3 is considerably higher
than F1 at any given time of corrosion. This could be due to
the inclusion of FA, making it difficult for the charge to pass
from the surface of the steel to the external medium through
the concrete coating.

XRD analysis

Figure 8 displays the XRD pattern of three concrete
powders F1, F2, and F3 after the end of the accelerated
corrosion test. The concretes have gypsum, calcite, quartz, and
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P-Portlandite C:Calcite
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Figure 8: XRD patterns of specimens F1, F2, and F3 after exposed 3.5%
AL(SO,), solution.

portlandite in their composition regardless of the amount
of cement replaced by FA. From the graphs, we can see that
the majority of the products formed are gypsum. This is
consistent with the literature which reports that when the
sulfate concentration reaches a certain value (> 30 g/L), the
main product of sulfate attack is gypsum [29]. However, when
the rate of replacement of cement by FA increases, concretes
contain less gypsum and portlandite.

Conclusions

EIS and XRD were used for the present research to assess
the sustainability of concrete exposed to 3.5% AL(SO,),. The

conclusions are as follows:

° Compressive strength increases with an increasing

percentage of FA.

e 'The higher R and R, values of the F2 and F3 con-
crete relate to the denser, more compact structure as well
as the lower conductivity.

e XRD analysis indicated that the gypsum formed in the
FA free concrete is high, confirming the beneficial effect
of FA against the formation of expansive products in the
reservoir concrete.

e 'The longest durability is that of 3 containing 25% FA.
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