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Abstract
Due to the positive effect on soil structure and the influence on improving the efficiency of plant roots nutrient uptake, 
humic acids (HA) are widely considered for fertilizer production. Especially, it seems to be particularly promising to use 
them as additives in technologies of mineral fertilizer production. One of the common mineral fertilizer components, due to 
its good water solubility and the presence of nitrogen in two forms, is ammonium nitrate (AN). The aim of this study was 
to determine the influence of the humic acids extracted from peat and lignite on the thermal decomposition of HA and the 
thermal decomposition of ammonium nitrate and humic acids mixtures. For the quality assessment of HA, spectroscopic 
methods (FTIR/ATR and CP/MAS 13C NMR) and analysis of elemental composition were used. The analysis of the spectra 
showed differences in the degree of humification of humic acids extracted from various raw materials. HA isolated from peat 
were distinguished by the presence of peptides, polysaccharides, and lignin residues. Elemental analysis showed the higher 
carbon and sulfur content in the extracted HA compared to the reference samples. The results of the TG-DTA-MS analysis 
confirmed the influence of differences in the molecular structure of humic acids, especially in the aliphatic and aromatic 
carbon content, on the thermal decomposition process. Total content of carboxylic and/or hydroxylic functional groups had 
a significant impact on the start of the decomposition temperature. Their increase visibly influenced the acceleration of the 
exothermic decomposition of AN.
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Introduction

The dynamic growth of the population forces undertaking 
measures to increase the scale of food production. A major 
challenge associated with intensification of agricultural 
production is to successively increase crop yields and the 
associated provision of adequate fertilization. However, 
due to the negative impact of excessive fertilization on the 
environment, it seems necessary to ensure high fertilizer 
use efficiency (FUE), especially nitrogen fertilizers [1]. 
One of the important factors, that allows to achieve a high 
potential of an applied fertilizer, is appropriate conditions 
of soil. The soil structure affects the adsorption mechanism 

of ammonium nitrogen (NH4
+). Furthermore, the leaching of 

nitrates (NO3
−), resulting from ammonium nitrification and 

water infiltration, also depends on the soil texture [2, 3]. In 
addition to providing adequate fertilization and irrigation 
level, soil organic matter (SOM) is important in maintaining 
a proper soil structure while protecting it from a degradation 
caused by an extensive cultivation process [4].

The SOM supplementation is an important aspect of 
sustainable agriculture. It can be achieved by incorporat-
ing humic acids (HA) into the soil structure, which are one 
of the main components of SOM. Additionally, the use of 
humic acids prevents the negative impact of excessive salin-
ity in the soil, which can be caused by the use of mineral 
fertilizers [5]. The positive effect of HA fertilization on the 
yields of different types of plants has been widely discussed 
in the literature [6–9]. Possible use of humic acids extracted 
from various carbon raw materials in commercial fertilizer 
production technologies has been demonstrated, however, 
in this aspect, some difficulties have also been pointed out, 
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especially in the context of granular fertilizer technology 
[10, 11].

One of the chemical compounds that is widely used in 
the production of nitrogen fertilizers, is ammonium nitrate 
(AN). Its popularity in this aspect is due to the presence of 
nitrogen in two forms: ammonium and nitrate [12]. Among 
the most frequently discussed problems with its use in the 
literature is the risk of the explosive decomposition of sys-
tems containing ammonium nitrate [13–16]. In recent years, 
many studies have been carried out to determine the thermal 
stability of ammonium nitrate and the influence of various 
additives on its explosive decomposition process. Some of 
these studies included analyses of ammonium nitrate mix-
tures with additives with fertilization potential (e.g. sul-
fates, potassium salts and micronutrients) [17–20]. In the 
industrial production of solid nitrogen fertilizers based on 
ammonium nitrate, carbonates are commonly used as an 
inhibitor of their decomposition [21, 22]. However, produc-
ing mixtures of ammonium nitrate with humic acids limits 
the potential for carbonates addition, especially calcium and 
magnesium compounds, because they significantly reduce 
the ion-exchange activity of humic acids. Presence of cal-
cium or magnesium cations in the systems causes them to 
combine with functional groups (e.g. carboxyl, phenolic, 
etc.) in the humic structure and produce forms that are 
insoluble in the soil solution [23].

The thermal stability of humic substances extracted from 
various raw materials has been widely reported in recent 
years. In general, the carbon structure of these macromo-
lecular organic substances is quite stable at temperature 
values characteristic of the technological processes of the 
production of granular fertilizers.

A broad decomposition of HA has been typically 
observed between 110 and 600 °C. It results in the forma-
tion of carbon dioxide, carbon oxide and methane which 
are the decomposition products of carboxyl, carboxylate, 
aromatic structures and the break of aliphatic chains [10, 
24–26]. Signals above 600 °C, which are characteristic of 
mineral contamination decomposition (e.g. carbonates), can 
also be observed [27]. Usually, a slight loss of mass below 
100 °C that is noticed is attributed to the water desorption 
from the HA structure. According to Kolokassidou et al., 
dehydration of humic acids that takes place above 70 °C may 
be irreversible and lead to condensation of the polyaromatic 
structures of humic acids [28].

