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Abstract

This study investigated the characteristics of iron corrosion scales in pipes at tube well, overhead tank, and consumers’ end in
older untreated water distribution system in Peshawar city, Pakistan. Effect of water quality conditions on corrosion scales and
that of scales on drinking water quality in such systems was also assessed by undertaking a comparison with new piped
distribution systems. The scales were analyzed for chemical composition and morphology using X-ray diffraction (XRD),
inductively coupled plasma (ICP), and a scanning electron microscope (SEM), while water quality was examined for physico-
chemical and biological characteristics. The main crystalline phases of corrosion scales were goethite, magnetite, siderite, and
quartz. From tube well to consumers’ end, goethite increased from 36 up to 48%, quartz declined from 22 to 15%, while
magnetite fluctuated and siderite disappeared. Elemental composition of scales showed the deposition of Zn, Al, Mn, Cr, Pb,
Cu, As, and Cd with Zn (13.9 g/kg) and Al (3.6 g/kg) in highest proportion. The SEM analysis illustrated the presence of
microbial communities indicating the formation of biofilms in the corrosion scales. The significant difference (P < 0.05) in levels
of dissolved oxygen (DO), Cl, Si0,*, electrical conductivity (EC), SO,*,NO; , alkalinity, hardness, and trace metals between
old (DS-0O) and new piped systems indicated their role in corrosion scale formation/destabilization and the effect of scale
dissolution on water quality. In DS-O, EC, Cu, and Mn were significantly higher (P < 0.05), whereas turbidity, EC, DO, and
Si04* significantly increased from source to consumers’ end implying a higher dissolution of scales and lowered corrosion rates
in DS-O to utilize Si0,* and DO for iron oxidation.
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Corrosion scale formation in iron pipes used in drinking water
distribution systems is a common issue faced by municipal
authorities aiming to ensure regular and clean supply of pota-
ble water to the consumers. This issue is of more concern in
old distribution networks having extensively used pipes for
years with substantial deposits of scales. In water pipes, cor-
rosion scales and tubercles restrict the hydraulic flow; impair
water quality; increase the demand for chlorine, dissolved
oxygen (DO), and energy for water delivery; promote micro-
bial growth in biofilms; accumulate toxic chemicals such as
arsenic and other heavy metals; and release iron particles lead-
ing to colored water (Chaves and Manuel 2013; Sarin et al.
2004b).

Formation of corrosion scales in pipes is a natural phenom-
enon that mainly occurs due to reaction of oxygen in water
with metals like iron. Principally, the scales are composed of
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goethite, magnetite, lepidocrocite, siderite, ferrous hydroxide,
ferric hydroxide, ferrihydrite, green rust, and calcium carbon-
ate (Benjamin et al. 1996). When drinking water pipes are
used for several years, corrosion scales deposit over the inner
walls of the pipes. The deposited layers consist of a corroded
metal floor, a porous inner core layer, and a loosely accumu-
lated layer on solid-liquid interface (Li et al. 2016a). The com-
position and rate of corrosion depends upon several factors
such as the type of pipe inner material, temperature variations,
water flow in pipes, and microbial growth; however, water
quality conditions also play a key role.

Several water quality constituents have been reported
to influence corrosion such as alkalinity, dissolved oxygen
(DO), pH, hardness, natural organic matter, and chlorides
(Sarin et al. 2004b). Water may also contain dissolved
ions that react with the pipe material and causes its de-
composition (McFarland et al. 2008). Similarly, water
quality also affects the deposition of metals and their dis-
solution in water, thereby inducing chemical transforma-
tion (Gonzalez et al. 2013). Meanwhile, drinking water is
mandatorily treated in developed countries by employing
physical/chemical treatment and disinfection processes.
As a result, chemical, biological, and aesthetic character-
istics of water are changed to make it more acceptable
with removal of colloidal matter, hardness, and microbes
for instance. In Pakistan, water supply systems are poorly
managed with general lack of treatment, faulty distribu-
tion systems, cross-connections with sewerage lines and
sewage drains, and leaked or damaged pipes that result in
poor quality of drinking water (Altaf et al. 1993). The
resulting water quality due to such conditions may play
a major role in altering the composition and rate of cor-
rosion scales, which may be different at various points in
the distribution system such as at the source, overhead
tank (OHT), and consumers’ end depending on the spe-
cific conditions. Moreover, pipes are replaced after longer
periods of time, usually 25 to 30 years. This may lead to
extensive deterioration of pipes and formation of thick
scales to impair water quality and cause serious health
risks (Aziz 2005). On the other hand, corrosion scale
products may also induce a change in water quality char-
acteristics such as alkalinity, hardness, DO, pH, and buft-
er intensity and serve as a niche for the growth of micro-
organisms causing biological contamination of water
(McNeill and Edwards 2001; Yang et al. 2012).
Similarly, metals such as Cd, Fe, Pb, Cu, Al, Zn, and Cr
may leach from the pipe scales and materials into flowing
water (Gonzalez et al. 2013). Hence, the interaction of
water with corrosion scales and tubercles might signifi-
cantly affect the water quality characteristics in pipes.

