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Preliminary studies on the sediments collected from water meters of Krakow water supply system were per-
formed in the cooperation with the Municipal Water Supply and Sewage. Creation and deposition of sediments on
the measuring devices installed in the water supply system is a serious technological and economical problem for
water companies, defectively operating for this reason water meters must be replaced. It is evident that knowledge
of the chemical and phase composition of sediments is an important step towards resolving the problem of impurities
in water supply systems. Four different samples of sediments, coming from water meters, were investigated using
the proton-induced X-ray emission, the X-ray diffraction, the Fourier transform infrared and Raman spectroscopy.
The X-ray methods revealed presence of amorphous and fine-crystalline phases as well as high content of iron-based
compounds. As a crystalline phase, the most frequently appeared: goethite, lepidocrocite, iron oxides (hematite,
maghemite, magnetite), calcium carbonate, and quartz. In one of the samples, the nanocrystalline phase was
found and identified as hydrous iron oxyhydroxide ferrihydrite. Vibrational spectroscopy methods confirmed the
composition of crystalline phases as well as enabled to estimate the abundance of amorphous phase in samples.
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1. Introduction

In a great number of cities in the world water supply
network (WSN) being a part of the drinking water distri-
bution systems (DWDSs) is made of steel and cast iron.
Corrosion of water pipes results in the appearance of de-
posits which change the physical and chemical properties
of the water and make its organoleptic properties become
worse. Corrosion of steel parts having the direct contact
with drinking water can also stimulate processes of mi-
crobiological corrosion [1-3] and negatively influences the
hydrodynamic properties of WSN. It results in the need
of frequent flushing of WNS and the increase of WSN fail-
ure. Apart from negative influence on health aspects, this
problem should be also considered in economic terms.

Morphology and composition of corrosion scales
and deposits occurring in DWDSs have been studied
so far by many research groups [4-10]. Corrosion
scales wusually include inorganic iron-based com-
pounds such as iron(II) oxide-hydroxides (goethite
(a-FeOOH), akaganeite (8-FeOOH), lepidocrocite
(v-FeOOH)), iron oxides (hematite «a-Fey03),
maghemite (yFe3O3), magnetite (Fe3O4)), green
rusts ([Fe{éw) Fell'(OH)12]"F[(A)/n - yH20]"", where
x = 0.9-4.2, A is an n-valent anion — typically CO?,
Cl~ or SO?7, and y = 2 to 4), iron(II) hydroxide
(Fe(OH)3), and iron sulfides (e.g. pyrrhotite (Fej_5;S)).
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Some of the components are unstable such as green rusts,
which rapidly oxidize in the presence of air [10, 11].
On the other hand, widely occurring two-line ferrihy-
drite, a poorly crystalline Fe(III) oxyhydroxide of the
nominal chemical formula 5Fe;03-9H20 [12|, under
oxidative aqueous conditions gradually transforms to
more crystalline and stable Fe(III) oxides: goethite and
hematite [13, 14]. Furthermore, water sediments can
also contain quartz, sulfates, calcium carbonates, etc.

Chemical and phase composition of corrosion scales
and deposits has been determined using different meth-
ods such as elemental analysis [4, 15], X-ray diffrac-
tion (XRD) [6, 9, 10], scanning electron microscopy
(SEM) [8, 9, 10, 15], and vibrational spectroscopy [15].
The occurrence of water sediments is the main reason of
water meters failure in DWDSs. Progressively appearing
sediments are a great technological problem. Sediments
slow water meters down or even stop their mechanisms.
As a result, water meters measure lower volume of wa-
ter than flows through the WSN in reality. It induces
much more frequent exchange of water meters than it re-
sults from legalization regulations of meter devices. The
need to replace faulty water meters is a serious economic
problem for water supply companies [16].

Krakow DWDS of over 2100 km WSN length supplies
ca. 170 000 m? of water to citizens every day. Approx-
imately 1000 water meters of 20 to 100 mm diameter
is exchanged and investigated in this system annually
due to suspicion of their incorrect operation, i.e. wa-
ter meter stoppage or measuring too low water volume
compared with previous readout periods. In most cases,
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water meters failure is caused by corrosion scales, which
are formed in WSN before the individual water meters
and transported to the water meters by water stream.
Another reason of water meter stoppage can be a rela-
tively small amount of calcium carbonate-type sediment
which crystallizes on the water meter parts. Even small
amounts of the sediment located in a contact surface of a
rotor axis and a bearing can result in water meter failure.
Significant number of all exchanged devices corresponds
to water meters that are not stopped, but the presence of
sediments on moving parts (rotor blade, bearing) causes
the increase of friction forces and false water measure-
ments. As a result, the water meter has to be disassem-
bled and exchanged with a new one (water meters cannot
be repaired) [16].

