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ABSTRACT

Corrosion and scaling occur in water distribution systems. However, not much data is available concerning this
issue in Morocco. This study aimed to evaluate the corrosive and scaling potential of drinking water in the water
distribution systems of several cities in Morocco using water stability indices and other physicochemical pa-
rameters. For this purpose, 100 samples were collected, mainly from the cities in the Rabat-Salé-Kenitra region
of Morocco. The results of the physicochemical analysis of 100 collected samples show that the means of the
pH, total alkalinity, calcium hardness, chloride, temperature, and total dissolved solids are 7.577 + 0.23, 173.6
+ 52.04 mg/l as CaCO,, 212.57 + 98.18 mg/l as CaCO,, 418.7 + 407.75 mg/l, 25.16 + 1.58 °C, 597.5 + 435.74
mg/l, respectively. The mean values of the water stability indices are 0.1158 + 0.38, 7.345 + 0.68, 7.132 + 0.86,
and 12.41 + 0.35 for the Langelier saturation index (LSI), the Ryznar stability index (RSI), the Puckorius scaling
index (PSI), and the aggressive index (Al), respectively. The water samples show corrosive tendencies of 41%,
75%, 97%, and 13% based on the LSI, RSI, PSI, and Al, respectively, and are considered supersaturated and
likely to scale, corrosive, and non-aggressive. The water samples in Rabat, Salé, Bouknadel, and Kenitra were
mostly supersaturated with a tendency to scale, with the highest percentage of stable water while the water in
Khemisset and Tiflet was mostly corrosive, with Tiflet recording the highest chloride content of 3220.1 mg/l. The
scaling and corrosive potential of water varied depending on the source of water in each city. Therefore, it is es-
sential to continuously supervise the stability of water at different points of water distribution systems, create an
adapted approach for each city, and instill strict national standards for the physicochemical parameters that affect
corrosion and scaling to ensure safe drinking water.

Keywords: corrosion and scaling; drinking water; Morocco; water distribution systems; water quality; water sta-
bility indices.

INTRODUCTION

Drinking water quality is a major concern
for public well-being and can be associated
with numerous health risks stemming from the
presence of chemical and microbiological con-
taminants (Villanueva et al. 2014; Li and Wu
2019). Several prevention measures ensure ac-
cess to safe drinking water, including manag-
ing groundwater and surface water quality,
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operating water treatment facilities, monitoring
water distribution systems, and implementing
strict national standards. However, water qual-
ity can still be compromised throughout the
distribution process due to a variety of factors,
such as the release of pipe material, the quality
and state of the water distribution network, the
type of pipe and fittings materials, the chemical
composition of the water, and the formation of
biofilms (Liu et al. 2014; Liu et al. 2017).
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In water distribution systems, corrosion is
caused by a physicochemical interaction between
the distribution system materials and the chemical
composition of water, which engenders a modifi-
cation in the properties of the materials, resulting
in the gradual degradation of the pipelines (Kurdi
et al. 2015; Hasani et al. 2020). This degradation
can lead to the gradual release of metals like iron,
lead, copper, and manganese into water. Con-
versely, scaling occurs as a result of the precipita-
tion of the minerals dissolved in water, forming
a hard mineralized deposit on the inner surfaces
(Belattar et al. 2018; Li et al. 2022). Scale forma-
tion obstructs and decreases the water flow rate,
leading to eventual congestion, reduced thermal
flow in domestic appliances, and interferes with
the overall performance of distribution systems
(Richards et al. 2018). Furthermore, many fac-
tors affect corrosion and scaling, such as pH,
hardness, temperature, alkalinity, total dissolved
solids (TDS), microorganisms and biofilms, chlo-
ride, sulfate, dissolved gasses and salts, and chlo-
rine (Hoseinzadeh et al. 2013; Khorsandi et al.
2016; Gholizadeh et al. 2017).

