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Abstract  

The degree of stability and maturity of the organic matter are fundamental features of the 

chemical characterization of compost. These characteristics are related to the extensive 

formation of aromatic structures and of oxygen-containing functional groups. The 

increase of the amount of these chemical moieties can be assessed by different analytical 

methodologies, based on thermal, spectrophotometric, and electrochemical techniques. 

In order to compare the ability of the most used methodologies to differentiate compost 

at different composting stages, results from the direct characterization of solid samples 

and their extracts are reported. A total of 108 parameters from the characterization of a 

compost at four composting stages were treated by a ComDim analysis. The relevance of 

the analytical techniques for monitoring composting was established by considering the 

absolute value of the loadings and that results vary in a single way along the process. 

 

Keywords: Compost, Humic-like substances, Stabilization, Circular Economy, Common 

Dimensions Analysis  
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1. Introduction  

The improvement of the quality of the environment and the protection of human health 

depends on the efficient and rational utilization of natural resources and efficient waste 

management policies promoting the principles of a circular economy. To accomplish 

these goals the European Union set 2023 as the deadline for the selective collection of 

biowaste with the aim of recycling by composting and digestion [1]. Furthermore, the use 

of environmentally safe materials produced from biowaste should also be increasingly 

encouraged by EU countries [2]. Thus, compost production and its uses are expected to 

increase, as a means to fulfill the demand of clean technologies for waste management 

and the production of an environmentally friendly material [3]. Composting converts the 

organic fraction of the biowaste into a stable product that can be used as a source of 

nutrients for plant growth and/or improvement of the physical properties of the soil [4]. 

Moreover, compost can be considered as a low-cost adsorbent material for metal removal 

or immobilization from aquatic and soil systems [5]. 

Composting can be performed by different methodologies, including vermicomposting, 

aerobic composting, windrow composting, in-vessel composting, aerated static pile 

composting and composting using arthropods/insects [6]. The selection of the composting 

technology depends on the amount and type of raw materials and on the available 

resources [7,8]. The temporal evolution of compost is mostly related to the conversion of 

the most unstable organic compounds, such as sugars, soluble carbohydrates, organic 

acids, amino acids, and proteins to humic-like substances (HS). 

The characteristics of the compost produced depends on the control of multiple 

parameters, starting from a careful choice of the raw materials [7]. A compost must have 

well-defined characteristics, such as the content of the organic matter (between 30 to 70 

%) and an adequate degree of stability and maturity [4]. In addition to important 
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requirements, such as, the low concentration in heavy metals, pH value (between 6 and 

8), the absence of pathogens and inert materials (stones, glass and plastic) are desirable. 

The stability of the compost is related to the refractory nature of its organic matter to 

undergo further degradation, and maturity is related to the degree of humification it has 

undergone. These features are frequently assessed by determining the C/N ratio (organic 

C, total N) [9], pH and even by means of the variation of the cation exchange capacity 

(CEC) [10]. The compost stability and maturity can also be monitored following the 

structural changes of the organic matter by different techniques, such as Fourier transform 

infrared spectroscopy (FTIR), thermogravimetric analysis (TGA) and differential 

scanning calorimetry (DSC). The analysis of the results from these techniques can be 

straightforward, measuring the weight loss and enthalpies  at fixed temperature ranges, 

or by means of aromaticity indexes that are calculated using band intensity ratios [9].  

Alternatively to the characterization of the solid compost, several authors conducted the 

characterization of the aqueous extracts of compost using extraction and characterization 

methodologies that are similar to those developed for the characterization of HS of peat 

[11] or soil [12]. The extracts preparation may follow either well defined protocols, such 

as those from the International Humic Substances Society (IHSS) [13] or other [14] to 

isolate and purify the HS or simply by leaving the compost in contact with water for a 

certain period of time [15]. The HS isolated from compost are quantified and 

characterized by elemental analysis (EA) or by spectroscopic (FTIR) and thermal (TGA 

and DSC) techniques [16–18]. The HS solutions are also characterized by the 

spectroscopic techniques, UV-vis, 1H-NMR and 13C-NMR and by their acid-base and 

metal binding properties [19–21]. The aqueous extracts containing the dissolved organic 

matter (DOM) are also characterized using the same methodologies used for the HS 

extracts and also by electrical conductivity (EC) [22]. 
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Despite the large amount of information available in literature, there is not a general 

consensus on the most appropriate method for the assessment of the quality parameters 

stability and maturity. Although some works report data from different analytical 

methods, the discussion of results is not oriented towards the comparison of methods, as 

this is not the aim of those studies. In face of the large number of methods and parameters 

for compost characterization, we believe that the comparison between all the data from 

different methods is highly desirable and could start an extended discussion on the 

suitability of the different methods for the assessment of compost quality parameters. 

