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Hocnioscenns npuceaueno po3poéui mexnonoeii ymu-
Ji3auii 6annaAH020 waamy 6000Ni020MOBKU 3 00ePHCaH-
HAM KAIbUIEBOT ceimpu.

Bcmanosaeno, wo 6i0xodu 600onidzomosxu 3a
XiMIUHUM CKa0oM 6i0pisHalomovcsa 610 npupoonoi
CUPOBUHU — 8ANHAKY, AKUU MPAOUUIUHO BUKOPUCTMO-
sytomv 051 odeprcanus Kaavyii vimpamy. Illlnam, wo
Ymeopremvcs Ha cmaoii 6anHYy6anns 600U MiCMumo
oausvko 70 % xanvuii xapbonamy, documov Geauxy
KiJbKicmb 3ai3a, wo nompanisc 00 ocady 3 po3uu-
HAMU KOA2YASHMIE, ma opzaniuni domimxu. Opeaniuni
domiuxu Hadx00amv 3 piuK06010 600010 i 0CAVICYIOMb-
cs 6 pe3yavmami Koazyaauii.

Ilpouec eunyuenns xanvyito po3uunom xKuciomu -—

cmanuii. Pesynomamu do6pe 6iomeoproéanucs na 060x

eudax 6i0xodie piznux nionpuemcms. Ile noscnroemocsa
AK BUCOKO10 WMEUOKICIIO PO3UUHEHHA KATbUil KapOoHa-
my 6 HimpamHii KUCI0Mi, MAx i CXOHCUM XIMIMHUM CKIA-
dom 6idxo0ie.

o po3uuny nompanasaiome He mMinvKU CROMYKU
Kanvyilo ane i 3auiza ma op2aniuna ckaa0dosa waamie
eannyeanns. /nsa ovuwenns po3uuny 3anponoHoeano
cxemy npouecy, 00 K0T nOBUHHI 6X00umu cmaoii oKuc-
HEeHHsL PO3UUHY MA HACMYNHO20 0CADHCEHHS 3aTi3a.

Konuenmpauis 3aniza 6 excnepumenmanivHux po3uu-
Hax ckaaoana 0o 6 z/n. 3a 00noM02010 PO3PAXYHKIE Pi6-
HOBazU 0CA0 — PO3UUH 3°ACOBAHO, WO 6 0OTACTI HUSLKUX
Konuenmpauii nimpamioi xucaomu 3aniso 6yoe eunada-
mu 6 po3uut, a Kanvyili 6 HbOMY JUWAMUCS. FMEHUEHH
KoHuenmpauii npoeoounu 000a6aHHAM YUCMO20 KATbUTIL
xapbonamy.

IlIposedeno xinemuuni docnioxcenns npouecy oca-
ddicenns 3aniza na moodenvnux posuunax sanizo (III)
Himpamy. QOdepicano Kinemuune piIBHAHHS OpPY2020
nopsoxy. Po3paxoeano enepeito axmusauii npouecy, 3na-
yenns axoi ~ 37 x/]uc/monv ceiduums npo nepediz npoye-
¢y ocaovicenns 8 nepexionii ooaacmi. 3anumox micmumo
oauzvro 40 % 3aniza i modce 3acmocogysamucs 0
odeprcanns Koazynanmis.

3acmocysans 3anponoHo8an0zo memooy 00360aums
HQUGLIbW NO6HO GUKOpUCMOBYEaAMU 6i10X00U 6000Ni020-
moeKu

Kmouoei crosa: 6odoniozomoexa, gannyeanus, wiam,
Kanvytii Himpam, KoazyasHmu, po3uuHeHHs, Himpamua
KUcaoma, ouuujenns, 0CA0HceHHs.
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1. Introduction

The most widespread use of industrial water in the
function of heat conductor and cooling agent, in heat-ex-
changers for obtaining technological steam and in recycling
water supply requires a low value of alkalinity and hardness.
Requirements to the content of hardness salts, especially
carbonate salt (alkalinity) are rather high and depend on the
specificity of water use [1].

