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Abstract: Deionized, tap and two kinds of commercially
available mineralized water, after supplementation with
ammonia, were treated with low-pressure, low-temperature
glow plasma (GP) of low frequency. Treating hard water
with ammonia provided the removal of permanent and
temporary water hardness already at room temperature. On
such treatment, mineralized water supplemented with
ammonia was partly demineralized. Precipitated rhombo-
hedral deposit from hard water did not turn into scale even
when maintained in suspension for 3 days at around 90°C.
In such manner, the use of other chemicals for prevention
from the scale formation and/or for the scale removal is
entirely dispensable. The rate and yield of precipitation
depended on the concentration of admixed ammonia and
the GP treatment time. Ammonia served as a ligand of
calcium, magnesium and ferric central atoms of corre-
sponding salts constituting the hardness. Moreover, am-
monia constituting the atmosphere of the treatment was
arrested inside aqueous clathrates. So, stabilized ammonia

* Corresponding author: Wojciech Ciesielski, Institute of
Chemistry, Jan Dtugosz University, Armii Krajowej Ave., 13-15,
Czestochowa, Poland, e-mail: w.ciesielski@interia.pl
Aleksandra Ciesielska: Faculty of Chemistry, University of Gdansk,
Wita Stwosza St. 63, 80-308, Gdansk, Poland,

e-mail: olaciesielskas5@gmail.com

Henryk Kotoczek: Institute of Chemistry and Inorganic Technology,
Krakow University of Technology, Warszawska Str. 24, 31 155,
Krakow, Poland, e-mail: koloczek@indy.chemia.pk.edu.pl
Damian Kulawik: Institute of Chemistry, Jan Dtugosz University,
Armii Krajowej Ave., 13-15, Czestochowa, Poland,

e-mail: d.kulawik@ujd.edu.pl

Joanna Koinczyk: Institute of Chemistry, Jan Dtugosz University,
Armii Krajowej Ave., 13-15, Czestochowa, Poland,

e-mail: j.konczyk@ujd.edu.pl

Zdzislaw Oszczeda: Nantes Nanotechnological Systems, Dolnych
Mtynéw Str. 24, 59 700, Bolestawiec, Poland,

e-mail: z.oszczeda@nantes.com

Piotr Tomasik: Nantes Nanotechnological Systems, Dolnych
Mtynéw Str. 24, 59 700, Bolestawiec, Poland,

e-mail: rrtomasi@cyf-kr.edu.pl

solutions could potentially be utilized as an environmental-
friendly nitrogen fertilizer. The precipitate could also be
utilized for the same purpose.
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1 Introduction

From a chemical point of view, water which is commonly
used in everyday life cannot be considered pure. Even
when either redistilled or thoroughly deionized, it is, in
fact, a solution of components of the atmosphere in which
these operations were carried out. The gaseous compo-
nents cannot be fully evacuated from those solutions
even under a deep vacuum. Such water, particularly
when containing dissolved oxygen, is corrosive which is
essential on its technical applications. If not either
deionized or distilled, water contains dissolved mineral
salts. Sulfates and hydrogen carbonates of calcium,
magnesium and iron are responsible for the so-called
permanent and temporary water hardness, and the other
salts constitute water mineralization. Both kinds of
hardness cause a scale deposition in water-heating
systems and water-transmitting pipelines. Calcium and
magnesium sulfates precipitate and go into scale after
reaching the saturation point in a given solution. In
contrast to them, magnesium and chiefly calcium
bicarbonates precipitate even from their diluted solutions
because of the shift in the equilibrium of the reaction

Ca(HCOs;); = CaCOs + H,0 + CO,

to the right side. Water-soluble hydrogen carbonate
decomposes into water insoluble carbonate, water and
CO,. Calcium carbonate precipitates as rhombohedral
aragonite forming a mud which successively turns into
developing scale rhombic calcite.

