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Background. In industrial heating processes, scaling is a major problem especially when natural water is used as heat 
carrier. The world economic losses due to scaling are estimated to constitute billions of dollars per year, the develop-
ment of efficient, environmentally friendly and cheap approaches for reduction of scaling is an actual task nowadays. 
Utilization of agro-food wastes as a renewable source of scale inhibitors for water treatment of cooling water systems is 
a promising alternative to the existing approaches.
Objective. Three industry by-products, namely rapeseed pomace, sugar beet pulp and fodder radish cake, have been 
tested as scale inhibitors of mild steel in tap water.
Methods. Ethanol extracts were prepared by maceration and the electrochemical approach to study the scale forma-
tion was utilized, based on the measurement of oxygen reduction current during nucleation and formation of calcium 
carbonate in the presence of extracts. Scaling time, porosity and area density of the scale was determined and used to 
characterize the inhibition efficiency. Chemical compositions of extracts were analysed by GC-MS analysis (gas chro-
matography with mass selective detector by mass selective integration).
Results. The rapeseed pomace extract and fodder radish cake extract at the concentration of 10 mL/L appeared to be 
efficient scaling inhibitors. Sugar beet pulp extract increases the crystallization time, however the amount of deposited 
scale appeared to be the same as in the tap water.
Conclusions. The scale inhibition is caused mainly by the formation of adsorbed film on the scale nucleus that blocks 
the surface and prevent further crystal growth. Natural extracts are a promising source of scale inhibitors due to their 
low price, efficiency and environmental safety.
Keywords: scale inhibitors; mild steel; green inhibitor; scaling time.

Introduction

In industrial heating processes, scaling is a ma-
jor problem especially when natural water is used 
as heat carrier. The formation of scale layer leads 
to the reduction of hydraulic pressure of pipes fol-
lowed by the increase in heat transfer resistance thus 
causing extra costs on heating [1], [2]. The world 
economic losses due to scaling are estimated to con-
stitute billions of dollars per year, the development 
of efficient, environmentally friendly and cheap ap-
proaches for reduction of scaling is an actual task 
nowadays.

In industry, scaling problem is typically solved 
by several ways [3], [4]. The simplest technique is 

regular cleaning of heat exchanging equipment when 
heat or pressure loses exceed the set value. Scale 
deposits can be cleaned out either mechanically or 
chemically. The next approach is based on scaling 
prevention by removing hardness salts from heated 
water by using ion exchange resins as well as mem-
brane techniques and reversed osmosis. Despite high 
efficiency, the utilization of residual salt solutions 
is an environmental challenge. The most promising 
approach is reagent water treatment when chemical 
reagents are added to the water before heating. Add-
ed substances form soluble complexes with hardness 
cations (i.e. Ca2+, Mg2+) that are stable at high tem-
perature, hence preventing the formation of CaCO3. 
An alternative mechanism includes the formation of 
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adsorbed layer of inhibitor molecules on the surface 
of CaCO3 nuclei that prevents further crystal growth.

Polyphosphates are the most common inhibi-
tors in industry [5], [6]. The utilization of tradition-
al scale inhibitors is now limited in the agreement 
with the concept of “green” chemistry in the field of 
technology, science, and engineering. “12 Principles 
of green chemistry” have prompted researchers to 
find out some cheap and effective environmental-
ly friendly scale inhibitors. By-products and waste 
obtained from food processing (cake and pomace 
fruits, vegetables and oilseeds) represent a major dis-
posal problem for the food industry. Consequently, 
the factories are focused on diminishing the envi-
ronmental impact of the by-products and recover-
ing “green” organic substances from agro-industrial 
residue and food waste. Besides, food waste valorisa-
tion and re-use strategies, rather than conventional 
food waste processing (i.e. incineration or compo-
sting), are becoming more and more popular. There 
are numerous successful reports about utilizations 
of various extracts of plant materials in different 
branches of “green” chemical technology. The food 
and agricultural products processing industries gen-
erate plenty of by-products which contain non-toxic 
organic substances [7]–[17]. Hence exploitation of 
agro-food wastes as a renewable source of scale in-
hibitors for water treatment of cooling water systems 
is a promising alternative to the existing approaches.

The antiscalant effect of naturally occurring 
plant extracts (Azadirachta Indica, Bistorta Officinalis, 
Punicagranatum hull and leaf, palm leaves, seaweeds, 
Corn stalks, Aloe Vera, Paronychia Argentea, Momor-
dica charantia, Parietaria Officinalis and Spergularia 
Rubra) for cooling systems were studied by many 
proceedings [18]–[23]. It has been suggested that the 
scale inhibition efficiency of such extracts is caused by 
involvement of phenolic compounds or polysaccha-
rides. It was shown that some of the organic compo-
nents of radish and rape cake extract are very promi-
sing as individual corrosion and scale inhibitors. 

The scale inhibition properties (mechanism) of 
the green antiscalant agents can be explained by the 
adsorption process. The adsorption could take place 
via (i) electrostatic attraction between the charged 
particles and the charged chemical constituents of 
the extract, (ii) dipole-type interaction between un-
shared electron pairs in the extracted molecules and 
growing particles, (iii) π-interaction with particles 
and surfaces, and (iv) a combination of all the above. 