The traditional and the cheapest method of reducing
the carbonate hardness of water is considered its treatment

with a solution of calcium hydroxide Ca(OH)s,, the so-called
lime-softening. Lime-softening along with simultaneous
coagulation is also used to dispose of liquid water treatment
waste [2]. As a result of the process, the sediment is formed,
namely lime-softening sludge.

Traditional units using this method of alkalinity reduc-
tion are clarifiers and sludge piles, where from the bottom part
of the clarifiers “sludge” water is flown down. The designed
capacity is determined taking into account a 30-year opera-
tion period. In the towns of Severodonetsk and Lisichansk,
Luhansk region (Ukraine), there are several large indus-



mailto:korchuganova@snu.edu.ua
mailto:afonina@snu.edu.ua
mailto:prygorodov@gmail.com
mailto:maxtory2015@gmail.com
mailto:kristenkanarova@gmail.com

trial enterprises which are powerful high-capacity water
consumers equipped with very similar water treatment
technologies. In spite of very similar technologies, each of
these enterprises has its own problems related to design
solutions and distinctive features of work. The sediments
placed in the sludge piles have been formed for many years,
from the very beginning of the operation of the enterprises,
more than 30 years each. Thus, the designed capacity of the
units had expired a long time ago. Bearing in mind the lim-
itation of operation and engineering facilities, it should be
noted that the filtration of these structures makes 10-25 %
of the water flow. Product invading into uncovered aquifers
poses a threat to the geological environment. Components of
lime-softening sludge are able to leak into the environment
due to increased pH in sludge piles as well as in product
from it. The presence of such processes has been confirmed
by other researchers [3]. This is also evidenced by the results
of monitoring observations on changes in the quality state
of groundwater in the location of sludge piles of Private
Joint Stock Company “Severodonetsk AZOT Association”
(Severodonetsk, Luhansk region, Ukraine) [4]. The chemical
composition of groundwater is characterized by the follow-
ing properties: dry residue 0.4-95.3 g/I, total hardness —
1.25-650.0 mmole/1, chlorides content — 60.0—-46,000 mg /1,
sulfates — 39-562 mg/l, nitrates — 0.002-213.0 mg/l. In
comparison with the above-mentioned indicators, water has
the following composition outside of the sludge piles influ-
ence: dry residue — 0.872 g/, total hardness 9.4 mmole/I,
chlorides content — 126 mg/I, sulfates — 228 mg/I, nitrates —
8.6-228 mg/1.

The presence of sludge piles creates certain threats to the
geological environment associated with the filtering of the
contents of the piles into the soil and its subsequent receipt
into the groundwater. The geological conditions of the piles’
area are primarily determined by its location within the
North Donbas tectonic zone, which separates the Voronezh
crystalline massif and the Donetsk folded structure. This
causes a considerable fracture of the rocks of the Upper Cre-
taceous complex with a total thickness of 450—600 m, which
is composed of marls and chalk with a content of CaCO3 up
to 97-99 %, and is blocked from the surface by low-power
sandy-clay Cenozoic deposits.

Such geological features create conditions for the man-
ifestation of karst processes, which is expressed in the
formation of a powerful watered cracked zone in the upper
part of the Cretaceous-Marlene strata. The active formation
of karst suffusion sink holes in the zones of influence of
industrial waste storages as well as within industrial sites
of enterprises testifies to the technogenic activation of the
natural-historical karst. The activation of karst processes to
a greater extent is connected with the entry of a filtrate with
ahigh pH of ~10.5 from the piles into the Cretaceous-Marlon
aquifer, which is the main source of water supply in the re-
gion. The high alkalinity of water during the liming process
is maintained to ensure the efficiency of further water purifi-
cation on ion-exchange filters [1]. The mixing of filtrate with
the waters of the chalk-marl horizon leads to a deterioration
in their quality and an increase in aggressiveness with re-
spect to the rocks that hold them.

In 2010, Private Joint Stock Company “Severodonetsk
AZOT Association” had to issue a request for tender as for
sludge utilization. Thus, not only ecological issues, but also
certain technological difficulties require action to solve the
problems of recycling waste water treatment. Taking into

consideration the fact that the majority of large industrial
enterprises of the chemical complex of Ukraine were created
in the 60s—70s of the last century, a similar situation may
arise anywhere. Hence, the development of methods for uti-
lizing lime-softening sludge is an extremely urgent problem.