While corrosion scales in water distribution pipes have
been studied before, scale composition and consequent ef-
fect on water quality at different points in the absence of

drinking water treatment in poorly managed distribution
systems has received less attention. The purpose of this
study was to find and compare the characteristics of corro-
sion scales in pipes carrying untreated water in an older
distribution system at the tube well (source), OHT, and
consumers’ end points. The study also aimed to assess
the effect on water quality in such systems from the source
to consumers’ end in comparison to distribution systems
with newly installed pipes.

Materials and methods
Study area and sampling

The study was conducted in District Peshawar, the capital of
Khyber Pakhtunkhwa Province in the northwest Pakistan.
Peshawar is located at 34° 02’ N, 71° 37" E having an area
of 1257 km? and population of 4.27 million with a population
density of 3396 km” (PBS 2017). Public water supply is main-
ly withdrawn from groundwater sources. In most parts of the
city, water is supplied untreated without any filtration or dis-
infection. The pipes are laid haphazardly with 37% above
ground often across/along open sewage drain and made of
galvanized iron (GI, 65%), PVC (21%), and asbestos cement
(13%) (USAID 2014).

For characterization of corrosion scales, samples of
pipe sections were obtained from a distribution system
(with untreated groundwater source) undergoing replace-
ment (Fig. 1). Pipe sections (76 cm in length) were ob-
tained each from the source (tube well pipe), overhead
tank (OHT) (from outflow pipe), and distribution system
(consumers’ end) that were all made of galvanized iron
and installed 25 to 30 years ago (USAID 2014). The cor-
rosion scales were extracted for analysis according to Li
et al. (2016b). For drinking water quality assessment,
samples were collected from three drinking water distri-
bution systems in the same area (Fig. 1) following stan-
dard protocols as described in Khan et al. (2013). The first
distribution system (DS-O) had older pipes of the same
age as the one sampled for corrosion scales in the same
vicinity while the two other systems (DS-N1) and (DS-
N2) had newly installed pipes. Due to absence of OHT in
most water distribution systems in the city including DS-
N1 and DS-N2, samples were collected only from the
source (tube well) and consumers’ end to compare water
quality status in the three systems.

Crystalline phase composition of corrosion scales
Crystalline matter of the scale samples was analyzed by X-

ray diffraction (XRD, PANalytical X’Pert PRO MPD). The
scale samples were first grounded with agate mortar and
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Fig. 1 Location of sampling points in the study area

pestle in anaerobic condition and then sieved out using a
1600-pum mesh. The XRD operational parameters were Ni-
filtered Cu-Karadiation (A of 1.5406A): the range of 20
values 3—-70° with a 0.02° step size. Crystalline phase
was identified using the Jade XRD software and crystalline
phase composition was determined quantitatively by
contrasted parameters of intensity method (Li et al. 2016b).