There are several unwanted consequences of the
scale formation. The costs of heating water in the scale-

8 Open Access. © 2020 Aleksandra Ciesielska et al., published by De Gruyter. This work is licensed under the Creative Commons Attribution

4.0 International License.


https://doi.org/10.1515/chem-2020-0166
mailto:olaciesielska5@gmail.com
mailto:w.ciesielski@interia.pl
mailto:koloczek@indy.chemia.pk.edu.pl
mailto:d.kulawik@ujd.edu.pl
mailto:j.konczyk@ujd.edu.pl
mailto:z.oszczeda@nantes.com
mailto:rrtomasi@cyf-kr.edu.pl

1196 —— Aleksandra Ciesielska et al.

covered heating systems producing hot water and/or
steam increase. Perturbed heat transmission can result
in local overheating. Gradual closing pipes require more
energy for transmitting fluids across them.

In order to manage with scale, two approaches are in
use. One prevents the scale formation and the other
takes its removal once it forms. The most common
methods involve (i) deionization of water with ion
exchangers, (ii) blowing CO, into water to hinder the
decomposition of calcium/magnesium hydrogen carbo-
nate into the corresponding carbonates, (iii) addition of
polyphosphates and (iv) treatment of water with static
magnetic as well as electric field. Once the precipitate of
aragonite is formed, it should be removed prior to its
conversion into calcite scale by either blowing with
steam or air or by filtration. Moreover, (v) the removal of
hardness through an accelerated precipitation of calcium
carbonate may be involved. For this purpose, a blend of
lime and sodium carbonate is added at 60-80°C. The
selected approach depends on the destination of the
water after the treatment, parameters of the installation
prevented from the scale and, generally, economy of the
process [1-5].

In former papers, the ability of low-temperature,
low-pressure glow plasma (GP) of low frequency to
modulate water macrostructure and, hence, its physical,
physicochemical and functional properties was demon-
strated. These properties depended, among others, on
the time of exposure of the water to GP and the
atmosphere under which the GP treatment was per-
formed. Thus far, the effect of the air [6], oxygen-free
nitrogen [7], carbon dioxide [8], methane [9] and oxygen
[10] upon results of the GP treatment was published. In
the course of our studies, we found that the energy of
applied GP never broke valence bonds and could not
initiate any chemical reaction. Thus, on the treatment of
water in the air as well as under pure oxygen, neither
hydrogen peroxide nor ozone was formed.

In this paper, results of the GP treatment upon either
deionized or tap water under ammonia are presented.
The preparation of water with potentially interesting
functional properties was the driving force for this study.
It has appeared that such treatment of water offered a
simple removal of permanent and temporary water
hardness. A fine mineral deposit which was formed
had no tendency to turn into the scale. In such manner,
any involvement of other chemicals appeared dispen-
sable. Resulting water hosting ammonia in aqueous
clathrates was practically odorless. Therefore, it could be
either comfortably recirculated or potentially utilized as
environmentally benign nitrogen fertilizer. For its
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composition, the precipitates could also be utilized for
the same purpose.

2 Materials and methods
2.1 Water characteristics

- Commercially available deionized water contained
totally 20.04 mg minerals/L (0.25mg Ca®*/L, 0.12mg
Mg?*/L, 0.08mg Na'/L, 18.30mg HCO;7/L, 1.28 mg
SO,~/L, 0.01mg CI7/L).

- Tap water: municipal water from the Czestochowa
supply system containing totally 672.28 mg minerals/L
(193.27 mg Ca**/L, 46.21mg Mg**/L, 23.18 mg Na'/L,
527mgK*/L, 351.90mg HCO;~/L, 51.20mg SO,~/L,
6.52mg Cl/L and 40 pg Fe/L).

- Highly mineralized water: Commercially available
water “Kryniczanka” highly saturated with CO, con-
taining totally 2246.1 mg minerals/L (368.92 mg Ca*"/L,
73.209mg Mg®*/L, 54.71mg Na'/L, 527mgK'/L,
1721.9 mg HCO57/L, 40.50mg SO, /L, 7.8mg Cl7/L
and 0.4mgF~/L).

- Weakly mineralized water: Commercially available
nonsaturated with CO, water “Kropla Beskidu” con-
taining totally 322.27 mg minerals/L (44.9 mg Ca’'/L,
17.01 mg Mg**/L, 11.10 mg Na*/L, 1.0 mg K*/L, 186.7 mg
HCO57/L, 43.62mg SO, /L and 3.19 mg CI"/L).

