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The increasing numbers of kept horses create problems with processing horse manure as important local
waste. This work was focused on horse manure vermicomposting in a real-field continuous-feeding sys-
tem under controlled conditions, and on the complex study of the maturity and stability of the produced
vermicompost. Commonly used simple indicators such as the C/N ratio, N-NH4/N-NO3 ratio, DOC or ion
exchange capacity, and also more advanced spectroscopic and thermoanalytic techniques were used and
applied on the humic substances isolated from the vermicompost during its maturation (12 months in
total). When compared with the original horse manure, vermicomposting decreased the aliphatic,
protein-like, and polysaccharide humic components, whereas vermicomposting increased the aromatic-
ity and contents of oxygen-containing functional groups. The typical tryptophan-like fluorophores in the
manure, corresponding to the freshly produced organic matter of biological or microbial origin, were pro-
gressively transformed to humic-like fluorophores during vermicomposting. The most thermally labile
humic fraction disappeared quickly during the very early vermicomposting stages. The results of spectro-
scopic and thermogravimetric analyses suggest that stable and mature vermicompost was produced after

6-9 months of vermicomposting, which was also supported by biologically-based maturity indicators.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

The global horse population is about 58 million (FAOSTAT,
2018). The increasing numbers of horses kept within or near urban
areas creates environmental problems, as there is a lack of arable
land for spreading manure and insufficient methods or capacity
for manure storage (Hadin et al., 2016). Manure is typically applied
to soils as fertilizer for agricultural production due to its favorable
physico-chemical properties. However, manure is also considered
as an environmental pollutant (He et al., 2016). Leaching or runoff
of nitrogen and phosphorus impair both ground - and surface
waters (Hooda et al., 2000). Manure can also increase global cli-
mate change via emissions of methane and nitrous oxide
(Leytem et al., 2011).

Manure has little stability (Moral et al., 2005), but it is very suit-
able for composting or vermicomposting. Garg et al. (2005) studied
the effect of various animal wastes (manures) on the growth and
reproduction of an epigeic earthworm Eisenia foetida under identi-
cal laboratory conditions. The net biomass gain/earthworm in dif-
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ferent animal manures was in the order of:
sheep > donkey > buffalo > goat ~ cow =~ horse > camel. The num-
ber of cocoons produced per earthworm per day in different wastes
was in the order: sheep>cow ~ horse ~ goat > camel > don-
key > buffalo. The increase in the number of earthworms was
39.5-fold in horse manure and 26-fold in cow manure. Stability
can be distinguished as temporary (caused by, for example, lack
of water in the raw material) or permanent (creation of stable
humic substances). The amount and especially the quality of
organic substances in products of biomass recovery are considered
as important indicators of their biological maturity and chemical
stability (Peev et al., 2017). The humified fraction of organic matter
is resistant to microbial degradation, and thus is important for
maintaining long-term soil fertility (Bernal et al., 2009).
Immature and slightly stabilized “compost or vermicompost”
can cause many problems when stored and used. Oxygen-free
spaces are formed, which in turn spontaneously smell and produce
substances toxic to plants. Continued decomposition of these
unstable materials after their application to the soil has a negative
influence on plant growth due to decreasing oxygen and/or avail-
able nitrogen with associated phytotoxic effects (Jeong et al.,
2017). They also release nutrients more quickly and can promote
the re-development of pathogenic microorganisms. Immature
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composts can contain high levels of ammoniacal nitrogen and
ammonia, organic acids, or slightly soluble compounds that can
reduce seed germination and root plant growth. On the other hand,
a stable and mature compost or vermicompost exhibits complete
organic matter decomposition, and has significant sorption and
ion exchange properties, and releases nutrients gradually, and thus
optimizes the soil solution composition. In addition, mature vermi-
compost is not an odor problem without access to the air and dur-
ing long-term storage (Wichuk and McCartney, 2010).

The stability can be precisely assessed using instrumental tech-
niques such as elemental analysis (CHNS/O), ultraviolet-visible
spectroscopy (UV/Vis), Fourier-transform infrared spectroscopy
(FTIR), and fluorescence spectroscopy or thermogravimetric analy-
sis (TGA). Elemental analysis is a basic chemical characteristic of
humic acids that quantitatively determines the contents of C, H,
N, O, S in their molecules. The content and ratio of each element
reveals the specialties of humus substances (Droussi et al., 2009).
The UV/vis technique is used to determine the maturity of compost
by measuring the rate of humification in wavelength ranges from
about 200 to 800 nm or greater (Gieguzynska et al., 1998). The FTIR
spectroscopy is a qualitative technique for differentiating func-
tional groups of organic substances, and is usually utilized in the
investigation of soil organic matter, organic wastes, and their com-
post (Amir et al., 2010). Fluorescence Excitation-Emission Matrix
(EEM) spectroscopy is among the most promising tools for charac-
terising heterogeneous organic matter by providing comprehen-
sive information on the composition, properties, and behaviour
of the samples (Coble et al., 2014; Ohno and He, 2011). Given its
sensitivity, selectivity, and non-destructive nature, EEM is widely
used to differentiate the changes and transformations of OM in
natural environments (Albrecht et al., 2015; Wu et al., 2009).
TGA is an easy method which aids in illustrating the end product
by providing chemical characteristics of samples (Wu et al., 2011).

Humification of organic matter during composting is mani-
fested by the formation of humic substances which consist of a
humic and fulvic acid fraction (Inbar et al., 1990). Several different
structural models of humic acids (HAs) have been suggested
(Stevenson, 1994; Al-Faiyz, 2017). HAs are synthesized as the most
important by-product during composting, because they are widely
utilized for the sorption of nutrients and remediation of environ-
mental pollution (Yuan et al., 2017).