Problem Statement

The aim of the present research is to investigate 
the natural raw materials from food and agricultur-
al industry as potential sources of scale inhibitors. 

Three industry by-products, namely rapeseed pom-
ace from the wastes of edible oil production, sugar 
beet pulp from the wastes of sugar production and 
fodder radish cake, were chosen for natural inhibi-
tors search.

Experimental section

Extract preparation and composition analyses

The extracts were prepared by maceration the 
raw material in the ethanol for 24 h. The ethanol 
and raw material powder were mixed in the weight 
ratio of 1:10. Then resulted mixtures were filtered with 
Whatman filter paper to remove their solid contents. 

Chemical compositions of extracts were analysed 
by GC-MS analysis (gas chromatography coupled 
with mass selective detector by mass selective in-
tegration). A gas chromatograph (Shimadzu model 
GC 17A) equipped with flame ionization detector 
(FID) was operated in the following conditions: 
capillary fused silica column (CBP-5) (length, 25 m; 
internal diameter of 0.25 mm; film thickness of 
0.22 µm), temperature of ion source – 280 °C. The 
GC–MS operated in the electron impact ionization 
mode (EI) at 70 eV. The oven temperature was 
programmed as following: the initial temperature of 
50 °C was maintained during 2 min, and then in-
creased up to 200 °C with the rate of 10 °C/min and 
was kept for 5 min. Next, the temperature was raised 
to 250 °C at the rate of 25 °C/min (for 15 min). 
Other working conditions included: carrier gas, He 
(99.99%), inlet pressure 76 kPa, linear velocity of 
20 cm/s; temperature of injector 250 °C; tempera-
ture of detector 310 °C; split ratio 1:25. The relative 
contents of the extract components were determined 
by the method of internal normalization of the peak 
areas without correcting the sensitivity coefficients. 
Peak area of each compound was used to determine 
its percentage and the sum of the areas of all peaks 
was detected in the total ion current (TIC) trace. 
The identification and quantification of the com-
pounds were carried out with the use of commercial-
ly available databases: Nist 05 (National Institute of 
Standards and Technology, USA) and Mass Finder3 
(Dr. Hochmuth, Scientific Consulting, Germany).

Electrochemical measurements

The tap water from the Kyiv distribution system 
was utilized in all the experiments. Its composition is 
presented in Table 1. The measurements were con-
ducted in a 1L glass beaker filled with tap water and 
thermostated at 25±0.5 °C (Fig. 1). A mild steel cylin-
der with a diameter of 6 mm and 30 mm length was 
rotated at 500 rpm and served as a working electrode. 
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Its surface was prepared by mechanical polishing with 
P600 emery paper, degreasing, rinsing with distilled 
water and drying in hot air. The counter electrode was 
a platinum grid, and a saturated silver chloride elec-
trode (saturated AgCl) was used as a reference one. The 
working electrode was polarized at −1.1 V (vs. saturated 
AgCl) for 240 min to induce precipitation of calcium 
carbonate on its surface. The current-time dependence 
was registered concurrently. Each test was run for three 
times to ensure reproducibility.

Table 1. Water chemical composition.

Parameter Units Value

рН 7.8–8.0

Dissolved Oxygen DO mg/L 6.0

Total Hardness TH mmol/L 3.9–4.2

Total Alkalinity TA mmol/L 3.9–4.1

Calcium Сa2+ mmol/L 3.0–3.1

Magnesium Mg2+ mmol/L 0.9–1.1

Chloride Cl− mg/L 18–25

Sulfate SO4
2− mg/L 30–35

Hydrocarbonate HCO3
− mmol/L 3.2–3.5

Total Dissolved Solids TDS mg/L 240–260

Fig. 1. Polarization  apparatus  for carbonate  electrodeposition 
in the presence of natural extracts: (1) Pyrex vessel, 
(2) working electrode (mild steel cylinder), (3) counter 
electrode (platinum grit), (4) reference electrode 
(saturated silver chloride), (5) Luggin capillary, (6) salt 
bridge, (7) thermal insulation, (8) direct current source, 
(9) potentiostat, (10) signal converter, (11) computer, 
(12) electric motor, (13) regulated water heater.

Scaling investigation

The electrochemical approach for studying of 
the scale formation is based on the measurement 
of oxygen reduction current during nucleation and 
formation of calcium carbonate. The calcium car-
bonate crystals reduce the electrochemically active 
surface area of the electrode [24], [25]. Blocking 
properties of the deposits were evaluated by compar-
ison of electrochemical parameters of the modified 
and bare electrodes. During the scale formation, the 
oxygen reduction current, I, is decreased propor-
tionally to the reduction of an electrochemically ac-
tive surface area. When the surface is free of any 
deposits (shortly after polarization started) the cur-
rent reaches its highest value, I0. After the scaling is 
finished the lowest oxygen reduction current value, 
Imin, is achieved. In practice, it was measured at the 
end of the I−t curve (240 min of polarization). When 
scaling is finished, oxygen reduction can occur on 
uncovered areas only or through the pores of the 
scale. Hence, the scale porosity SP can be calculated 
from the values of I0 and Imin as:

∙ 100 %SP =
Imin

I0

                  (1)

The rate of scaling or scaling time, ts, was found 
by linear extrapolation of the I−t dependence to zero 
current. The crystallization kinetics of CaCO3 in the 
presence of water extracts was characterized by the 
values of I0, SP and ts.