In the present work we characterize a compost produced from organic urban wastes, at 

four stages of composting, namely the feedstock material, after one composting cycle, 

two composting cycles and the final matured compost. This compost was selected due to 

the increasing production of urban wastes and to the current urgency to decrease their 

disposed of in landfills, reducing the environmental impacts of the landfills in the quality 

of the soil, water and air [23]. In view of the increasing use of composting as a sustainable 

solution for urban wastes management, it is relevant to optimize the monitoring of this 

process. The samples were characterized using data from the solid material and three 

different extracts. The compost samples were characterized by EA, CEC, FTIR, TGA and 

DSC, on the other hand, the HS were characterized by EA, UV-vis, 1H-NMR, FTIR, 

TGA, DSC and acid-base and metal binding titrations, whereas the DOM was 

characterized by EA, EC, UV-vis and acid-base and metal binding titrations. The data set 

obtained for each sample (including compost, HS and DOM), from different techniques, 

was analysed by the ComDim (Common Dimension) multi-block tool to highlight the 

ability of each technique to assess the compost evolution. 
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2. Material and Methods 

2.1. Identification of the samples 

The compost used in this study was produced from organic urban waste. The raw material 

combines food wastes (40%) with green wastes (60%) that are obtained from the selective 

collection. Food wastes are from households, restaurants, canteens, markets and other 

events such as fairs, festivities, pilgrimages, whereas green wastes are from cemeteries 

(flowers) and households (grass and pruning). The composting was carried out at 

industrial level in a tunnel composting system and the composting variables of 

temperature, oxygen content, humidity and pH were controlled. 

Composting was performed in two cycles. In the 1st composting cycle, the feedstock is 

heated up to 60 ºC during 48 hours. Then the temperature is set at 50 ºC for a period of 

15 days. After the 1st cycle of composting, the mixture is sieved with a 60 mm sieve. After 

this step, the mixture is replaced in the tunnel for a 2nd cycle, identical to the 1st one. After 

the 2nd composting cycle, the maturation phase occurs and takes between 4 to 6 weeks. 

The compost samples characterized in this work were collected at four stages of the 

composting process namely at the entrance of the composting tunnel (t = 0) (UW0), at the 

end of the 1st cycle of composting, after 15 days (CUW15), at the end of 2nd composting 

cycle, after 30 days (CUW30) and after the maturation phase (CUW).  

 

2.2. Preparation of the extracts from compost samples 

Three different extracts were prepared from each sample, UW0, CUW15, CUW30 and 

CUW. The extractions and purification of the HS, namely fulvic-like acids (FA) and 

humic-like acids (HA) were carried out following the method recommended by IHSS 

[13]. Briefly, samples were extracted with 0.1 mol L-1 NaOH under an atmosphere of N2 

at an extractant to compost ratio of 10:1 (v:w). The extracted HS were then separated into 
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HA and FA fractions by acidifying the extract to pH 1 using the 6 mol L-1 HCl. The 

precipitate (HA) and the supernatant (FA) were separated by centrifuging at 2000 rpm for 

20 min. The HA fraction was suspended in a solution of 0.1 mol L-1 HCl/0.3 mol L-1 HF 

to remove mineral impurities and then dialysed until the elimination of Cl-. The FA was 

purified by using an adsorption resin XAD-8, and the alkaline eluate was passed through 

an H+-saturated cation exchange resin.  

The dissolved organic matter (DOM) and water-soluble inorganic components were 

extracted using a less aggressive procedure. Succinctly, 2.50 g of the compost were placed 

in 50 mL of ultra-pure water at natural pH for 5 days in an open system. After 5 days 

(equilibration time), the supernatants were centrifuged (6000 rpm for 20 minutes) and 

isolated for characterization. 