The aim of the study was to evaluate the process of vermicom-
posting of horse manure in a continuous-feeding system with a
focus on the quality of HAs produced. Based on the results, the
optimal time of vermicomposting and the use of the vermicompost
can be predicted. The novelty of the work consists in more accu-
rately determining the stability of vermicompost from horse man-
ure using advanced spectroscopic techniques, unlike commonly
used simple indicators such as the C/N ratio, N-NH3/N-NO3 ratio,
or cation exchange capacity. Thus far, experimental data on humic
acids isolated from vermicompost of horse manure are missing and
this is the first study. Diffuse Reflectance Infrared Fourier Trans-
form (DRIFT) technique was used for characterization of humic
acids, although this method is routine. Infrared spectra obtained
by means of a DRIFT were chosen as it required no mechanical
treatment of the sample (transmission technique, e.g. tablet press-
ing) and therefore less opportunity for analyst-induced variation
between samples can be presented.

2. Material and methods

2.1. Feedstock and vermicomposting set-up

The experiment was set up at a family vermicomposting com-
pany in Kyjov, Czech Republic (N 49°1.61737, E 17°7.32838').
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Fig. 1. Diagram of the continuous-feeding vermicomposting system with horse
manure at a family vermicomposting company in Kyjov, Czech Republic.

The concrete container for vermicomposting occupied a ground
plan 4 x 1.5 m, and was placed in a stone room to avoid the influ-
ence of weather conditions, especially precipitation (Fig. 1). The
temperature of the vermicomposted material partially copied the
outside temperature of the temperate climate. However, the high
temperatures in the summer and the low in the winter were mod-
erated by being placed in a container in the room even though it
was without air conditioning. The bedding layer consisted of
mature horse manure with earthworms (Eisenia andrei), with a
density of about 50 earthworms per liter (10 g of earthworms
per kilogram), and was placed first. Subsequent 5 cm layers of
mature horse manure were added every week to avoid high tem-
perature above 35 °C that is lethal to earthworms. Selected
physico-chemical properties of the feedstock used are shown in
Table 1.

Besides the raw horse manure samples, other samples were
taken up from the cross profiles of different depths. Depth place-
ment and the average age of each layer were as follows:

V: 0-13 cm, 5 weeks

IV: 13-26 cm, 3 months
III: 26-39 cm, 6 months
II: 39-52 cm, 9 months
I: 52-65 cm, 12 months

Potential earthworms were separated, counted, and weighted.
The resulting vermicompost sample without earthworms was
divided into 3 parts and treated as required for laboratory analyses.
One part of the vermicompost sample was stored at 4 °C until the
pH and electrical conductivity (EC) could be determined. The sec-
ond part was dried at 30 °C to a constant weight and ground. This
was then used for analyses of the total and available contents of
elements and the ion exchange capacity (IEC). The third part of
the vermicompost sample was frozen at —20 °C and then lyophi-
lized for subsequent determination of the groups of microorgan-
isms by the phospholipid fatty acid (PLFA) method.

2.2. Chemical and biological analyses

Measurements of active pH and EC (1:5 w/v) were conducted
with use of a WTW pH 340 i and Testo 240, respectively according
to EN 13037. The CHNS Vario MACRO cube analyzer (Elementar
Analysensysteme GmbH, Germany) was used for determination
of total carbon (Cy) and nitrogen (Nio). The total contents of P,
K, and Mg were determined by decomposition utilizing a wet
method in a closed system with microwave heating using an Ethos
1 microwave system (MLS GmbH, Germany). The contents of
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Table 1
Selected physico-chemical properties of the horse manure used in the experiment.
Dry matter [%] Volatile solids pH/H,0 EC [uS cm™] C/N Pror. [mg kg™] Kot [mg kg™'] Mgior. [mg kg™']
Horse manure 26.7+2.0 809+13 79+0.1 1039 + 202 33.1+13 5200 + 400 20800 + 1200 4400 + 300

Values are means + SD (n = 3).

ammonium nitrogen (N-NH3), dissolved organic carbon (DOC), and
the available portions of P, K, and Mg were determined in calcium
chloride/DTPA (CAT) solution (0.01 mol 1-! CaCl, and 0.002 mol 1!
diethylene triamine pentaacetic acid (DTPA)) at a ratio of 1:10 (w/
v) according to the International BSI Standard EN 13651. The NH3-
N and NO3-N contents in the extracts were measured colorimetri-
cally using a SKALAR SANPLUS SYSTEM®. The element concentra-
tions were determined using inductively coupled plasma optical
emission spectrometry (ICP-OES, VARIAN VistaPro, Varian, Aus-
tralia) with axial plasma configuration. The ion-exchange capacity
(IEC) was determined conductometrically (Vachalova et al., 2014).
Samples for the PLFA analysis were extracted in triplicate using a
mixture of chloroform, methanol, and phosphate buffer (1:2:0.8;
v/v/v). Detailed description of the method is shown in Snajdr
et al, (2011).

2.3. Extraction of humic acids

Humic acids were extracted from horse manure before and after
the vermicomposting process using a modified procedure recom-
mended by the International Humic Substances Society (Swift,
1996). Briefly, air-dried samples were demineralized with 0.1 M
HCI at a ratio of 1:10 (sample/solution), and the suspensions were
then washed with distilled water until an almost neutral pH was
achieved. All samples were shaken overnight with 0.1 M NaOH
and 0.1 M pyrophosphate solution under N, using a sample/extrac-
tant ratio of 1:10. After centrifugation at 2700 x g for 30 min,
humic acids were precipitated from the supernatant by means of
acidification to pH < 2 with 6 M HCl, and further separated by cen-
trifugation at 2700 x g for 20 min. Precipitated humic acids were
treated (twice) with a mixture of 0.5 vol% HCI-HF over a period
of 24 h, and subsequently separated in the centrifuge. Humic acids
were purified and dialysed using a Spectrapore membrane (MWCO
1000) until free CI~ and F~ ions were washed out and finally
freeze-dried. The samples were left to equilibrate in the ambient
laboratory atmosphere at about 25 °C, which resulted in the final
equilibrium moisture. Strictly speaking, that which is isolated from
vermicompost and/or compost is not a true humic acid, such as
HAs extracted from coal, soil, and peat (Stevenson, 1994). In this
work we will use this designation for our isolated samples, which
were obtained by the standard extraction method. The designation
of extracted humic acids is as follows: humic acid isolated from
raw horse manure - HARHM; humic acid isolated after 5 weeks
of the vermicomposting process - HA5W; humic acids isolated
after 3, 6, 9, and 12 months of the vermicomposting process -
HA3, HA6, HA9, and HA12.