2. Literature review and problem statement

The methods of utilization of sediments proposed in the
literature can be divided into several groups, depending on
the sediments’ chemical content and other factors analyzed
below.

1) Recycling of coagulants, which are a necessary com-
ponent of the processes of water treatment and sewage
treatment. Recycling is usually carried out by acid leaching
of iron or aluminum compounds and subsequent separation
of the mixed solution. In [5], the authors proposed to per-
form separation using ion-exchange resins, thus purifying
the solutions to the conditional state. The authors of work
[6] tried to reduce the use of fresh coagulants by adding
sludge to the process of coagulation. The research [7] is very
similar to the direction of using the sludge and is aimed at
finding out the optimal parameters of low-temperature co-
agulation of spring water. Lime-softening sludge consists of
a large amount of calcium carbonate, which after recycling
of coagulants is still in solid waste after any of the proposed
technologies.

2) Use of sediments as raw materials for construc-
tion materials, namely, bricks and cement. Typically, water
treatment sludge is proposed to be used as an additional
component to other types of raw materials. The paper [8]
investigated the possibility of manufacturing low-porous
ceramic bricks with the addition of lime-softening sludge
to clay. The authors of the paper [9] proposed to add water
treatment waste to the ash of rice husk to obtain bricks. A
similar work [10] was performed by scientists in order to
obtain light bricks.

A large number of works [11-13] is devoted to the pos-
sibility of using sludges in the production of cement. The
authors of the work [11] proposed to replace part of the
cement with a fired precipitate. Unfortunately, according to
the results of these studies, there are not enough good tech-
nological properties of the residue. The paper [12] presents
the results of experiments on the production of eco-cements
using waste, including of water treatment. The residue was
pre-fried for firing an organic component. According to the
results of research, cement made with limestone additive
had the best quality. The authors of the work resorted to
the burnout of the organic component [13]. Residues in this
case were used for the partial replacement of shale clay in the
production of bricks.

The use of waste for the production of building materials
only at first glance is feasible, since it requires changes in the
technological parameters of existing industries. Replacing
primary raw material with waste is problematic and does not
yield the expected result. Ukraine has overcapacity in lime-
stone production. Therefore, lime-softening sediments are
unlikely to be demanded by the building materials industry
as secondary raw materials.

3) The use of sediments in the natural environment for
depositing into the soil in order to reduce acidity [14], or in
the technogenic environment to improve sewage clarifica-
tion [15].



Consequently, each of the methods of sludge utilization
has certain disadvantages. In the case of using sludge for
building materials, this is not enough good technological
properties and the need for pre-heat treatment. In the case
of coagulation recycling, there is a large amount of residues
after the removal of iron and aluminum compounds. For
the third group of methods — the limited use, related to the
chemical properties of the waste and the environment in
which they are introduced.

In the development of recycling methods, not least is the
fact that the chemical composition of the water purification
waste is largely different from the chemical composition of
the traditional raw materials: limestone (CaCO3 — 85-99 %;
FeyO3 — 0.1-1.55 %) and chalk (CaCO3 — 83.6-99.3 %,
FeyO3 — 0.08-0.42 %) [16]. A special difference is the re-
duced content of calcium carbonate ~70 % and high iron
content (up to 7-8 %) in water treatment waste.

Thus, using sludge as raw materials in the chemical in-
dustry might have a problem of iron separation. It is required
by the normative quality indicators of the final product.

The most expedient way of lime-softening sludge utili-
zation in our view should be the production of mineral salts
for industrial purposes. An example of such a product can
be calcium nitrate. The raw material for obtaining calcium
nitrate is natural limestone. According to the quality indi-
cators [17], the iron content in calcium nitrate should be no
more than 0.05 %.