The addition of organic compounds to ammonium nitrate 
usually results in a significant reduction of the temperature 
of the decomposition beginning, but in the case of the addi-
tion of humic acids, the process may also depend on their 
chemical structure and the type of raw material from which 
they were extracted [29]. This article presents and discusses 
the results of qualitative analyses of humic acids extracted 
from peat and lignite, which were compared with reference 

samples. Particular emphasis was placed on the thermal 
decomposition of extracted humic acids and their mixtures 
with ammonium nitrate in different mass ratios. The aim of 
these studies was to evaluate the relationship between the 
origin and molecular composition of HA and the thermal 
stability of ammonium nitrate. The combination of classi-
cal spectroscopic methods for the analysis of the structure 
of humic acids with thermal analysis of the decomposition 
of systems of humic acids with ammonium nitrate made it 
possible to determine the influence of the content of carbon 
atoms in forms in the structure of HA on the course of the 
thermal decomposition of ammonium nitrate with the addi-
tion of these substances. The safety of using HA as addi-
tives in fertilizers containing ammonium nitrate was also 
evaluated.

Experimental

Materials

In the presented work, humic acids that were extracted 
from peat (HA-P) and lignite (HA-L) were examined. Raw 
materials that were used for the extraction of humic acids, 
were derived from Polish deposits: the peatland in Żuławy 
district and the Bełchatów lignite mine, respectively. HA 
was isolated according to the IHSS method described by 
Trubetskaya et al., [30] with some modifications. Our pro-
cedure, with details, was described in the Methods section 
(humic acids extraction procedure). Solutions that were 
necessary for the HA isolation process were prepared with 
the use of NaOH and HCl purchased from POCH (Avantor 
Performance Materials). The results of qualitative analysis 
of the obtained HA were compared with the results received 
for reference samples that were humic acids (HA-SA-A) 
and their sodium salts (HA-SA-S) purchased from Sigma-
Aldrich. Samples for thermal analysis were prepared with 
the use of ammonium nitrate purchased from EUROCHEM 
(purity ≥ 99.0 mass%).

Methods

Humic acids extraction procedure

According to the IHSS method, the peat and lignite sam-
ples were ground into 2 mm grains. Next, the raw material 
samples were decalcified. In that step, 40 g of peat or lignite 
were placed in a 1 L polypropylene bottle and mixed with 
approximately 30 mL of 1 M HCl, for acidification to pH 2. 
Then, 0.1 M HCl was added to the final ratio of the solution 
to the mass of the raw material equal to 10:1. Decalcification 
was carried out by shaking the suspension for 1 h and the 
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supernatant was separated from the solid phase by centrifu-
gation (15 min at 1500 rpm). Subsequently, the raw material 
residue was neutralized to pH 7 with the use of 1 M NaOH. 
The alkaline extraction step included the use of 0.1 M NaOH 
and the mass ratio of extractant to raw material was equal to 
10:1. Then, the suspension was shaken for 4 h and the phases 
were separated by centrifugation (15 min at 1500 rpm). The 
extractant was acidified with 6 M HCl to pH 1 and left for 
about 16 h for the precipitation of humic acids. The phases 
were then separated by filtration and the humic acids gel was 
dried at 62 °C to achieve a constant sample mass.

FTIR spectroscopy

Functional groups that were characteristic for studied HA 
samples were identified by Fourier transform infrared/atten-
uated total reflectance (FTIR/ATR) spectra and recorded 
using a Bruker Vertex 70 spectrometer. HA samples were 
mixed with KBr (approximately 2 mg of sample for 200 mg 
of KBr) and prepared as pellets. Spectra were collected in 
the 4000–400 cm−1 region with a resolution of 4 cm−1, at 
room temperature.

CP/MAS 13C‑NMR spectroscopy

Cross-polarization magic angle spinning (CP/MAS) 13C-
NMR spectra for the solid humic acids samples extracted 
from peat and lignite, as well as the reference samples of 
HA and their sodium salts, were obtained using a Bruker 
Avance 300 equipped with a 4 mm wide-bore MAS probe. 
Measurement parameters were selected according to the pro-
cedure described by Conte et al. [31]. Spectrometer operated 
at resonance frequency 13C 75.45 MHz and rotation of the 
samples at 5 kHz. For each sample, 1800 data points were 
collected. The acquisition time was 20 ms and the recycle 
delay was 3 s. Spectra were collected at 301 K.