2.2 Methods
2.2.1 Water treatment with GP

Either deionized, tap, high- or low-mineralized water
(100 mL) was blended either with (i) saturated at room
temperature aqueous ammonia puriss., anhydrous,
>99.95% (Sigma-Aldrich, Warsaw, Poland) (1, 2.5, 5, 7.5
or 10 mL) or with (ii) aqueous 0.01 M solution of sodium
hydroxide anhydrous, free-flowing pellets, >97%
(Sigma-Aldrich) (1, 5 or 10mL) and placed within
250 mL polyethylene bottles. The bottles were transferred
into the chamber of the reactor [11,12] and exposed to
plasma for either 1, 5, 15, 30, 60 or 120 min. Plasma of
38°C was generated at 5 x 10> mbar, 600 V, 50 mA and
280 GHz frequency. The corresponding nontreated water
and the corresponding nontreated aqueous hydroxide
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solutions served as primary and secondary controls,
respectively.

2.2.2 pH measurements

pH values were taken at ambient temperature (~20°C)
with the Metrohm 827 lab pH meter Metrohm Polska Sp.
z 0.0. (Opacz-Kolonia, Poland). The measurements were
run in triplicates.

2.2.3 Conductivity

Conductivity measurements were performed at room
temperature. Measurements were run in triplicates. An
inoLab, Pol-Eko-Aparatura (Warsaw, Poland), conduct-
ometer was employed.

2.2.4 Precipitates and their analyses

2.2.4.1 Weight analysis

On the GP treatment of tap and mineralized waters, fine
precipitates were separated from solutions by centrifu-
gation at 500 rpm. They were collected either directly
after separation or after their 3 days maintenance in
aqueous suspensions at ~90°C. Weights of samples were
measured in triplicates with the analytical laboratory
scale RADWAG AS 220.R2 (Radom, Poland) with a
precision of +0.0001 g.

2.2.4.2 Cation chromatography, estimation of Ca%",
Mg?*, Na* ions in solutions after the removal of
deposits

Estimation of cations in solutions after the removal of
deposits was performed at 22°C using ionic chromatograph
940 Professional IC Vario 1 (Metrohm, Opacz-Kolonia,
Poland) with conductometric detection, 919 IC automatic
sampler and Metrohm Metrosep C6 (4 x 150 mm) columns.
The instrument operated involving the Metrodata 2.3
computer software. 2,2’-dipirydyne-4-carboxylic acid
(PDCA) (1.7 mM) with HNO; (1.7 mM) served for elution.
The eluent was stored in 1L vessels pressurized at 8 p.s.i.
using high-purity argon (BOC Gases, Guildford, Surrey,
England, UK). The flow rate of 0.9 mL/min was maintained
using a GP40 gradient pump (Dionex, Synnavale,
California, USA). Injection volume was 100 pL.
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2.2.4.3 Anion chromatography, estimation of S0, Cl-
ions in solutions after the removal of deposits

Ionic chromatograph Thermo Scientific (Dionex ICS
3000) (Dionex, Synnavale, California, USA) was used.
It was equipped with gradient pump, vacuum degassing
system eluent generator, automatic sampler (AS-AP),
AERS™300 -2mm suppressor, Dionex IonPac AS20
(2 x 250 mm) column with AG20 (2 x 50 mm) precolumn
for ion detection and separation, respectively, and
Chromeleon 7 computer software. Aqueous KOH solution
(40 mM) served as an eluent. The eluent was stored in 1L
vessels pressurized at 8 p.s.i. using high-purity argon (BOC
Gases, Guildford, Surrey, England, UK). The flow rate of
0.25 mL/min was maintained using a GP40 gradient pump
(Dionex, Sunnyvale, California, USA). Injection volume
was 10 pL. Estimations were carried out at 30°C.

2.2.4.4 Quantitative estimation of the HCO5™ anion

Samples of water (100 cm’) were titrated with 0.05M
solution of hydrochloric acid with methyl orange
indicator. The HCO5™ content, C, [mg/dm’] was derived
from equation (1)

_ V x k x 1000
Yo

C D
where V- volume of hydrochloric acid [cm?®], k - titer of
hydrochloric acid solution with respect to the HCO5;™
anions (3.05mg HCO; /cm?) and V,-volume of the
titrated sample [cm®]. The measurements were run in
triplicates.