The above-mentioned methods of water treatment waste
utilization have a number of disadvantages. Recycling of
coagulants allows us to utilize only a small fraction of the
waste, and calcium carbonate, which forms the bulk of the
waste, remains unused. In the production of building materi-
als, waste cannot completely replace the traditional raw ma-
terials, as they differ in chemical composition. And the
direct use in the natural and man-made environment
is very limited due to high alkalinity of waste. Con-

similar, and at the stage of the lime-softening process,
it supposes the use of lime solution and coagulants, i. e.
iron and/or aluminum sulfates, so sediments apart from
calcium carbonate also contain products of hydrolysis of
these salts.

Sediments formed during the entire operation time con-
sist of lime-softening and coagulation products — CaCO3,
Mg(OH),, Ca(OH),, Fe(OH),, Al(OH)s, Fe(OH); and
organic compounds.

Soluble organic compounds usually present in water are
humic and fulvic acids. They are a mixture of high molecular
compounds that contain various functional groups in their
composition. Fulvic acids are derivatives of humic acids, sol-
uble in alkalis and acids, they are lighter in color than humic
ones and better soluble in water. The chemical composition
of fulvic acids can be presented by the molecular formula
C14H19O1oN. With ions of calcium, barium and trivalent
cations in alkaline medium (pH>10), fulvic acids are sedi-
mented [19]. When interacting with oxidants that can form
atomic oxygen (hydrogen peroxide or ozone), fulvic acids in
the acid environment are oxidized to complete destruction.
Lime-softening sludge by chemical composition is similar to
the compositions of such natural formations like limestone,
chalk, brucite, anhydrite, limonite, gibbsite, etc. The above
noted natural formations are used as raw materials for the
chemical, metallurgical, building and other industries [20],
but the content of the waste components differs from natural
minerals.

For research, lime-softening sludge taken from the wa-
ter treatment shop of the Private Joint Stock Company
“Severodonetsk AZOT Association” and PJSC “LINIK” has
been used, the average chemical content of which is given in
Table 1.

Table 1
Composition of lime-softening sludge

sequently, the processing of calcium carbonate, which “Severodonetsk AZOT Association”

is the main part of the water treatment waste, into a Component | CaCO4+Ca(OH), | Mg(OH), | Fe(OH)3 | Al(OH); | SiO,
commodity product that is in demand in the market, is %, weight 74.96 19.20 296 166 1192
relevant. Due to the fact that the waste contains a sig- . PJSC “LINIK"

nificant amount of iron in comparison with traditional -
raw materials, it is necessary to study the purification Comp onent CaCOy+Ca(OH), | Mg(OH), | Fe(OH)s | AI(OH); | SiO
of the solution from iron and organic matter residues. %, weight 7747 20.35 1.17 - 1.01

3. The aim and objectives of the study

The aim of the work is to develop a method for utilizing
lime-softening sludge to obtain calcium nitrate of air quality.
To achieve this aim, the following objectives were set:

— to develop a waste dissolution regime that would prevent
excessive gas production and allow for sustainable results;

—to develop a method for cleaning solutions from iron
compounds;

—to determine the mechanism and kinetic character-
istics of the process of deposition of iron compounds from
solutions.

4. Material and methods

4. 1. Dissolution of lime-softening sludge
The general water treatment technology of the en-
terprises of the chemical and refining industry is quite

For conducting experiments on the dissolution of
lime-softening sludge, 30 % (weight) nitric acid has been
used; it has been prepared by diluting the nitric acid (pro-
duction of “Severodonetsk Azot Association”) with distilled
water.

Before the dissolution, the lime-softening sludge has
been dried to remove moisture. Then it was put into a flask
containing 340 ml of nitric acid (stoichiometric amount ac-
cording to the reaction (1)) by portions (equal to 6 g). The
portion size has been determined experimentally, to prevent
the excess gas formation that occurs due to the allocation of
carbon (IV) oxide. Exposure time between adding portions
made 10 minutes. After exposing each portion, samples of
the solution have been taken where calcium and iron content
has been analyzed.

CaCO, +2HNO, © Ca(NO,), +H,0+CO,. (1)

After finishing exposure of the total waste amount, the
solution has been exposed for 2 hours at room temperature,



then it has been heated to 60—90 °C to remove the residual
carbon (IV) oxide from the solution. After cooling, the
solution has been filtered and iron and calcium content has
been analyzed. The content of Fe3" ions in the solution has
been analyzed by the complex metric method, which is based
on the formation of a colored complex with sulfate-salicylic
acid. The content of Ca?" ions has been analyzed by the
complex metric method in the presence of Eriochrome black
indicator T.