Elemental composition

The bulk elemental composition of humic acids isolated 
from peat and lignite, as well as HA and their salts, pur-
chased from Sigma-Aldrich, was determined by the use of 
a CHNS Vario EL Cube instrument, with the use of sulfa-
nilamide as standard.

Thermogravimetry—differential thermal analysis—
mass spectroscopy

Thermogravimetry (TG) and differential thermal analysis 
(DTA) coupled with mass spectroscopy (MS) were used 
to perform thermal analysis of HA samples and their mix-
tures with AN. For TG–DTA and coupled MS analyzes, 
Netzsch STA 449 F3 and Netzsch Aëolos QMS 403 C 

were used, respectively. The measurement was performed 
under synthetic air conditions with a gas flow equal to 
30 mL·min−1 and with a heating rate equal to 5 K·min−1 
up to 1100 °C (for HA samples) or 500 °C (for mixture of 
AN and HA samples). The samples were weighed in the 
alumina crucible with a pierced lid and the initial sample 
mass was ~ 20.00 mg. The mixture of AN and HA, before 
being weighed in the crucible, was ground in the mortar 
to homogenize the sample. From the MS analysis, selected 
mass-to-charge ratios (m/z) were observed and consisted 
of following signals: 12 (CO, CO2, HC-fragmentation), 15 
(NH3), 17 (NH3, H2O), 18 (H2O), 36 and 38 (mainly HCl), 
44 (CO2, N2O), 46 (NO2), 48 and 64 (SO2).

Results and discussion

Molecular structure of humic acids

To describe the influence of the molecular structure of 
humic acids extracted from various raw materials on their 
thermal stability, as well as on the thermal decomposition of 
humic acids and ammonium nitrate systems, spectroscopic 
analysis of these substances was performed. The combina-
tion of FTIR/ATR and CP/MAS 13C NMR methods allowed 
identification of characteristic functional groups, as well as 
the spatial structure related to the presence of carbon atoms 
in various molecular fractions.

To account for functional groups that were characteristic 
for humic structures, we compared FTIR peaks identified 
for obtained samples with signals for reference substances, 
which were humic acids and their sodium salts purchased 
from Sigma Aldrich (Fig. 1). In our interpretation, we also 
based our assessment on the information collected from 
other manuscripts. Expectedly, the FTIR spectra for the 
humic substances (HSs) exhibited characteristic absorption 
peaks. In general, the wide and intense band at 3400 cm−1 
is –OH stretching vibrations of the acid, protein, and poly-
saccharide groups [32, 33]. Peaks at 2950 and 2850 cm−1 
are characteristic of the symmetric and asymmetric vibra-
tions of –CH3 and CH2 in saturated aliphatic chains [34, 35]. 
Intensive signal at 1710 cm−1 can be attributed to asymmet-
ric C=O stretching of –COOH groups [36, 37]. This peak 
was not detected for sodium salts of humic acids, probably 
because of the lack of undissociated carboxyl groups for 
this sample. The band around 1620 cm−1 has been assigned 
to factors that include stretching of C=C of aromatic struc-
tures and C=O of amides [38, 39]. Band at about 1220 cm−1, 
mainly corresponded to the stretching vibrations of C–O 
structures in aryl ethers and carboxylic acids, but it might 
be also characteristic of the –OH bending of phenolic units. 
The peak of approximately 1040 cm−1, which was particu-
larly intensive for HA extracted from lignite and a sample of 
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humic acids purchased from Sigma, as well as peaks below 
1000 cm−1 (especially at 530 and 470 cm−1) are probably 
associated with Si–O stretching in mineral substances (e.g. 
kaolinite) as well as SiO–S and S–S vibrations [35–37].

The CP/MAS 13C NMR spectra in Fig. 2 provide a rep-
resentation of the carbon content in various bindings in the 
chemical structure of the humic samples. Functionalities 
associated with the chemical shift in the three main ranges 

(0–110; 110–160 and 160–220 ppm) are assigned, respec-
tively, as aliphatic carbons, aromatic carbons and carboxyl/
carbonyl carbons [40]. Additionally, according to Fernandes 
et al. [27], results of the cross-polarization and magic spin-
ning techniques for 13C nuclear magnetic resonance allow for 
a better resolved spectra. Therefore, it is possible to divide 
the resonance region of aliphatic carbon into 2 subareas, 
which were attributed to saturated non-substituted carbons in 
aliphatic chains (alkyl C for 0–50 ppm) and aliphatic carbons 
bound to oxygen or nitrogen (O-alkyl C for 50–100 ppm). 
For carbonyl/carboxyl carbons, the resonance region can be 
divided into subareas associated with carboxylic acid, ester 
and amide (160–190 ppm), and carbonyl carbons of alde-
hydes and ketones (190–220 ppm) [10, 41, 42].

