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Abstract: Humic acids (HAs) regulate soil chemical reactivity and improve many soil functions. The
amendment of soil with organic materials increases soil organic matter (SOM) content and promotes
the formation of HAs. However, the effect of the type, frequency and duration of amendment,
and pedoclimatic conditions on SOM transformation and HA structural changes remains unclear.
Herein, four experimental field sites (S1–4) with short-to-long-term organic fertilisation schemes
were used to assess the effects of such factors, i.e., S1: loamy sand amended once with farmyard
manure (FYM), brown coal waste (BCW), and biochar (BIO) for 0.5 and 1.5 years; S2: silt loam
amended once with BIO for 8 years; S3: loamy sand amended every 5 years with FYM for 94 years;
and S4: clayey silt amended every 2 years with FYM for 116 years. All HAs were extracted and
analysed for structural differences by elemental analysis (EA), attenuated total reflectance–Fourier
transform infrared spectroscopy (ATR-FTIR), solid-state cross polarisation magic angle spinning
nuclear magnetic resonance spectroscopy (CP/MAS 13C-NMR), and differential scanning calorimetry
(DSC). Results from EA, FTIR, and NMR showed that the long-term samples from S3 (treatments,
T9–T10) and S4 (T11–T12) had the greatest aromatic characteristics, which increased with FYM
amendment (T10 and T12). These agreed with DSC data, which indicated lower aliphatic contents
compared with other samples. Samples from S2 (T7–T8), with receded amendment effects, had less
aromatic and greater aliphatic characteristics compared with the short-term samples, S1 (T1–T6).
In S1, structural changes were limited, but aromaticity increased with BIO (T3 and T6) compared with
corresponding FYM (T1 and T4) and BCW (T2 and T5) amendments due to inherently high aromatic
groups in the former. Overall, the results showed that the site (due to differences in pedoclimatic
conditions), field age of OM, and amendment frequency were the main factors that influenced HA
structure, and hence SOM transformation. Regular, long-term organic amendment increases the
aromatic characteristics of HAs, which can improve soil functionality, but short-term structural
improvements are achievable only when amending material is rich in aromatic compounds.

Keywords: humic acids; soil function; soil organic matter; humification; biochar; aromaticity

1. Introduction

The amendment of agricultural and marginal soils with organic materials increases
soil organic matter (SOM), enhancing soil resilience through improvements in soil phys-
ical, chemical, and biological properties [1–3]. Organic residues in soil are biologically
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transformed to their inorganic forms via mineralisation. The remaining detritus is then
transformed by humification into humic substances (HSs) [4]. This increases the aromatic
characteristics of SOM, thus making HSs highly resistant to further decomposition and a
potential long-term sink for C in soil [5].

The main components of HSs are humic acids (HAs), which have diverse functional
groups that interact with several soil components [6,7]. During the transformation of SOM,
C is preferentially concentrated in HAs relative to fulvic acids, the secondary components
of HSs [8]. Thus, the elemental ratios of C in HAs, especially C/N, are used as indicators of
humification and aromatisation [7,9,10]. At the latter stages of humification, the structural
complexity of HAs increases, leading to the formation of complex substituted aromatic
and carboxylic functional groups, which behave as di- or tribasic acids. This enhances
their surface charge and reactivity, making them important for nutrient retention and
contaminant immobilisation in soil [10–13]. The benefits of HAs in soil are far-ranging and
are well reported in the literature, including improvement of soil structure (water holding
capacity, aeration, and aggregation) and promotion of plant growth through biostimulation
(enzymatic activation, microbial growth stimulation, and root elongation) [12,14,15]. This
highlights the suitability of HA-rich organic amendments for both environmental and
agricultural applications [1,10,16].

Biochar and brown coal waste (BCW) are carbonised organic materials which have
high proportions of recalcitrant OM, and by extension higher levels of HAs with aromatic
characteristics, compared with other organic amendments such as farmyard manure (FYM)
and composts [17–19]. Thus, the differences in the contents of aromatic compounds or
degree of humification in such materials create significant variation in the structure of
HAs [5,7,20]. In addition, this is influenced by the field age of OM, amendment dosage, and
amendment frequency [7,15,16,21]. A synthesis based on data from 48 studies showed that
soil organic C dynamics were strongly affected by C input, duration of experiment, and the
management practices used, and less influenced by pedological and climate parameters [22].
However, it is not clear as to how the aforementioned factors affect SOM transformation
and the attendant changes in the structure of HAs [23]. This knowledge is important
because it will provide information on the presence and relative proportions of relevant
functional groups, especially aromatic and aliphatic compounds, which reflect the extent
of mineralisation or humification in soil [24,25]. Thus, the differences in the structure of
HAs from soils amended with organic materials can be used as a proxy for assessing the
transformation of SOM and potential soil functionality [6,16,26].

The objective of this study, therefore, was to investigate changes in the structure of
HAs in organic (FYM, biochar, and BCW) amended soils as a proxy for evaluating the
transformation of SOM, as well as how the structural characteristics of HAs are affected
by the following factors: field age of OM, amendment dosage and frequency, and the
aromatic content of the amendment. The differences in structural characteristics and
potential functionality of SOM were investigated using attenuated total reflectance–Fourier
transform infrared spectroscopy (ATR-FTIR), solid-state cross polarisation magic angle
spinning nuclear magnetic resonance spectroscopy (CP/MAS 13C-NMR), and differential
scanning calorimetry (DSC). In addition, elemental analysis (EA) was used to determine
the C and N composition of HAs.