To determine the mass of the deposited car-
bonates the electrodes were weighted before and af-
ter electrochemical measurements with 0.0001 g ac-
curacy. The mass of the deposits was used to analyze 
the results as the area density, mg/cm2. 

Results and Discussion

GC-MS analysis of extracts

The GC-MS analysis results of the radish cake 
extract (RCE) are given in Table 2. Anthocyani-
dins including pelargonidin (6.9%) and cyanidin 
(6.7%), isothiocyanates such as 4-pentenyl isothio-
cyanate (8.3%), 3-(methylthio)propyl isothiocya-
nate (iberverin) (4.2%), 3-butenyl isothiocyanate 
(3.9%), 4-methylpentyl isothiocyanate (3.1%), 
4-(methylthio)-3-butenyl isothiocyanate (5,2%), 
5-(methylthio)pentyl isothiocyanate (berteroin) 
(6,9%), 4-(methylthio)butyl isothiocyanate (erucin) 
(6,4%), and L-sulforaphane (1.1%) were identi-
fied in RCE. Other compounds including phenolic 
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derivatives such as eugenol, vanillic acid, pyrogallol, 
and gallic acid, were also detected together with 
some fatty acids in substantial amount (8.9 %).

Table 2. Composition of radish cake extract according to 
GC-MS analysis. 

Name of the component
Weight 
ratio, %

3-(Methylthio)propyl isothiocyanate 
(Iberverin)

4.2

Benzene-1,2,3-triol (Pyrogallol acid) 2.9

4-pentenyl isothiocyanate 8.3

4-methylpentyl isothiocyanate 3.1

Undecane 1.9

2-Methoxy-4-(prop-2-en-1-yl)phenol 
(Eugenol)

2.5

4-Hydroxy-3-methoxybenzoic acid  
(Vanillic acid)

2.8

Dodecanea 1.0

3-Butenyl isothiocyanate 3.9

4-(Methylthio)-3-butenyl isothiocyanate 5.2

4-(Methylthio)butyl isothiocyanate (erucin) 6.4

3,4,5-Trihydroxybenzoic acid (Gallic acid) 2.7

5-(Methylthio)pentyl isothiocyanate 
(berteroin)

6.9

1-Isothiocyanato-4-methylsulfinylbutane 
(L-Sulforaphane)

1.1

Detrosex 3.7

Tridecane 1.9

Dodecanoic acid (lauric acid) 0.8

2-(3,4-Dihydroxyphenyl)chromenyli-
um-3,5,7-triol (Cyanidin)

6.7

Hexadecanoic acid (palmitic acid) 2.2

2-(4-Hydroxyphenyl)chromenylium-3,5,7-triol 
(Pelargonidin)

6.9

Octadecanoic aced 5.9

Methyl linoleate 5.1

Sophorose 7.1

The main compounds extracted from rape cake 
are given in Table 3. A series of 18 compounds were 
found, including aldehydes, saturated and unsatu-
rated fatty acids, terpenes, ketones, and glycosides. 
The major phytocompounds identified in the rape 
pomace extract are 4-hydroxy-3,5-dimethoxybenz-
aldehyde (20.5 %), 3′,5′-dimethoxyacetophenone 
(28.3 %), and (9Z)-octadec-9-enoic acid (12.2 %). 
Other 39.7 % of the total compounds were present 
by 15 individual compounds.

The GC-MS analysis of sugar beet pulp extract 
showed the presence of 6 compounds (Table 4). 
The maximum amount of the component present 
in sugar beet pulp extract are sophorose (11.2 %) 
and sugar acid ((2S,3R,4S,5R)-2,3,4,5-tetrahy-
droxy-6-oxo-hexanoic acid) (36.9 %). These com-
pounds constitute over 48 % of the total amount of 
extract compounds.

Table 3. Composition of the rape cake extract according to 
GC-MS analysis

Name of the component
Weight 
ratio, %

Guanosine 10.4

Sucrose 1.2

Xanthosine 4.3

3’,5’-Dimethoxyacetophenone 28.3

4-Hydroxy-3,5-dimethoxybenzaldehyde 20.5

Acetic acid 1.6

n-Cyclohexyl-4-hydroxybytyramide 1.6

(9Z,12Z)-9,12-Octadecadienoic acid 
(Linoleic acid)

4.8

Hexadecanoic acid (Palmitic acid) 4.1

(9Z)-Octadec-9-enoicacid (Oleic acid) 12.2

Octadecanoic acid 2.0

Pyrrolidine, 1-(1-oxo-7,10-hexadecadienyl) 0.9

Ethanamine, 2,2’-oxybis[N,N-dimethyl] 0.9

7-Dehydrodiosgenin 2.1

Campesterol 1.1

γ-Sitosterol 1.2

β-Sitosterol 1.1

Ergosta-5,22-dien-3-ol 2.4

Table 4. Composition of the sugar beet pulp extract 
according to GC-MS analysis

Name of the component
Weight 
ratio, %

1-Methyl-4-(prop-1-en-2-yl)cyclohex-1-ene 3.7

(2S,3R,4S,5R)-2,3,4,5-Tetrahy-
droxy-6-oxo-hexanoic acid (L-Iduronic 
acid)