The aim of this work is to investigate, for the first
time, chemical and phase composition of the sediments
deposited on measuring parts of water meters disassem-
bled from the Krakow DWDS. Due to high costs of ex-
change of faulty water meters in DWDSs, it is of great im-
portance to increase our knowledge of sediments, which
destroy water meters. Our analysis was performed us-
ing vibrational spectroscopies and X-ray methods to gain
deeper insight into sediments composition and, as a con-
sequence, to enhance our understanding about sediments
formation.

2. Materials and methods

Four samples of sediments (S1-S4) were collected from
various water meters of the Krakow DWDS, which have
been removed due to damage or malfunction. Samples
S1 and S2 were collected from water meters of 80 mm
diameter, their measuring parts have been stopped by a
large amount of deposited corrosion scales of brown-red
color. On the other hand, a sediment deposited on rotor
blades of 40 mm water meter was assigned as sample S3,
whereas a gray-brown sediment covering a rotor and an
inner part of a water meter of 100 mm diameter, which
was not stopped, but exchanged due to false water mea-
surements, was assigned as sample S4.

The phase analysis of sediments was performed by X-
ray diffraction (XRD) technique. The XRD measure-
ments were carried out using a Panalytical X’Pert Pro
diffractometer with Cu K radiation operated at 40 kV
and 30 mA. Measurements were carried out at room tem-
perature. All the samples, during the measurements,
were placed on the zero-background silicon plate. The
X'Pert HighScore ver 2.1 programs and ICDD PDF-2
database were used to identify the X-ray patterns.

Elemental composition of the samples was determined
by the use of EDS technique. The EDS spectra were
measured using HITACHI S-3500N microscope equipped
with secondary electron detector and NORAN 986B-
1SPS EDS analyzer with acceleration voltage of 10 kV.

Trace elements content was established by means of
proton-induced X-ray emission (PIXE) technique. The
PIXE analysis was done with the use of 2 MeV proton

microbeam of linear, electrostatic Van de Graaff accelera-
tor (INP PAN, Krakow). The proton beam diameter was
20 pm. Spectra were collected by semiconductor Si(Li)
detector with 190 ¢V of FWHM for Mn K, line and an-
alyzed using GUPIX program [17], PIXE measurements
were also done in order to confirm EDS results.

The Fourier transform infrared (FT-IR) spectra were
measured using a Bruker Vertex 70v spectrometer with
an OPUS 7.5 system in a transmission mode. The sam-
ples were well mixed into KBr powder, pulverized, and
prepared in the form of discs. The spectra were measured
with a spectral resolution of 4 cm ™! in the range from
4000 cm™! to 200 cm ™.

The Raman spectra were recorded using a Renishaw
InVia Raman spectrometer equipped with an optical con-
focal microscope, air-cooled lasers emitting at 532, 633,
and 785 nm, and an EMCCD detector thermoelectrically
cooled to —100°C. The dry Leica N PLAN EPI (50x, NA
0.75) objective was used. The power of the laser at the
sample position was ca. 0.03-0.2 mW depending on the
applied laser. The 10 scans with integration time of 20 s
and a resolution of 0.5 cm ™! were collected and averaged.
The spectrometer was calibrated using the Raman scat-
tering line generated by an internal silicon plate. The
samples were put directly on aluminum slides. A laser
spot was focused on the sediment surface and then the
measurement was performed.

3. Results and discussion

Optical microscope images of samples S1-S4
(Figs. 1A, 2A, 3A, 4A) indicate high heterogeneity
of the collected sediments. Since chemical composition
of the samples seems to be complex, only application of
complementary analytical methods will provide a full
description of sediment components.

The elemental composition measurements were per-
formed at different places of the sample and averaged.
Analyzed sample S1 (Fig. 1B) revealed a high content
of iron (65-70%) and relatively low abundance of silicon
(1.5-3.5%). Sample S1 contained also traces of sulfur and
calcium.