 

2.3. Elemental characterization 

The main physico-chemical features of the compost samples, FA, HA and DOM were 

characterized following the common methodologies for this type of materials. Concisely, 

C, H, N and S contents were determined by an element analyzer (TruSpec CHN-1000, 

LecoSC-144DR). Ash content was determined gravimetrically by combustion at 650 ºC; 

oxygen content was determined as O = 100 – (C + N + H + S + ash); oxidizable C was 

determined by Sauerlandt’s method [24] and C in solution was determined using a total 

organic carbon analyzer (TOC-L CSN Shimadzu). The concentrations of the major 

elements were determined by ICP-OES (Perkin-Elmer Optima 3300DV) (in the case of 

the solid samples, after acid digestion with aqua regia); The concentration of P was 

determined in the compost samples and in the DOM solution by the molybdenum blue 

method (in the case of the solid samples, after acid digestion with aqua regia) [25] and 

the concentration of ammonium in the DOM was determined with a selective electrode 
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(Elit electrode Nico 2000). The Cl-, F-, SO42- , NO2- , NO3- ion concentration in DOM was 

obtained by ion chromatography by Dionex 4500i. 

The cation exchange capacity (CEC) was evaluated using an extraction solution of 

ammonium chloride [26]. The pH was measured with a combined glass electrode (Crison, 

pH 0-14). The electrical conductivity (EC) of the equilibrium solutions were measured 

using a conductivity meter Crison GLP 32, equipped with a conductivity cell (52-92 

model).  

 

2.4. Characterization by TGA and DSC 

Compost samples and the FA and HA extracts were characterized by thermogravimetric 

analysis (TGA) and differential scanning calorimetry (DSC), using a Thermal Analysis 

Instruments TGA500 and a Perkin Elmer Simultaneous Thermal Analyzer STA 6000, in 

the temperature range from 30 °C to 800 °C with a heating rate of 10 °C min-1. The 

analyses were performed on a dry basis using ceramic and aluminium crucibles (60 µL) 

in air and in N2 atmospheres, respectively. Samples (30-50 mg) of each compost were 

obtained from a portion of a sample (1 – 5 g) that was homogenized by manually grinding 

in an agate mortar. 

The quantification of the weight loss was carried out by the TGA curves after careful 

identification of the temperature ranges corresponding to each process using the 

derivative thermogravimetric (DTG) curve. The baseline correction was performed using 

an empty pan. The enthalpies were calculated by integrating the area below the DSC 

curve in each temperature range, between 30 and 800 °C, drawing a horizontal baseline 

(heat flow 0) from 30 to 800 °C, with the aid of Origin 2019b software.  

The uncertainties associated with results from TGA and DSC were estimated from 

replicates of independent measurements. The values of the relative standard uncertainty 
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associated with the values of weight loss (WL1, WL2, WL3, WL4), total weight loss (TWL) 

and residue (Res) were estimated from the analysis of triplicates of 10 samples, for a total 

of 20 degrees of freedom (N = 30-10). The estimated values of relative standard 

uncertainties were 26% for WL1, 7.8%, for WL2, 8.8% for WL3, 30% for WL4, 3.0% for 

TWL and 6.5% for Res. For the calorimetric measurements, the relative standard 

uncertainty of the heat values at each temperature range (H1, H2, H3) were estimated from 

the analysis of duplicates of 10 samples for a total number of degrees of freedom of 10 

(N = 20-10). The estimated values of relative standard uncertainties were 23% for H1, 

13%, for H2 and 4.7% for H3. 

 

2.5. Characterization by ATR - FTIR spectroscopy 

Compost samples and the FA and HA extracts were characterized by ATR-FTIR 

spectroscopy. The FTIR spectra were recorded in the transmission mode using a Jasco 

FT/IR - 4100 Spectrometers with an ATR Specac Golden Gate, in a wavenumber range 

of 600–3800 cm−1 and corrected against ambient air as background. Each spectrum is the 

results of 64 scans with a resolution of 1 cm-1. Samples of each compost were obtained 

from a portion of a sample (1 – 5 g) that was homogenized by manually grinding in an 

agate mortar. The spectra were corrected with the baseline and submitted to a 

deconvolution process using Origin 2019b software. In the deconvolution process, the 

compensation of the intrinsic linewidths is made in order to solve overlapping bands. 

