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Abstract 

Graphic and mathematical dependences of the effect of humic acids (0–15%) obtained from 3 coal 
samples (Vd=29.1–43.7%; Cdaf=60.71–80.83%; Odaf

d= 10.9–29.12%) and the gelation time (0–15 
minutes) for the dynamic viscosity of the hydrogel. The influence of the content of humic acids on the 
melting point, degradation temperature and gelatinization time of hydrogels has been established. It 
has been determined that an increase in the size of coal particles to 1.0 mm in humic acids leads to a 

decrease in the processes of structure formation of the hydrogel. 

Keywords: Coal; Lignite; Humic acids; Hydrogels; Equations. 

1. Introduction

One of the most important areas of modern research in the field of polymer materials is

the field of obtaining and studying the properties of polymer hydrogels. Hydrophilic polymers 

with large volumes of water absorption and storage are known as hydrogels, or superabsor-

bents [1]. The hydrogel is a three-dimensionally crosslinked and swollen polymer in water and 

does not dissolve in it. The water-holding capacity of hydrogels is due to the presence of 

hydrophilic groups along the polymer chain, such as OH, -CONH, -CONH2, -COOH [2]. They 

can be composed of natural substances and synthetic high molecular weight materials. Due 

to a complex of unique properties, these “smart” materials for targeted delivery of useful and 

functional substances are in demand and promising polymer compositions for many industries: 

medical, cosmetic, pharmaceutical, agricultural. Hydrogels are widely used for various biomedical 

applications - tissue engineering, molecular imprinting, immune isolation, dressings, drug de-

livery, and the like. In addition, a biodegradable, non-toxic, low cost starch hydrogel can be 

produced. Acrylamide-based hydrogels are widely used in medicine, agriculture, and other 

industries. Hydrogel masks and face patches have become a new trend in the field of polymer 

hydrogels application. Their main function is to intensively moisturize the skin, and almost all 

hydrogel masks and patches also start detoxification processes - they get rid of toxins and 

toxins that accumulate in human skin. The hydrogel base of masks and patches adheres well 

to the surface of human skin and creates conditions similar to the greenhouse effect, which 

further contributes to effective skin cleansing. In addition, the created microclimatic system 

of the skin accelerates blood circulation and thereby ensures effective penetration into the 

deep layers of the skin and improves the absorption of beneficial active substances. Hydrogel 

materials containing collagen, silver or gold nanoparticles, clay minerals such as kaolinite, 

bentonite, etc., deserve the attention of cosmetologists. In view of this, research on the de-

velopment and study of effective polymer hydrogel materials is in great demand today.  

To date, most studies of hydrogels based on three-dimensional polymer networks are con-

ducted in the direction of studying various materials for cosmetology, pharmacy, and medicine [1–3]. 

As a result of the studies carried out in [4], the area of formation in the structure of the gel 

of macromolecular aggregates "gelatin - sodium alginate", providing the gel with extreme 
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values of elastic-visco-plastic characteristics, was established. Among all developments in the 

field of gene-activated hydrogels, the greatest progress has been achieved precisely in the 

treatment of patients with skin lesions [5–10]. Thus, Cardium Therapeutics (USA) and Tissue 

Repair Company (USA) have created a gene-activated hydrogel based on collagen and an 

adenoviral construct carrying the platelet-derived growth factor-BB (PDGF-BB) gene for the 

treatment of patients with chronic skin ulcers caused by diabetic neuropathy [5-6]. Another 

research group in a model of in vivo skin wound healing compared the use of sodium alginate 

hydrogels containing either plasmid DNA carrying the SDF-1 gene or the recombinant SDF-1 

protein [7]. Several more studies are in the early stages and are focused on evaluating the 

efficiency of delivery of marker gene constructs by various hydrogels. In particular, it has been 

shown that an alginate hydrogel is capable of providing delivery of lentiviral vectors [8], as 

well as plasmid DNA [9–10]. In general, based on published research results, it can be confi-

dently asserted that most biocompatible, non-toxic hydrogels that do not negatively affect 

nucleic acids are capable of performing the function of a carrier matrix for gene constructs. 

Practically in all scientific studies of polymer hydrogels, it is noted that the physicochemical 

properties and compression resistance of hydrogels, which, in turn, are determined by the 

nature of the polymer, the degree of structure formation, and the polymer: water ratio, de-

termine the areas of their most effective application [11–12]. Therefore, obtaining and studying 

the effect of various factors on the characteristics of polymer hydrogels is an important and 

urgent task of modern polymer chemistry [13]. 