2. Materials and Methods

2.1. Study Sites and Soil Sampling

Soil samples were collected from four sites (S1–S4) ranging from short- to long-term
field experiments. The physicochemical characteristics of soil from all sites are presented
in Table 1. The organic amendments used across the sites were FYM, BCW, and biochar
(BIO), which were applied to soil at rates between 30 and 72 t ha−1 and amendment
frequencies of 2–8 years (Table 2). The study mainly focused on the variations in the
characteristics of HAs introduced to treatments due to differences in organic amendments
(type, application dosage, and application frequency) and duration of experiment (field age
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of the amendments). Thus, ‘sites’ in this study are defined by the different experimental
trials rather than the locations.

Table 1. Properties of soil at the experimental sites.

Site Type Texture pH (CaCl2)
CEC

(cmol+ kg−1)
C

(%)
N

(%)
C/N Reference

S1 Haplic Luvisol Loamy sand 5.9 5.14 0.72 0.07 10.29
Amoah-Antwi

et al. [27]
S2 Chernozem Silt loam 7.4 20.9 - - 11.9 Karer et al. [28]
S3 Haplic Luvisol Loamy sand 5.9 5.14 0.72 0.07 10.29 Mercik et al. [29]

S4
Haplic

Chernozem
Clayey silt 7.5 24.4 2.06 0.18 11.3

Alterman et al.
[30]

Sn—site number: S1—microplot field trial in Skierniewice, Poland; S2—experimental trial in Traismauer, Austria;
S3—Static fertilisation field trial in Skierniewice, Poland; S4—static fertilisation experiment in Bad-Lauchstadt,
Germany; CEC—cation exchange capacity.

Table 2. Description of experimental sites and treatments.

Treatment Amendment Rate of Amendment
Frequency of

Amendment (years)
Field Age

(years)
Site

T1 FYM 30 t ha−1 5 Short (0.5) S1
T2 BCW C eq. in 30 t FYM ha−1 5 Short (0.5) S1
T3 BIO C eq. in 30 t FYM ha−1 5 Short (0.5) S1
T4 FYM 30 t ha−1 5 Short (1.5) S1
T5 BCW C eq. in 30 t FYM ha−1 5 Short (1.5) S1
T6 BIO C eq. in 30 t FYM ha−1 5 Short (1.5) S1
T7 None n.a. n.a. Medium (8) S2
T8 BIO 72 t ha−1 8 Medium (8) S2
T9 None n.a. n.a. Long (94) S3

T10 FYM + Ca 30 t ha−1 FYM; 1.6 t ha−1 Ca 5 Long (94) S3
T11 None n.a. n.a. Long (116) S4
T12 FYM 30 t ha−1 2 Long (116) S4

Tn—treatment number: T1—farmyard manure (FYM, with field age of 0.5 years), T2—brown coal waste (BCW,
0.5 years), T3—biochar (BIO, 0.5 years), T4—FYM (1.5 years), T5—BCW (1.5 years), T6—BIO (1.5 years), T7—no
amendment (8 years), T8—BIO (8 years), T9—no amendment (94 years), T10—FYM + Ca (94 years), T11—no
amendment (116 years), T12—FYM (116 years). Sn—site number: S1—microplot field trial in Skierniewice, Poland;
S2—experimental trial in Traismauer, Austria; S3— static fertilisation field trial in Skierniewice, Poland; S4—static
fertilisation experiment in Bad-Lauchstadt, Germany; n.a.—not applicable; eq.—equivalent.

2.1.1. Site 1: Microplot Field Trial in Skierniewice, Poland

This trial was established at the Experimental Station of the Agricultural Institute
of prof. Marian Górski in Skierniewice (ESAIMGS) (51◦58′ N, 20◦34′ E) in April 2017 to
evaluate the effect of organic amendments on soil quality and crop productivity (cultivated
in a cropping sequence of corn and potato). The following amendments: FYM, BCW, and
conifer chip BIO were added to soil at a rate of C equivalent in 30 t FYM ha−1 once at the
start of the trial and combined with and without mineral NPK fertiliser. A full description
of the experiment is provided in Amoah-Antwi et al. [27]. Soil samples were collected
from a depth of 30 cm from the organic-only plots, i.e., FYM, BCW, and BIO (without NPK
fertiliser) at 6 months (T1–T3) and 18 months (T4-T6) from the start of the trial. Samples
from this site were designated as short-term SOM sources (Table 2).

2.1.2. Site 2: Experimental Trial in Traismauer, Austria

This field trial was established in Traismauer (48◦19′52.6′′ N, 15◦44′20.5′′ E) in 2011
to investigate the effect of beech wood BIO (pyrolysis temperature of 550 ◦C) on soil
characteristics, nutrient uptake, and crop yield in two cropping systems (spring barley and
sunflower). The BIO was added once at the start of the trial to plots at 0, 30, and 90 t ha−1

wet weight (corrected to 0, 24, and 72 t ha−1 dry weight) corresponding to 0, 1, and 3% w/w
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of soil. A full description of the experiment and treatments can be found in Karer et al. [28].
Soil samples were collected in 2019 from the unamended control (0 t ha−1) and the 72 t ha−1

BIO plots from each cropping system at a soil depth of 30 cm, mixed to form composite
samples per treatment and named T7 and T8, respectively. Thus, from the start of the trial,
samples were 8 years old at the time of sampling and designated as medium-term SOM
sources (Table 2).