Presented spectra exhibit three main signals peaking at 
30, 128 and 173 ppm for all analyzed samples. According 
to Adani et al. [42] the first peak may be assigned to ali-
phatic, methylene carbon in long chains and terminal methyl 
groups. The second one is characteristic for the presence of 
aromatic carbon substituted by a carboxyl or carboxymethyl 
group and the aromatic carbon that is in meta position to the 
nitrogen or oxygen substituent. The last peak (173 ppm) may 
be assigned to carbon in carboxylic acids, esters and amides. 
Moreover, at the spectra of humic acids extracted from peat, 
additional signals, peaking at 56, 73 and 150 ppm, were 
observed. The presence of these peaks indicates the partici-
pation of lignin residues and peptide structures (56 ppm), 
ring polysaccharides such as cellulose (73 ppm) and carbons 
bound to phenolic groups (150 ppm) [35, 41].

Based on relative areas of the bands for the spectra, 
the carbon distribution is reported and obtained results 
are presented in Table 1. For presented results, ratios of 
aromatic to aliphatic carbon and alkyl to O-alkyl were 
defined. Moreover, according to Zhang et al. [43], ratios 
of hydrophobic to hydrophilic carbon for each sample 
were calculated. Hydrophobic carbons were defined 
as a sum of alkyl and aromatic C, while hydrophilic 
C as a sum of O-alkyl, carbonyl and carboxyl carbon. 
The ratio of aromatic to aliphatic carbon may be used 
for the assessment of the degree of humification of the 
HA structure. A higher percentage of aliphatic C and 
a lower amount of aromatic C were characteristic for 
the HA extracted from the peat. The ratio of aromatic 
to aliphatic carbon for this sample, as well as for refer-
ence samples, was less than 1 and means a relatively low 
degree of humification compared to HA obtained from 
lignite. This was also confirmed by 13C CP/MAS NMR 
spectra, which suggested the presence of cellulose and 
lignin residues in humic acids extracted from peat, which 
are characteristic of samples at the initial stage of humic 
transformation [44]. According to Xu et al. [45], the ratio 
of alkyl C to O-alkyl C may be considered as an index of 
the degree of decomposition of humic acids. The lowest 
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value of this parameter, of four samples analyzed, was 
observed for humic acids isolated from peat (1.18) and 
for other samples that value was higher than 2. The high 
percentage of alkyl carbon bonded to oxygen and nitrogen 
indicates a high reactivity of humic acids extracted from 
peat (HA-P). O-alkyl C is considered to be a stable form 
of carbon in the HA structure [43]. However, Liu et al. 
[46] concluded that the O-alkyl form of carbon is mainly 
composed of cellulose and hemicellulose, which can be 
exposed to microbiological decomposition. Therefore, 
based on FTIR and, above all, 13C CP/MAS NMR spectra, 
it can be concluded that the use in the extraction process 
carbon raw material with a low degree of carbonization 
(such as peat) allows the obtainment of humic acids with 
a higher percentage of hydrophilic carbon, defined as 
form bonded with heteroatoms, that are characteristic of 
humic substances with lower transformation degree.

To describe the differences in the elemental composi-
tion between humic acids isolated from various raw mate-
rials, the contents of carbon (C), hydrogen (H), nitrogen 
(N) and sulfur (S) were determined, and the results were 
presented in Table 2. From each sample tested, the deter-
mination of the content of the given element was made in 
triplicate and the arithmetic mean was taken as the final 
result. Based on the results presented below, it can be 
concluded that samples obtained in our laboratory from 
peat (HA-P) and lignite (HA-L) were characterized by 
the higher carbon content, compared to reference samples 
(HA-SA-A and HA-SA-S). Furthermore, these samples 
were also characterized by a higher sulfur content, which 
may be related to the presence of this element in the raw 
materials from which they were isolated.

TG–DTA‑MS results

Analysis of the extracted HA

The thermal analysis of a sample containing humic acids 
extracted from peat raw material (HA-P) is shown in Fig. 3a. 
The DTA and TG signals indicate multistage decomposition; 
therefore, Table 3 contains proposed following stages with 
the most likely ongoing thermal processes. The combus-
tion process was accompanied by exothermic effects, with 
maxima observed at 333, 454, 520, 573 and 732 °C. The 
total heat effect was 29 kJ·g−1 with a final mass loss of 88%. 
The main combustion process of the sample occurred in the 
temperature range of 177–613 °C, where the mass loss was 
70% and was preceded by a mass loss of 9%. The thermal 
decomposition of the sample of humic acids extracted from 
lignite (HA-L) is shown in Fig. 3b. Up to a temperature of 
174 °C, the mass loss was around 7%. The combustion stage 
started above 200 °C and was assisted by an exothermic 
effect of 27 kJ g−1. The cumulative mass loss up to 616 °C, 
due to the intense combustion of the sample, has been equal 
to 67%. Thermal analysis of a reference sample of humic 
acids (HA-SA-A) is shown in Fig. 3c. The initial mass loss 
to 205 °C reached 8%. The combustion of the sample began 
slowly and continued almost monotonically to a tempera-
ture of 580 °C. During the combustion, 22 kJ·g−1 of energy 
was released and the mass loss was registered as 62%. The 
exothermic maxima were reached at 476 and 508 °C. Above 
580 °C, a gradual afterburn of the sample began, lasting 
up to nearly 1000 °C. The total mass loss was 73%. The 
thermal decomposition of the reference sample, which con-
tained sodium salts of humic acids (HA-SA-S), is shown 
in Fig. 3d. The TG–DTA curve suggests a very complex 
combustion process of the test sample. Up to a temperature 
of 201 °C, a loss of 16 mass% is evident. Then, in the tem-
perature range of 201–652 °C, several smaller mass effects 
are visible, with a total mass loss of 27%. In the temperature 
range of 652–818 °C, the last most rapid combustion stage 
occurs, with a mass loss of 27%. During the decomposition, 
exothermic maxima were reached at temperatures of 301, 
406, 456 and 661 °C, with a total heat release of 39 kJ g−1.