2.4. Humic acids analysis

2.4.1. Elemental analysis

The elemental composition of all humic acids was determined
using an EA 3000 CHNS/O analyser (Euro Vector, Pavia, Italy). Sam-
ples (1-1.5 mg) were packed in tin capsules and placed in an oven
for combustion at 980 °C using pure oxygen as the combustion gas
and pure helium as the carrier gas. Calibration curves for carbon
(C), hydrogen (H), nitrogen (N), and sulphur (S) were obtained
using sulphanilamide as a reference standard sample. The percent
oxygen content was calculated by the difference, and the data

obtained were corrected for moisture and ash content. All samples
were incinerated at a heating rate of 10 °C/min from room temper-
ature to 900 °C under air atmosphere. The weight loss occurring at
105 °C was measured and taken as the moisture content. The final
residue, after heating to 900 °C, was measured and taken as the ash
content.

2.4.2. UV)Vis spectrometry

UV/Vis spectra were obtained on a Hitachi U-3900H UV/Vis
spectrometer (Hitachi, Tokyo, Japan) by recording the absorption
spectra between 200 and 900 nm. Samples were measured in a
10 mm quartz cuvette and with a standard phosphate buffer blank
(0.1 M NaH,PO,4, Na,HPO,).

2.4.3. FTIR spectrometry

FTIR spectra were obtained by means of a Diffuse Reflectance
Infrared Fourier Transform (DRIFT) technique using a Nicolet iS50
spectrometer (Thermo Fisher Scientific, Waltham, USA). Approxi-
mately 4 mg of powdered HA samples were homogenized with
400 mg of KBr in an agate mortar, and then transferred to the sam-
ple holder cup of the diffuse reflectance accessory. All spectra were
recorded over the 4000-400 cm ™! range at a resolution of 4 cm™!
and were the average of 512 scans. The KBr infrared grade spec-
trum was used as the background for DRIFT measurement.

2.4.4. Fluorescence spectroscopy

For fluorescence analysis, HAs were dissolved at a concentration
of 10 mg L™! of organic carbon in standard phosphate buffer. The
pH-value of solutions was adjusted to seven using phosphate buf-
fer. All spectra were obtained on a FluoroLog fluorescence spec-
trometer (Horiba Scientific, New Jersey, USA) with a scan speed
of 600 nm min~!, using excitation and emission slit bandwidths
of 5 mm. Total luminescence spectra (TLS) were obtained by scan-
ning the emission and excitation wavelengths over the range 300-
600 nm and 240-550 nm, with the emission and excitation incre-
ment set at 5 nm. The sample cell with humic acid solution was
kept at a temperature of 20 °C during each measurement. The
EEM spectrum of ultra-pure water (Mili-Q) was obtained and sub-
tracted from the EEM spectra of all samples examined to decrease
the influence of 1st- and 2nd- order Raman scattering. Primary and
secondary inner filter effects were corrected. The fluorescence
intensity values of samples (in counts per second, CPS) were cor-
rected using the method devised by Lakowicz (Lakowicz, 2006).

2.4.5. Thermogravimetric analysis

Thermal degradation of the isolated HAs was performed using a
Q5000 TG analyzer (TA Instruments, New Castel, Delaware, USA)
with +1°C temperature accuracy and #0.1% mass accuracy.
Approximately 3-5mg of powdered HA was introduced into a
platinum pan. The sample was heated at a heating rate of 10 °-
Cmin~! from room temperature to 1000 °C under a flow of nitro-
gen (20 cm® min1).

2.5. Statistical analysis
Statistical analyses were performed using STATISTICA 12 soft-

ware (StatSoft, Tulsa, USA). Due to the inhomogeneity of the data,
a non-parametric statistical analysis of the comparison of several
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independent groups using the Kruskal-Wallis test was used. Spear-
man's correlations were explored between the parameters at the
0.05 probability levels.

3. Results and discussion
3.1. Selected physico-chemical properties

As is evident from Table S1 (Supplementary material), the
greatest dry matter content was found in the top layer. The
increase of humidity with the age of the layers could be explained
by vermicomposting in the concrete container without runoff to
maintain a closed loop. Dry matter content in the bottom layer sta-
tistically differed from the top layer. Volatile solids decreased grad-
ually caused by the loss of CO,. In the oldest layer, there were 80%
and 58% of volatile solids of the vermicomposted material in the
top layer and of the original horse manure, respectively. The pH
values ranged from 7.75 to 8.74 which corresponds to Hanc et al.
(2019) who vermicomposted distillery residues together with
straw. EC initially increased over time and later decreased. The
highest value was found in the 3rd layer. Some authors dealing
with vermicomposting reported an increase trend of EC during
the process due to degradation of the organic matter and the
release of the mineral salts (Hanc and Chadimova, 2014). Nonethe-
less, the other studies have shown a decreasing trend for EC
(Dominguez et al., 2018). The nitrogen content gradually increased
with the age. This was due to the loss of organic matter causing a
relative increase in the content of elements. Value of the C/N in the
top layer (19.3) was significantly lower compared to the feedstock
(33.1) due to a rapid transformation of organic matter through the
earthworms. The decrease in the C/N ratio towards the lower lay-
ers is in agreement with the study of Hanc et al. (2017) who vermi-
composted household biowaste under large-scale
vermicomposting conditions. The decrease of C/N during one year
ranged from 16.1 to 10.4. The C/N ratio of vermicompost mainly
depends upon rate of C and N mineralization in waste stuff during
the decomposition process (Negi and Suthar, 2018).