2.1.3. Site 3: Static Fertilisation Field Trial in Skierniewice, Poland

This static fertilisation experiment is located at the ESAIMGS. Ongoing experiments
at this station have been evaluating the effects of mineral NPK fertilisers and FYM on soil
properties and crop yields in a five-crop rotation system (potatoes, spring barley, legume
plants, winter wheat, and rye). The NPK fertilisers are applied in comparable doses at
the start of the planting season as follows: 90 kg N ha−1, 26 kg P ha−1, and 91 kg K ha−1,
singly or in combination with FYM, which is added every five years at 30 t ha−1. Plots are
limed with 1.6 t Ca every four years to regulate pH. A full experimental information can
be found in Mercik et al. [29]. An unamended soil sample was collected from outside the
experimental plots at ESAIMGS (T9) and used as a control in addition to sampling from the
FYM + Ca plot (T10), both at a sampling depth of 30 cm in autumn 2018. This is 94 years
from the start of the trial and was thus designated as long-term SOM sources (Table 2).
Sample T9 was also considered as a control for the samples from S1.

2.1.4. Site 4: Static Fertilisation Experiment in Bad-Lauchstadt, Germany

The Static Fertilisation Experiment at Bad-Lauchstadt (51◦24′ N, 11◦53′ E) was es-
tablished in 1902. Treatments included FYM added to soil at 0, 20, and 30 t ha−1 every
two years with different combinations of mineral NPK fertiliser adapted to various crop
requirements in a crop rotation system comprising sugar beet, spring barley, potatoes, and
winter wheat. Detailed experimental information is presented in Merbach and Schulz [31].
Soil samples were taken from archived samples collected in 2018 from the top 20 cm of
the unfertilised control and the 30 t ha−1 FYM (only) plots across all crop systems and
mixed to form composite samples per treatment, named T11 and T12, respectively. Samples
were 116 years old at the time of sampling and were thus designated long-term SOM
sources (Table 2).

2.2. Humic Acid Extraction and Characterisation

Plots at S3 were limed and also, Chernozems have characteristically high calcium
contents. Therefore, air-dried soil samples (100 g) from all field trials (Sites 1–4) were passed
through a 2 mm sieve and added to 1 L of 0.05 M HCl for 24 h to decalcify them. The
supernatant was decanted, and the remaining soil was repeatedly washed with distilled
water by centrifuging at 3500× g for 20 min (same settings used throughout the procedure)
until a neutral soil pH was attained. The HAs were then extracted from the decalcified
soil by the standard procedures recommended by the International Humic Substances
Society (IHSS) with some modifications [32]. Soil was extracted with 1 L of 0.5 M NaOH
for 24 h, followed by centrifugation, after which the supernatant containing a mixture
of humic and fulvic acids was separated and the remaining soil residue discarded. The
supernatant was acidified to pH 1–2 by adding 50–100 mL of 6 M HCl and left for 24 h
to precipitate. After centrifuging, the fulvic acid-containing supernatant was discarded,
leaving HAs as precipitate. A 100–150 mL mixture of 0.3 M HCl and 0.3 M HF was added to
the sample to de-ash and remove impurities from the HAs, followed by centrifugation after
24 h. This step was repeated twice, after which the HA sample was washed repeatedly with
distilled water, with each round followed by centrifugation until a neutral pH indicating
the absence of chlorides was attained. The supernatant was decanted and the HAs extracts
were freeze-dried (STERIS Lyovac GT2, Steris Corporation, Hürth, Germany). The dry HA
samples were quantified and characterised by EA, ATR-FTIR, CP/MAS 13C-NMR, and
DSC (with thermogravimetric analysis, TGA).
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2.2.1. Elemental Analysis (EA)

The total C and N compositions of HA samples were determined using a CHN
analyser (TruSpec Micro Elemental Analyser, Leco Corporation, MI, USA). Three (3) mg
dried HA samples were used, and analyses were conducted in triplicate. The C/N ratio
was calculated from the mean of these results to determine the degree of condensation of
organic compounds in the samples.

2.2.2. Differential Scanning Calorimetry (DSC)

Before analysing samples by DSC, TGA was carried out on two randomly selected HA
samples (T3 and T12) using a TGA-50 Shimadzu thermogravimetric analyser (Shimadzu
Corporation, Kyoto, Japan) to assess their thermal stability. For this, 5 mg samples were
combusted from room temperature up to 800 ◦C with a heat ramp of 10 ◦C min−1. The
TGA profiles of the samples were obtained as a percentage weight loss relative to the initial
sample weight. Results from TGA indicated low thermal stability of both HA samples at
high temperatures. Consequently, to ensure relatively high thermal stability of HAs during
the DSC analysis, we placed 5 mg dry samples in high pressure pans with gold-coated
copper seals and analysed them in duplicate in a DSC equipment (Discovery DSC 250, TA
Instruments, Wakefield, MA, USA) from −70 to 300 ◦C at 10 ◦C min−1. Changes in heat flow
from samples were measured, and thermal effects were established for different transitions.