 

2.6. Characterization by UV–vis 

The UV-vis spectroscopy was used to characterize the FA, HA and DOM extracts of all 

compost samples at different concentrations. A Jasco V-530 spectrophotometer was used 

to measure the absorbance of the solutions at a fixed wavelength (280 nm). This 
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wavelength was selected as the coefficient of molar absorptivity at 280 nm (ε280) is 

correlated by semi-empirical relationships with aromaticity (% aromaticity = 0.05 x ε280 

+ 6.74) and with the molar mass (molar mass = 3.99 x ε280 + 490) [27]. 

 

2.7. Characterization by 1H-NMR spectroscopy  

The 1H-NMR spectroscopy was used to characterize the FA and HA extracts of all 

compost samples. 1H-NMR was carried out using a 400 MHz Bruker Avance II 

spectrometer NMR. Chemical shifts (δ) are given in parts per million (ppm), downfield 

from tetramethylsilane (TMS), and coupling constants (J) in hertz (Hz). The HS solutions 

were obtained by dissolving 5 mg of the sample in 800 µL of deuterated water (Merck) 

and the pH was adjusted to 12 with 40% NaOD (Sigma-Aldrich). 

 

2.8. Characterization by acid-base titrations 

Acid-base titrations were conducted for DOM solutions and both the HA and FA extracts 

(0.1 g HS/L), following the protocol proposed by López et al. (2003) [28]. Fully 

automated acid-base titrations were performed using a Crison microBU 2031 burette and 

a Crison 2002 pH-meter connected to a computer using a home-made software. The 

titration of the DOM was conducted at 0.1 mol L-1 ionic strength in KNO3 (Merck) while 

titrations of the HA and FA extracts were conducted at 0.1 mol L-1 to compute both the 

electrostatic and chemical protonation parameters: protonation constants of the 

carboxylic and phenolic groups, Ki, the abundance of each type of group, Mi, and the 

width of the distribution of the Ki values, mi. Because of the relatively high pH values of 

the equilibrium solutions, two aliquots were taken from each sample to characterize the 

protonation (titration with 0.1 mol L-1 HCl (Panreac)) and deprotonation processes 

(titration with 0.1 mol L-1 KOH (Merck)). 
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2.9. Determination of Cd complexation by AGNES 

Voltammetric measurements were carried out with an Autolab PGSTAT30 potentiostat 

attached to a Metrohm 663 VA Stands and to a computer by means of the GPES 4.9 

software (EcoChemie). The electrochemical cell (25 mL) was composed by a thin film 

mercury electrode deposited at a glassy carbon rotating disk electrode (Metrohm, 

6.1204.300) as the working electrode, a carbon rod (Metrohm, 6.1248.040) auxiliary 

electrode and an Ag/AgCl reference electrode (World Precision Instruments, Driref-5). 

The pH measurements were performed using a glass combined electrode (HI11311, 

Hanna instruments) connected to a pH meter (Thermo Scientific, Model CyberScan pH 

510). The preparation of the mercury thin film followed the protocol proposed by [29]. 

AGNES is an electroanalytical technique that quantifies the free metal ions present in 

solution quite similarly to an ion selective electrode [30]. This technique was used to 

determine the free cadmium ions in presence of the different FA, HA and DOM extracts 

These determinations were carried out in duplicate in presence of a fixed amount of the 

corresponding extract and successive additions of known aliquots of a standard cadmium 

solution (1000 mg L-1). 

All solutions were prepared using ultrapure water (Milli-Q System, Millipore). Cadmium 

solutions were prepared from a 1000 mg L-1 cadmium standard solution in 0.5 mol L-1 

HNO3 (Merck). The electrolyte solutions were prepared by dilution of NaNO3 (Merck) 

and HNO3 (PanReac Applichem). In the complexation experiments, the ionic strength of 

the solutions was adjusted to 12 mmol L-1 using 1.0 mol L-1 HNO3 (PanReac Applichem) 

and 1.0 mol L-1 NaNO3 (Merck).  The pH of the cell solutions was adjusted to pH 7.0 

using 0.10 mol L-1 NaOH. The solutions (400 mg L-1) of the (i) FA and (ii) HA were 

prepared by placing 20 mg of the corresponding extract in 50 mL of ultra-pure water at 
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(i) natural pH or (ii) at pH 9.0 and with an argon purge (in order to avoid carbonation 

reactions) and stirring for about 12 hours. The equilibrium solutions were diluted before 

the electrochemical assay, according to the respective values of dissolved organic carbon 

(DOC). 