36.9

(E)-3-(4-Hydroxy-3-methoxy-phenyl)prop-
2-enoic acid

4.4

Sophorose 11.2
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Electrochemical scaling test

The normalized chronoamperometric curves 
obtained for the rape grist extract, radish cake ex-
tract and sugar beet pulp extract in concentrations of 
1 and 10 mL/L are given at Fig. 2.

time Tap water Tap water Radish (1 ml/l)Radish (1 ml/l)Radish (10 ml/l)Radish (10 ml/l)Sugar beet (1 ml/l)Sugar beet (1 ml/l)

5 3,01 1 3,19 1,09622 2,61 1 3,94 1,358621

10 2,99 0,993355 3,18 1,092784 2,56 0,980843 3,82 1,317241

15 2,99 0,993355 3,2 1,099656 2,47 0,94636 3,59 1,237931

20 3,15 1,046512 3,15 1,082474 2,43 0,931034 3,46 1,193103

25 2,99 0,993355 3,08 1,058419 2,39 0,915709 3,29 1,134483

30 3,04 1,009967 3,13 1,075601 2,36 0,904215 3,1 1,068966

35 3 0,996678 3,09 1,061856 2,31 0,885057 3,14 1,082759

40 3,03 1,006645 3,11 1,068729 2,29 0,877395 2,97 1,024138

45 2,99 0,993355 3,15 1,082474 2,26 0,8659 2,98 1,027586

50 3,02 1,003322 3,11 1,068729 2,22 0,850575 2,99 1,031034

55 2,98 0,990033 3,14 1,079038 2,21 0,846743 3,03 1,044828

60 3,04 1,009967 3,1 1,065292 2,17 0,831418 3,06 1,055172

65 2,98 0,990033 3,14 1,079038 2,11 0,808429 3,03 1,044828

70 2,99 0,993355 2,96 1,017182 2,1 0,804598 2,96 1,02069

75 2,99 0,993355 3,08 1,058419 2,15 0,823755 2,81 0,968966

80 2,98 0,990033 3,13 1,075601 2,14 0,819923 2,94 1,013793

85 2,99 0,993355 3,05 1,04811 2,07 0,793103 3,06 1,055172

90 2,99 0,993355 3 1,030928 2,1 0,804598 2,94 1,013793

95 2,95 0,980066 3,02 1,037801 2,07 0,793103 2,94 1,013793

100 3 0,996678 3,08 1,058419 2,05 0,785441 2,9 1

105 2,99 0,993355 3,26 1,120275 2,04 0,781609 2,9 1

110 2,94 0,976744 3,02 1,037801 2,02 0,773946 2,86 0,986207

115 2,98 0,990033 3,01 1,034364 2,01 0,770115 2,9 1

120 2,93 0,973422 3 1,030928 1,99 0,762452 2,81 0,968966

125 3 0,996678 3,02 1,037801 2,01 0,770115 2,85 0,982759

130 2,95 0,980066 2,95 1,013746 1,99 0,762452 2,81 0,968966

135 2,92 0,9701 3,06 1,051546 1,98 0,758621 2,9 1

140 2,91 0,966777 3,02 1,037801 1,95 0,747126 2,9 1

145 2,99 0,993355 2,91 1 1,96 0,750958 2,77 0,955172

150 2,92 0,9701 3,02 1,037801 1,95 0,747126 2,85 0,982759

155 2,92 0,9701 2,98 1,024055 1,91 0,731801 2,94 1,013793

160 2,92 0,9701 2,98 1,024055 1,9 0,727969 2,68 0,924138

165 2,96 0,983389 3 1,030928 1,93 0,739464 2,87 0,989655

170 2,91 0,966777 3,01 1,034364 1,89 0,724138 2,87 0,989655

175 2,95 0,980066 3 1,030928 1,87 0,716475 2,82 0,972414

180 2,92 0,9701 3,03 1,041237 1,86 0,712644 2,92 1,006897

185 2,83 0,940199 2,98 1,024055 1,84 0,704981 2,76 0,951724

190 2,93 0,973422 2,95 1,013746 1,86 0,712644 2,81 0,968966

195 2,87 0,953488 2,96 1,017182 1,83 0,701149 2,73 0,941379

200 2,87 0,953488 2,99 1,027491 1,81 0,693487 2,64 0,910345

205 2,84 0,943522 2,99 1,027491 1,81 0,693487 2,8 0,965517

210 2,9 0,963455 3,11 1,068729 1,81 0,693487 2,87 0,989655

215 2,85 0,946844 3 1,030928 1,8 0,689655 2,81 0,968966

220 2,84 0,943522 2,77 0,95189 1,78 0,681992 2,78 0,958621

225 2,83 0,940199 2,93 1,006873 1,77 0,678161 2,87 0,989655

230 2,85 0,946844 2,97 1,020619 1,73 0,662835 2,85 0,982759

235 2,84 0,943522 2,94 1,010309 1,74 0,666667 2,86 0,986207

240 2,87 0,953488 2,94 1,010309 1,72 0,659004 2,7 0,931034

245 2,85 0,946844 2,97 1,020619 1,72 0,659004 2,78 0,958621

250 2,86 0,950166 2,94 1,010309 1,73 0,662835 2,7 0,931034
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5 3,01 1 3,19 1,09622 2,61 1 3,94 1,358621