2.2.4.5 Quantitative nitrogen estimation

Nitrogen content in precipitates deposited from the GP-
treated ammonia added tap water was performed with
CHNS Elemental Analyser (©elementar Analysensysteme
GmbH, Langenselbold, Germany) on 0.1 g samples. Error
of the estimation was <0.2% of the estimated value. The
measurements were run in triplicates.

2.2.5 Differential scanning calorimetry (DSC)

The thermal DSC-TG-DTG analysis was carried out with
the NETZSCH STA-409 simultaneous thermal analyzer
(Selb, Germany) calibrated with standard indium, tin,
zinc and aluminum of 99.99% purity. Samples of
approximately 0.020 g deionized water and deionized
water containing 3% ammonia were heated in corundum
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crucibles with nonhermetic lids. Corundum (SINGLE *R)
was the standard. The heating was performed under
static conditions in the air in the range of 20-400°C with
the 5Kmin~" temperature rate increase. The measure-
ments were duplicated. They provided the =+0.5°C
precision in the temperature reading.

2.2.6 Raman spectra

The spectra were taken with a Perkin-Elmer MPF44A
Fluorescence Spectrophotometer (Waltham, MA, USA)
equipped with a xenon lamp and 4mL quartz cell.
The spectra were recorded in the range from 350 to
650cm™! for deionized water, deionized water 0.1%
ammonia added prior to and after exposure to plasma for
60 min.

2.2.7 X-ray powder diffractometry

X-ray powder diffractometer URD-6 (Cu-Ka radiation,
step mode of scanning) (Freiberg, Germany) was used.
2.2.8 Diffractogram simulations

Diffractograms were taken following the paper by
Shtender et al. [12]. Performed simulations were per-

formed based on SHELX-97 software package [13] and
Cambridge Structural Database [14,15].

0.125
|
‘é 1/ T %m

0.005
500

Raman shift [nm]

550

DE GRUYTER

Ethical approval: The conducted research is not related
to either human or animal use.

3 Results and discussion

It was shown in our recent paper [6] that in the Raman
spectrum of plain water prior to its GP treatment, a sharp
peak observed around 350 nm (in Raman shift) was
followed by a long weak shoulder and another sharp but
less intensive peak around 700 nm. On treating that
water with GP, an intensive broad peak formed at
around 400nm accompanied by a broad shoulder
at around 440 nm. The intensity of the band observed
around 400 nm increased with time of the GP treatment,
and at the same time, the shoulder around 440 nm has
transformed into a separate band. It should be under-
lined that these bands did not form when the water was
treated without contact with the air. Based on this
observation and paper by Ramya and Venkanathan [16],
declusterization of the water macrostructure was postu-
lated. The declusterization was followed by the forma-
tion of aqueous clathrates hosting molecular oxygen.
These bands slowly ceased within several months of
storage but immediately disappeared on contact of GP-
treated water with mineral acids [6].

Raman spectra of the water treated with GP in the
presence of ammonia are presented in Figure 1; one
could observe the spectral pattern typical for the
presence of aqueous clathrates (curves 2 and 4).

Figure 1: Raman spectra of deionized ammonia-free (1) and ammonia-containing water (3) prior to the GP treatment and these samples

after such treatment, (2) and (4), respectively.
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In terms of the particular peak intensities (Figure 1
and Table 1), ammonia facilitated declusterization. The
GP treatment of plain, deionized and ammonia-saturated
water developed the bands with shoulders at ~400 and
~430 nm, respectively. In case of plain, ammonia-free
water, it was a symptom of the formation of clathrates
hosting molecular oxygen. In case of water saturated
with ammonia, it was an evidence of the formation of
clathrates hosting ammonia. Admixture of ammonia to
plain water decreased the intensity of all peaks and
accompanying shoulders. Just the GP treatment of the
ammonia-containing water considerably increased the
intensity of all peaks.

Admixed water with either NH; or NaOH under study
alkaline has been shown in Table 2.