 

2.10. Statistical analysis (multi-block data analysis) 

Common Dimensions (ComDim) belongs to the family of multiblock components 

analyses, being attractive due to the possibility of integrating and evaluating multiple 

information describing the same samples, highlighting, in an exploratory way, interesting 

features of multiple data blocks [31]. The ComDim-based method calculates a weighted 

sum of the sample variance-covariance matrix of each block, followed by the extraction 

of the first principal component standardized and named Common Component (CC). 

Then, the global and local components are extracted from multiple blocks of data 

sequentially and iteratively calculate the weight or salience of each block for the 

calculated CC. After calculating the first CC, each original data block matrix is deflated, 

and the procedure is repeated for calculating the second CC, and so on. In summary, the 

salience indicates the importance of each block in the construction of the CC, each CC is 

the first PC of a weighted sum of the sample variance-covariance of deflated matrices, 

and the importance of each block and its inter-block relationships is graphically shown 

through saliences plot [31–34]. In other words, this unsupervised multiblock analysis 

determines a common space for all different data blocks, in which each data block has a 

specific contribution (“salience”) to the determination of each dimension of this common 

space. For this purpose, it is extracting, in a sequential way, global and local (block) 

components that recover the maximum of the total variance in the set of data blocks [31]. 

Besides improving the results interpretability, with the salience result it is possible to 
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verify the relationship between different analysis types and/or blocks [32]. Another 

important result from the ComDim analysis are the informative graphs showing 

similarities and differences between the samples through scores, and which variables are 

responsible for the similarities and differences observed in the samples through loadings. 

In this way, clustering of samples reveals similarities between the samples, while no 

clustering shows differences. On the other hand, the clustering of variables indicates inter-

variable relationships [32,35,36]. 

ComDim analysis was implemented through the Matlab software R2007b and is 

mathematically step by step described in detail elsewhere [33,35].  

 

3. Results and Discussion 

Results and discussion from the characterization of the compost samples (UW0, CUW15, 

CUW30 and CUW) obtained at different composting stages are presented in two sections. 

Results obtained from the direct analysis of the compost samples are presented in the 1st 

section, whereas results from the characterization of the HA and FA and of the DOM 

(equilibrium solutions) are shown in the 2nd section. 

 

3.1. Compost characterization  

3.1.1. Elemental analysis and cation exchange capacity 

Elemental characterization of compost, particularly carbon, nitrogen and the carbon to 

nitrogen ratio (C/N) is important for both the feedstock and compost [37]. The monitoring 

of these parameters at the initial stage of composting is important to control the optimal 

conditions for microbial growth [38] and increase the efficiency of composting. As 

compost is used as a source of nutrients for soil, other parameters, such as sulphur and 

organic carbon (Coxi, oxidizable carbon) are also commonly characterized [39]. These 
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parameters from the raw material and compost at three composting stages are presented 

in Table 1. Data from these samples show a steady decrease for both C and C/N values, 

which is in accordance with the reported results and is related to the CO2 release during 

composting. Although a C/N value between 20 to 30 is traditionally suggested to ensure 

that the humification rate proceeds at a high rate [40], the raw material (sample UW0) has 

a C/N value of 18.6 that is considered low. This value this value is however higher than 

15 which was shown to be acceptable for urban waste mixtures [37]. 

The cation exchange capacity (CEC) is an important parameter for the characterization 

of organic matter as it is related to the amount of negative charges present at the surface 

of the solid matrix, that is evaluated from the extent to which cations are exchanged. 

Although the CEC is one of the parameters employed to describe the properties of soils 

it has also been widely used to monitor the evolution of compost [41]. By comparison of 

results from CUW15 and CUW30 with the final matured compost (CUW) (Table 1), an 

increase of the CEC is observed, similarly to the previously described [10]. This increase 

is assigned to the formation of carboxylic and phenolic functional groups that occurs by 

the humification process [42]. Although this trend is observed in our results for the last 3 

samples (CUW15, CUW30 and CUW), the uncomposted material (UW0) exhibited an 

abnormal high value of CEC. The origin of this result may be associated with an initial 

decrease of the complexing functional groups, due to the occurrence of mineralization 

reactions that take place at the initial stages of the composting process [43]. 