Elemental composition of corrosion scales

Elemental composition of scales was analyzed using plasma
mass spectrometry. The scale samples were first digested by
adjusting the pH to less than 2.0 with concentrated nitric acid.
Aluminum (Al), chromium (Cr), manganese (Mn), zinc (Zn),
arsenic (As), cadmium (Cd), lead (Pb), and copper (Cu) were
analyzed using inductively coupled plasma mass spectrometry
(ICP-PMS, NexION 300X, PerkinElmer, USA (Peng et al.
2010)).
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Scanning electron microscopy of corrosion scales

Scanning electron microscopy (SEM) was performed to ex-
amine the morphology of corrosion scales for the presence of
microorganisms using a Jeol 5910 scanning electron micro-
scope. The samples were first dehydrated using 50%, 70%,
95%, and 100% ethanol concentration and then subjected to
high concentration of amyl acetate to remove the ethanol im-
purities (Miller et al. 2005). The specimens were then
mounted with silver collodion adhesive to an aluminum
mounted stub. The samples were then coated with gold palla-
dium metal and observed under SEM.

Water quality analysis

Water samples were analyzed for physicochemical character-
istics and total coliform bacteria. For pH, electrical conductiv-
ity (EC) and turbidity measurements, inoLab pH meter
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(Model pH 7110), HACH conductivity meter (DR/3 spectro-
photometer), and HACH turbidity meter (Model 2100A) were
used respectively (HACH 2002). Alkalinity and total hardness
were measured following HACH methods 8203, 10247, and
8149 respectively (HACH 2002). For nitrates (NO5 ), nitrites
(NO, ), chlorides (CI), sulfates (SO4 2), and dissolved OXy-
gen (DO), standard methods 4500-NO3; C, 4500-NO, B,
4500-C1 D, 4500—80427 D, and 4500-O C were used respec-
tively (APHA 2012). Levels of these physicochemical param-
eters found in the old and new distribution systems have been
shown in Table 1. Total coliform bacteria were determined
using multiple tube dilution method (Harris et al. 2012).
Among heavy metals, Mn, Cu, and Cr were analyzed using
atomic absorption spectrophotometry (Hitachi-Z-2000).

Statistical analysis

Standard deviations have been used to indicate variation in
observed values. For comparison of water quality concentra-
tions at source (tube well) and consumers’ end in the distribu-
tion systems, significance tests were performed using two-
way ANOVA with IBM-SPSS version 22.0 (2013). Multiple
pairwise comparisons were also carried out for the marginal
means for significant main and interaction effect using the
Sidak method. For significant results, a P < 0.05 was used.

Results and discussion
Crystalline phase composition of corrosion scales

The XRD patterns showed that the main constituents of
scales in pipes from the source (tube well), OHT, and con-
sumers’ end were goethite (a-FeOOH), magnetite (Fe;0y,),
and quartz (Si0O,). Siderite (FeCO3) was observed only in
tube well and overhead pipes (Fig. 2). Goethite was found

in relatively higher proportions and showed a general in-
crease from tube well to distribution pipes. Dissolved ox-
ygen (DO) seemed to have caused this increase as it in-
duces the conversion of Fe?* to Fe**, which in turn in-
creases the chances of goethite formation (Benson 2009).
DO was present in the source water as found in the distri-
bution system with old pipes (DS-O) and increased from
4.4+£0.2 to 6+ 0.5 mg/L in the distribution lines most like-
ly due to aeration in the overhead tank (7.4 +0.3 mg/L).
DO also seems to have played a role in increasing the
magnetite content in the distribution pipe to 37% from
18% in the overhead tank pipe through oxidation of the
ferrous ions (Drissi et al. 1995). Magnetite is among the
more stable phases that are formed at low oxidation rates of
Fe (II) inside the scales (Sarin et al. 2004b). Besides DO,
anions such as Cl , SO427, and NO3; may also have con-
tributed to the formation of magnetite as they affect the
scale composition as well as the corrosion rates through
complexation with dissolved iron (Tamaura et al. 1981).
Moreover, formation of both magnetite and goethite has
also been linked to the relevant biochemical functions of
bacterial community found in corrosion scales such as
iron- and sulfur-oxidizing bacteria and iron-, sulfate-, and
nitrate-reducing bacteria (Wang et al. 2017). Siderite con-
tent was nearly the same in both the tube well and overhead
tank pipes but absent in the distribution line which is main-
ly caused by the oxidation of siderite to magnetite. Quartz
fraction was higher in the source pipes, which points to the
carryover of sand from the untreated source water
(Copeland et al. 2007).