Table 1   The carbon atoms distribution by CP/MAS 13C NMR in humic acids extracted from peat, lignite and for reference samples

Sample Alkyl C 
(0–50 ppm)/%

O-alkyl 
C (50–
110 ppm)/%

Aromatic 
C (110–
160 ppm)/%

Carboxyl 
C (160–
190 ppm)/%

Carbonyl 
C (190–
220 ppm)/%

Aliphatic 
C/%

Aromatic/
aliphatic C

Alkyl/O-
alkyl C

Hydrophobic/
hydrophilic C

HA-P 25.4 21.6 30.6 14.4 8.0 47.0 0.66 1.18 1.27
HA-L 27.8 12.2 45.4 10.3 4.3 40.0 1.14 2.28 2.73
HA-SA-A 34.5 16.8 31.0 9.7 8.0 51.3 0.61 2.05 1.90
HA-SA-S 32.0 14.0 40.8 9.4 3.8 46.0 0.89 2.29 2.68

Table 2   Elemental composition of humic acids samples

Sample C/% H/% N/% S/%

HA-P 40.1 4.2 2.5 2.2
HA-L 40.0 3.6 0.8 1.8
HA-SA-A 36.2 3.6 0.8 0.5
HA-SA-S 36.0 3.8 0.8 0.4
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Fig. 3   Thermogravimetric (TG) and differential thermal analysis (DTA) data collected during heating of the samples up to 1100 °C with a heat-
ing rate 5 K·min−1 and in air atmosphere. a HA-P, b HA-L, c HA-SA-A, d HA-SA-S

Table 3   Mass loss during thermal decomposition of HA samples with the proposal of possible processes occurring in a given temperature range

Sample Δm1 Δm2 Δm3 Δm4 Residual mass

mass% °C mass% °C mass% °C mass% °C mass%

HA-P 9 Up to 177 27 177–362 43 362–613 9 613–1090 12
HA-L 7 Up to 174 31 174–426 36 426–616 3 616–1073 23
HA-SA-A 8 Up to 205 34 205–436 28 436–580 3 580–1006 27
HA-SA-S 16 Up to 201 27 201–652 27 652–818 – – 31
Suggest 

thermal 
process

Dehydration Decomposition of unsub-
stituted aliphatic chains 
and unbranched aliphatic 
chains containing heter-
oatoms

Simultaneous decomposi-
tion of branched chains 
and aromatic structures, 
as well as heteroatom 
groups

Decomposition of mineral 
matter, mainly carbonate 
impurities

Residue from 
the combus-
tion process, 
mainly 
silicates, 
sulfates, and 
oxides
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Analysis of the gas phase (Fig. 4a–d) indicates the appear-
ance of m/z = 17 and m/z = 18 signals, which are identified as 
signals for H2O molecules. The presence of H2O-identical 
signals at higher temperatures was caused by the combus-
tion process of total organic matter in the air atmosphere to 
CO2 and H2O. Arenillas et al. [47] suggested that H2O below 
300 °C may also reflect the decomposition of oxygen-rich 
functional groups, especially hydroxyl groups. Signals that 
confirm the combustion of organic matter are visualized by 
peaks m/z = 12 and m/z = 44, which mainly correspond to 
CO2. At high temperatures, when the peak signal m/z = 44 is 
clear and the signal m/z = 12 is invisible, the signal m/z = 44 
indicates the decomposition of carbonate minerals into CO2. 
MS analysis also identified signals of m/z = 46, suggesting 
NO2 release, which most likely comes from the high nitro-
gen group present in the sample. HA-P and HA-L samples 
present quite similar intensity characteristics at both m/z 36 
and m/z 38 ratios. Whereas for the reference samples, the m/z 
36 and m/z 38 curves present different variations in recorded 
intensity. Thus, it can be inferred that in the extracted HA 
samples m/z 36 and m/z 38 ratios will mainly characterize 
the presence of chlorides in the gas phase. These may be 
from impurities in the sample and could also be the result 
of their introduction into the sample in the form of HCl dur-
ing the preparation stage. Differences observed within ref-
erenced samples suggest that during analysis there were also 
fragments of evaporating or sublimating organic matter in 
the gas phase. M/z = 48 and 64 indicate the appearance of 
sulfur oxides, which most likely reflect sulfur contamination 
of the sample.