On the other hand, in the world (including in Ukraine) there are significant deposits of 

lignite (brown coal), which contains humic acids and can be a component of raw materials for 

the production of hydrogel materials. Currently, lignite have a very limited use due to poor 

technological characteristics (high ash, water and sulfur contents). Lignite are proposed to be 

used in the oxidative desulfurization process [14-17], to obtain components of boiler fuels or 

bitumen [18], in gasification processes [19]. However, the direction of application of brown coal 

seems to be the most promising for the extraction of humic acids and subsequent production 

of hydrogel materials. 

The purpose of this article is to investigate the features of the effect of humic acids on the 

processes of structure formation in polymer hydrogels based on gelatin. 

2. Experimental part

2.1. Raw materials 

Humic acid was obtained according to [20]. The essence of the method consists in processing 

an analytical fuel sample with an alkaline solution of sodium pyrophosphate, subsequent ex-

traction of the sample with a solution of sodium hydroxide, precipitation of humic acids with 

an excess of mineral acid, and determination of the mass of the resulting sediment. 

In total, three samples of humic acids were used, obtained from three samples of brown 

coal. The results of determining the quality of brown coal samples are shown in Tables 1–4. 

To obtain polymers, we used food gelatin grade P-11 according to [21], the main quality 

indicators are given in Table 5. 

Table 1. Proximate analysis of coal, % 

Sample Wa Ad Sd
t Vd 

1 16.8 48.7 2.50 29.1 

2 8.1 8.3 1.87 43.7 
3 30.6 36.7 4.00 43.7 

Table 2. Ultimate analysis of coal,% 

Sample Cdaf Hdaf Ndaf Sd
t Odaf

d

1 80.83 4.48 1.29 2.50 10.9 
2 68.10 4.57 1.35 1.87 24.11 
3 60.71 4.87 1.30 4.00 29.12 
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Table 3. Total mass fraction and yield of free humic acids 

Sample (HA)daf
t, % (HA)daf

f, % 

1 87.60 79.44 

2 49.66 44.27 
3 82.94 75.30 

Table 4. Chemical composition of coal ash, % 

Sample SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O SO3 

1 70.08 9.83 3.24 0.88 5.43 0.77 0.90 5.90 
2 No data 
3 No data 

Table 5. Quality indicators of P-11 gelatin 

№ Indicator name 
Characteristics 

and norm 

1 Appearance Grains 
2 Colour Light yellow 

3 Smell  Absent 

4 Taste  tasteless 
5 Particle size, mm, no more 10 
6 Mass fraction of particles less than 0.5 mm,%, no more 30 
7 Duration of dissolution, min, no more 25 
8 The indicator of the activity of hydrogen ions in an aqueous solution of 

gelatin with a mass fraction of 1%, units, pH from 5 to 7 
9 Mass fraction of moisture,%, no more 16 

10 Mass fraction of ash,%, no more 2.0 
11 Strength of jelly with a mass fraction of gelatin 10%, N, not less 11 
12 Dynamic viscosity of a solution with a mass fraction gelatin 10%, mPa∙s, 

not less 20.0 
13 Melting point of jelly with mass fraction gelatin 10%, °С, not less 32 
14 The transparency of the solution with a mass fraction of gelatin 5%, %, 

not less 45 
15 Impurities, %, no more Not allowed 

16 Sulfurous acid in terms of SO2, %, no more 0.075 
17 Mesophilic aerobic and facultative anaerobic microorganisms, CFU, in 1 g 

of gelatin, no more 1·105

18 Coliform bacteria (coliforms) in 0.01 g of gelatin Not allowed 
19 Pathogenic microorganisms, including salmonella, in 25 g Not allowed 

20 Gelatin-thinning bacteria, CFU, in 1 g of gelatin, no more 2·102

2.2. Experimental techniques 

Hydrogels from gelatin and humic acids were prepared as follows. First, a 10% gelatin 

solution was made in distilled water at a temperature of 90–100°C. After that, by mixing, 

solutions with humic acids were obtained, in which the concentration of the latter was 0, 5, 

10 and 15%. 

Samples were taken from the resulting solutions after 5, 10, and 15 minutes to determine 

the viscosity, melting point, degradation temperature, and gelation time of polymer hydrogels. 

The viscosity was determined according to [22]. The method is based on determining the 

viscosity of a gelatin solution at a certain temperature and a drop in viscosity after a certain 

time of exposure on a capillary viscometer. 

The melting point was determined according to [22]. The method is based on determining 

the temperature at which the gelatin jelly turns into a fluid state. 

The destruction temperature was determined according to [23]. The destruction tempera-

ture is determined on a brass disc with a diameter of 50 mm and a thickness of 20 mm, 

equipped with a tinder thermometer. The temperature range of destruction is determined by 

the nature of the change in the appearance of the polymer during heating. The destruction 
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temperature is recorded at the beginning of intensive darkening of the polymer material placed 

on the surface of the heated brass disk, which is accompanied by the intense release of gas-

eous combustion products and ends with the carbonization of the polymer sample with the 

formation of black coke residue. 