For crystalline composition in GI pipe scales with treated
groundwater, Zhang et al. (2008) observed magnetite as the
main crystalline ferrous compound and also found goethite,
hematite (Fe,O5), and elemental Fe. Tang et al. (2006) found
akaganeite (B-FeOOH) and ZnO as the major crystalline
phases and also observed hematite and magnetite. Others have

Table 1 Mean concentration of physicochemical parameters in water distribution systems (SD in parenthesis)
Parameters DS-O (old) DS-N1 (new) DS-N2 (new)

Tube well Consumers’ end Tube well Consumers’ end Tube well Consumers’ end
Alkalinity (mg/L) 280 (2) 260 (12) 300 (3) 281 (10) 281 (3) 300 (11)
Turbidity (NTU) 1.6 (0.1) 2.8(0.2) 3.5(0.1) 1.6 (0.2) 1.5(0.1) 1.7 (0.1)
Hardness (mg/L) 370 3) 424 (5) 470 (3) 400 (66) 430 (2) 460 (11)
EC (uS/cm) 371 (2) 404 (2) 368 (4) 372 (3) 371 (2) 374 (2)
pH 7.7 (0.0) 7.4(0.2) 7.2 (0.0) 7.3(0.1) 7.2 (0.0) 7.4 (0.1)
Chlorides (mg/L) 553 (2.1) 60.5 (5.8) 55.0 (1.0) 39.2(6.9) 533 (2.1) 37.0 (6.6)
Sulfates (mg/L) 523 (2.1) 50.2 (1.7) 57.0 (1.0) 52(1.9) 54.7 (1.5) 522 (2.6)
Nitrates (mg/L) 1.2 (0.2) 6.5 (0.5) 8.9(0.2) 6.5(0.2) 1.2 (0.1) 1.5(0.2)
DO (mg/L) 4.5(0.3) 6.0 (0.5) 4.5(0.1) 4.1(0.3) 34(0.2) 3.6(0.2)
Silicates (mg/L) 1.6 (0.1) 2.8(0.2) 3.5(0.1) 1.6 (0.2) 1.5 (0.1) 1.7 (0.1)
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also reported the presence of lepidocrocite (y-FeOOH),
maghemite (y-Fe,03), and calcite (CaCO;) as well as
hydrotalcite-like compounds in some cases (Borch et al.
2008; Li et al. 2016a; Liu et al. 2015; Tang et al. 2006;
Zhang et al. 2008). The types and content of crystalline com-
pounds varied, which is usually attributed to water source,
hydraulic conditions, and pipe age (Liu et al. 2015; Yang
etal. 2012). In this study, the crystalline composition depicted
a different scenario with the observed four phases and the
variation in their contents at different points in the distribution
system. Goethite and magnetite were the predominant crystal-
line phases and their combined fraction increased from 59% at
tube well to 85% in the distribution pipe. Also noticeable was
the higher content of quartz in scales especially in the tube well
pipe that directly points to the effect of untreated source water.
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Fig. 3 Elemental composition of
scales in tube well, overhead tank,
and distribution pipes (shown in
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Elemental composition of scales