10 2,99 0,993355 3,18 1,092784 2,56 0,980843 3,82 1,317241

15 2,99 0,993355 3,2 1,099656 2,47 0,94636 3,59 1,237931

20 3,15 1,046512 3,15 1,082474 2,43 0,931034 3,46 1,193103

25 2,99 0,993355 3,08 1,058419 2,39 0,915709 3,29 1,134483

30 3,04 1,009967 3,13 1,075601 2,36 0,904215 3,1 1,068966

35 3 0,996678 3,09 1,061856 2,31 0,885057 3,14 1,082759

40 3,03 1,006645 3,11 1,068729 2,29 0,877395 2,97 1,024138

45 2,99 0,993355 3,15 1,082474 2,26 0,8659 2,98 1,027586

50 3,02 1,003322 3,11 1,068729 2,22 0,850575 2,99 1,031034

55 2,98 0,990033 3,14 1,079038 2,21 0,846743 3,03 1,044828

60 3,04 1,009967 3,1 1,065292 2,17 0,831418 3,06 1,055172

65 2,98 0,990033 3,14 1,079038 2,11 0,808429 3,03 1,044828

70 2,99 0,993355 2,96 1,017182 2,1 0,804598 2,96 1,02069

75 2,99 0,993355 3,08 1,058419 2,15 0,823755 2,81 0,968966

80 2,98 0,990033 3,13 1,075601 2,14 0,819923 2,94 1,013793

85 2,99 0,993355 3,05 1,04811 2,07 0,793103 3,06 1,055172

90 2,99 0,993355 3 1,030928 2,1 0,804598 2,94 1,013793

95 2,95 0,980066 3,02 1,037801 2,07 0,793103 2,94 1,013793

100 3 0,996678 3,08 1,058419 2,05 0,785441 2,9 1

105 2,99 0,993355 3,26 1,120275 2,04 0,781609 2,9 1

110 2,94 0,976744 3,02 1,037801 2,02 0,773946 2,86 0,986207

115 2,98 0,990033 3,01 1,034364 2,01 0,770115 2,9 1

120 2,93 0,973422 3 1,030928 1,99 0,762452 2,81 0,968966

125 3 0,996678 3,02 1,037801 2,01 0,770115 2,85 0,982759

130 2,95 0,980066 2,95 1,013746 1,99 0,762452 2,81 0,968966

135 2,92 0,9701 3,06 1,051546 1,98 0,758621 2,9 1

140 2,91 0,966777 3,02 1,037801 1,95 0,747126 2,9 1

145 2,99 0,993355 2,91 1 1,96 0,750958 2,77 0,955172

150 2,92 0,9701 3,02 1,037801 1,95 0,747126 2,85 0,982759

155 2,92 0,9701 2,98 1,024055 1,91 0,731801 2,94 1,013793

160 2,92 0,9701 2,98 1,024055 1,9 0,727969 2,68 0,924138

165 2,96 0,983389 3 1,030928 1,93 0,739464 2,87 0,989655

170 2,91 0,966777 3,01 1,034364 1,89 0,724138 2,87 0,989655

175 2,95 0,980066 3 1,030928 1,87 0,716475 2,82 0,972414

180 2,92 0,9701 3,03 1,041237 1,86 0,712644 2,92 1,006897

185 2,83 0,940199 2,98 1,024055 1,84 0,704981 2,76 0,951724

190 2,93 0,973422 2,95 1,013746 1,86 0,712644 2,81 0,968966

195 2,87 0,953488 2,96 1,017182 1,83 0,701149 2,73 0,941379

200 2,87 0,953488 2,99 1,027491 1,81 0,693487 2,64 0,910345

205 2,84 0,943522 2,99 1,027491 1,81 0,693487 2,8 0,965517

210 2,9 0,963455 3,11 1,068729 1,81 0,693487 2,87 0,989655

215 2,85 0,946844 3 1,030928 1,8 0,689655 2,81 0,968966

220 2,84 0,943522 2,77 0,95189 1,78 0,681992 2,78 0,958621

225 2,83 0,940199 2,93 1,006873 1,77 0,678161 2,87 0,989655

230 2,85 0,946844 2,97 1,020619 1,73 0,662835 2,85 0,982759

235 2,84 0,943522 2,94 1,010309 1,74 0,666667 2,86 0,986207

240 2,87 0,953488 2,94 1,010309 1,72 0,659004 2,7 0,931034

245 2,85 0,946844 2,97 1,020619 1,72 0,659004 2,78 0,958621

250 2,86 0,950166 2,94 1,010309 1,73 0,662835 2,7 0,931034
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time Tap water Tap water Radish (1 ml/l)Radish (1 ml/l)Radish (10 ml/l)Radish (10 ml/l)Sugar beet (1 ml/l)Sugar beet (1 ml/l)
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25 2,99 0,993355 3,08 1,058419 2,39 0,915709 3,29 1,134483