The determination of the gelation time took place in accordance with [24]. The essence of 

the method is as follows. Prepare the resin mixture at 25°C with the specified amount of the 

standard accelerator and initiator. The resulting mixture is placed in a test tube of established 

dimensions, which is immersed in a bath with a temperature of 25°C. 

The instrument, which has a minimal effect on the viscometric properties of the mixture, is 

used to determine the exact time at which the viscosity reaches 50 Pa·s (500 poise) (condi-

tional viscosity corresponding to the onset of the gelation state). The total time from the 

moment of adding the accelerator and initiator to the moment at which the viscosity reaches 

a value of 50 Pa·s is conventionally called «Gelatinization time at 25°C». 

3. Results and discussion

Figures 1–3 show graphical dependences of the dynamic viscosity of hydrogel solutions on

the concentration of humic acid in them, obtained from various coal samples, and on the 

exposure time. The dependence of dynamic viscosity on indicators characterizing the degree 

of metamorphism (Vd, Cdaf, Odaf
d) of coals is shown in Fig. 4-6. Table 6 shows the mathematical 

equations describing the graphical dependencies shown in Fig. 4-6, as well as their statistical 

assessment. 

Fig. 1 Dependence of the dynamic viscosity of the 
hydrogel on the content of humic acid obtained 
from sample No. 1 

Fig. 1 Dependence of the dynamic viscosity of the 
hydrogel on the content of humic acid obtained 
from sample No. 2 

Fig. 3 Dependence of the dynamic viscosity of the 
hydrogel on the content of humic acid obtained 

from sample No. 3 

Fig. 4 Influence of the release of volatiles in coal 
on the dynamic viscosity of gelatin 

Table 6. Mathematical equations and statistical estimation 

No. Equation type R2

1 𝜂 = 0.2445 ∙ 𝑉𝑑 − 2,1855 1.0000 

2 𝜂 = −0.1887 ∙ 𝐶𝑑𝑎𝑓 + 20,4970 0,8682 

3 𝜂 = 0.2111 ∙ 𝑂𝑑
𝑑𝑎𝑓

+ 2,7978 0,9292 
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Fig. 5. Influence of the carbon content in coal 

on the dynamic viscosity of gelatin 

Fig. 6. Influence of the oxygen content in 

coal on the dynamic viscosity of gelatin 

Analyzing the graphical and mathematical relationships, it can be concluded that an in-

crease in the degree of metamorphism of the initial coals, expressed by an increase in the 

yield of volatile substances and the oxygen content, leads to a decrease in the dynamic vis-

cosity of the hydrogel. 

It is of interest to determine, in addition to the factors describing the degree of coal meta-

morphism, the influence of the exposure time and the concentration of humic acids. 

Table 7 shows the mathematical equations describing the influence of the degree of meta-

morphism, exposure time and concentration of humic acids, in Fig. 7-9 graphical dependencies 

showing the relationship between the actual and calculated values of dynamic viscosity, de-

termined by formulas 4-6. 

Table 7. Mathematical equations and statistical estimation 

No. Equation type
Statistical estimation 

R2 R 
SE, 

mPa∙s 

4 𝜂 = −4.98244 − 0.11185 ∙ 𝐻𝐴 + 0.31978 ∙ 𝜏 + 0.33934 ∙ 𝑉𝑑 0.841 0.917 1.37 

5 𝜂 = 25.62277 − 0.11185 ∙ 𝐻𝐴 + 0.31978 ∙ 𝜏 − 0.24939 ∙ 𝐶𝑑𝑎𝑓 0.733 0.856 1.77 

6 𝜂 = 2.14487 − 0.11185 ∙ 𝐻𝐴 + 0.31978 ∙ 𝜏 + 0.28304 ∙ 𝑂𝑑
𝑑𝑎𝑓

0.774 0.880 1.63 

Fig. 7. Graphical relationship between actual and 
calculated values of dynamic viscosity obtained 
according to equation 4 

Fig. 8. Graphical relationship between actual and 
calculated values of dynamic viscosity obtained 
according to equation 5 

Fig. 9. Graphical relationship between actual and 

calculated values of dynamic viscosity obtained 
according to equation 6 

Figure 10. Graphical dependence of the melting 

point of the hydrogel on the concentration of hu-
mic acids in it 
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In Fig. 10 shows a graphical dependence of the melting point of a hydrogel with a concen-

tration of humic acids from 0 to 15%. Analyzing the above graphs, it can be concluded that 

an increase in the concentration of humic acids, depending on the properties of the original 

coals, leads to both an increase (sample 1) and a decrease (sample 2 and 3) of the hydrogel 

melting temperature. In Fig. 11 shows a graphical dependence of the degradation temperature 

of the hydrogel on the concentration of humic acids in it. 