The first step in the decomposition of HA samples is 
related to the release of free water, which is evident mainly 
by the appearance of H2O indicating signals during MS 
analysis. Depending on the raw material of the sample that 
was extracted, these values varied. Some scientists indicate 
that, in this temperature range, it is also possible to vola-
tilize smaller organic structures and break down aliphatic 
chains into smaller ones [48]. The next stage is related to 
the decomposition of organic matter. This process is con-
sistent with the initial combustion of aliphatic straight 
chains. Temperatures at the beginning of this combustion 
suggest that their values have been affected by the amount 
of carbonyl and carboxyl groups. It is in agreement with 
the results of the Boguta et al. [49] research. Their research 
has shown that the decomposition of the organic structure 
is mainly related to the decomposition of carboxyl groups 
below 430 °C. Also, Dell'Abate et al. [50], suggested that, 
in the range 200–350 °C, the degradation of carboxylic 
groups mainly occurs. Combustion was fastest in the HA-P 
sample, where, together with a high proportion of aliphatic 
groups, it also has the highest proportion of groups deter-
mining the high reactivity (Table 1). However, the faster 
decomposition of the HA-P sample can also be explained 
by the lower degree of humification—HA extracted from 
peat, in relation to HA samples extracted from lignite. With 
a low degree of humification, the amount of carbon groups 
with heteroatoms increases. From the MS analyses, it can be 
seen that in the first stage of decomposition, SO2 and NO2 
maxima are reached fastest for the HA-P samples; therefore, 
it can be concluded that, within this range of temperatures, 
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short carbon chains rich in heteroatom groups are also 
decomposed.

A further mass step is most likely related to burning of 
remaining longer aliphatic chain fragments, present in the 
HA structure, and aromatic groups. According to the MS 
analysis, in addition to CO2, SO2 and NO2 were detected 
among evacuated gaseous products. Their intensity was 
much higher than the one that was observed in the initial 
combustion phase of the HA sample. Therefore, it is con-
cluded that the decomposition of carbon structures rich 
in heteroatoms does not occur exclusively in one strict 
temperature range and is determined by the distribution 
of these atoms in groups that build the HA structure. The 
literature suggests that, within 375–800 °C, the decom-
position of long-chain hydrocarbons, N-compounds, and 
the degradation of the aromatic structure were observed 
[51]. The HA-L and HA-SA-A curves show a very simi-
lar decomposition pattern. However, the HA-L TG curve 
decreased slightly slower. The two substance groups differ 
mainly in the proportion of aromatic groups; hence, it may 
be concluded that their proportion will determine the final 
combustion temperature of samples with a similar com-
bustion mechanism. The final stage of the observed com-
bustion process is mainly related to the thermal decom-
position of some mineral substances (majorly carbonates) 
present in the studied samples [27]. There are small visible 
peaks of CO2 in the MS analysis. Above 1000 °C, increas-
ing intensity of SO2 signals was noticed, which is very 

probably related to the decomposition of sulfates, another 
mineral impurities of the raw carbon material.

Each sample was characterized by a different mineral 
residue. These differences are caused by the variety of 
starting material from which HA was extracted. Surpris-
ingly, the mass residue was obtained after combustion of 
HA-P. HA-P are characterized by the lowest degree of 
humification; hence, the expected result was to obtain the 
highest mass residue amongst studied samples. However, 
HA-P was very rich in mineral impurities in the form of 
carbonates, which were decomposed during the experi-
ment, resulting in the lowest value of the residual mass. 
Low mass losses in the other samples suggest that mineral 
impurities, in the form of carbonates, were much lower and 
the main residue is likely to be comprised of silicates. The 
thermal decomposition path of the HA-SA-S sample was 
also intriguing, presenting a completely different decom-
position process. This type of the thermal decomposition 
pattern of HA samples is encountered in the literature. 
According to Kara et al. [52], this is due to the signifi-
cant proportion of mineral impurities in the form of clays 
(aluminates, silicates, aluminosilicates). During combus-
tion, they form an impermeable layer that prevents the 
organic matter from burning. Above a certain temperature, 
this layer breaks down or increases in porosity, as gase-
ous products of combustion of the organic matter diffuse 
after the phase transition of the clay, resulting in a steady 
decrease in mass.