30 3,04 1,009967 3,13 1,075601 2,36 0,904215 3,1 1,068966

35 3 0,996678 3,09 1,061856 2,31 0,885057 3,14 1,082759

40 3,03 1,006645 3,11 1,068729 2,29 0,877395 2,97 1,024138

45 2,99 0,993355 3,15 1,082474 2,26 0,8659 2,98 1,027586

50 3,02 1,003322 3,11 1,068729 2,22 0,850575 2,99 1,031034

55 2,98 0,990033 3,14 1,079038 2,21 0,846743 3,03 1,044828

60 3,04 1,009967 3,1 1,065292 2,17 0,831418 3,06 1,055172

65 2,98 0,990033 3,14 1,079038 2,11 0,808429 3,03 1,044828

70 2,99 0,993355 2,96 1,017182 2,1 0,804598 2,96 1,02069

75 2,99 0,993355 3,08 1,058419 2,15 0,823755 2,81 0,968966

80 2,98 0,990033 3,13 1,075601 2,14 0,819923 2,94 1,013793

85 2,99 0,993355 3,05 1,04811 2,07 0,793103 3,06 1,055172

90 2,99 0,993355 3 1,030928 2,1 0,804598 2,94 1,013793
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105 2,99 0,993355 3,26 1,120275 2,04 0,781609 2,9 1

110 2,94 0,976744 3,02 1,037801 2,02 0,773946 2,86 0,986207

115 2,98 0,990033 3,01 1,034364 2,01 0,770115 2,9 1

120 2,93 0,973422 3 1,030928 1,99 0,762452 2,81 0,968966
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240 2,87 0,953488 2,94 1,010309 1,72 0,659004 2,7 0,931034
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Fig. 2. Normalized chronoamperometric curves with the extract 
concentration as a parameter.

All the curves show a similar trend of the cur-
rent reduction due to carbonates crystallization on 
the steel surface, however the current/time depen-
dences are different depending on the extract nature 
and its concentration. The radish cake extract of 1 
mL/L concentration slows down the crystallization, 
and at 10 mL/L the residual current is high. At the 
same time, when sugar beet pulp extract is added to 
the water at both tested concentrations, the current 
reduction occurs more slowly, however the residual 
current is nearly the same as in tap water. The rape 
grist extract at the concentration of 1 mL/L does not 
change the chronoamperometric curve, obtained in 
tap water. At higher concentration of 10 mL/L, the 
current remains high throughout the test meaning the 
crystallization is inhibited.

The values of surface porosity SP, scaling time 
ts and area density for all the tested extracts are col-
lected in Fig. 3. The area density values show that all 
the tested extracts at 1 mL/L concentration do not 
reduce the mass of scale deposited on the surface. 
The mass of the deposits is even slightly higher com-
pared to tap water as a result of inhibitor attachment 
to the surface. At 10 mL/L concentration radish 
cake extract and rape grist extract prevent the crys-
tallization as practically no changes in the electrode 
weight were detected after the test. In contrary, sug-
ar beet pulp extract at 10 mL/L concentration does 
not prevent scaling and the area density is the same 
as in tap water.

Scale porosity values are in a good agreement 
with the area density. In 1 mL/L concentration 
the porosity values remain close to those obtained 
in tap water despite radish cake extract, where SP 
is above 6 %. At 10 mL/L concentration the SP 
in both radish cake extract and rape grist extract 
is around 20 % meaning weak blocking abilities of 
the scale layer. In the presence of sugar beet pulp 
extract, the porosity remains the same as in tap 
water, meaning this reagent does not inhibit the 
scale formation.

Scaling time is another important parameter to 
characterize the crystallization process. Sugar beet 
pulp extract nearly doubles scaling time compared to 
tap water, however, it does not influence the amount 
of the deposited scale. Rape grist extract does not 
change the scaling time comparing to tap water, but 
significantly inhibits the deposition process. Radish 
cake extract in 1 mL/L concentration increases ts to 
3600 sec, but at higher concentration of 10 mL/L 
ts is reduced to 1000 sec.
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Sugar beet (10 ml/l)Sugar beet (10 ml/l)Rape (1 ml/l)Rape (1 ml/l)Rape (10 ml/l)Rape (10 ml/l)