 

1.1.1. Differential scanning calorimetry and thermogravimetric analysis 

The thermal characterization of the samples at the different composting stages was 

performed by DSC and TGA. These two techniques are commonly used in the 
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characterization of natural materials containing humified matter as they provide 

important information on the stabilization degree of the organic matter.  

 

Table 1: Data of elemental composition (from EA) and related to molecular structure (from CEC, UV-vis, 

ATR-FTIR, TGA and DSC) of the raw material (UW0) and of the solid compost at three composting stages 

(CUW15, CUW30 and CUW) (blocks 1, 2). 

 

Block Technique Parameter UW0 CUW15 CUW30 CUW 
  C (%) 40.4 38.9 35.2 34.0 
  Coxi (%) 38.6 36.9 34.8 29.3 
  N (%) 2.54 2.81 2.73 2.71 
1 EA S (%) 0.204 0.264 0.286 0.222 
  C/N 18.6 16.1 15.0 14.7 
  Coxi/C 95.4 95.0 98.9 86.1 

2 

ATR-FTIR 

I1630/I2925 0.91 1.44 3.69 3.40 
I1630/I2845 1.30 2.03 6.32 19.8 
I1540/2925 0.71 1.16 1.67 2.34 

TGA 

WL1@air (%) 7.8 8.8 9.3 9.4 
WL2@air (%) 43 40 32 28 
WL3@air (%) 28 29 29 27 
WL4@air (%) 2.1 2.2 3.4 7.4 
Res@air (%) 18 20 25 28 

WL3@air/WL2@air 0.64 0.72 0.91 0.96 
WL1@N2 (%) 6.8 1.7 2.4 4.9 
WL2@N2 (%) 38 50 36 20 
WL3@N2 (%) 13 7 7 27 
WL4@N2 (%) 5.9 5.8 4.6 10 
Res@N2 (%) 36 37 50 38 

WL3@N2/WL2@N2 0.35 0.13 0.20 1.34 
WL3@N2/WL3@air 0.47 0.23 0.24 0.99 

DSC 

H1 (kJ g-1) 1.72 1.89 1.88 1.57 
H2 (kJ g-1) -2.70 -2.49 -2.01 -2.08 
H3 (kJ g-1) -4.50 -4.39 -4.66 -4.65 

H3/H2 1.7 1.8 2.3 2.2 
Cation 

exchange 
capacity 

CEC (cmol(+) kg-1) 128 96.3 109 167 
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The DSC curves (supplementary material) exhibit a minor endothermic process, at the 

lower temperature limit (close to 100 °C), usually ascribed to dehydration reactions. Two 

major regions, corresponding to the overlap of exothermic processes related to the 

decomposition of recalcitrant and extra-recalcitrant substances, respectively, are also 

visible (supplementary material). These two exothermic peaks, close to 320 °C and to 

500 °C, are characteristic of stabilized organic matter [44]. The DSC curves for the 

different materials exhibit marked differences in shape and height, nevertheless the values 

obtained by integration of curves in the three temperature ranges (H1, H2, H3) reveal minor 

variations (Table 1). This outcome may be due to the complexity of the materials and of 

the large number of reactions that take place at close temperatures, making it rather 

difficult to isolate and quantify the contribution of the separated processes. The value of 

H3, the enthalpy of the overlapped processes that take place at the higher temperature 

range (associated with the decomposition of the extra-recalcitrant structures) is higher 

than the H2, corresponding to the processes that take place at temperatures close to 320 

ºC, associated to the decomposition of the recalcitrant structures, for all the samples. The 

ratio between these two enthalpy values H3/H2 gradually increases (Table 1) and therefore 

we propose the use of this ratio as an additional parameter for monitoring the composting 

progress. 

The TGA curves and the corresponding DTG curves from the samples at different stages 

of composting recorded under an atmosphere of air are shown in Figure 1A. Although the 

air atmosphere is more frequently used for the characterization of compost and soil, we 

performed the thermal characterization under air and N2 atmospheres in order to get 

information on the relative importance of the oxidative reactions in the decomposition 

process. The TGA curves recorded under the air atmosphere contain three main weight 

loss processes, WL2 (177 - 400 °C), WL3 (400 - 620 °C) and WL4 (620 - 800 °C) and a 



16 
 

secondary one at the limit of the lower temperatures, WL1 (30 - 177 °C). Where the 

decomposition processes related to WL2 and WL3 can be associated to the enthalpy values 