Table 4   The characteristic parameters provided by the thermal analysis of pure AN and its mixtures with HA extracted from a different source

HA type in the 
mixture with AN

HA con-
tent/mass%

Temperature of phase transition /°C Start of 
decomp. 
/°C

Exotherm maxi-
mum /°C

End of 
decomp. 
/°C

Heat evolved dur-
ing decomp. /J g−1 
AN

IV → II III → II II → I Melting I II III

AN [55] – 51 84 124 167 235 283 – – 297 1311
HA-P 0.1 51 – 125 168 238 287 – – 304 1921

0.5 51 – 126 168 226 270 – – 303 2084
2.0 52 85 126 168 203 261 274 – 295 2959

10.0 52 86 125 165 180 234 263 275 291 5127
HA-L 0.1 52 – 126 169 240 281 289 – 309 1449

0.5 52 – 125 168 229 279 – – 302 1975
2.0 53 88 125 168 212 273 285 – 299 2221

10.0 53 90 121 161 173 228 245 – 273 5660
HA-SA-A 0.1 52 – 126 169 240 281 293 – 308 1333

0.5 52 87 125 168 235 282 – – 306 1699
2.0 52 87 125 167 215 273 280 – 295 2315

10.0 52 – 122 161 193 242 267 – 281 4365
HA-SA-S 0.1 52 – 126 168 240 285 – – 308 1175

0.5 52 – 126 169 239 283 – – 307 1593
2.0 52 – 126 168 232 277 286 – 294 1383

10.0 52 – 125 158 191 277 – – 289 4885
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Analysis of the HA and AN mixture

The characteristic parameters determining the decomposi-
tion of ammonium nitrate mixtures with humic acids of dif-
ferent sources are collected in Table 4. Figures 5a–b and 
6a–b present TG-DTA curves for the investigated mixtures 
with 0.1 mass% and 0.5 mass% of different HAs samples, 
respectively. TG-DTA curves in both cases present similar 
thermal decomposition pathways, and visible changes are 
seen in the heat evolved during the exothermic decomposi-
tion of composition. The start of the decomposition tempera-
tures for the mixtures mentioned above are very close to the 
thermal stability parameter of pure AN and varied around 

238–240 °C. In the system with 0.5 mass% of HA-P and 
HA-L, little acceleration has been observed, with a 6–9 °C 
shift compared to pure AN. With the increasing HA content 
in the mixture, visible catalysis is existing. Figures 7a–b and 
8a–b show TG–DTA results for the 2.0 and 10.0 mass% of 
HA systems, respectively. TG curves clearly show that the 
multistep decomposition occurs, which also confirmed DTA 
analysis by distinguishing multiple exothermal maxima. For 
systems of 2.0 and 10.0 mass% Has, the reactions associated 
with the mixture decomposition were significantly shifted 
towards lower temperatures. In the case of 10.0 mass% HA, 
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the start of thermal decomposition has been estimated below 
200 °C.

The process of the exothermic decomposition in studied 
samples was dependent on the mass ratio of the introduced 
additive. In the 0.1 mass%, 0.5 mass% and 2 mass% systems, 
the temperature of the exothermic decomposition begin-
ning decreased according to the order HA-SA-S > HA-SA-
A > HA-L > HA-P. However, the proportion of carboxyl groups 
in the HA samples increased with an inverse relationship. It 
may be very possible that the observed initial thermal stability 
was correlated by the appearance of Lewis acid molecules (for 
example, H3O+) formed by dissociation of carboxyl groups. At 
this time, catalysis of the decomposition of ammonium nitrate 

was observed, according to a molecular mechanism described 
by the following reaction pathway [53, 54].

A possible catalysis, related to the dissociation of 
Lewis acid-like molecules from the introduced HA, can 
be confirmed by results of the MS analysis (Fig. 9). At 
temperatures close to the initial thermal decomposition 
temperature of tested mixtures, an increased generation 

NH4NO3 ↔ NH3 + HNO3

HNO3 + A ↔ H2ONO
+

2
→ NO

+

2
+ H2O

where A = NH
+

4
, H3O

+
, etc.

NO
+

2
+ NH3 →

[

NH3NO
+

2

]

→ N2O + H3O
+
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of decomposition products of ammonium nitrate (N2O and 
H2O) was observed. In mixtures with the most reactive HA 
and with the highest proportion of functional groups, this 
effect was observed most at lowest temperatures.

Moreover, the structure, carbon skeleton of the organic 
matter extracted from the HA source and the proportion of 
individual functional groups forming the HA sample were 
also significant factors. It is noticeable that the thermal 
decomposition was determined by the ratio of aromatic to 
aliphatic carbon and the ratio of hydrophobic to hydrophilic 
carbon, both of which describe the reactivity of HA. Sam-
ples with similar values were decomposed in a similar pat-
tern or, more precisely, following a very similar combustion 
mechanism. In all cases, the addition of HA to ammonium 
nitrate in amounts of 10.0 and 2.0 mass% caused a signifi-
cant acceleration of the decomposition process of AN and 
combustion of the introduced organic matter.