XRD pattern of sample S1 is presented in Fig. 1C. It
shows several peaks suggesting pure crystalline phases
and relatively large background indicating significant
contribution of amorphous phase. Contribution of crys-
talline and amorphous phases was estimated of the simi-
lar level. Identified peaks proved the presence of goethite
and lepidocrocite with contributions equal to 71% and
29%, respectively.

Chemical composition of both amorphous phase and
the crystalline phase can be determined by vibrational
spectroscopy methods. FT-IR spectrum of sample S1 is
shown in Fig. 1D. As can be seen, the spectrum exhibits
characteristic bands of iron(III) oxide-hydroxides and
iron oxides. Indeed, hematite and goethite bands can be
observed in the region from 250 cm™! to 500 cm ™! with
maxima at 285 cm ™!, 430 cm ™! (goethite) and 460 cm ™!
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Fig. 1. Sample S1: optical image (A), PIXE spectrum

(B), XRD pattern (C), FT-IR spectrum (D), and Ra-
man spectra (E) (H — hematite, M — magnetite, G —
goethite, L. — lepidocrocite.
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Fig. 2. Sample S2: optical image (A), PIXE spectrum

(B), XRD pattern (C), FT-IR spectrum (D), and Ra-
man spectra (E) (H — hematite, M — magnetite, Mm
— maghemite, G — goethite, L — lepidocrocite).

(hematite) [18-20]. A shoulder band at 580 cm ™! can be
assigned to magnetite [19-21], however, both hematite
and goethite exhibit absorption in that region as well.
Additionally, a characteristic doublet with maxima at
800 cm ! and 880 cm ™! comes from goethite [18, 19].
Due to mentioned heterogeneity, the Raman spectra
were collected from various places along the sample.
Figure 1E shows two representative spectra from sam-
ple S1. A red spectrum reveals characteristic bands of
hematite and magnetite, whereas the blue one confirms
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Fig. 3. Sample S3: optical image (A), PIXE spectrum
(B), XRD pattern (C), FT-IR spectrum (D), and Ra-
man spectra (E) (H — hematite, Mm — maghemite, F
— ferrihydrite).
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Fig. 4. Sample S4: optical image (A), PIXE spectrum
(B), XRD pattern (C), FT-IR spectrum (D), and Ra-
man spectra (E) (H — hematite, C — calcite, G —
goethite).

the presence of goethite and lepidocrocite. Indeed, bands
with maxima at ca. 225, 245, 290, 410, 495, 610, and
1315 cm™! observed in the first spectrum are character-
istic for hematite found in corrosion scales [15, 22, 23].
On the other hand, a broad band at 660 cm ™! comes from
magnetite. The second spectrum exhibits completely dif-
ferent pattern with the most intense band at 395 cm !,
which can be assigned to goethite. However, a slight

broadening on the low-wave number side of this band
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suggests also the presence of lepidocrocite. Other bands
observed in the blue Raman spectrum can be assigned
either to goethite (300 cm™! and 550 ¢cm™!) or lepi-
docrocite (250 cm™1) [15, 22-25]. A band at 695 cm ™!
comes from both mentioned oxide-hydroxides.

Elemental composition of sample S2 is very similar
to the composition of sample S1. According to PIXE
(Fig. 2B) and EDS spectra (data not shown), sample
S2 contains mainly iron (ca. 60-75%) and small amount
of silicon (1.5-3%) and sulfur (1%). Moreover, a few
elements such as calcium and chlorine were found with
concentrations lower than 1%.

XRD pattern of sample S2 (Fig. 2C) shows many
peaks suggesting a very complex chemical composition
of the crystalline phase. Indeed, several compounds were
identified in this phase including iron oxide-hydroxides
(goethite (32%) and lepidocrocite (19%), iron oxides
(hematite (13%), maghemite (10%), magnetite (7%), and
quartz (16%). Furthermore, sample S2 contains proba-
bly non-stoichiometric iron sulfides (3% in the crystalline
phase). Similarly to sample S1, XRD results reveals sig-
nificant contribution of amorphous phase, this was esti-
mated in this sample to be equal to 60%.