Iron and steel products (cast iron, ductile iron,
galvanized, and steel pipes) can constitute more
than half of water distribution systems (Gonzalez
et al. 2013). For instance, they reach up to 53%,
56.6%, 75%, and 67.2% in Poland, the United
States of America, China, and Italy, respectively
(Li et al. 2016; Zhang et al. 2020). The corrosion
of iron pipes occurs through an electrochemical
process in which oxidants, such as chlorine and
dissolved oxygen, react with zerovalent iron, re-
leasing iron oxides and iron hydroxides into wa-
ter (Zhang et al. 2022). The long-term accumula-
tion of these iron corrosion by-products on pipe
walls results in the formation of a corrosion scale
composed of multilayered tubercules (Zhang et
al. 2022). However, changes in water chemistry
disrupt scale stability, thus causing the release of
ferric or ferrous ions into the water, leading to a
metallic taste and red water (Li et al. 2016; Zhang
etal. 2022). Additionally, the corrosion of cement-
mortar lined ductile iron pipe leaches out metals
into drinking water, such as lead, cadmium, chro-
mium, and aluminum (Gonzalez et al. 2013).

Copper and lead pipes have been widely used
for decades as a component of household plumb-
ing systems. Pitting corrosion is a localized corro-
sion prevalent in copper pipes. This form of cor-
rosion penetrates the pipe walls at advanced stag-
es of propagation, resulting in pinholes, which are

the primary source of leaks in this type of pipe
(Vargas et al. 2017).

Corrosion and scaling can cause the deteriora-
tion of water distribution systems. Scale deposits
decrease the internal diameter of water pipes. Fur-
thermore, continuous water corrosion of the inner
surface of water pipes leads to recurring leaks,
which reduces water pressure and the water net-
work efficiency. These degradations engender ad-
ditional costs, as they might require direct inter-
ventions on the affected parts of water distribution
systems in order to replace the affected components
as well as decrease water loss and water damage to
the infrastructure due to leaks. In Morocco, the wa-
ter losses in urban distribution systems due to leaks
present an average of 27% (Dahan 2017). More-
over, water corrosion and scaling also decrease the
efficiency of home appliances and result in their
early failure and replacement. According to a study
conducted by the Moroccan Confederation for An-
ticorrosion Certification (COMACAC), corrosion
costs account for up to 5% of the national GDP of
Morocco (Donadio et al. 2019).

Corrosion and scaling in water distribution
systems cause several health problems for con-
sumers, mainly due to the release of heavy metals,
which, when present in excess amounts in drink-
ing water, induce a variety of adverse effects, such
as cancerogenic risks, impaired kidneys and liver
function, and degeneration of neurological and
brain function, including Alzheimer’s disease,
multiple sclerosis, and Parkinson’s disease (Mo-
hod and Dhote 2013; Ravindra and Mor 2019).

Water stability indices are used to determine
the corrosive and scaling tendencies of water.
The most widely used are the Langelier Satura-
tion Index (LSI), the Puckorius Scaling Index
(PSI), the Ryznar Stability Index (RSI), and
the Aggressive Index (Al). These indices were
successfully used before to determine the scal-
ing and corrosive potential of drinking water in
other countries. For example, a study in Meshgi-
nshahr City in Iran showed that drinking water
was corrosive and scale-forming using LSI and
RSI (Hasani et al. 2020). Another study in Ec-
uador found that the drinking water in Azogues
City is corrosive based on the LSI, RSI, and PSI
(Garcia-Avila et al. 2018).

Despite the numerous problems that corro-
sion and scaling pose in water distribution sys-
tems and their influence on drinking water qual-
ity, there is a lack of comprehensive studies cen-
tered around the corrosive and scaling potential
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of drinking water in Morocco, as most studies on
water quality in Morocco focus on surface water
and groundwater quality. As such, not much data
is available on the corrosive and scaling potential
of drinking water in Morocco, despite its impor-
tance for the maintenance of water distribution
systems and water quality. Except for a few stud-
ies conducted on the scaling power of water in the
Tiznit region and the tourist area of Agadir in Mo-
rocco, which show that the water in these areas
is scaling (Ben-Aazza et al. 2017; Belattar et al.
2020). To provide more information on the water
scaling and corrosive potential in Morocco and
facilitate drinking water quality control to ensure
safe drinking water, this study used the Lange-
lier Saturation Index (LSI), the Ryznar Stability
Index (RSI), the Puckorius Scaling Index (PSI),
and the Aggressive Index (Al) as well as other
relevant physicochemical parameters used for the
determination of the water stability indices (pH,
temperature, calcium hardness, total dissolved
solids, total alkalinity), and chloride.