Elemental composition of scales showed the presence of ma-
jor metallic elements as well as toxic contaminants in the
order: tube well (Zn> Al>Mn >Pb > Cr> Cu> As>Cd),
overhead tank (Zn> Al>Mn>Cr>Cu>Pb> As>Cd), and
distribution system (Al>Mn>Zn> Cr>Pb > Cu> As>Cd).
The deposition and abundance of these constituents in scales
was dependent on the water quality and morphological condi-
tions in pipes and corrosion scale composition. In the study
area, presence of these constituents in drinking water has been
reported in various studies (Bacha et al. 2010; Khan et al.
2016) that may be one of the contributors to their occurrence
in scales. From the elemental composition, Zn and Al were the
most abundant (Fig. 3). The accumulation of relatively higher
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amount of Zn especially in tube well and overhead tank pipes
may have resulted from the galvanization layer on the pipe
having a Zn coat to prevent rusting (Sarin et al. 2001). Al
together with Cr and As exhibited a similar trend with a de-
cline in overhead tank from the source and then increase in the
distribution pipe (Fig. 3). Al and Cr have been reported to
mainly come from the use of cement mortar lining in pipes
(Gonzalez et al. 2013). In the studied distribution systems,
such linings were not used. Taps and metallic part portions
may also be one of the source (Veschetti et al. 2010); however,
presence of these heavy metals in scales could be tracked to
the source water from where they enter in trace quantities but
accumulate in corrosions scales in amounts exceeding those in
water by several order of magnitude (Peng and Korshin 2011).
The accumulation is augmented by the presence of various
iron oxides such as goethite and magnetite that have strong
potential to adsorb and assemble these and other trace heavy
metals in corrosion scales (Peng et al. 2010; Sarin et al. 2001;
Sun et al. 2017). In scales, Al content can be affected by
chlorides in water having an inverse relationship (Wang
etal. 2011). Chloride concentrations in water showed a corre-
spondingly opposite trend at the three points in DS-O as
shown in Table 1 below. In case of Cr, the fluctuations could
be linked to magnetite in scales that upon decomposition re-
leases ferrous ion, which reacts with Cr and reduces its con-
centration (Sedlak and Chan 1997). Meanwhile, As is released
from aquifers from the desorption of As adsorbed on mineral
oxides (mainly Fe, Mn, and Al oxides) that is enhanced in the
presence of silicate, bicarbonate, phosphate, and organic mat-
ter (Smedley and Kinniburgh 2002). In scales, As accumula-
tion has been reported to strongly correlate with Al concen-
tration due to adsorption of As by the aluminosilicate phase
essentially at neutral pH (Kim and Herrera 2010), as was the
case in this study. Also, variation in As content in scales at the
different distribution points may be affected by the corre-
sponding chloride concentrations reacting with free iron to
form FeClj; that acts as absorbent (Jeong 2005).

Mn and Pb showed a decrease from source to overhead
tank pipes and then increased in the distribution again. Mn
concentration might have reduced due to retention in the over-
head tank, whereas Pb deposition in scales could be affected
by various factors such as pH, alkalinity, and water flow
(Copeland et al. 2007). Nevertheless, further increase in both
Mn and Pb in the distribution pipes indicated contamination in
leaked sections of the pipes (Barbeau et al. 2011). For Cu and
Cd, concentrations decreased from source to overhead and
distribution pipes. The decrease in Cu levels may be explained
by the presence of Cu-reducing bacteria in the untreated water
that may use Cu and prevent it from deposition (Fish et al.
2016). The presence of bacteria was confirmed by the total
coliform bacteria in DS-O as 240, 540, and 1600 MPN/100 ml
in tube well, overhead, and distribution points respectively. A
decline in Cd may be caused by water stagnation in pipes and

the hardness and chloride levels (Barton 2005). In comparison
to distribution systems with GI pipes of the same age and
treated water (Liu et al. 2015), the fraction of metals deposited
in scales in this study was higher up to 2%, 52x, 1.6%, 22x,
25x, and 15% for Al, Cr, Mn, Cu, Zn, and Pb respectively.
With similar pipe material (GI), the comparatively higher pro-
portions of trace metals in scales may be linked to the untreat-
ed bulk water (and the accompanying suspended matter)
flowing through the pipes from where these metals are
retained and accumulated over a longer period of time through
bio-adhesion, sorption, chemical bonding, and settling (Liu
et al. 2017).

SEM of corrosion scales

The SEM results of corrosion scales showed acicular and
spherical crystal structures which could be recognized as goe-
thite and magnetite (Zhang et al. 2018). These crystals were
found at all points, i.e., in the tube well, OHT, and distribution
pipes (Fig. 4). Moreover, the microstructure of corrosion
scales revealed several laminar deposits, some of which
showed identical morphological resemblance with bacterial
biofilm communities, though microorganisms on the sampled
scale surface could have been damaged. The SEM analysis in
general showed the presence of microbial colonies in scales at
all the three points that have profuse interstices for the biofilm
development (Fig. 4). Moreover, different types of bacteria
seemed to prevail in the distribution system with rod-shaped
and elongated bacteria mostly observed at tube well and OHT
and filamentous bacteria in distribution pipes (Hong et al.
2010; Reyes et al. 2008; Wang et al. 2012).