2.2.3. ATR-FTIR Spectroscopy

The ATR-FTIR analysis was used as a fingerprint technique to determine the presence
of functional groups (e.g., the C=C of aromatic rings or the C=O of carboxyl groups) in HAs
by identifying their characteristic absorption peaks. An advantage of the ATR technology
(over transmission FTIR) is that it requires little or no sample preparation and prevents
scattering in spectra. Infrared spectra were obtained at room temperature on an FTIR
instrument equipped with a germanium crystal ATR accessory (Perkin Elmer Spectrum
One, PerkinElmer Inc., Waltham, MA, USA) with a scanning range of 4000–800 cm−1. The
HA samples (10 mg) were spread to fully cover a sample disc, scanned 30 times in the
selected wavelength region and analysed in triplicate.

2.2.4. CP/MAS 13C-NMR Spectroscopy

The CP/MAS 13C-NMR analysis was used to identify different functional groups in
the HAs by detecting chemical shifts caused by differences in their C configuration. Solid-
state NMR spectra were obtained on a Bruker AVIIIHD 500 MHz spectrometer (Bruker
Corporation, Karlsruhe, Germany) with CPMAS technology operated at the 13C resonance
frequency of 75 MHz. The magic angle spin frequency was 10 kHz, with an acquisition time
of 1 ms, a cycle delay time of 0.5 s, and 31,128 scans. The spectra obtained were divided
into four regions and integrated as follows: 0–50 ppm (Alkyl-C), 50–110 pm (O-alkyl),
110–160 ppm (aromatic), 160–200 ppm (carbonyl) [32].

2.2.5. Statistical Analysis

For each analysis, data were compared across all treatments (T1–T12). For EA, the
dataset was imported into R software (version 4.1.2, R Core Team, Vienna, Austria) and
analysed for differences among means of variables using ANOVA. For ATR-FTIR analysis,
the spectral baseline was corrected and normalised to 1 absorbance unit. Source data
were imported to Microsoft Office Excel 2010, and the mean absorbance of replicates was
calculated and used for plotting spectra. Absorbances at the following wavelengths: 2920,
2850, 1720, and 1620 cm−1 were selected and analysed for differences between treatments
using ANOVA in R software. For CP/MAS 13C-NMR, the spectra obtained were analysed
and integrated in TopSpin® software (version 4.1.3, Bruker BioSpin GmbH, Rheinstetten,
Germany). For each sample, the ratio of each of the four defined regions relative to the
total area was calculated by integrating the corresponding region under the spectral curve.
Aromaticity was expressed as a percentage of the integrated area under 110–160 ppm
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relative to the sum of the areas under 0–50 ppm, 50–110 pm, and 110–160 ppm [32]. For
DSC, the source data were analysed and imported into Microsoft Office Excel 2010 for
preparation of figures. The relationship between all possible pairs of the following were
found by Pearson’s correlation coefficient: absorption intensity of the aromatic peak at
1630 cm−1 of FTIR spectra, the integrated aromatic region (110–160 ppm) of CP/MAS
13C-NMR spectra, and the C/N ratio.

3. Results and Discussion

3.1. Quantity of Humic Acid Samples and Elemental Composition

Humic acid yields ranged from 1.0 to 3.0 g kg−1 (Table 3) and were similar to those
found in other studies [33]. Due to the enrichment of high-quality humus in Chernozems,
the recovery of HAs from them is reported to be greater than from other soils [30,34].
However, the results from this study revealed two contrasting outcomes. The highest HA
yields were found in the clay silt Haplic Chernozem from the long-term trial, S4 (T11–T12),
and the lowest in the silt loam Chernozem from the medium-term trial, S2 (T7–T8). This
contradicts findings by Ghabbour et al. [35], who found characteristically high HA yields
from silt loam soils. Differences between treatments are expected to occur for the sites
due to variations in soil type and the prevailing experimental conditions. The slow rate
of OM transformation in soil, which can span over several decades, implies that organic
amendments have more of a long- than short-term benefit, which improves with repeated
soil amendment, once every five years as a minimum [36,37]. Thus, relative to this five-year
threshold, the effective application frequencies for trials in S2 (8 years), S3 (5 years), and
S4 (2 years) were, respectively, lower, equivalent, and higher. The OM in the soil from
the short-term trial was unlikely to be adequately humified, and while collected within
1.5 years of soil amendment, the S1 samples were assigned the lowest possible application
frequency within the threshold (5 years), as per the S3 samples, which share common
pedoclimatic conditions. The high application rate of BIO in S2 (T8) provided no additional
benefits in HA yield over the amendments at the other sites (S1, S3, and S4), which were all
applied to soil at substantially lower rates (Table 2). Considering the low frequency of BIO
amendment in S2 (once in eight years), we find that this may reflect a potentially receded
treatment effect. Due to the absence of an effective gradient in amendment dosages across
all sites, it was excluded as a discriminating factor in the analyses.

Table 3. Quantity, elemental composition, and C/N ratio of HAs.