  
Fig. 11. Graphical dependence of the temperature 

of hydrogel destruction on the concentration of 
humic acids in it 

Fig. 12. Graphical dependence of the gela-

tinization time of the hydrogel on the concen-
tration of humic acids in it 

Analyzing the graphs presented, it can be concluded that an increase in the concentration 

of humic acids, depending on the properties of the original coals, leads to both an increase 

(sample 1) and a decrease (samples 2 and 3) of the hydrogel destruction temperature. 

In Fig. 12 shows a graphical dependence of the gelatinization time of the hydrogel on the 

content of humic acids in it. Analyzing the graphs presented, it can be concluded that an 

increase in the concentration of humic acids, depending on the properties of the initial coals, 

leads to both an increase (sample 2, 3) and a decrease (sample 1) of the gelatinization time 

of the hydrogel. 

Summarizing the data on the effect of humic acids on the processes of structure formation 

in polymer hydrogels based on gelatin, it is important to emphasize its different nature for 

different hydrogels. So, for hydrogels with the addition of humic acids of sample 1, an inten-

sifying structure-forming effect is clearly visible: the viscosity and the temperature of destruc-

tion increase with a decrease in the gelation time. At the same time, in hydrogels with the 

addition of humic acids in samples 2 and 3, an opposite pattern is observed, and they are 

inhibitors of the processes of structure formation in gelatin hydrogels. To clarify the reasons 

for such a different nature of the effect of the studied humic acids, microscopic studies of the 

obtained hydrogels were carried out, the results of which are shown in Fig. 13. 

From the analysis of the obtained micrographs of the studied gelatin hydrogels with differ-

ent contents of samples of humic acids, the different nature of the stay of humic acids in 

gelatin hydrogels was determined for three types of samples under study. Thus, sample 1 is 

characterized by the formation of a homogeneous transparent hydrogel, which, with an in-

crease in the content of humic acids, only changes its color to a more yellow one. At the same 

time, for hydrogels obtained with the addition of samples of 2 and 3 humic acids, the presence 

of larger particles of coal (up to 1.0 mm) in the mass of samples is observed. In our opinion, 

it is the presence of larger coal particles in samples 2 and 3 that causes a decrease in the 

processes of structure formation in gelatin hydrogels by preventing the formation of a spatial 

network structure in them. On the contrary, the introduction of humic acids of sample 1 into 

the composition of gelatin hydrogels, for which the presence of particles of coal residues of 

various degrees of dispersion is not observed, causes an increase in the processes of structure 

formation. 
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Fig. 13. Micrographs (DIV = 1 mm) of the investigated polymer hydrogels of gelatin with different 
content of humic acid: A - polymer hydrogel of gelatin with 5% humic acids; B - polymer hydrogel 

of gelatin with 10% humic acids; C - polymer hydrogel of gelatin with 15% humic acids 

4. Conclusions

Graphic and mathematical dependences of the effect of humic acids (0–15%) obtained from

3 coal samples (Vd=29.1–43.7%; Cdaf=60.71–80.83%; Odaf
d= 10.9–29.12%) and the gelation 

time (0–15 minutes) for the dynamic viscosity of the hydrogel. The influence of the content 

of humic acids on the melting point, degradation temperature and gelatinization time of hy-

drogels has been established. It has been determined that an increase in the size of coal 

Sample 

1 

2 

3 

A B C 
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particles to 1.0 mm in humic acids leads to a decrease in the processes of structure formation 

of the hydrogel. 
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Symbols 

Wa  moisture contents, %; Fe2O3  content of iron oxide, %; 
Ad  ash content, %; MgO  content of magnesium oxide, %; 
Sd

t  content of sulfur, %; CaO  content of calcium oxide, %; 
Vd  volatile matter, %; Na2O  content of sodium oxide, %; 
Cd  content of carbon, %; K2O  content of potassium oxide, %; 

Hd  content of hydrogen, %; SO3  content of sulfur oxide, %; 
Od  content of oxygen, %; η  dynamic viscosity, mPa∙s, %; 
(HA)daf

t  total mass fraction of humic acids, %; Tm  melting temperature, OC; 
(HA)daf

f  yield of free humic acids, %; Td  decomposition temperature, OC; 
SiO2  content of silicon oxide, %; τg  gelation time, min. 

Al2O3  content of aluminium oxide, %;   
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