Table S2 shows parameters of maturity such as N-NH, N-NHZ/
N-NO3, DOC, IEC and IEC/C,. With increasing age and depth, the
maturity of vermicompost should increase. This was confirmed
for all maturity parameters, although the differences were non-
significant between the layers due to the use of strict non-
parametric statistical test. The most marked decrease by 60% in
N-NH; was observed between layers V and IV. The differences
between the other layers were lower. The proportion of the most
active fraction of carbon expressed as DOC in the Ci fluctuated
between 2.6 and 2.9%. A very strong correlation was found
between the two parameters (R=0.98, p <0.05). Similarly, DOC

positively correlated with C/N ratio (R=0.87, p <0.05). The pro-
cesses of mineralization and humification during vermicomposting
may result in changes in ion-exchange properties, which can be
expressed and quantified by IEC. The IEC increased from 22 mmol.
100 g~! (layer V) to 28 mmol, 100 g~! (layer Il and I). It was lower
than in mentioned experiments of Hanc et al. (2017, 2019), where
the values ranged from 52 to 60 mmol, 100g~! and 55 to
71 mmol, 100 g, respectively. The IEC/Cq ratio that takes into
account the mineralization of organic matter increased to 1.4 in
the oldest layer but it was lower than in vermicompost from
household biowaste (3.3) and distillery residues (2.0) found in
studies of Hanc et al. (2017, 2019). Changes in total and available
phosphorus, potassium, and magnesium contents in layers are
illustrated in Fig. 1S.

3.2. Earthworms and microorganisms

Most earthworms were in the youngest layer (Table S3) which
corresponds to Castkova and Hanc (2019). The number of earth-
worms in this layer accounted for 73% of the total number. There
were only 3 earthworms on average in the oldest layer of vermi-
compost, which made up 0.14% of the total number. It can be
explained by a lack of food substrate for earthworms, probably
the accumulation of some transformed compounds which might
be toxic to the earthworms, as well as the lack of aeration. Simi-
larly, the highest earthworm biomass proportion was found in
top layer V (73%), followed by layer IV (25%), layer III (0.10%), layer
I1(0.5) and layer 1 (0.03%). Due to the lack of suitable food for earth-
worms, the average weight of earthworms in the bottom layers
was lower by 30% compared to upper layers.

The total microbial biomass decreased usually directly propor-
tional with the ages of the layers (Fig. 2S). The difference between
the youngest layer (156 pg PLFA g~! dw) and the oldest layer
(72 pg PLFA g~ ! dw) was 45%. With the increase in manure conver-
sion into vermicompost and hence with a decrease in heterogene-
ity, the standard deviation among the taken samples also
decreased. Microbial biomass positively correlated with number
and biomass of earthworms (R = 0.85, p < 0.05 for both parameters)
which demonstrates that vermicomposting is the cooperation of
earthworms and microorganisms. The lowest bacterial/fungal ratio
(11) was found in the youngest layer and gradually increased to 28
in layer IL

3.3. Yields, ash contents and elemental analysis
The extraction yields, elemental composition, ash contents, and

atomic ratios of HAs isolated from raw and vermicomposted horse
manures are summarized in Table 2.

Table 2

Extraction yields, ash contents, elemental compositions, and atomic ratios of HAs.
Origin of HA Yield Ash C H N 0 H/C o/C C/N

(g kg 1) (wt. %)° (at. %)°

HARHM1¢ 13.1+£1.8 14+0.1 36.69 +0.15 46.39+£0.16 2.67+0.10 14.25 1.26 0.39 13.72
HASW! 25.7+33 1.7+03 38.16 £0.22 43.36+0.10 2.14 +0.06 16.34 1.14 0.43 17.82
HA3¢ 222+14 1.7+04 38.29+0.16 43.01+0.08 2.22+0.05 16.88 1.12 0.44 17.28
HAG' 26.6+0.9 14+0.1 38.44£0.45 42.97 £0.15 2.17 £0.02 17.15 1.12 045 17.70
HA9® 26.2+0.9 1.6+04 38.44+0.65 42.67 £0.16 2.15+0.04 17.18 1.11 0.45 17.90
HA12" 28.7+29 1.6+09 38.42 £0.47 42.36 +0.07 2.29 +0.08 17.94 1.10 0.47 16.76

Values of extraction yield, ash content and elemental compositions are means + SD (n = 3).

¢ On moisture-free basis.

> On moisture-free and ash-free basis.

HA isolated from raw horse manure.

HA isolated from vermicompost of average age 5 weeks.
HA isolated from vermicompost of average age 3 months.
HA isolated from vermicompost of average age 6 months.
HA isolated from vermicompost of average age 9 months.

c
d
e
f
g
" HA isolated from vermicompost of average age 12 months.
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The yield of HAs ranged from 13.1% to 28.7% depending on the
time of the vermicomposting process. The greatest yield (28.7%)
was obtained for HA isolated from vermicompost which was com-
posted for 12 months. In contrast, the least yield (13.1%) was deter-
mined for HA extracted from raw horse manure. In addition, yields
depend on the procedures selected for isolating and purifying the
HAs (Doskocil et al., 2018). Similarly, the ash content of HAs can
depend both on the origin of the source material as well as on
the sample purification procedure. The ash content of HAs isolated
from raw horse manure and our sample set of vermicomposts was
similar. Slightly greater ash contents were observed for HAs origi-
nating from vermicomposts of average ages 5 weeks and 3 months.