Treatment
(Site)

Quantity (g kg−1) C (%) N (%) C/N

T1 (S1) 2.1 52.7 ± 0.6 a 5.7 ± 0.4 abc 9.3 ± 0.6 b
T2 (S1) 2.4 49.9 ± 0.4 ab 5.2 ± 0.3 bcd 9.6 ± 0.4 b
T3 (S1) 2.3 52.3 ± 1.5 a 5.7 ± 0.2 abc 9.2 ± 0.5 b
T4 (S1) 1.7 49.2 ± 2.8 ab 4.9 ± 0.2 cde 10.1 ± 0.3 ab
T5 (S1) 1.9 47.9 ± 1.8 b 4.9 ± 0.3 cde 9.8 ± 0.9 b
T6 (S1) 1.9 49.4 ± 0.7 ab 4.9 ± 0.2 cde 10.1 ± 0.5 ab
T7 (S2) 1.0 46.4 ± 1.3 bc 6.4 ± 0.5 a 7.3 ± 0.7 c
T8 (S2) 1.1 43.1 ± 1.3 c 6.0 ± 0.4 ab 7.2 ± 0.5 c
T9 (S3) 1.9 49.7 ± 1.0 ab 5.5 ± 0.1 bcd 9.0 ± 0.3 b

T10 (S3) 2.0 49.6 ± 1.4 ab 4.8 ± 0.3 de 10.4 ± 0.7 ab
T11 (S4) 2.8 49.0 ± 1.8 ab 5.0 ± 0.4 cde 9.8 ± 0.6 b
T12 (S4) 3.0 50.6 ± 1.3 ab 4.3 ± 0.2 e 11.8 ± 0.7 a

LSD 4.2 0.8 1.7
Values represent mean ± standard deviation; n = 3. Different letters indicate significant differences (p < 0.05)
between treatment means. Tn—treatment number (see notes in Table 2); LSD—least significant difference.

The HA yields recovered from the S1 and S3 samples (T1–T6 and T9–T10) only differed
slightly across treatments (1.7–2.4 g kg−1), and thus revealed no trends in terms of the
field age of SOM. Considering the above observation, we found that there was evidence
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of a substantial site effect (S1/S3 vs. S2 vs. S4), as a result of differences in pedoclimatic
conditions, on HA yield. The strong influence of soil type on HA yield has also been
highlighted by Zavarzina et al. [38], who found that across the same soil type (Chernozem
and Retisol), the recovery of HAs using two alkaline extraction methods were similar.
Similar to other studies [39,40], there was an effect of the frequency of amendment and
limited influence of field age of SOM on the amount of HAs extracted from soil. However,
almost no effect from the quantity of aromatic compounds in the organic amendment
was observed, which is contrary to findings by Zhang et al. [41], who found increased
HA content of soil, in line with the concentration of aromatic compounds in organic
amendments. In this study, the organic amendment known to have a high content of
aromatic functional groups, BIO, was either applied to soil less frequently or over a short
period of time, thereby limiting any potential differentiation of HA content based on
aromaticity of the material alone.

The results from EA were within the ranges: C (43.1–52.7%), N (4.3–6.4%), and C/N
(7.2–10.4) (Table 3), similar to those found in the literature [42]. The elemental composition
of HAs showed significant variation between sites and chemical heterogeneity between
treatments. The C contents varied slightly among samples, except for those from S2 (T7 and
T8), which were significantly lower than the others irrespective of the BIO amendment.
The deviation in the behaviour of the S2 samples was again observed in terms of the N and
C/N values, which were, respectively, higher and lower compared with the other samples.
The results show that samples (T10 and T12) from the FYM-amended plots in the long-term
trials (S3 and S4) had the lowest N contents, which were significantly lower than their
corresponding unamended samples from the same sites (T9 and T11) or samples from the
short-term trial (T1–T6). Comparable to the changes that occur during compost maturation,
the decrease in the N content of HAs is associated with polycondensation of OM, which is
reportedly characterised by oxidative degradation of N-containing groups and aliphatic
side chains [24].

High C/N ratios indicate high stability and humification degree of HAs [43]. Samples
from S2 aside, the C/N ratios of the other samples were close to 10 (Table 3), which is
considered typical for chemically stable organic compounds [26], thus suggesting relatively
lower potential for mineralisation in the samples from S1, S3, and S4. Considering the EA
(C, N, and C/N) perspective, condensation of OM in HAs was significantly influenced by
the field age of the SOM, site, and frequency of organic amendment, but with minimal
effect from the quantity of aromatic compounds in the amendment.

3.2. Thermal Characteristics

Samples T3 (BIO) and T12 (FYM), respectively representing short- and long-term
sources of SOM, were randomly selected for TGA analysis. Thermograms of the two HA
samples (Figure 1) indicated a weight loss of approximately 50% at 500 ◦C. Compared with
similar studies, the rate of sample loss in this study was both faster [44] and slower [41].
Both thermograms showed the three classic thermal events and their reaction-regions: (i) a
broad endotherm at 100 ◦C attributed to moisture loss and the possible volatilisation of
small organic compounds; (ii) a broad, moderate-temperature exotherm at 150–240 ◦C,
indicating the combustion of polysaccharides and the loss of some carboxyl, alcohol,
and methyl functional groups in aliphatic structures; and (iii) a less distinct exotherm at
430–500 ◦C related to the cleavage of C=C bonds and the combustion of aromatic structures
in lignin.
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Figure 1. Thermograms indicating sample weight loss regions in thermogravimetric analysis (TGA)
of humic acids from organic amended soils. Tn—treatment number: T3—biochar (BIO, with field age
of 0.5 years) and T12—farmyard manure (FYM, 116 years).