For HA-L, between 300 and 500 °C, a slight decrease 
in mass is observed of less than 2%. For the rest, the mass 
loss above 300 °C was negligible. This effect is probably 
caused by the decomposition of compounds with aromatic 
groups, whose ratio to aliphatic groups in HA-L was the 
highest. During heating to 170 °C, phase transformations 
typical of ammonium nitrate are observed. Only the melting 
point shifted towards lower temperatures with an increase 
in the proportion of HA in the mixture. The amount of heat 
generated during the decomposition of the mixtures was sig-
nificantly higher in systems containing 10 and 2 mass% HA 
in comparison to the energy of the decomposition of pure 
ammonium nitrate. Furthermore, the progress of thermal 
decomposition of ammonium nitrate comprised in studied 

samples was apparently determined by the reactivity and 
thermal stability of introduced humic acids.

HA-SA-S, with the highest proportion of mineral resi-
dues, low reactivity in relation to HA-P or HA-SA-A and 
the lowest proportion of carboxyl and carbonyl groups, fol-
lowed a standard pattern in thermal decomposition similar to 
that of pure ammonium nitrate. However, a difference in the 
form of a decrease in the start temperature of the decomposi-
tion was only apparent when the amount of HA-SA-S in the 
sample was 2 mass% or more. Other samples of HA were 
characterized with higher proportions of reactive groups 
as well as the number of connections to heteroatoms. This 
fact had an apparent effect on the decomposition reactions 
of ammonium nitrate, resulting in a significant decrease in 
the start temperature of the thermal decomposition and an 
increase in the amount of heat evolved.

Conclusions

In this work, a comprehensive analysis of humic acids 
extracted from various raw materials and assessment of 
their influence on the thermal decomposition of ammo-
nium nitrate were performed. Generally, comparison of 
isolated humic acids with reference samples showed the 
presence of structures that are characteristic for these 
macromolecular substances, such as aliphatic chains, aro-
matic rings, carboxyl and phenolic units, etc. Elemental 
analysis of humic acids samples tested showed a higher 
content of carbon and sulfur for HA extracted from peat 
and lignite, compared to the results for the reference 

Fig. 9   Progress in the ther-
mal decomposition of the AN 
mixture with HA samples (10.0 
mass% HA), supported by MS 
signals correlated with the main 
gaseous products of the ionic 
mechanism of decomposition 
of the AN (m/z = 44, N2O and 
m/z = 18, H2O)
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samples. Spectroscopic methods for the determination 
of the structure of humic acids showed significant differ-
ences between the HA extracted from two types of raw 
material. Humic acids isolated from peat, in reference to 
humic acids extracted from lignite, were characterized by 
a higher amount of hydrophilic carbon, which is defined as 
carbon atoms linked with heteroatoms. That sample also 
had a higher amount of aliphatic carbon. CP/MAS 13C 
NMR spectra for the HA-P sample showed signals that are 
characteristic of peptides, polysaccharides, and lignin resi-
dues, indicating a lower degree of humic transformation, 
compared to the sample extracted from lignite. The differ-
ence in the degree of humification for extracted samples 
is also evidenced by a higher hydrophilic to hydrophobic 
carbon ratio for the HA-P sample. Qualitative analysis of 
the humic sample extracted from peat also showed a higher 
percentage of alkyl C bounded with nitrogen and oxygen 
atoms, compared to other tested samples. Moreover, it may 
be concluded that these structures in studied HA have a 
significant impact on the thermal decomposition char-
acteristic of these samples as well as on the ammonium 
nitrate—HA systems. That was especially seen when the 
organic structure was rich in carboxylic and/or hydrox-
ylic functional groups. Thermal analysis of tested samples 
revealed the presence of mass loss signals above 600 °C, 
which can be assigned to the presence of mineral con-
taminations in HA samples. It was further confirmed by 
obtained FTIR spectra and by MS analysis with signals for 
carbonates, which occur after organic matter combustion.

From the present results, one could conclude that a small 
addition of HA (less than 0.5 mass%) did not significantly 
affect the decomposition mechanism of ammonium nitrate. 
Furthermore, when the HA sample was comprised of its 
sodium salt, the thermal stability of its mixture with ammo-
nium nitrate has not been worsened. Taking into account the 
analysis of the elemental composition of humic acids (about 
40% of carbon), it can be concluded that the addition of 0.2 
mass% of carbon from HA should not have a significant, 
negative impact on the thermal decomposition of ammo-
nium nitrate. Therefore, the introduction of small doses of 
HA (maximum of 0.5 mass%) into ammonium nitrate-based 
fertilizers should be safe and may have a biostimulant effect 
on the plants.
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