The elemental compositions are shown in Table 2 in atomic per-
cent (at. %), because, in contrast to weight percent (wt. %), it better
reflects the content of hydrogen in the structures of humic sub-
stances. The carbon content increased slightly during the vermi-
composting process, while the hydrogen content decreased. The
nitrogen level decreased in the first stages of vermicomposting
and then very slightly increased at the end of this process. A
greater increase in oxygen content was observed for the HAs
extracted from vermicomposts compared with HAs isolated from
raw horse manure. The elemental composition of HAs from our
sample set was similar to that of HAs extracted from different com-
posts and/or vermicomposts from other studies (Enev et al., 2018;
Li et al., 2011).

The H/C atomic ratio is considered as an indicator of the degree
of aromaticity, and, for our samples, lay within a range (i.e. from
1.10 to 1.26). The aromaticity of HAs isolated from raw horse man-
ure was the least of all the samples, whereas it increased during
the vermicomposting process. The H/C level decreased with the
vermicomposting process, which could be attributed to an increase
of the aromatic and/or a decrease of the aliphatic structures. In the
studied HAs, the H/C atomic ratio is similar to values published in
previous studies (Senesi, 1989; Zhang et al., 2015). The O/C atomic
ratio reflects the amount of oxygen-containing functional groups
(e.g. carboxylic and phenolic) in humic substances. The O/C atomic
ratio significantly increased during the composting process. These
results suggest that during vermicomposting, a progressive trans-
formation of the polysaccharides and polysaccharide-like com-
pounds to other oxygenated compounds such as aromatic
carboxylic acids and phenols occurs. The C/N atomic ratio reflects
the amount of nitrogen in humic substances. The C/N ratio values
were in the range from 13.72 to 17.90. The C/N ratio obtained in
this study for the HA isolated from raw horse manure was rela-
tively small, indicating that the organic matter of raw material
contained a large amount of nitrogenous substances. The C/N level
significantly increased at the first stage of the vermicomposting

Table 3
UV/Vis and FTIR calculated ratios.

process, which could be attributed to a decrease in the amounts
of nitrogen-containing compounds, such as protein and protein-
like substances.

3.4. UV/Vis spectroscopy

The UV/Vis absorbance spectra of HAs isolated from all studied
samples were typically featureless and characterized by the
absence of identifiable maxima and/or minima with decreasing
absorbance at increasing acquisition wavelength (not shown).

In our study, HAs absorbed light significantly at wavelengths
ranging between 200 and 700 nm. Absorption in this UV/Vis region
indicates that the vast majority of the chromophores include aro-
matic rings with various degrees and substitution types, such as
monosubstituted and polysubstituted phenolic compounds and
various monoaromatic and/or polyaromatic acids (Korshin et al.,
1997). A number of studies have shown that the analysis of UV/
Vis spectra by means of absorption ratios may provide valuable
information on the chemical structure and properties of HAs, that
may also complement the information obtained using other ana-
lytical methods, such as potentiometric titration, size exclusion
chromatography, NMR etc. (Asakawa et al., 2011; Ephraim et al.,
1995; Novak et al., 2015) The Egy/Eg, ratio (the ratio of absorbance
at 253 nm to that at 220 nm) is small for compounds in which the
aromatic rings are largely substituted with aliphatic functional
groups, whereas greater Egr/Eg, ratios are associated with the pres-
ence of oxygen-containing functional groups e.g. hydroxyl, car-
bonyl, ester and especially carboxyl groups on the aromatic ring
(Korshin et al., 1997; Enev et al., 2018). In our study, the Egy/Eg,
ratio values ranged from 0.50 to 0.54 (Table 3). These results sug-
gest that the substitution of aromatic rings with polar functional
groups was comparable for the vermicompost HAs. The Egr/Eg,
ratio for HA isolated from raw horse manure was less than that
for any vermicompost HAs. The frequently used E4/Eg ratio (the
ratio of absorbance at 465 nm to that at 665 nm) reflects the
degree of aromaticity and the molecular weight of humic sub-
stances of different origins (Li et al., 2011). For the HAs studied, this
ratio demonstrated less sensitivity (Table 3), because absorption in
the 500-800 nm range was approximately zero. For this reason, it
is appropriate to utilize the E;/E4 ratio (the ratio of absorbance at
265 nm to that at 465 nm), as it is consistent with the E4/Ee. In
our study, the E,/E; ratio values ranged from 9.31 to 11.11
(Table 3). The E;/E4 ratio for HAs isolated from raw horse manure
was much less than those for vermicomposted HAs. The E,/E,4 val-
ues followed an upward waving trend with increased composting
time. It is apparent from the data in Table 3 that non-humic sub-
stances (e.g. lignin, polysaccharides, and protein-like substances)

Origin of HA UV/Vis ratios FTIR intensity ratios
EET/EBZ E4/E6 EZ/E4 lAr/IAI(1 IAr/ICOOHb

HARHM® 0.50 £ 0.00 7.77 £0.03 9.31+0.14 1.10 1.08
HASW! 0.52 +0.00 8.56+0.13 9.62 + 0.05 1.14 1.02
HA3¢ 0.53 +0.00 8.66 + 0.05 10.11£0.31 1.14 1.01
HA6' 0.52 £0.01 8.40+0.38 9.87+0.18 1.28 0.99
HA9® 0.52 £0.01 8.69+0.17 10.91+0.24 1.30 0.99
HA12" 0.54 + 0.00 8.53+0.40 11.11+0.10 1.39 0.97

Values of UV/Vis ratios are means + SD (n = 3).

3 FTIR ratio calculated as ratio of intensity at 1510 cm™' to intensity at 2940 cm™".

b

HA isolated from raw horse manure.

HA isolated from vermicompost of average age 5 weeks.
HA isolated from vermicompost of average age 3 months.
HA isolated from vermicompost of average age 6 months.
HA isolated from vermicompost of average age 9 months.

c
d
e
f
g
" HA isolated from vermicompost of average age 12 months.

1
1

FTIR ratio calculated as ratio of intensity at 1510 cm™"! to intensity at 1420 cm™".
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were transformed into humic substances during vermicomposting,
thus increasing the humification and stability of the vermicom-
post. This observation is in good agreement with published studies
regarding HAs derived from composts (Li et al., 2017).