These findings, in addition to the complete degradation of the organic components in
samples between 600 and 700 ◦C (which left behind about 5% of inorganics), have also been
reported by others [26,41,44]. There is no evidence of metal complexation in the HAs from
the TGA thermograms, as metal complexes would have extended the final decomposition
beyond 600 ◦C as reported by De Souza and Braganca [45]. However, shifts in thermal
events are common in some samples, as the combustion of aliphatic structures has also been
reported to occur at higher temperatures (250–350 ◦C) than observed in this study [46,47].
Just before the second TGA exotherm at 430 ◦C, the point by which almost all aliphatic
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compounds (approximately 45%) are known to have been degraded, about 55% of each
HA sample weight remained.

Considering the above, we thus carried out DSC in the temperature range of −70 to
300 ◦C, within which at least 75% of the initial HA weight remained intact. The DSC curves
(Figure 2) in all samples showed three distinct regions, consisting of a broad non-uniform
endothermic peak, a sharp exothermic peak, and the beginning of another exothermic peak,
as shown by TGA. Considering the widths of these peaks, we established the transition
regions R1: 50–150 ◦C, R2: 150–240 ◦C, and R3: 240–300 ◦C. While the endotherm in R1
corresponds to evaporation of water and R2, the decomposition of aliphatic and other
thermolabile compounds, R3, is most likely the early phase of the decomposition of aro-
matic compounds [46,48]. The non-uniformity observed in R1 may reflect the loss of a
heterogenous mixture of volatile compounds in addition to water. Despite the marked
similarities in the thermograms, differences in chemical structure among samples were
identified. The exotherm in R2 begins at relatively higher temperatures for samples T3, T7,
and T8 than others, suggesting the presence of considerable levels of thermostable aliphatic
compounds in the three samples.

Figure 2. Cont.
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Figure 2. (A) Differential scanning calorimetry (DSC) thermograms of humic acid samples from soils
under different organic amendments. Tn—treatment number: T1—farmyard manure (FYM, with
field age of 0.5 years); T2—brown coal waste (BCW, 0.5 years); T3—biochar (BIO, 0.5 years); T4—FYM
(1.5 years); T5—BCW (1.5 years); T6—BIO (1.5 years). (B) Differential scanning calorimetry (DSC)
thermograms of humic acid samples from soils under different organic amendments. Tn—treatment
number: T7—no amendment (with field age of 8 years); T8—BIO (8 years); T9—no amendment
(94 years); T10—FYM + Ca (94 years); T11—no amendment (116 years); T12—FYM (116 years).

The shape, height (intensity), and area of peaks determine the rate of transformation
and the enthalpies involved. For comparable peak sizes, sharper and more intense peaks
represent combustion of high molecular weight compounds, with fast transformations
and high enthalpies. This can be observed in samples T1–T2, T4–T6, and T8–T10, and
may indicate higher energies involved in the decomposition of aliphatic compounds,
e.g., for breaking C–H or O–H bonds. While this may suggest a greater proportion of
aliphatic compounds in the above samples compared with the others (T3, T7, and T11–T12),
reference to greater aromatic characteristics in the latter group is only implied. The DSC
thermograms did not provide evidence of the effect of the quantity of aromatic compounds
in the amending material and frequency of organic amendment, but did indicate some site
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and field age effects, which tended to favour greater aliphatic characteristics in samples
from S1–3 and less in those from the long-term trial at S4.

3.3. Structural Composition and Functional Groups

Absorption bands in ATR-FTIR spectra (Figure 3) and their corresponding functional
groups were interpreted according to Table S1. Apart from samples T7–T8, there were some
similarities in the spectra obtained from the other HA samples. The main bands identified
and their peaks were (i) a broad (3700–3300 cm−1) absorption band split into two non-
uniform peaks at 3565 cm−1 and 3405 cm−1, which correspond to hygroscopic water and
phenolic (and other hydroxyl) groups, respectively; (ii) a small peak at 2920 cm−1, followed
by a smaller one at 2850 cm−1, attributed to aliphatic CH stretching; (iii) a strong absorption
band (1880–1510 cm−1), which splits at the summit into two peaks, one at 1720 cm−1

corresponding to C=O stretching of COOH, aldehydes, and ketones, and the other at
1630 cm−1 attributed to aromatic C=C vibrations; (iv) a strong peak at 1240–1200 cm−1

representing C=O stretching and OH deformation of COOH groups; (v) a shoulder at
1080–1040 cm−1, which indicates C–O stretching of polysaccharides or aromatic ethers; and
(vi) a small peak at 840 cm−1 due to aromatic CH [41,46,47]. Crystal interferences from the
ATR accessory occur as absorption bands in the region 2400–2250 cm−1. There were no
defined aromatic H bands in the region around 3040 cm−1, indicating that the aromatic
compounds present in the HAs were generally highly substituted [41,45,46].