FT-IR spectrum of sample S2 (Fig. 2D) exposes
mainly bands characteristic for iron oxide-hydroxides
and iron oxides. The most intense band in the spec-
trum (460 cm™!) can be assigned to hematite |18, 19].
Other bands in this region come from goethite 410 cm™1)
or both goethite and lepidocrocite (270 cm~™! and
360 cm~!) [18, 19]. As it was shown for sample S1,
the presence of goethite can be also confirmed by two
bands with maxima at 800 cm ™! and 880 cm ™! [18, 19].
Furthermore, the FT-IR spectrum exhibits characteristic
bands of lepidocrocite at 750 cm™! and 1020 cm™!. As
previously, a shoulder band at 580 cm ™! can be assigned
to magnetite [19-21]. In contrast to sample S1, FT-IR
spectrum of sample S2 shows several bands of significant
intensity in the region from 1300 cm™! to 1700 cm™ 1.
These bands come probably from stretching and bend-
ing vibrations of methylene and methyl groups present
in organic compounds.

The Raman spectra collected from various places along
the sample S2 show different shapes (Fig. 2E). A red
spectrum exhibits characteristic bands of goethite and
lepidocrocite. Thus, the most intense bands with max-
ima at 250, 530, and 1290 cm ™! come from lepidocrocite,
whereas a band at 300 cm~! and a shoulder at 555 cm™!
can be assigned to goethite. Other bands present in this
spectrum (390 cm ™! and 650 cm 1) originate from both
goethite and lepidocrocite [15, 22-25]. The blue spec-
trum shows a broad intense band at 665 cm™!, which
is characteristic for magnetite. Similarly to sample S1,
bands characteristic for hematite can be observed in the
green spectrum with maxima at 220, 245, 290, 405, 500,
610, and 1315 cm™! [15, 22, 24|. Furthermore, magnetite
occurrence can be proven by the presence of a band at
660 cm . However, this band shows a broadening to-
wards higher wave numbers suggesting overlapping with

another band, which together with a band at 1590 cm ™!
come probably from maghemite [15, 22-25]. The pres-
ence of maghemite was also suggested in this sample by
XRD studies (Fig. 2C).

X-ray diffraction and spectroscopic analysis of deposits
taken from samples S1 and S2 shows unequivocally that
both samples contain mainly corrosion products of iron,
i.e. iron(IIl) oxide-hydroxides and iron oxides. Indeed,
goethite, lepidocrocite, hematite, maghemite, and mag-
netite were identified in these samples. Furthermore,
XRD results confirmed the presence of quartz and iron
sulfides in sample S2.

Sample S3 was collected from rotor blades of a water
meter. Analysis of elemental composition of sample S3
(Fig. 3B) indicates iron (ca. 60%) as a main element. Iron
is accompanied by calcium (4-5%), silicon (ca. 2.5%),
and chlorine (ca. 1%). Traces of phosphorus and sulfur
were found in this sample as well.

XRD pattern of sample S3 (Fig. 3C) shows only two
broad peaks, which can be assigned to ferrihydrite. It
is a poorly ordered fine crystallized hydrous iron oxide
commonly present in water sediments [26, 27].

The occurrence of ferrihydrite was confirmed by FT-IR
and Raman spectroscopy (Fig. 3D and 3E, respectively).
FT-IR spectrum of sample S3 (Fig. 3D) shows charac-
teristic bands found in ferrihydrite spectrum (475, 1380,
1450, and 1625 cm™!) as well as broad bands assigned
to maghemite (a shoulder of the 475 cm™! band and
overlapping bands in the region of 850-1200 cm™!) [18-
20]. As it has been proven in literature [26], formation
of maghemite can result from thermal transformation of
ferrihydrite during the measurement. The final prod-
uct of the transformation is hematite (not proved by the
FT-IR spectrum). The Raman spectra (Fig. 3E) col-
lected from sample S3 exhibit a characteristic band for
ferrihydrite (700 cm~1), bands coming from maghemite
(1320 ecm~! and 1560 cm~!) as well as bands assigned
to hematite (215, 275, and 385 cm™!) [26]. A small shift
of hematite bands in the Raman spectrum of sample S3
results from the laser power dependence of the hematite
band positions noted previously in [22]. As can be seen,
apart from most abundant ferrihydrite, the Raman spec-
tra show both an intermediate product (maghemite) and
the final one (hematite) of ferrihydrite thermal transfor-
mation.