After chemical analysis, the oxidation of the solutions
has been performed by hydrogen peroxide (32 % weight) for
60 minutes. After oxidation, the solution has been boiled for
15 minutes to destruct a residual hydrogen peroxide amount.
Then after cooling to a temperature of ~30 °C, the amount of
calcium carbonate calculated according to the reaction (1)
has been added to the solution to remove the excess acid as
well as iron compounds. The final composition of the solu-
tion has been analyzed for the calcium and iron content.

4.2.Research of the kinetics of iron precipitation
from the solution

The most optimal way to remove iron from the acidic
solution of calcium nitrate is the hydrolysis of its soluble salt
by increasing its pH. PH increase has been carried out by
adding calcium carbonate. In this case, removal of iron in
the precipitate can be described by the reaction (12). The
reaction (13) is carried out after the dissolution of the waste,
which is described by the reactions (1)—(12) given below.

Experiments have been performed on the investigation of
the kinetics of iron precipitation from the solution. To study the
kinetics of the deironing process, we use a solution of iron (IIT)
nitrate, which was prepared from the reagent Fe(NO3)37H,0O
(chemically pure) and calcium carbonate (pure).

The kinetic curves have been obtained in isothermal
conditions at temperatures of 30, 40, 50 and 60 °C. In a
flask equipped with an electric stirrer, 150 ml of iron (IIT)
nitrate solution was placed. The flask was placed in a wa-
ter thermostat until the temperature reached 30, 40, 50 or
60 °C. Then 2 g of calcium carbonate was introduced into
the solution with stirring. Mixing was carried out using a
stirrer at a speed of 300 rpm. Samples of the solution were
collected at the same time interval (30 s) and separated from
the precipitates by filtration. Then the concentration of iron
was analyzed by the above-mentioned method.

5. Research results of the process of obtaining a solution
of calcium nitrate

Nitric acid, which has been taken for the experimental
research allows us to conduct a fairly complete separation
of lime-softening sludge that is formed during the industrial
water treatment in order to obtain calcium nitrate and resi-
dues that can be further treated or used in accordance with
existing technologies [5]. It is easy to demonstrate by per-
forming equilibrium calculations of the dissolution process
of the sediment-solution system [20].

Here is the scheme of chemical reactions of dissolution of
sludge components by nitric acid:

2CaCO, +2HNO, <> Ca(NO,), + Ca(HCO,),, 2

FeCO, + 2HNO, <> Fe(NO,), + H,0+CO,, 3)

2FeCO, + 2HNO, <> Fe(NO,), + Fe(HCO,),, “)
Fe(OH), + 2HNO, > Fe(NO,), + 2H,0, 5)
Fe(OH), + 3HNO, <> Fe(NO,), +3H,0, (6)
Ca(OH), + 2HNO, <> Ca(NO,), + 2H,0, (7
Mg(OH), + 2HNO, <> Mg(NO,), + 2H,0, 8)
CaSO, + 2HNO, < Ca(NO,), + H,SO,, )

Al(OH), +3HNO, < AI(NO,), +3H,0. (10)

The formation of acid salts, i.e. calcium and iron hydro-
carbons occurs in conditions of excess acid by the reactions
(2) and (4). For the coagulation process, iron (II) sulfate,
which precipitates as Fe(OH), is often used. In the sludge
storage process, Fe(OH), is gradually oxidized to Fe(OH)s.
However, the possibility of incomplete oxidation exists,
therefore, the equilibrium of the reactions (5) and (6) should
be taken into account.

The reactions (7) and (8) describe the dissolution of the
excess lime solution, which in addition to Ca(OH),, also
contains Mg(OH), and is also included in the lime sludge.
The lime solution is made from quicklime of natural origin,
which usually contains Mg(OH), impurities. The reaction
(9) occurs with the component of the CaSO, solution formed
due to contact of the coagulant FeSO4 or Aly(SOy4)3 with
calcium salts. Aluminum sulfate is more expensive and effec-
tive coagulant than iron sulfate. The reaction (10) runs with
the precipitate that was obtained using aluminum sulfate as
a coagulant.