Therefore, taking into account the numerous
health risks to the population and the economic
losses that drinking water corrosion and scaling

engender, as well as the lack of research on drinking
water stability in Morocco, this study aimed to as-
sess drinking water stability and investigate its cor-
rosive and scaling potential in several cities, mainly
in the Rabat-Salé-Kenitra region, of Morocco.

MATERIALS AND METHODS

Sample collection and physicochemical analysis

In this study, 100 drinking water samples
were mainly collected from cities in the Rabat-
Salé-Kenitra region of Morocco, between May
2022 and October 2022, according to each city’s
population density and area (Fig. 1). The map
shows all the sampling locations and was cre-
ated using the QGIS 3.28.3 software with the Esri
World topographic map as the base map.

Measurement of pH, TDS, and temperature

An HI99301 portable high-range EC/TDS
meter was used to detect the temperature and the
total dissolved solids (TDS). The pH was mea-
sured using an HI8519 pH meter.
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Figure 1. Map of the sampling locations in Morocco
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Analyses of total alkalinity, chloride, and calcium

The total alkalinity was measured using the
hydrochloric acid titration method-based HI-3811
Alkalinity test kit. A CPC method-based 80004
AT kit was used to measure the calcium. Chloride
was determined using a Colorimetric Method Kit
80005, based on the thiocyanate method.

Langelier saturation index

The Langelier saturation index (LSI) deter-
mines the potential of water to precipitate cal-
cium carbonate. It is the difference between the
pH (measured) and the pHs (pH at saturation).
The pHs is calculated using the values of the cal-
cium carbonate concentration, and total dissolved
solids (TDS), total alkalinity, temperature. Water
is stable when the value of LSI is equal to zero.
However, if LSI is negative, the water is undersat-
urated and tends to dissolve scale (corrosive), and
if LSI is positive, the water is supersaturated and
tends to scale (Khorsandi et al. 2016; Gholizadeh
etal. 2017). LSI is defined as follows:

LSI = pH — pHs (1)

where: pH represents the measured pH of water
and pHs refers to the pH at saturation in
calcite or calcium carbonate and is calcu-
lated as follows:

pHs=(93+ A+ B)—(C+ D) 2)
where: the values of A, B, C, D can be obtained
from:

. (Log|[TDS] — 1)

3

10 ©)

B=-13.12 X Log(°C+ 273) + 3455 4
C= Log[Ca*" as CaCO3] — 0.4 (3)

D = Log]| Total alkalinity as CaCOj3] (6)

Ryznar stability index

The Ryznar stability index (RSI) resembles
the Langelier saturation index, as both are based
on the water saturation level and can determine
the tendencies of water to precipitate calcium car-
bonate based on empirical data. A value of RSI
between 6.2 and 6.8 means that the water is sta-
ble. When the RSI value ranges between 5.5 and
6.2, water is considered to be scaling, but a heavy
scale is expected to be formed when the value of

RSI is inferior to 5.5. Furthermore, when the val-
ue of RSI is between 6.8 and 8.5, the water is cor-
rosive, and an RSI greater than 8.5 means that the
studied water is very corrosive (Hoseinzadeh et
al. 2013; Gholizadeh et al. 2017). RSI is a varia-
tion of LSI and is defined as follows:

RSI=2(pHs) —pH (7)

Puckorius scaling index

The Puckorius scaling index (PSI) consid-
ers the buffering capacity of water and the maxi-
mum precipitates needed to bring water to equi-
librium. PSI is based on RSI, but instead of us-
ing the measured pH, equilibrium pH (pHeq) is
used (Gholizadeh et al. 2017; Eslami et al. 2020).
When the value of PSI is less than 6, water is su-
persaturated and tends to be scaling, but when
PSI is greater than 6, water is undersaturated and
presents corrosive tendencies. PSI can be deter-
mined as follows:

PSI = 2(pHs) — pHeq (®)

where: pHs represents the pH at saturation and
pHeq refers to the pH at equilibrium and
is calculated as follows:

pHeq = 1.465 X log| Total

alkalinity as CaCO3] + 4.54 2

Aggressive index

The aggressive index (Al) was first designed
for monitoring water in asbestos pipes. An Al
value between 10 and 12 indicates that water is
moderately aggressive. Water becomes highly ag-
gressive when the Al value is less than 10. Con-
versely, when the Al value is greater than 12, the
water is non-aggressive (Hoseinzadeh et al. 2013;
Gholizadeh et al. 2017). The equation to obtain
Al is as follows:

Al=pH+ Log(A X H) (10)
where: A — refers to the total alkalinity (mg/l
as CaCO,);

H — represents the calcium hardness (mg/1
as CaCO,).

Statistical analyses

The R programming language (version
2022.12.0+353) was utilized for the statistical
analyses and the creation of the charts. Excel
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spreadsheet software was employed to calculate
the water stability indices (LSI, RSI, PSI, Al) and
all relevant parameters (pHs, pHeq, A, B, C, D).

RESULTS

The physicochemical analyses show that the
mean of calcium hardness for the cities of Rabat-
Salé-Bouknadel-Kenitra was 218.26 + 79.39 mg/1
as CaCO,, and the mean for Khemisset-Tiflet

cities was 210.69 + 116.76 mg/l as CaCO,. Alka-
linity mean values were 185.15 £ 49.92 mg/l as
CaCO, and 139.42 mg/l + 29.50 mg/l as CaCO,
for Rabat-Salé-Bouknadel-Kenitra and Khemis-
set-Tiflet, respectively.

Compared to Khemisset-Tiflet, which had a
minimum temperature of 25 °C and a maximum
temperature of 25.9 °C, Rabat-Salé-Bouknadel-
Kenitra cities displayed a more substantial tem-
perature variance, with a minimum of 21.3 °C
and a maximum of 28 °C.

Table 1. Summary of the analyzed physicochemical parameters

Parameter Min. 1st Quartile Median Mean 3rd Quartile Max. gtar?dgrd
eviation
Calcium hardness 33.23 139.28 203.28 212.57 267.85 563.08 98.18
(mg/l as CaCO,)
Total alkalinity
(mg/l as CaCO,) 54 128.2 178.5 173.6 213 288 52.04
pH 7 7.428 7.6 7.577 7.71 8.2 0.23
TDS (mg/l) 160 400 430 597.5 560 3460 435.74
Temperature (°C) 21.3 24.55 25.2 25.06 26.2 28.1 1.58
Chloride (mg/l) 0.1 226.7 308.3 418.7 500.1 3220.1 407.75
Table 2. Summary of the calculated water stability indices
) 1st . 3rd Standard
Index Min. Quartile Median Mean Quartile Max. deviation Nature of water
0,
LSl | 11248 | -0.1546 | 01475 | 01158 | 0397 | 0.8548 0.38 59% supersaturated,
likely to scale
RSI 6.182 6.805 7.217 7.345 7.872 9.84 0.68 75% corrosive
PSI 5.715 6.439 6.969 7.132 7.839 10.352 0.86 95% corrosive
Al 11.42 12.19 12.45 12.41 12.67 13.15 0.35 87% non-aggressive
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Figure 2. Values of the calculated Langelier saturation index (LSI) for each sample and city. (a) Water is
supersaturated and likely to scale when the LSI is positive. (b) Water is undersaturated and tends to be corrosive
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The mean and variance of the total dis-
solved solids (TDS) in the Khemisset-Tiflet cities
(1131.05 £ 603.02 mg/l) were significantly great-
er than the cities of Rabat-Salé-Bouknadel-Keni-
tra (437.46 + 82.27 mg/l). The same pattern was
registered for chloride concentrations between
the two groups of cities.

The pH mean values were 7.62 + 0.23 for Ra-
bat-Salé-Bouknadel-Kenitra and 7.40 + 0.17 for
Khemisset-Tiflet.

Table 1 presents the minimum, maximum,
median, mean, first and third quartiles, and stan-
dard deviation of the measured physicochemical
parameters used for the determination of the wa-
ter stability indices as well as chloride.