3.5. FTIR spectroscopy

The DRIFT spectra of HAs are shown in Fig. 2, and interpretation
of their absorption bands was conducted according to the litera-
ture data (Stuart, 2004).

Table S4 shows overview of the main absorption bands which
were identified in the FTIR spectra. All the spectra of vermicompost
HAs contain a sharp and intensive band at 1710 cm™! correspond-
ing to carboxylic groups, whereas it is absent in the sample isolated
from raw horse manure. The carboxylic groups are also indicated
by the broad band centered at about 2640 cm™! resulting from
the O—H stretching vibrations of the hydrogen-bonded COOH
which forms dimers. A band at about 1420 cm™!, preferentially
ascribed to C—O—H in-plane bending of carboxylic groups, is
apparent in all sample sets. The degree of carboxylic content was
determined using the Ia/Icoon ratio (the ratio of the intensity at
1510 cm™!' to the intensity at 1420 cm™'). The content of the car-
boxylic groups is greatest for the HA isolated from horse manure
after 12 months of vermicomposting. Further, the content of COOH
groups increases with the composting time. Another significant
band occurring at 1600 cm~! can be assigned to stretching C=C
groups in aromatic rings, eventually C=0 stretching of H-bonded
conjugated ketones and quinones. This band was observed only
as a weak shoulder in the spectrum of HA isolated from raw horse
manure. Another aromatic band is apparent at 1510 cm™!, due to
the aromatic C=C stretching of lignin residues, the relative inten-

4000 3600 3200 2800 2400

— HARHM |

—— HASW |

— HA3

— HA6
“HA9

—— HAI12

£

1600 1200 800 400

Normalized absorbance (a.u.)

4000 3600 3200 28002400 1600 1200 800 400
Wavenumber (cm ™)

Fig. 2. DRIFT spectra of HAs isolated from raw horse manure and vermicomposts of
different ages.

sity of which decreases with the vermicomposting process. This
is supported by the In/Ia ratio (the ratio of the intensity at
1510 cm™! to the intensity at 2940 cm™!), which was used to esti-
mate the degree of aromaticity. The intensity ratio (Table 3) shows
that the aromaticity of HAs increases during the vermicomposting
process. These results are in good agreement with the elemental
analysis (and H/C ratios) listed in Table 2. Two out-of-plane C—H
deformation bands were observed in the 850-760 cm™! region
and were assigned tri-substitution per ring (840 cm™!), and di-
substitution per ring (768 cm™!). The first of these bands was
observed as a sharp and intensive band in the all spectra, while
the second of these bands was found as a weak band and/or shoul-
der. The broad band centered at about 3310 cm™' corresponds to
the O—H stretching of various functional groups, which are con-
nected with an intermolecular hydrogen-bond. The appearance of
aliphatic chains is observed in the 3000-2800 cm™! range. The
presence of aliphatic groups is revealed by the band at
2940 cm !, which is attributed to asymmetric C—H stretching in
methylene groups. A band at about 2850 cm™, attributed to sym-
metric C—H stretching of —CH,— groups, is evident exclusively in
HA isolated from raw horse manure. The deformation vibrations
of the —CH,— and —CHs groups occur in the spectra at
1454 cm™'. All the spectra of HAs contain a sharp and intensive
band at 1662 cm™! corresponding to secondary amide groups
(amide II). Many authors consider the band at 1660 cm™! to be
an indicator of protein-like substances (Calderén et al., 2011;
Enev et al., 2018). The main differences among the spectra of
HAs appear in the fingerprint regions 1280-1200cm~! and
1145-1000 cm™!. The first region is characterized by a weak band
and/or shoulder at 1260 cm™! and a relatively intense band at
1230 cm™! corresponding to the C—O vibration in aryl ethers,
and to the C—O0 stretching and O—H bending of phenols. In com-
parison with other samples, the HAs isolated from raw horse man-
ure did not contain the vibration at 1260 cm~!. The relative
intensity of this band increased with the vermicomposting time.
The latter region is characterized by a sharp band at 1130 cm™!
and a shoulder and/or weak band at 1090 cm™! corresponding to
the C—0—C vibration in various alkyl ethers, and to the C—O
stretching of secondary alcohols. In the spectra of all samples,
the band at 1090 cm~! gradually reduces with increasing vermi-
composting time and its relative intensity decreases. The band at
1037 cm™! is dominant in the spectrum of HAs isolated from raw
horse manure, mainly due to the large polysaccharide substance
content. The other samples contain this band with a lesser inten-
sity. Bands and shoulders at wavenumbers less than 650 cm™'
are attributed to mineral matter such as kaolinite, from which
bands at 644 cm~!, 536 cm™! and 500 cm™! are the most obvious.

3.6. Fluorescence spectroscopy

The fluorescence spectra or EEM contour maps of the studied
HAs (see Fig. 3) were not corrected for Rayleigh scattering peaks,
which appear in the form diagonal bands.

The Rayleigh scattering corresponds to the line in the EEM spec-
tra where excitation wavelength equals emission wavelength. The
first observation from the EEM contour maps is that humic sub-
stances contain fluorophores which are responsible in the fluores-
cence of composted and/or vermicomposted organic materials
(Benitez et al., 2000; Mobed et al., 1996; Xing et al., 2012). The
excitation-emission wavelength pairs of the main peaks in the
EEM spectra and their fluorescence intensity values from our sam-
ple set are listed in Table 4.