Calculations were made on solubility values and dissoci-
ation constants of products, which are formed in conditions
of low concentration of acid, which occurs as it is consumed
at the end of the dissolution process.

The equilibrium salt concentration that is formed during
the reactions (1)—(10) has been calculated by the equation
and is given as:

C= KSP/(X’ 1)

Taking into account that sludge components are metal
carbonates and hydroxides, the calculations are carried
out according to dissociation constants of carbonic acid
(K1=4.5107; Ky=4.8-10"11), water (Kw=10"'%) and the solu-
bility values of metal hydroxides and carbonates, which are
components of waste.

oc=K1~K2/([H*]2+K1~K2+K1[H+]),

a=K,/(K,+[H])

The results of calculations and reference data are shown
in Table 3.

Considering that the dissolution of calcium carbonate
in the calcium nitrate process is carried out in nitric acid
of 30 % concentration, the dissolution of iron compounds
is also possible, but during the reaction of calcium carbon-
ate dissolution, the acid concentration will decrease. This
definitely will cause iron salts hydrolysis. The calculated
equilibrium concentration points to this fact.

(12)



After oxidizing the solution by hydrogen peroxide, iron
is transformed from Fe?* to Fe3*. Iron (III) hydroxide pre-
cipitation by calcium carbonate occurs by the reaction and
is written as:

Fe(NO,),+CaCO,+H,0 < Fe(OH),+Ca(NO,),+CO,.(13)

Initial pH of iron (IIT) hydroxide precipitation based on
reference data makes 2—3 [17], and hence the concentration
of nitric acid should be in the range of 0.01-0.001 mole/1.

According to the results of calculations (Table 2), an
effective calcium carbonate dissolution in such conditions,
in contrast to iron compounds, is still possible.

Table 2

Calculation results of solubility of sludge components
in low-concentration nitric acid

R | St | iy Ko e |, | G
No. nent product product mole/1 mole/I
Ksp[21]
0.01 |2.16-10713 | 132.64
0.001 | 2161011 | 13.27
1 | CaCO; | 38109 |4810
0.0001 | 215109 | 1.33
0.00001 | 2.067-107 | 0.14
0.01 | 0.000045 | 0.0092
0.001 | 0.00045 |0.0029
2 | CaCO; |3.8109 45107
0.0001 | 0.0045 |0.0009
0.00001 | 0.045 | 0.0003
0.01 |21610713 | 12,67
0.001 [2.159-10-11| 1.27
3 | FeCOs |3.47-10°'1|4.8101
0.0001 | 2.15109 | 0.13
0.00001 | 2.067-107 | 0.01
0.01 | 45107 |0.0009
4 | FeCOs |347-1014.5107| 0.001 | 4.5-10 |0.0003
0.0001 | 4.5-103 |0.00009
0.01 10-12 0.03
5 | Fe(OH)y | 810716 | 11014 | 0.001 1011 | 0.009
0.0001 | 10710 | 0.003
0.01 1012 | 0.003
6 | Fe(OH)3| 1-10-7 | 11014 | 0.001 1011 | 0.001
0.0001 | 1071 | 0.0003
0.01 1012 | 2345+
7 | Ca(OH),| 55106 | 1-10-14 | 0.001 1010 | 741.5%
0.0001 | 1010 | 234.5*
0.01 10-12 2.65
8 |Mg(OH),|7.1-1012| 110 | 0.001 101 0.84
0.0001 | 10710 0.26
0.01 1.2 0.005
9 | CaSO; | 25105 (1.2-102| 0.001 12 0.0014
0.0001 120 | 0.0005
0.01 1012 | 10710
10 | AI(OH)3 | 1-1032 | 1104 | 0.001 1071 10710
0.0001 | 10710 | 10!