Regardless of the added concentration of either NH3
or NaOH, the pH of the nontreated deionized as well as
the tap water only slightly decreased with the GP
treatment time. That effect was slightly more remarkable
in case of tap water. Also, that decrease in water with
NH; was slightly more remarkable than in water
alkalized with NaOH. It could suggest some evolution
of ammonia as the treatment time progressed. However,
the pH of the water-containing NaOH also decreased on
the GP treatment. Thus, evidently, the GP treatment
influenced the dissociation of the hydroxides added.
Since that effect was stronger in case of ammonia, an
intervention of the GP treatment into the equilibrium of
the reaction

NH; + H,0 = NH,OH = NH; + OH-

and hydration conditions of the reaction participants
could be taken under consideration. The pattern of the
Raman spectra of the GP-treated water-containing
ammonia (a maximum and its shoulder between 390
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behavior observed in case of the water treated in the air
was interpreted as dependent on the treatment time
changes of the structure of clathrates and the content of
their interior.

The observed decrease in pH was accompanied by
changes of the conductivity (Table 3). At a given
concentration of the base added, these changes were
irregular against the treatment time. Changes of the
clathrate structure and composition on the treatment
[6,16] could rationalize these irregularities.

Conductivity of the deionized water also irregularly
decreased with the treatment time (Table 3). It was
almost negligible in case of deionized water and
remarkable in case of water-containing mineral solutes,
particularly tap water. The time-depending decrease in
the conductivity noted for a given kind of water was
stronger in case of solutions of ammonium hydroxide
than in case of solutions with sodium hydroxide.
Moreover, it was slightly nonlinear against the treatment
time suggesting intervention of the declusterization of
the water macrostructure followed by building clusters
of varying structures [6].

GP treatment of tap and highly and weakly miner-
alized water alkalized with either ammonia or sodium
hydroxide resulted in the precipitation of a deposit. The
effects became more remarkable with an increase in the
content of either ammonia or sodium hydroxide added
(Table 4). Ammonia provided more efficient precipitation.

On the treatment of deionized water with either
ammonia or sodium hydroxide, no precipitates were
formed (Table 4). Thus, apart from obvious hydrates, a
possibility of the formation of aqueous -clathrates
including ammonia and ions, respectively, could be
taken into account. DSC studies (Figure 2) carried out for
deionized water containing ammonia supported such

and 450cm™) (Figure 1) suggests the formation of assumption.
clathrates [6,16]. Nonlinear changes of pH against the The diagram for nontreated deionized, ammonia-
GP treatment time support this assumption. The same free water contained several endothermic peaks
Table 1: Peak intensity in the Raman spectra of deionized water with and without ammonia prior and after GP treatment
Type of water Peak intensity, 1,* at wavelength [cm™]

365 390 410° 535
Plain, nontreated 0.092 0.028 0.025 0.042
Plain, GP-treated 0.105 0.059 0.053 0.052
Plain, ammonia added, nontreated 0.083 0.018 0.017 0.029
Ammonia added, GP-treated 0.120 0.072 0.060 0.050

2In arbitrary units. ®A shoulder.
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Table 4: Amount [mg] of precipitation after 1220 min GP treatment

Type of water Additive [%]

NaOH NH;
1 5 10 1 5 10
Deionized 0 0 0 0 0 0
Tape 98 112 118 136 152 153
Highly mineralized 112 123 148 158 173 182
Weakly mineralized 46 42 43 79 75 76

associated with the rearrangements of the water macro-
structure. These effects were exhaustively discussed by
Prouzet et al. [17]. The pattern of the curve for deionized,
nontreated water containing 3% ammonia was entirely
different. Initially, it strongly rose as a result of an
endothermic process. Then, around 60°C, the curve
became almost planar. Two slightly endothermic effects
at 88.4 and 131.5°C could be recognized on that segment
which relatively slightly elevated up to 150°C. The course
of that segment pointed to an overall endothermic
character of the changes occurring in the sample
macrostructure. After the 1- and 5-min treatment, the
pattern of the curve remained identical; however,
the overall process turned into less endothermic. The
decrease in the endothermic character of the overall
process (line 1 in Figure 2) followed an increase in the
treatment time of the samples. Likely, the endothermic
process was associated with declusterizing of the water
macrostructure on the GP treatment. That process was
evidently facilitated by ammonia.