Regardless of the spectral similarities, several variations can be identified at close
inspection, especially in the 1900–800 cm−1 region, which is also considered a ‘fingerprint
region’ for HAs by others [49,50]. The aforementioned differences in spectra for T7 and T8
were also mostly found in this region and presented as three strong peaks with a shoulder,
instead of two strong peaks with a shoulder, as in the other samples. In T7 and T8, there
was a slight shift in the peak maxima of the aromatic C=C vibrations from 1630 cm−1 to
1660 cm−1, with a shoulder immediately following at 1540–1520 cm−1 (N–H vibrations of
secondary amides) [24], while the C=O stretching at 1720 cm−1 was absent. Moreover, the
peak at 1240–1200 cm−1 was less intense, and the shoulder at 1080–1040 cm−1 developed
into a stronger peak relative to the other samples. Collectively, these changes indicated
reduced condensation and a lower degree of humification in samples T7-T8 [7,10], which
can also be inferred from their significantly low C/N ratios (Table 3). The structure of
functional groups in both samples were generally similar, another indication that the effects
of BIO amendment may have diminished eight years after it was added once to soil, unlike
soils from the other sites that had been amended every 2–5 years prior to sampling.

The shoulder at 1540–1520 cm−1 found in T7–T8 also occurred in all samples from the
short-term trial (S1), but this was more visible in the 0.5-year-old samples (T1–T3) than
the 1.5-year-old samples (T4–T6). In the long-term samples (T9–T10 and T11–T12), the
shoulder almost completely disappeared to merge with the peak at 1630 cm−1. Taking T7
and T8 aside, these observations could be attributed to a linear condensation (with age)
of secondary amides into more humified aromatic C compounds such as phenols [5,51].
Humified aromatic OM, due to its high content of diverse functional groups, is critical for
stabilising soil structure and facilitating the sorption of contaminants and the retention of
plant nutrients in soil [13,52,53]. This suggests higher soil quality and better soil functional-
ity in the amended soil from the long-term trials compared with those from the short- and
medium-term trials.
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Figure 3. Attenuated total reflectance–Fourier transform infrared (ATR-FTIR) spectra of humic acids
from soils under different organic treatments. Tn—treatment number: T1—farmyard manure (FYM,
with field age of 0.5 years), T2—brown coal waste (BCW, 0.5 years), T3—biochar (BIO, 0.5 years), T4—
FYM (1.5 years), T5—BCW (1.5 years), T6—BIO (1.5 years), T7—no amendment (8 years), T8—BIO
(8 years), T9—no amendment (94 years), T10—FYM + Ca (94 years), T11—no amendment (116 years),
and T12—FYM (116 years).

A peak in the vicinity of 1365–1385 cm−1 attributed to symmetric deformation of the
C–H bond of methyl groups in aliphatic compounds [21] was intense in all short-term
samples (T1–T6) but appeared faintly in the medium- and long-term samples. This perhaps
is an indication that the decomposition of the aliphatic compounds and aliphatic side
chains is a continuous process that increases with field age of SOM. While clear variations
among samples of different field age exist, within-site variations, especially among the
short-term samples, were limited. However, the unamended sample in S3 (T9) showed
a weak aromatic peak at 1630 cm−1 paired with C=O stretching at 1720 cm−1, which
transformed into a strong, single aromatic peak in the FYM-amended sample (T10) from
the same site. This was corroborated by the presence of a more pronounced aromatic CH
peak at 840 cm−1 in T10 than in T9. It is an indication that although FYM is high in labile
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SOM, it can facilitate a high degree of structural complexity in HAs when applied regularly
to soil over a long period of time [9].

The absorption intensities of the major peaks in the FTIR spectra at the following
wavelengths: 2920, 2850, 1720, and 1620 cm−1 are presented in Table S2. According to
the FTIR spectra, field age and site, followed by frequency of organic amendment, had
the strongest influence on differentiation of HA structure, while the quantity of aromatic
compounds in the amendment had a limited effect on treatments.

The integrated spectra of HAs determined by solid-state CP-MAS 13C NMR are shown
in Figure S1, and results from the integration of the main chemical shift regions (carbonyl
C, aromatic C, O–alkyl C, and alkyl C) are presented in Table 4. These revealed the content
of aromatic C compounds in all samples to be 21–33%. On the other hand, the fractions
of aliphatic compounds were in the range of 43–57%, which correlated well with the 45%
content estimated by TGA. Samples with higher relative contents of aromatic C compounds
had lower aliphatic C compounds and vice versa. There were clear trends in the calculated
values of aromaticity, which indicated higher aromatic contents in samples from the long-
term trial in S4, followed by samples from S3 and then S1, while those from S2 were
consistently low. The organic amendments mostly increased aromaticity in samples from
sites S1, S3, and S4, while there was no apparent treatment effect in samples from site S2.
This is evidence that in the samples from S2, organic amendment only slightly modified
the original long alkyl chains of HAs after eight years, even if the high aromatic functional
groups in BIO may have induced some initial structural changes [23].

Table 4. Relative intensity of C functional groups in HAs measured by SS-13CPMAS-NMR.