Note: * — the calculated values of the concentration of calcium salts
are limited by their solubility in the temperature range of studies

The results of chemical analyzes of the processes of
dissolution of water treatment waste are illustrated in
Fig. 1, 2.
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Fig. 1. Increase of calcium nitrate concentration in the waste
dissolution process
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Fig. 2. Changes in the concentration of iron in the solution in
the lime-softening process

The concentration of calcium nitrate in the solution con-
tinuously increases with practically constant speed, calcium
carbonate dissolves almost completely (>97 %).

The concentration of iron in the solution changes sto-
chastically, this is due to several reasons:

— the rate of dissolution of iron compounds;

— the size of dissolved particles.

After filtering, the solution has a fairly intense yel-
low-brown color, which is due to the presence of iron salts
and soluble fulvic acids. The solution also contained the
residual amount of nitric acid, the concentration of which
made 18-20 g/1. After adding 20 ml of hydrogen peroxide
solution (32 % mass), holding it for an hour and the subse-
quent 15 minute-boiling, the solutions significantly light-
ened. After cooling the solution to remove the residual acid
and to precipitate iron, calcium-carbonate has been added,
the amount of the latter has been calculated by the value of
the residual acid concentration and by reaction (13). After
filtration from the precipitate, the solutions obtained had a
concentration as shown in Table 3.



Table 3

Chemical composition of solutions of calcium nitrate after
cleaning of iron

Concentration, g/1
Solutions obtained 1om | o1utions obtained from
Compo- | I OT Aemo G | sludge of PJSC “LINIK?
nent (waste 1) (waste 2)
Research 1 | Research 2 | Research 1 | Research 2
Ca(NOs3), 336 353 434 455
FeyO3 0.1 0.3 0.1 0.3
pH 3.8 2.6 3.5 2.9

The results of kinetic researches of iron precipitation
from the solution are illustrated by kinetic curves in Fig. 3.

To determine the kinetic characteristics of the investi-
gated process, the processing of experimental data has been
carried out using kinetic equations of the 1st and 2nd order.

30

N
wn

9]
(=]
I

—_
(=)

\E\\G;\\e
N\\ﬂ
0 20 40 60 80 100

Period, s

Iron concentration as Fe2Os3, g/l
"

wn

¢ T=30°C O T=40°C A T=50°C 0O T=60°C

Fig. 3. Changes in iron concentration in the solution over time
at different temperatures

To determine the observed reaction order as well as the
specific reaction rate, the data have been processed in the
coordinates of the dependences InC — 1, 1/C — 1, where C
is the concentration of iron nitrate, mol/l; T — time from the
reagents contact, s. The choice of the kinetic equation has
been made on the basis of comparison of the approximation
validity coefficients R2. The results of the curves processing
and the determined rate constants for different concentra-
tions are given in Table 4.

Table 4

The values of the rate constant and approximation validity at
different temperatures

T,°C ki R? ko R?
30 0.007 0.715 0.055 0.889
40 0.011 0.735 0.093 0.821
50 0.014 0.799 0.153 0.953
60 0.017 0.964 0.207 0.859

By the values of the second-order reaction rate con-
stants, the activation energy of the process, which has made

37 kJ/mole has been calculated. This indicates the process
flow in the transition zone, where both the rates of chemical
reaction and diffusion have comparable values. The calcu-
lation was carried out in the logarithmic coordinates of the
Arrhenius equation (14):

InK=InK,—E,/RT. (14)
The calculation results are shown in Fig. 4.
/T
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Fig. 4. Calculation according to the Arrhenius equation

Thus, the rate of the process can be described by the
equation (15):

—dC/dt=165215-¢7"8T.C? 15)
where 165215 = ¢'2" is the value of the pre-exponential mul-
tiplier calculated from the Arrhenius equation;

4508,8= Ea/R,

where E, is the value of the activation energy (J/mole), R is
the universal gas constant.

The sediment obtained from the waste had a yel-
low-brown color and gelatinous structure, was poorly fil-
tered. The content of ferrum (IIT) hydroxide in these sedi-
ments is 40—-42.5 %.

6. Discussion of the results of the study of the process of
obtaining the calcium nitrate solution

An increase in the concentration of calcium nitrate in
the process of dissolving two investigated wastes is almost
identical, which is caused by very much rapid dissolution of
calcium carbonate in nitric acid and indicates the sustain-
ability of the process. Since the calcium carbonate content
in the waste is almost the same 74.96 and 77.47 % by weight,
very similar results were obtained.