4 exo

67.2

0.40

0.35
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In the sample of the ammonia-containing water
treated for 30 min, the deal of the declusterization
process was significantly reduced. In contrast to former
curves, the semi-planar section of that line declined up
to about 145°C in order to increase again above that
temperature. The endothermic effect formerly observed
between 88 and 90°C appeared at 89.7°C. It was
essentially stronger, whereas the effect formerly ob-
served between 131.5 and 127.9°C appeared at 123.2°C
and was hardly recognizable. These differences evoked
by the treatment pointed to a possibility of the formation
of aqueous ammonia clathrates.

Data in Table 5 demonstrate efficiency of the removal
of ions responsible for the water hardness increasing
with the concentration of ammonia added and the GP
treatment time. Accompanying demineralization of water
in terms of the removal of sodium and chloride ions was
negligible, and a higher concentration of ammonia
added obstructed, to a certain extent, the removal of
those ions.

It was interesting that precipitates formed on the
treatment from each water-containing mineral did not
exhibit any tendency to turn into a scale. Such behavior
could result from ligation of the Ca and Mg atoms with
the NH; ligands.

Alkaline earth atoms readily coordinate O-ligands
and that ability can be controlled by their counterions
[18]. These central atoms can also coordinate N-ligands.
For instance, there are known numerous coordination
compounds of magnesium and calcium with pyridine
ligands [19]. These central atoms coordinate four and six

0.30
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0.20 5
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40 60 80

100
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Figure 2: Differential scanning calorimetry (DSC) diagrams for nontreated deionized water (1), deionized nontreated water with 3%
ammonia (2), deionized water with 5% ammonia treated for 1 (3), 5 (4) and 30 min (5).
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Table 5: Amount of ions [mg/L] remaining in the treated water
containing 0.5 and 10% ammonia after separation of precipitate

Type of water GP treatment duration [min]

0 1 15 30 60 120
lon content [mg/L]

Ca2+

Deionized 0.25 0.1 0.05 0.03 0.03 0.02

Tape® 193.27 185.2 180.3 176.3 175.5 174.3
73.2  20.4 12.3 10.2 6.5

Highly 368.92 125.8 53.84 12.32 10.85 8.21

mineralized

Weakly 44.9 11.5 10.2 9.52 5.23 4.25

mineralized

Mg2+

Deionized 0.12 0.11 0.05 0.04 0.04 0.03

Tape® 46.21 45.8 43.2 409 39.8 38.9
38.4 32.14 25.63 12.39 5.32

Highly 73.209 68.72 65.23 53.28 31.02 17.21

mineralized

Weakly 17.01 15.07 10.25 6.52 4.25 2.18

mineralized

Na*

Deionized 0.08 0.07 0.08 0.08 0.06 0.07

Tape® 23.18 221 21.9 21.7 21.6 21.5
22.8 225 22.4 22.38 22.18

Highly 54.71 53.8 53.4 53.5 53.2 53.2

mineralized

Weakly 1 0.95 0.95 0.94 094 0.93

mineralized

HCO5~

Deionized 18.3 13.5 8.98 7.65 6.21 5.14

Tape? 351.9 346.8 345.8 344.7 344.6 344.2
128.7 83.5 35.8 34.8 33.2

Highly 1721.9 438.2 2115 193.4 128.3 67.2

mineralized

Weakly 186.7 56.8 36.8 23.5 14.9 12.3

mineralized

S0,

Deionized 1.28 0.98 0.87 0.69 0.62 0.43

Tape® 51.2 50.9 50.8 50.1 49.9 49.8
34.8 16.8 12.8 8.7 6.2

Highly 40.5 30.1 23.1 18.9 14.3 9.1

mineralized

Weakly 43.62 29.5 25.3 20.2 14 10.8

mineralized

clr

Deionized 0.01 0.01 0.01 O 0.01 0.01

Tape?® 6.52 6.48 6.42 6.39 6.38 6.38
6.32 6.25 6.08 6.05 6.07

Highly 7.8 7.68 7.65 7.52 7.52 7.46

mineralized

Weakly 3.19 3.15 3.11 3.11 3.09 3.02

mineralized

#The upper values are for the treatment of 0.5% ammonia added
and the lower values in italics are for the treatment water with 10%
ammonia.
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NH; molecules. The smaller Mg atom is a stronger
electron donor than the Ca atom. The structure of the
first solvation shell is sharper for Mg, which has a larger
charge and smaller radius than Ca. Weak solvation
leads to rapid dynamics in terms of the diffusion
coefficients of the NH3; molecules [20,21]. Thus, likely,
Mg and Ca carbonates and sulfates could coordinate NH;
ligands.