Table 2 shows the summary of the calculated
water stability indices (LSI, RSI, PSI, and Al).
Figures [2-5] provide the values and variance
of the Langelier saturation index (Figure 2), the
Ryznar stability index (Figure 3), the Puckorius
scaling index (Figure 4), and the aggressive index
(Figure 5) for each sample and city.

DISCUSSION

The analysis of the water stability indices
shows a variation in the corrosive nature of the
water between each index. The results show that
the means of the pH, total alkalinity, calcium
hardness, chloride, and temperature are 7.577
+0.23, 173.6 + 52.04 mg/l as CaCO,, 212.57 +
98.18 mg/l as CaCO,, 418.72 = 407.75 mg/I, and
25.16 £ 1.5 °C (Table 1), respectively. All water
samples had a pH value that respects the Moroc-
can standard set between 6.5 and 8.5. National
standards for alkalinity, total dissolved solids,
calcium, and calcium hardness are not available.

The water in the studied cities is 59% super-
saturated, likely to scale, and 87% non-aggressive
based on LSI (Figure 2) and Al (Figure 5), respec-
tively, and shows a corrosive tendency of 75% and
97% based on RSI (Figure 3) and PSI (Figure 4),
respectively. The samples with uniform corrosive
indicators (all indices showed that water tended
to dissolve scale and be corrosive) had an alkalin-
ity value less than 100 mg/l as CaCO,. Alkalinity
is the measurement of the acid-neutralizing ions,
such as bicarbonate and hydroxide, present in
water (Trick et al. 2018). Low water alkalinity in-
creases the rate at which cast iron pipes corrosion
occurs along with the quantity of iron released into
the water (Trick et al. 2018; Li et al. 2020).
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The samples collected from Rabat, Bouknadel,
Salé, and Kenitra were mainly supersaturated and
tended to scale according to the LSI (Figure 2),
with a percent of 50%, 67%, 78%, and 100%, re-
spectively. The water in Tiflet and Khemisset was
mainly corrosive based on the LSI (Figure 2). Ra-
bat, Salé, Bouknadel, and Kenitra are all coastal
cities with two drinking water supply systems.
The Bouregreg drinking water production sys-
tem mainly supplies Rabat, Salé, and Bouknadel,
while the North Fouarat supply system supplies
Salé, Bouknadel, and Kenitra. Meanwhile, Khem-
isset and Tiflet are inland cities with the El Kan-
sera Dam as the water supply source. Thus, the
variation in the corrosive and scaling tendencies
of water between Rabat-Salé-Bouknadel-Kenitra
and Tiflet-Khemisset may be due to the difference
in water sources between the two groups.

According to RSI (Figure 3), the highest
percentage of stable water was found in Kenitra
(50%), Bouknadel (50%), and Salé (48%). These
three cities are the only ones where all samples
were non-aggressive based on Al (Figure 5). All
of these samples had a calcium hardness value
higher than 240 mg/l as CaCO,. Calcium car-
bonate forms a protective layer on the surface of
pipes, thus decreasing the rate of corrosion (B.
Baird et al. 2017). Compared to soft water, galva-
nized, steel, and cast-iron piping have better per-
formance and lower corrosion rates in hard water,
whereas copper pipes experience pitted corrosion
in hard water (Brossia 2018). Calcium carbonate
precipitation rate increases in high temperatures,
leading to water scale formation, excess depos-
its, plugging issues, and decreased thermal con-
ductivity in domestic appliances (Richards et al.
2018). Casablanca was the only city where all
the water samples were corrosive (LSI and PSI),
highly corrosive (RSI), and aggressive (Al).