The concentration of iron in the solution increases first,
and then, as nitric acid is consumed, decreases, which is
explained by the partial hydrolysis of iron salts. The value
of iron concentration in the final solution varies from 0.5
to 5 g/1. The difference in the rate of iron accumulation in
the solution may be due to the difference in the crystalline
structure of sludge, and some difference in its chemical com-
position.



The dark brown color of waste solutions is associated
with the presence not only iron salts, but also fulvic acids,
capable of forming colored complexes with iron compounds.
Hydrogen peroxide in acidic medium destroys fulvic acids,
which is observed as the formation of a lighter color of the
solution.

For calculations of industrial equipment, one needs
knowledge about the kinetics of the process. We obtained
a kinetic equation of the 2nd order, which quite accurately
(accuracy of approximation R?=0.821-0.953) describes the
process of iron precipitation from a nitrate solution using
calcium carbonate.

In order to test the equation (15), a solution of calcium
nitrate was obtained from the lime-softening sludge of
Severodonetsk “AZOT”. The concentration of iron (III)
nitrate in it was 14 g/l. After adding calcium carbonate and
exposing for 2 minutes, the concentration of the solution,
which was 0.6 g/ iron (III) nitrate, was determined. This
correlates well with the value C=0.5 g/I calculated by the
equation (15).

The process of processing lime-softening sludge accord-
ing to the following scheme, shown in Fig. 5 is proposed.

Lime- co, Nitric
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sludge acid
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Filtration
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Precipitate 4—Edation

Coagulants
production

\ A
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Hydrogen
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Fig. 5. Scheme of processing lime-softening sludge

The technological scheme should include the following
technological steps:

— dissolution of waste in nitric acid;

— filtration of insoluble sediment containing insoluble
organics, silicates and aluminum hydroxide;

— further the solution enters the oxidation of soluble ful-
vic acids and iron compounds;

— after oxidation, boiling of the solution is provided for
the destruction of the hydrogen peroxide residue;

— from the oxidized solution, iron is removed by precip-
itation of calcium carbonate by reducing the acidity of the
solution and hydrolysis of iron salts.

Calcium nitrate obtained as a result of crystallization
can be used as a mineral fertilizer or chemical reagent
for the preparation of other calcium salts. In addition
to calcium nitrate, one can obtain chemically deposited
calcium carbonate, i. e. a polymer filler, which is also in
demand on the market. The residue after dissolving the
waste and cleaning the solution contains about 40 % iron
and can be used to recycle coagulants by the method
proposed in [5].

The limitation of the research is insufficient information
on the organic component of lime-softening sludge. The
sludge has been accumulated for many years, hence the con-
centration and qualitative composition of this component
may have changed.

In order to improve the technology of utilization, the
study of the process of oxidation of the waste solution
is required. There is also the dependence of the process
efficiency on individual factors. To develop technological
equipment, it is necessary to study the filtration properties
of sediments and the dependence of these properties on the
precipitation conditions.

7. Conclusions

1. Dissolution of waste in nitric acid occurs at a constant
rate, almost identical for the two types of waste used. The
degree of dissolution of calcium carbonate was more than
97 %. The concentration of calcium nitrate in solutions was
350-450 g/1. Adding waste to acid in portions not exceed-
ing 10 % of the total amount allows avoiding excess gas
formation.

2. Precipitation of iron from the solution of waste was
accomplished by increasing the pH of the solution to the
values of 2.6—3.8, which causes the hydrolysis of iron salts.
PH increase was carried out by neutralizing the excess acid
with calcium carbonate. The final concentration of iron in
the solution did not exceed 0.3 g/I.

3. We found that the process of iron deposition is very ac-
curately described by the second-order kinetic equation. The
activation energy of the process is determined. The value of
about 37 kJ/mole indicates the process flow in the transition
area, where the rates of chemical reaction and diffusion have
comparable values.

In general, the waste processing method can be car-
ried out according to the proposed principal technological
scheme. The method allows obtaining calcium nitrate, a
mineral fertilizer, which is in market demand.
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