2,75 1,131687 2,96 0,980132 3,55 1,550218

2,7 1,111111 2,9 0,960265 3,1 1,353712

2,57 1,057613 2,94 0,97351 2,98 1,30131

2,58 1,061728 2,59 0,857616 2,8 1,222707

2,6 1,069959 3,01 0,996689 2,71 1,183406

2,58 1,061728 2,79 0,923841 2,73 1,19214

2,52 1,037037 2,64 0,874172 2,69 1,174672

2,49 1,024691 3,02 1 2,55 1,113537

2,51 1,032922 2,8 0,927152 2,6 1,135371

2,51 1,032922 2,92 0,966887 2,54 1,10917

2,54 1,045267 2,62 0,86755 2,47 1,078603

2,54 1,045267 2,61 0,864238 2,49 1,087336

2,51 1,032922 2,89 0,956954 2,46 1,074236

2,52 1,037037 2,65 0,877483 2,45 1,069869

2,48 1,020576 2,73 0,903974 2,4 1,048035

2,48 1,020576 2,92 0,966887 2,44 1,065502

2,49 1,024691 2,59 0,857616 2,36 1,030568

2,53 1,041152 3,01 0,996689 2,41 1,052402

2,43 1 2,74 0,907285 2,39 1,043668

2,41 0,99177 2,62 0,86755 2,31 1,008734

2,52 1,037037 2,95 0,976821 2,35 1,026201

2,56 1,053498 2,8 0,927152 2,37 1,034934

2,48 1,020576 2,97 0,983444 2,31 1,008734

2,4 0,987654 2,81 0,930464 2,32 1,0131

2,51 1,032922 3 0,993377 2,31 1,008734

2,51 1,032922 2,71 0,897351 2,29 1

2,47 1,016461 3,16 1,046358 2,32 1,0131

2,46 1,012346 3,1 1,02649 2,28 0,995633

2,43 1 3,04 1,006623 2,3 1,004367

2,48 1,020576 3,09 1,023179 2,24 0,978166

2,39 0,983539 3,18 1,05298 2,3 1,004367

2,39 0,983539 3,02 1 2,29 1

2,43 1 3,04 1,006623 2,28 0,995633

2,46 1,012346 3,05 1,009934 2,27 0,991266

2,48 1,020576 3,06 1,013245 2,29 1

2,46 1,012346 2,94 0,97351 2,29 1

2,44 1,004115 2,93 0,970199 2,29 1

2,38 0,979424 3,01 0,996689 2,28 0,995633

2,49 1,024691 3,31 1,096026 2,29 1

2,42 0,995885 3,15 1,043046 2,3 1,004367

2,5 1,028807 3,1 1,02649 2,3 1,004367

2,49 1,024691 3,12 1,033113 2,27 0,991266

2,41 0,99177 3,17 1,049669 2,29 1

2,47 1,016461 3,06 1,013245 2,3 1,004367

2,53 1,041152 3,21 1,062914 2,31 1,008734

2,42 0,995885 3,1 1,02649 2,29 1

2,53 1,041152 3,24 1,072848 2,29 1

2,51 1,032922 3,31 1,096026 2,29 1

2,48 1,020576 3,26 1,07947 2,26 0,9869

2,62 1,078189 3,3 1,092715 2,29 1
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Fig. 3. Influence of the extract concentration on scale 
crystallization parameters: (a) scale porosity, (b) scaling 
time, (c) deposited mass.

The reduction of ts and the absence of scale 
layer on the electrode surface means that the ex-
tracts form a barrier layer on the steel surface. The 
layer blocks the surface from the supply of calcium 
carbonate as well as reduces oxygen supply. Thus, 

the reduction of ts in conditions when no calcium 
was deposited is attributed to the formation of a bar-
rier layer from extract compounds.

The by-products extracts are composed of 
numerous naturally occurring organic compounds. 
Owing to the complex chemical composition of 
these extracts, it is rather difficult to assign the scale 
inhibitive effective to a particular constituent. The 
difference in scale inhibition efficiency between 
these three extracts is due to their different phy-
tochemical composition. These compounds contain 
lone pairs of electrons and conjugated π-type bond 
system which may be responsible for the adsorp-
tion process (coordination) on the growth sites on 
the surface and preventing scale formation. The in-
crease in the number of functional groups contained 
in molecules of the main extracts improves their 
surface-binding capacity and respectively inhibitory 
effect of the corresponding extract.

The analyses of the scientific and technical 
literature suggests that the scale inhibition action per-
formed by the radish cake extract is mainly due to 
the presence of polysaccharides and phenolic deriva-
tives. Also, it is generally recognized that the inhibito-
ry effect of polysaccharides and phenolic compounds 
on calcium carbonate crystal formation is influenced 
by both the location of the adsorbed inhibitor mole-
cules at the crystals surface and the extent of chemical 
bonding with the surface. The radish cake extract con-
tains organic components characterized by branched 
structures and presence of heteroatoms like oxygen, 
sulfur and aromatic rings with a high electron density. 
This high electron density can facilitate better coor-
dination interaction, and stronger bonding between 
the metal surface and radish cake extract molecules. 
According to the previous research [22], the polysac-
charides and phenolic compounds [23] act by sur-
face adsorption, blocking the active growth of sites on 
the surface, therefore preventing the scale formation. 
Also, the radish cake extract contains organic mole-
cules such as isothiocyanates. The major phytocom-
pounds identified in the sugar beet pulp and rape cake 
extracts are sugar acid, fatty acids, aldehydes, ketones. 
However, they contain a low amount of polysaccha-
rides, isothiocyanates or phenolic compounds.

Conclusions

The water/ethanol extracts of the rapeseed 
pomace, sugar beet pulp and fodder radish cake 
were prepared and tested as scale inhibitors of mild 
steel in tap water. The main constituents of extracts 
were identified by GC-MS methods. Analysis of the 
radish cake extract showed that anthocyanins, phe-
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nolic compounds and polysaccharides are the main 
classes among the present compounds. A high con-
centration of fatty acids, aldehydes, ketones were 
detected in rapeseed pomace extract. The GC-MS 
analysis of the sugar beet pulp extract revealed the 
presence of sugar acids and sophorose. 

Electrochemical scaling test showed different 
scaling inhibition efficiency of the tested extracts. 
The rapeseed pomace extract and fodder radish cake 
extract at the concentration of 10 mL/L appeared to 
be efficient scaling inhibitors. The cathodic current 
remains high meaning surface of the electrode being 
not blocked with scale crystals and practically no 
scale detected on the electrode surface after the test. 
Sugar beet pulp extract increases the crystallization 

time, however the amount of deposited scale appeared 
to be the same as in the tap water. The scale inhibi-
tion is caused mainly by the formation of adsorbed 
film on the scale nucleus that blocks the surface and 
prevents further crystal growth. 