Kenitra recorded the lowest chloride con-
centrations (0.1 mg/l and 6.3 mg/l). The high-
est chloride values were recorded in Bouknadel
and Tiflet, with 1424.57 mg/l and 3220.1 mg/l,
respectively, surpassing the national standard
set at 750 mg/l. At concentrations as low as ten
mg/l, chloride may damage metallic pipes and
accelerate corrosion by forming complexes with
metals such as lead (Brossia 2018). High chloride
content increases salinity and affects microbial
growth, including the bacteria that reduce or oxi-
dize iron, known to increase corrosion (Xu et al.
2022). Chloride could also increase the corrosive
and scaling tendencies of the samples found to
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be scaling and stable according to the LSI, RSI,
PSI, and Al. Moreover, the studied samples had a
high chloride mean value of 418.7 = 407.75 mg/I.
Thus, chloride should be closely monitored to
avoid potential corrosion and pipe materials re-
lease, notably heavy metals.

An assessment of the corrosive and scaling
potential of drinking water supplied from Disi to
Amman in Jordan using the LSI, RSI, PSI, and
Al showed that the water had corrosive tenden-
cies of 34%, 31%, 28%, and 31%, respectively
(AlShamaileh and AlRawajfeh 2017). A study
conducted in the north of Iran on drinking wa-
ter quality showed that 98.11%, 79.25%, 18.88%,
and 1.89% of samples were scaling based on the
LSI, PSI, RSI, and Al, respectively (Mokhtari et
al. 2020). In another study in Iran evaluating cor-
rosion and scaling tendencies in water distribu-
tion systems of Torbat Heydariye, 40%, 100%,
93.3%, and 33.3% of the water network had cor-
rosive tendencies based on the LSI, RSI, PSI, and
Al respectively (Mirzabeygi et al. 2017).

The results indicate that the collected drinking
water samples show corrosive tendencies of 41%,
75%, 97%, and 13% based on the LSI (Figure 2),
RSI (Figure 3), PSI (Figure 4), and Al (Figure 5),
respectively. The variation between each index is
also present in other studies. Therefore, it is rec-
ommended to take into consideration revising and
instilling strict national standards of the param-
eters analyzed in this work, namely alkalinity, cal-
cium hardness, total dissolved solids, and chloride
as they can affect the corrosive and scaling nature
of water and the overall quality of drinking water.
This work shows the variation in the corrosive and
scaling potential of drinking water between dif-
ferent cities in Morocco. The findings might help
with better monitoring of drinking water quality
throughout water distribution systems in Morocco
to maintain the quality and stability of water and
decrease corrosion and scaling, thus providing safe
drinking water to the population and minimizing
the health risks associated with heavy metal re-
lease, and reducing economic losses due to water
corrosion and scaling impact on water distribution
systems and domestic appliances.

CONCLUSIONS

This study investigated the corrosive and
scaling potential of 100 samples collected mainly
from the Rabat-Salé-Kenitra region of Morocco.

The drinking water in the different studied cities
was found to be 59% supersaturated and likely
to scale based on LSI, showing corrosive tenden-
cies of 75% and 95% according to the RSI and
PSI respectively, and 87% non-aggressive based
on the Al. The drinking water samples in the cit-
ies of Rabat, Salé, Bouknadel, and Kenitra were
mostly supersaturated and likely to scale, and the
highest percentage of stable water was registered
among the samples collected from Kenitra, Salé,
and Bouknadel. Meanwhile, the drinking water
samples from the Khemisset and Tiflet cities were
mostly corrosive. The corrosive and scaling na-
ture of water varied according to the city drink-
ing water supply system source, and the cities
with the same drinking water supply system re-
corded similar corrosive and scaling tendencies,
explaining the variation of drinking water scal-
ing and corrosive potential between the cities of
Rabat-Salé-Bouknadel-Kenitra and the cities of
Khemisset-Tiflet. The pH values were all within
national standards. The chloride mean value was
418.7 £ 407.75 mg/l, with a maximum registered
concentration of 3220.1 mg/l in Tiflet, much
higher than the national standard set at 750 mg/I.
This study gives more insight into the scaling and
corrosive potential of drinking water in Morocco
and its variation between different cities of the
Rabat-Salé-Kenitra region. Due to the importance
of chloride, total dissolved solids, alkalinity, and
calcium in water quality control and the determi-
nation of the corrosive and scaling potential of
drinking water, it is recommended that national
standards be revised and instilled to ensure better
supervision of these parameters, improved stabi-
lization of drinking water, and provide safe drink-
ing water to avoid potential health risks.
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