Indeed, the formula of the deposition immediately
after its precipitation, Cag gsMgo.10F€0.05[CO3](NHs),, and
after being suspended for 3 days in the solution, turned
into Cag g3Mgo.1oFe.05[COs](NHs),, pointing to a gradual
passing of calcium into the solution. It might suggest
that, for instance, ionic interactions could contribute to
the formation of precipitates.

The rhombohedral crystals of the precipitate be-
longed to the R3c(167) space group. Relevant network
constants and atom coordinates are given in Table 6.

Experimental and numerically simulated diffracto-
grams of freshly deposited precipitates are presented in
Figures 3 and 4, respectively. Their patterns and
localization of particular reflexes satisfactorily fitted
one another.

After three days in suspension at around 90°C, the
crystallographic structure of the precipitate slightly
changed (Table 7 and Figures 5, 6). The volume of the
crystallographic cell remained unchanged. The shift of
the diffraction reflexes toward higher 26 angles (Figure 7)
informed on decrease in the network constants due to
decrease in the calcium content and, simultaneously, an
increase in the magnesium content.

The presented study proposes the removal of
permanent and temporary water hardness at room
temperature and without any necessity of the removal
of deposit which was formed. For this purpose, water
should be blended with ammonia followed by the
treatment with GP. Admixture of ammonia makes water
noncorrosive. The stabilization of the rhombohedral
precipitate against scaling is afforded by coordination
of ammonia ligands to the Mg and Ca atoms.

Thus, the treated water was suitable for protecting
water-heating systems and water-transmitting pipelines
against the scale and corrosion, eliminating other
chemical, physical and physicochemical methods used
for that purpose.

Additionally, on the GP treatment of ammonia-
containing water, the formation of aqueous clathrates
of ammonia was postulated. Water with ammonia within
clathrates may serve as an alternative, environmentally
benign nitrogen fertilizer. Resulting precipitates can also
be utilized for the same purpose.
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Table 6: Network constants and atom coordinates of the atoms of freshly precipitated deposit

DE GRUYTER

Network constants a = 0.4985 nm, ¢ = 1.6994 nm, V = 0.3646 nm>?

Atom coordinates Elements Crystallographic axis X y
(6] 18e 0.2577 0
0.85Ca + 0.10Mg 6b 0
+ 0.05Fe
C 6a 0

?The volume of the crystallographic cell.
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Figure 3: Experimental diffractogram of freshly deposited precipitate.
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Figure 4: Numerically simulated diffractogram of freshly deposited precipitate.

Table 7: Network constants and atom coordinates of the atoms of precipitated deposit taken after 3 days

Network constants a = 0.4979 nm, ¢ = 1.6989 nm, V = 0.3646 nm>?

Atom coordinates Elements Crystallographic axis X y
0] 18e 0.2577 0
0.83Ca + 0.12Mg + 0.05Fe 6b 0 0
C 6a 0 0

2The volume of the crystallographic cell.
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Figure 5: Experimental diffractogram of deposited precipitate stored for 3 days.
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Figure 6: Numerically simulated diffractogram of deposited precipitate stored for 3 days.
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Figure 7: The shift of reflexes in the diffractograms of precipitates due to decrease in the calcium content and simultaneously increase in
the magnesium content; (1) and (2) diffractograms of freshly deposited and collected after 3-days precipitates, respectively.
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4

Conclusions

Permanent and temporary water hardness-removed
water at room temperature to which ammonia was
admixed is subjected to treatment with low-pressure,
low-temperature GP of low frequency.

. Fine deposit which is formed does not turn into scale

even within 3-day maintenance at about 90°C.

. Water treated under ammonia with low-pressure,

low-temperature GP of low frequency protects water-
heating systems and water-transmitting pipelines
against scale and corrosion providing elimination of
other chemical, physical and physicochemical
methods used for that purpose.

. Water treated under ammonia with low-pressure,

low-temperature GP of low frequency as well as
precipitates can serve as an alternative, environmen-
tally benign nitrogen fertilizer.

Conflict of interest: The authors declare no conflict of
interest.
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