The maxima are located at excitation wavelengths in the ultra-
violet region (e.g. UVA, UVB, and UVC region) in the 250-390 nm
range and at emission wavelengths in the 340-480 nm range. Sev-
eral fluorophores have been reported previously in the literature,
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Fig. 3. EEM spectra of HAs isolated from raw horse manure and vermicomposts of different ages. Individual fluorophores of the HAs samples are marked with the

corresponding symbols (A, T, C1, C2) and arrows.

such as peak A at 240-280/400-500 nm (excitation/emission
wavelengths pair), peak C at 300-380/400-500 nm, peak M at
290-310/370-410 nm, peak B at 270-280/300-315 nm, and peak
T at 270-280/345-360 nm (Coble 1996; Birdwell and Engel,
2010). Non-humic fluorophores indicative of biological activity
and/or protein-like material include tyrosine-like peaks and
tryptophan-like peaks (Birdwell and Engel, 2010). From the
domains described (Fig. 3) the fluorescence of raw horse manure
and vermicomposted materials lies primarily in the peak A region,

which is characteristic of humic substances. However, there are
maxima having excitation wavelengths greater than 400 nm
(including those for terrestrial HAs). The fluorescence region
(400-480/460-550 nm), referred to as V (Alberts and Takacs
2004; Rodriguez et al., 2013, Enev et al., 2014), usually occurs in
coal and/or soil HAs, and was not determined in the spectra from
our samples. The absence of the peak V in the examined samples
can be explained by the lesser average age of the vermicomposts,
which did not exceed one year. The characteristic C domains (des-
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Positions of excitation-emission wavelength pairs for fluorescence peaks and values of fluorescence intensities for HAs isolated from raw horse manure and different

vermicomposts.

Origin of HA Fluorescence peak region

A C T

C1 c2

Ex/Em (nm) Ir (CPS)? Ex/Em (nm) Ir (CPS)? Ex/Em (nm) Ir (CPS)? Ex/Em (nm) Ir (CPS)?
HARHM" 250/460 0.70 275/335 0.55
HA5W*¢ 255/480 0.84 275/340 0.40
HA3¢ 250/475 1.01 280/335 0.50
HA6¢ 250/460 0.94 275/340 0.40
HA9' 250/445 1.06 335/440 0.61 390/435 0.35
HA128 270/450 1.10 330/440 0.68 385/440 0.52

3 Jr x 105 CPS (counts per second) of fluorescence peaks.

HA isolated from raw horse manure.

HA isolated from vermicompost of average age 5 weeks.
HA isolated from vermicompost of average age 3 months.
HA isolated from vermicompost of average age 6 months.
HA isolated from vermicompost of average age 9 months.
HA isolated from vermicompost of average age 12 months.

b

d

f

g
ignated as humic-like fluorophores) for humic substances originat-
ing from soils, peats, lakes, and rivers, with fluorescence maxima
corresponding to excitation/emission wavelength pairs of 300-
380/400-500 nm, were observed in HAs after 9 and 12 months of
the vermicomposting process. Because HA9 and HA12 have a
greater contribution from fluorophores C compared to humic sub-
stances originating from soils and peats, we chose the designation
C1 and C2 and for all maxima located in this region. Peaks C1 and
C2 (330-335/440 nm and 385-390/435-440), which occur only in
HAs after 9 and 12 months of the vermicomposting process, exhib-
ited the greatest excitation wavelength of all the EEM spectra and a
lesser fluorescence intensity than the peaks in region A. We con-
clude that the maximum position is probably related to single aro-
matic systems and substituents. Some authors (Sierra et al., 2005;
Rodriguez et al., 2013) have suggested that the C domain can be
attributed to the presence of hydroxybenzoic acids and other sub-
stituted phenolic units originating from lignin, hydroxycoumarin-
like structures, xanthone and/or quinoline derivatives which orig-
inated from degraded plant materials. According to previous stud-
ies, peak C may be interpreted such as fluorophores from
autochthonous microbial processes (McKnight et al., 2001). The
comparison of EEM spectra of HAs from vermicompost and HA-
like fractions (HAL) from vermicomposted winery and distillery
wastes (Romero et al., 2007) suggests that HAL fractions may also
participate in the fluorescence of HAs in the C region. Moreover,
the presence of peaks with an emission wavelength greater than
470 nm is in agreement with previous studies which suggest such
maxima originate from intramolecular charge-transfer states,
rather than from independent fluorophore families in humic sub-
stances (Boyle et al., 2009). This assumption is consistent with
the values of the absorption coefficients Egy/Eg, and Ia:/Icoon
obtained from the spectrometry experiments. It indicated that
the time of the composting process could increase the content of
humic-like materials in the HAs from the vermicomposting prod-
uct. For most of the HAs (HA isolated from raw horse manure
and HAs extracted from vermicomposts younger than 9 months),
typical maxima lie within the T region and are thus restricted to
wavelengths in the 275-280/335-340 nm range, suggesting they
all have similar structures and components. According to this T
domain, protein-like compounds were decomposed during the first
nine months of vermicomposting (Fig. 3). In contrast, the fulvic-
like compounds increased slightly during the vermicomposting
process. The location of the C1 and C2 domains were independent
of the excitation and emission wavelengths without any trend with
respect to the composting time. Compared with the T domain loca-

tion of protein-like compounds (peaks T at 276-281/340-370 nm)
(Baker, 2001; Lannan et al., 2013), the locations of tryptophan-like
peaks of the HA samples all showed a blue shift in terms of emis-
sion wavelengths. Fluorophore families at the intermediate excita-
tion wavelengths (250-280 nm) and shorter emission wavelengths
(<380 nm) are related to soluble microbial by-product-like materi-
als (Coble, 1996). Protein-like fluorophores were found to occur at
enhanced levels in compost originating from municipal solid waste
(MSW), sewage sludge (SS), and/or wastewater (WW) (Benitez
et al.,, 2000; Wei et al., 2007; Pan et al., 2018). Further, the
tryptophan-like compound may have originated by different man-
ures where tryptophan is present as ‘free’ molecules or bound in
proteins and/or humic substances (Wang et al., 2014).