Some sediment found on inner parts of a rotor (e.g. ro-
tor axis) was collected and assigned as sample S4. PIXE
(Fig. 4B) and EDS analysis of sample S4 show this sam-
ple to be rich in calcium (ca. 40%) and iron (ca. 38%).
However, several other elements were found in this sam-
ple including silicon (1-2%), phosphorus (1%), and traces
of sulfur, magnesium, manganese, and chlorine.

XRD pattern of sample S4 (Fig. 4C) shows a few nar-
row peaks suggesting a well-crystallized phase. Indeed,
analysis of the peak positions revealed the presence of
one component, which was identified as calcite.

Fingerprint region of FT-IR spectrum of sample S4
(Fig. 4D) shows a few bands with maxima at 310, 715,
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875, 1420, and 1800 cm~!. These bands are characteristic
for calcite [28, 29] confirming very high concentration of
this carbonate in the sample. Apart from calcite, sample
S4 contains small amounts of iron oxides such as hematite
demonstrated by the presence of a band at 470 cm™! in
the FT-IR spectra [18-20].

Raman spectra of sample S4 (Fig. 4E) reveal a very
intense band at 1085 cm™! assigned to calcite [30, 31].
Other characteristic bands of this compound can be
found at 155, 280, and 710 cm ! [30, 31]. As can be seen,
the red spectrum is free from other components, whereas
the blue and green ones show some additional signals.
The blue spectrum exhibits, besides calcite, bands char-
acteristic for hematite, i.e. 225, 245, 290, 410, 500, and
610 cm ™! [15, 22, 23]. Additionally the green spectrum
confirms the occurrence of goethite based on character-
istic bands at ca. 300 cm ™! and 395 cm ™! [15, 22-25].

X-ray and spectroscopic analysis of samples S3 and
S4 show that their chemical composition differs not only
from the previous samples (sample S1 and S2), but also
between each other. Sample S3 contains mainly ferri-
hydrite, whereas sample S4 is rich in calcite. PIXE
and EDS gave better insight into elemental composi-
tion, whereas XRD was useful for chemical analysis of
the crystalline phase. Fortunately, both crystalline and
amorphous phase can be investigated using vibrational
spectroscopy methods, i.e. infrared and the Raman spec-
troscopy. Due to characteristic pattern in the vibrational
spectra, corrosion products can be easily identified by
these methods providing chemical data on the sediments
composition. Information gathered from X-ray and spec-
troscopic methods gave us a full chemical description of
the samples, which brought us closer to better under-
standing of sediments formation mechanisms.

4. Conclusions

Four sediments collected from water meters of the
Krakow DWDS were measured using X-ray and vibra-
tional spectroscopy methods in order to analyze their
chemical and phase composition. Samples S1 and S2,
deposited corrosion scales of brown-red color, were found
to be rich in iron and contain similar level of amor-
phous phase and the crystalline one. Both samples con-
sist mainly of corrosion products such as iron(III) oxide-
hydroxides and iron oxides. Significant amounts of quartz
were detected in sample S2 as well. Sample S3, a sedi-
ment collected from rotor blades, was identified as fer-
rihydrite and poorly crystalline Fe(III) oxyhydroxide.
However, thermal products of ferrihydrite transforma-
tion, hematite and maghemite, were additionally iden-
tified by vibrational spectroscopy. Finally, sample S4
was found to be rich in calcium and iron, which was con-
firmed by spectroscopic methods used in this study. XRD
determined crystalline phase to contain calcite, whereas
vibrational spectroscopic methods enabled identification
of hematite and goethite as well. To sum up, X-ray and
spectroscopic analysis of the samples revealed corrosion

products as main components of the collected sediments
with iron(III) oxide-hydroxides and iron oxides as most
frequently occurring compounds. Only sample S4 was
dominated by calcite coming from water hardness and
accompanied by corrosion products. As can be seen,
samples studied in this work showed high heterogene-
ity and diversity of chemical composition. Only appli-
cation of different and complementary methods gives a
powerful tool for chemical analysis of water sediments.
Our work demonstrates the usefulness of X-ray and vi-
brational spectroscopy methods for full determination of
phase and chemical composition of the sediments de-
posited on water meters. These methods can be success-
fully applied for further analyses to increase our under-
standing about sediments composition and mechanisms
of their formation.
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