Water quality status

Water quality analysis in all the three investigated distribution
systems (old and new) showed that except for Cr, Mn, and
total coliform, the levels of all the physicochemical parame-
ters were found within the WHO standards for drinking water
(Table 1). Concentrations of Cr and Mn were higher at both
the tube well and consumers’ end and the similar trend in all
the distribution systems indicated the occurrence in source
water. Total coliform bacteria were present in all samples
and exceeded WHO limits (5 MPN/100 ml) except for the
tube well sample in DS-N2 (Table 1). Generally, in all the
three systems, total coliform substantially increased in the
distribution network compared to source. The presence of
bacteria at source was attributable to the lack of treatment;
however, in distribution systems, sewage contamination in
leaking pipes as well as microbial growth due to absence of
disinfection could be the main cause. Meanwhile, the abun-
dant bacterial population in old distribution network at con-
sumer end compared to the new system further confirmed
bacterial growth in scales as observed in the SEM analysis.
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Fig. 4 SEM micrograph of
corrosion scales in a, b tube well;
¢, d overhead tank; and e, f
distribution pipes. Highlighted
regions signify biofilms/bacteria

Although the water quality parameters were within the per-
missible levels, interesting trends were observed from the
comparison of water quality in old and new distribution sys-
tems and the source and consumers’ end using the two-way
ANOVA. From the comparison of old and new pipe distribu-
tion systems, except for Cr, significant difference (P < 0.05)
was found in concentration of all the parameters (Table 2).
Pairwise comparison showed that the difference was signifi-
cant for alkalinity, turbidity, EC, CI", NO5 , pH, DO, SiO,*",
Cu, and Mn. For total hardness, significant difference of DS-O
existed only with DS-N2 and for SO4* with DS-NI.
Electrical conductivity, Cl', Cu, and Mn were significantly
higher in DS-O from both DS-N1 and DS-N2. In case of
EC, the comparatively higher levels at consumers’ end in
DS-O caused the significant difference that may be induced
by the dissolution and release of metal salts in the distribution
network from scale destabilization (Makris et al. 2014). For
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Cu and Mn, the higher concentration in DS-O could be traced
to the occurrence in source water. In contrast, alkalinity was
significantly lower from both DS-N1 and DS-N2, SO,*” from
DS-N1 and total hardness from DS-N2. However, levels of
these parameters were either lower from the source in DS-O
(such as hardness) or variation from tube well to consumers’
end (in case of alkalinity and SO4°") was not substantial to
induce a significant change in corrosion scale characteristics.

With respect to the comparison of water quality at tube well
and consumers’ end in each distribution system, significant
difference in general was found for turbidity, SO427, SiO447
and C1 (higher in tube well), and EC, NO; ™ and DO (higher at
consumers’ end). Turbidity was found decreasing from tube
well to consumers’ end in DS-N1, which indicated that
suspended solids have deposited in the distribution network
(Tong et al. 2016). On the contrary, turbidity increased in DS-
O from source to consumers’ end that pointed towards the
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Table 2  Trace heavy metals and total coliform bacteria in old and new distribution systems (SD in parenthesis)

Parameters DS-O (old) DS-N1 (new) DS-N2 (new) WHO standards
Tube well ~ Consumers’ end Tube well ~ Consumers’ end Tube well ~— Consumers’ end

Chromium (mg/L) 0.51(0.27) 0.43 (0.25) 0.31(0.30) 0.40(0.28) 0.31(0.30) 0.32(0.30) 0.05

Copper (mg/L) 244 (0.21) 1.80(0.25) 1.45(0.12) 1.47(0.55) 1.45(0.11) 1.49(0.55) 2

Manganese (mg/L) 0.86 (0.00) 0.86 (0.00) 0.78 (0.01) 0.76 (0.03) 0.78 (0.01)  0.77 (0.04) 04

Total coliform (MPN/100 ml) 12 1070 280 635 4 9 5

mixing of corrosion residues from old pipes into the flowing
water (Huang and Zhang 2005). Meanwhile, the increase in
SO4*” in DS-O could be linked to a higher ratio of goethite
and magnetite found in the corrosion scales (Yang et al. 2014).
For SiO4*", the pairwise comparison showed that its concen-
tration was decreasing in DS-N1 from tube well to consumers’
end but increased in DS-O. This was probably dictated by a
similar trend in hardness having a direct relationship (Tong
et al. 2016). Silicates have high sorption affinity for iron hy-
droxide and contribute to the formation of corrosion scales
and different iron oxides (Davis et al. 2002). An increase in
NO; concentration in DS-O indicated the occurrence of ni-
trification process in the presence of DO (Rizk 2016).
Whereas, the same in EC could have occurred due to higher
Fe*™* concentration and decomposition of iron oxides that in-
creases the electrical conductance (Triszcz et al. 2009).
Dissolved oxygen also increased significantly in DS-O from
tube well to consumers’ end. Corrosion scales are known to
use DO to oxidize the Fe?* ion to Fe** ions and form siderite.
However, as the corrosion process slows down in old systems,
the concentration of DO increases (Sarin et al. 2004a). The