Using the differences in the location of peaks (fluorophores) and
fluorescence intensity, various structural units in the humic sub-
stances can be elucidated. At nearly the same excitation wave-
length, some peaks in region A, fluorophores which correspond
to the fulvic-like compounds, shift toward a lesser emission wave-
length, while the fluorescence intensity increases. The shorter
emission wavelengths and greater fluorescence intensity measured
in the EEM spectra can be associated with simple aromatic struc-
tures and low average molecular weight components. In contrast,
the longer emission wavelengths can indicate the presence of con-
densed aromatic rings and electron-withdrawing functional
groups such as carbonyl-containing substituents, and hydroxyl
and alkoxyl groups. It is well known that polycyclic aromatic
hydrocarbons (PAHs) fluoresce at emission wavelengths from 400
to 500 nm when subjected to excitation at 250-380 nm. Hence,
the emission wavelengths ranging from 340 to <430 nm could be
associated with three-ring and/or four-ring aromatic structures
(Doskocil et al., 2018). The PAHs with four or more aromatic ring
per fluorophore emit light in the 400-500 nm wavelengths range.

3.7. Thermogravimetric analysis

Subsequently, all the studied HAs were subjected to detailed
thermogravimetric analysis. The respective thermograms (TGA
and DTG) are shown in Fig. 4. It can be clearly seen that the weight
of all the HAs samples drops in a stepwise manner.

TGA curves separated into two main groups. The first group con-
tained only one member - the humic acid isolated from the original
manure, whereas all composted HAs were concentrated in the sec-
ond group. More detailed information can be seen in the DTG curves
(Fig. 4b). The DTG curve for the HA isolated from original manure
indicates three principal weight-loss steps are located around 240,
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Fig. 4. Thermogravimetric analyses (a) TGA; (b) DTG) and results for HAs isolated from raw horse manure (wine curve), vermicompost of average ages 5 weeks (black curve),
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330, and 410 °C. The second step represents the largest weight-loss
step and will be called the main peak; in fact, its dominating shape
distorted the other two peaks in shoulders. The DTG curves obtained
for HAs isolated from vermicomposts also demonstrate the first two
peaks, while the last peak practically disappeared. Moreover, the
temperatures of the peak maxima were shifted to higher tempera-
tures when compared with the DTG record of the HA extracted from
original manure. The differences among the vermicomposted HAs are
not significant. The differences among the HAs isolated from various
vermicomposts are not significant. The shifts indicate that the corre-
sponding compounds in HAs obtained from vermicomposts are of
greater thermal stability than in the HA isolated from the original
manure. In other words, the most thermally labile components
seemed to be consumed during the composting process. On contrary,
the disappearance of the third peak points to the degradation of the
most stable thermal fractions.

The thermal behaviour of organic matter from natural compost
with recycled compost in this study was somewhat different from
the behaviour reported for composts prepared from agricultural
wastes where only two peaks in the 200-600 °C range were reported
(Dell’Abate et al., 2000). Three peaks are reported for some types of
soil HAs or soil organic matter (Capel et al., 2005; Montecchio
et al., 2006). The overlapping character of our TG records points to
the continuous complex mixture without components of sharply dif-
ferent thermal stability. The first peak (shoulder) is attributable to
the loss of organic volatiles and decomposition of the least stable
fractions (e.g., decarboxylation of organic acids); loss of residual
(bound) moisture also cannot be excluded. The main degradation is
produced by the combustion of polysaccharides or aliphatic com-
pounds (Montecchio et al., 2006). The last peak (shoulder) could be
attributable to the decomposition of aromatic moieties. Because it
was not distinct in the HAs isolated from vermicomposts it could also
represent original polymers depolymerized during the composting
process into less stable oligomers or monomers. Further, it can be
hypothesized that the shoulder disappearance is due to the release
of (labile) organics from the organo-mineral fractions by the action
of agents released by decomposing microorganisms. In any case, it
is seen that the most thermally stable fraction disappears during
the first stages of the composting process.

4. Conclusion

In this study, advanced spectroscopic techniques and thermo-
gravimetric analysis combined with the routine measurements of
chemical indicators such as the content of biogenic elements, C/N

ratio, N-NH;/NO3 ratio, DOC, and ion exchange capacity brought
new information on manure vermicomposting in a real-field
continuous-feeding system, and enabled the complex characteriza-
tion of HAs isolated from original horse manure and vermicom-
posts of different ages. Fluorescence spectroscopy (TLS) is a
relatively simple and effective technique to study the maturity
and stability of the produced vermicompost.

Horse manure vermicomposting resulted, over time, in an
increase in pH, IEC, IEC/Cior, Niotr Prots Kiotr Mo, Kavair and a
decrease in dry matter, volatile solids, C/N ratio, N-NHj;, N-NH/
N-NO3, DOC, Payaii, Mgavai, number and earthworm biomass, and
microbial biomass including fungi and bacteria. Thus, the maturity
of the vermicompost improved.

The results suggest that vermicomposting decreased the alipha-
tic, protein-like, and polysaccharide humic components, whereas
vermicomposting increased the aromaticity and contents of
oxygen-containing functional groups (e.g. carboxylic, phenolic,
and etheric groups in the HAs). The typical tryptophan-like fluo-
rophores lie within the T region (275/335 nm), which can be
ascribed to the freshly produced organic matter of biological or
microbial origin. This non-humic component was progressively
transformed to humic-like fluorophores during vermicomposting.
Humic-like fractions with Ex/Em wavelength pairs of 330-
335/400 nm and 385-390/435-440 nm were observed after nine
months of vermicomposting. These fluorophores lie in the EEM C
region, which implies that the components are of the same form,
or from very similar fluorophore families. Fulvic-like fluorophores
were observed in the EEM spectra of HAs throughout the vermi-
composting period. EEM spectra are comparable to fingerprints
for HAs during the vermicomposting, and they can be regarded
as indicators to assess the maturity of vermicomposts.

Spectroscopic characterization is a useful and relatively quick
way of obtaining new knowledge on vermicomposting of manure
in a real-field continuous-feeding system.
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