Natural extracts are a promising source of scale 
inhibitors due to their low price, efficiency and en-
vironmental safety.
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Г.С. Васильєв, В.І. Воробйова, Ю.С. Герасименко, О.Е. Чигиринець

ЕКСТРАКТИ ВІДХОДІВ ХАРЧОВОЇ ПРОМИСЛОВОСТІ ЯК ІНГІБІТОРИ НАКИПОУТВОРЕННЯ НА ПОВЕРХНІ 
МАЛОВУГЛЕЦЕВОЇ СТАЛІ У ВОДОПРОВІДНІЙ ВОДИ

Проблематика. У промислових процесах нагрівання серйозною проблемою є накипоутворення, особливо у випадку вико-
ристання як теплоносія води природного походження. Втрати світової економіки через утворення накипу оцінюються в мільярди 
доларів на рік. Тому розробка ефективних інгібіторів накипоутворення є актуальною задачею. Перспективним джерелом еколо­
гічно чистих та дешевих інгібіторів утворення накипу можуть стати відходи харчової промисловості.

Мета дослідження. Випробувати як інгібітори утворення накипу на поверхні маловуглецевої сталі у водопровідній воді 
екстракти трьох побічних продуктів харчової промислові: шроту ріпаку, жому цукрового буряку та макухи з кормової редьки.

Методика реалізації. Досліджувані речовини додавали до води у вигляді етанольних екстрактів, які готували методом ма-
церації. Для вивчення процесу утворення накипу використовували електрохімічний підхід, суть якого полягає у реєстрації зміни 
величини струму відновлення кисню в часі в процесі зародження та росту шару карбонату кальцію на поверхні сталі в присутності 
екстрактів. Для оцінки ефективності інгібування визначали час накипоутворення, пористість та питому масу накипу. Хімічний склад 
екстрактів визначали методом газової хроматографії з масоселективним детектором шляхом масоселективного інтегрування.

Результати дослідження. Ефективними інгібіторами накипоутворення виявилися екстракти шроту ріпаку та екстракт ма-
кухи редьки в концентрації 10 мл/л. Екстракт жому цукрового буряку збільшує час кристалізації, але не впливає на кількість осаду 
накипу.

Висновки. Інгібування накипоутворення викликано головним чином утворенням адсорбованої плівки на зародках накипу, 
яка блокує поверхню і перешкоджає подальшому росту кристалів. Відходи харчової промисловості є перспективним джерелом 
інгібіторів накипу через їх низьку ціну та екологічну безпеку.

Ключові слова: інгібітори накипоутворення; маловуглецева сталь; зелений інгібітор; час накипоутворення.

Г.С. Васильев, В.И. Воробьева, Ю.С. Герасименко, Е.Э. Чигиринец

ЭКСТРАКТЫ ОТХОДОВ ПИЩЕВОЙ ПРОМЫШЛЕННОСТИ КАК ИНГИБИТОРЫ НАКИПЕОБРАЗОВАНИЯ НА ПОВЕРХНОСТИ 
МАЛОУГЛЕРОДИСТОЙ СТАЛИ В ВОДОПРОВОДНОЙ ВОДЕ

Проблематика. В промышленных процессах нагрева накипеобразование является существенной проблемой, особенно 
в случае использования в качестве теплоносителя воды природного происхождения. Потери мировой экономики из­за образо-
вания накипи оцениваются в миллиарды долларов в год. Поэтому разработка эффективных ингибиторов накипеобразования яв-
ляется актуальной задачей. Перспективным источником экологически чистых и дешевых ингибиторов образования накипи могут 
стать отходы пищевой промышленности.

Цель исследования. Испытать в качестве ингибиторов образования накипи на поверхности малоуглеродистой стали в во-
допроводной воде экстракты трех побочных продуктов пищевой промышленности: шрота рапса, жома сахарной свеклы и жмыха 
кормовой редьки.

Методика реализации. Исследуемые вещества добавляли к воде в виде этанольных экстрактов, которые готовили мето-
дом мацерации. Для изучения процесса образования накипи использовали электрохимический подход, суть которого заключа-
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ется в регистрации изменения величины тока восстановления кислорода во времени в процессе зарождения и роста слоя кар-
боната кальция на поверхности стали в присутствии экстрактов. Для оценки эффективности ингибирования определяли время 
напипеобразования, пористость и удельную массу накипи. Химический состав экстрактов определяли методом газовой хромато-
графии с массоселективным детектором путем массоселективного интегрирования.

Результаты исследования. Эффективными ингибиторами накипеобразования оказались экстракты шрота рапса и жмыха 
редьки в концентрации 10 мл / л. Экстракт жома сахарной свеклы увеличивает время кристаллизации, однако не влияет на ко-
личество осадка накипи.

Выводы. Ингибирования накипеобразования вызвано, главным образом, образованием адсорбированной пленки органи-
ческих веществ на зародышах накипи, которая блокирует поверхность и препятствует дальнейшему росту кристаллов. Отходы 
пищевой промышленности являются перспективным источником ингибиторов накипи вследствие их низкой цены и экологической 
безопасности.

Ключевые слова: ингибиторы накипеобразования; малоуглеродистая сталь; зеленый ингибитор; время накипеобразования.
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