absence of siderite formation in the corrosion scales in distri-
bution samples as shown in Section 3.1 also ascertained that
corrosion rate has dropped resulting in lesser utilization of
DO.

Moreover, the interaction effect further compared the water
quality of the three distribution systems each at the source
(tube well) and consumers’ end from the combination effect
of distribution system (new and old pipes) and specific con-
ditions at these distribution points. Overall, the mean differ-
ence from interaction effect was significant for most of the
parameters except SO4> and heavy metals. For tube well,
most of the variations seemed to mainly occur due to source
water quality. The multiple pairwise comparison revealed that
in tube well in DS-O, pH, Cu, and Mn were significantly
higher from both DS-N1 and DS-N2, while DO from only
DS-N1, whereas turbidity, hardness, SO427, and NOs;~ were
significantly lower only from DS-N1. Likewise, at the con-
sumer end, turbidity, EC, CI', DO, Si0447, and Mn in DS-O
were significantly higher from both DS-N1 and DS-N2 and
NO;  from only DS-N2, while alkalinity was significantly
lower from both the new systems (Table 3).

Table 3 Two-way ANOVA for

the effect of pipes in the Parameters Distribution system pipes (A) Distribution point (B) Interaction (A x B)

distribution system and

conditions at the tube well and Fvalues 77p2 Fvalues 77p2 F values 77p2

consumers’ end (distribution

points) on water quality Alkalinity (mg/L) 12.4% 54% 29 12% 11.6* 53%
Turbidity (NTU) 79.6* 88% 6.0%* 22% 193* 95%
Total Hardness (mg/L) 4.8% 31% 0.1 0.6% 8.1% 44%
EC (uS/cm) 7.9% 43% 12.1% 37% 6.5% 38%
pH 16.9%* 62% 0.003 0.0% 19.8%* 65%
Cl' (mg/L) 12.7%* 55% 15.1%* 42% 9.5% 48%
SO,* (mg/L) 5.7* 35% 16.1%* 44% 1.2 11%
NO; (mg/L) 949* 99% 94%* 82% 387* 97%
DO (mg/L) 53.2% 84% 11.0% 34% 17.6* 63%
Si04* (mg/L) 95.7%* 90% 8.9% 30% 228% 96%
Cr (mg/L) 62.2 6% 0.0 0.0% 19.3 2%
Cu (mg/L) 6.9% 40% 1.3 6% 1.8 15%
Mn (mg/L) 27.1% 72% 0.5 2% 0.4 4%

*Significant at P <0.05; 7],,2 = Effect size
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Conclusions

The main crystalline phases of corrosion scales in pipes were
goethite, magnetite, siderite, and quartz that varied at the tube
well, OHT, and consumers’ end. Elemental composition
showed the presence of Zn, Al, Mn, Cr, Pb, Cu, As, and Cd
with Zn and Al in highest proportion at all points. The crys-
talline composition and elemental abundance at different
points was affected by the changing water quality conditions
such as DO, CI, SiO4*", SO4* ", EC, alkalinity, and hardness
besides pipe morphological conditions. SEM micrographs of
scales revealed the presence of microbial colonies resembling
diatoms and elongated and filamentous bacteria. From water
quality assessment, EC, Cu, and Mn in DS-O were significant-
ly higher than in new piped systems confirming the dissolu-
tion from scales. Similarly, from source to consumers’ end,
turbidity, EC, DO, and Si0447 in DS-O significantly increased
(P <0.05) compared to new piped systems implying higher
dissolution of scale residues at consumers’ end and lowered
corrosion rates to utilize SiO4*~ and DO for iron oxidation.

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.
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