Treatment
(Site)

Carbonyl
(160–200 ppm)

Aromatic
(110–160 ppm)

O-alkyl C
(50–110 ppm)

Alkyl-C
(0–50 ppm)

Aromaticity

T1 (S1) 0.101 0.229 0.373 0.201 0.28
T2 (S1) 0.121 0.240 0.344 0.183 0.31
T3 (S1) 0.121 0.261 0.364 0.164 0.33
T4 (S1) 0.125 0.238 0.351 0.177 0.31
T5 (S1) 0.112 0.234 0.365 0.175 0.30
T6 (S1) 0.130 0.268 0.357 0.157 0.34
T7 (S2) 0.123 0.213 0.334 0.213 0.28
T8 (S2) 0.132 0.208 0.328 0.218 0.28
T9 (S3) 0.087 0.222 0.359 0.212 0.28
T10 (S3) 0.130 0.256 0.359 0.164 0.33
T11 (S4) 0.141 0.275 0.265 0.168 0.39
T12 (S4) 0.127 0.330 0.273 0.175 0.42

Tn—treatment number (see notes in Table 2).

In the samples from S1, aromaticity in HAs from BIO-amended soils were particularly
higher than their corresponding FYM and BCW treatments and seemed to increase with
field age (i.e., 1.5 > 0.5 year). In addition to being highly processed, the recalcitrance of
BIO is in part due to its high content of humified OM, which makes the observed high
aromaticity of the BIO treatments to be expected and consistent with findings from other
studies [41]. Conversely, due to the high level of labile SOM in FYM, the aromaticity of
HAs from the relatively fresh (0.5-year-old) sample, T1, was as low as in the unamended
treatment, T9. However, when FYM is decomposed over a long period of time, as in T10 and
T12, it can be an important source of complex aromatic compounds, which is in agreement
with other studies [5]. The NMR spectra revealed that the structural characteristics of HAs
were strongly influenced by site, field age, the quantity of aromatic compounds in the
amending material and frequency of organic amendment.

The correlation between the C/N ratio and fraction of aromatic C (determined by
NMR) of the HA samples was moderately positive (R = 0.6) (Figure 4). This suggests
that the degradation and condensation of SOM are somewhat intrinsically linked with the
formation of aromatic compounds in HAs [7,10]. However, the concentration of aromatic
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compounds determined by FTIR was poorly correlated with the C/N ratio (R = −0.004),
and thus there was a weak relationship between the NMR and FTIR (R = 0.018) aromatic
fractions. This could have been due to band shifts in the FTIR spectra resulting from
interaction of OM with polyvalent cations, which is suggested to shift the wavenumber
region of functional groups [54,55].

Figure 4. Relationship between the fraction of aromatic compounds estimated in CP/MAS 13C-NMR
and C/N ratio. Correlation coefficients were determined by Pearson’s correlation (p < 0.05).

4. Conclusions

Transformation of SOM involves complex structural transformations that make single
analytical techniques unreliable for measuring the evolution of HA structures. This study
therefore used multiple analytical approaches—EA, ATR-FTIR, CP/MAS 13C-NMR, and
DSC—to compare across techniques. The EA, ATR-FTIR, and CP/MAS 13C-NMR showed
that samples from the long-term trials, especially S4, had the greatest fraction of humified
aromatic functional groups, which is supported by evidence of a low content of aliphatic
compounds from the DSC thermograms. Long-term organic amendments (in T10 and T12)
clearly enhanced the aromatic structure of HAs over their respective unamended controls
(T9 and T11). Samples from the medium-term trial (S2) had predominantly aliphatic
characteristics, which were similar in both the unamended (T7) and BIO-amended (T8) soils,
an indication of a diminished treatment effect due to low amendment frequency. Compared
with S2, samples from the short-term trial (S1) had a more pronounced aromatic structure,
but differentiation among treatments was limited, except for the BIO treatments, which
had greater aromatic characteristics than the corresponding FYM and BCW treatments.

Overall, the results showed that HA structure varied considerably with (i) site, due
to differences in pedoclimatic conditions; (ii) field age of SOM, as a function of increasing
degree of condensation and humification; and (iii) frequency of amendment, an indicator of
the rate at which mineralised organic material is replenished to accumulate humified OM.
An effect of the quantity of aromatic compounds in the organic amendment was observed
solely in the short term, and only for BIO, which has a high content of aromatic compounds.
Increasing the aromatic characteristics of soil HAs improves soil functionality (e.g., soil
structure, nutrient retention, and contaminant immobilisation), which is relevant in both
agricultural and environmental contexts. This can be achieved by regular, long-term soil
amendment with these organic materials. Only when the amendment material already
contains considerable humified aromatic OM (e.g., biochar) can some limited structural
transformations be expected in the short term. It was shown that assessing structural
changes of HAs is a useful proxy for studying the transformation of SOM and potential
functionality of soils amended with different organic materials.
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Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/agronomy12020283/s1, Table S1. Assignment of bands and/or
peaks of the main vibration modes and functional groups of FTIR spectra according to Zhang
et al. [7], Das et al. [39], and De Souza and Braganca [41], Table S2. Effects of amendments on the
relative intensities of the main absorption peaks of FTIR spectra of HAs, Figure S1. Solid-state cross
polarisation magic angle spinning nuclear magnetic resonance (CP/MAS 13C-NMR) spectra of humic
acids from soils under different organic treatments.
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