H2 and H3 from the recalcitrant and extra-recalcitrant matter. Regarding the total weight 

loss, there is a gradual decrease of this quantity throughout composting, which results in 

an increase in the final residue recovered from the TGA experiments performed in both 

atmospheres. This trend is expected due to the stabilization of the organic matter that 

takes place during the composting process [18]. A more detailed analysis of the TGA 

results can be performed by means of the corresponding DTG curves (Figure 1A) that 

exhibit wide and not symmetrical peaks for each of the four processes, particularly the 3rd 

peak that is rather bumpy. This outcome indicates that these processes result from the  

 
Figure 1: TGA and DTG curves obtained in air atmosphere for: solid compost (A), HA (B) and FA (C). 

Comparison of TGA data obtained under the atmospheres of N2 and air (D). Results of samples from 

different stages of composting: (●) UW0, (●) CUW15, (●) CUW30, (●) CUW. 

 
overlap of more than one single process. The values of weight loss from the four regions 

above identified are displayed in Table 1. The values of WL1 (associated to dehydration 
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and desorption processes) and WL3 (related to the degradation of complex aromatic 

structures, such as lignin, complex aromatic structures, and humic substances) [45] do 

not show a notable variation considering the uncertainty associated with these results. 

The steadiness of WL3 may result from the fact that the decrease of the extent of the 

degradation of the uncomposted matter (such as aromatic structures and lignins) is 

compensated by an increase of the extent of the thermal decomposition of the composted 

matter (such as humic-like complex structures). The values of WL2 and WL4 show a steady 

variation. The decrease of WL2 is related with the progressive decrease of the easily 

biodegradable aromatic structures (carbohydrates moieties and aliphatic compounds) 

[45], while the increase of WL4 is due to the formation of inorganic species, such as 

carbonates [18,45]. The ratio WL3/WL2, that can be taken as a measure of the relative 

amount of the thermally more stable fraction of organic matter compared to the least 

stable [46], was calculated and is depicted in Table 1. This ratio shows a continuous 

increase during composting that is mainly associated with the decrease of WL2.  

The comparison of results obtained under both atmospheres (N2 and air) is highlighted in 

Figure 1D. As most of the data points of the weight loss values (open symbols) are found 

below the 1:1 line, indicating that the decomposition extent tends to be larger in the 

presence of oxygen, the values of the residue (full symbols) of all samples are larger for 

the N2 atmosphere. Besides, the value of the residue of CUW in air displays the lower 

distance to the 1:1 line. The presence of higher amounts of oxygen structures in this 

sample may justify that the extent of its thermal decomposition by pyrolysis is like that 

from combustion. As the values of WL1 are larger under the air atmosphere, this process 

should result from the overlay of processes such as the endothermic processes of 

dehydration and desorption (as previously discussed) via oxidative pathways. With 

respect to WL3, that corresponds to the thermal decomposition of the most stabilized 
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organic matter, significantly higher values were obtained for all samples in the presence 

of oxygen, except for CUW, whose point is located over this line. This result indicates 

that the thermal decomposition of CUW, that has undergone extensive oxidation 

reactions, may take place by pyrolysis. The value of WL3, that results from the 

decomposition of uncomposted and composted matter, depends significantly on the 

nature of the TGA atmosphere. While WL3 in N2 varies significantly, in air it is almost 

constant. Under the N2 atmosphere, WL3 should mainly be due to the decomposition of 

the composted matter by pyrolysis, that increases throughout composting, in opposition 

to air, where the weight loss may include the contribution of the combustion of 

uncomposted and composted matter. 

The values of WL2 and WL4 obtained under the two atmospheres are rather similar, 

indicating that the thermal decomposition of the easily biodegradable aromatic structures 

and of inorganic carbonates occurs to a similar extent. 

Following this reasoning, we proposed a ratio between the values of WL3 obtained in the 

two atmospheres (Table 1). The ratio for CUW is the highest, close to 1, while samples 

CUW15, CUW30 display values that are much lower, both close to 0.2. Although the 

expected ratio for the starting material (UW0) was lower than 0.2, a value of 0.5 was 

obtained. This result can be due to the difficulty of measuring WL3 from the TGA obtained 

under N2 atmosphere due to the overlap of the processes 2 and 3, particularly for UW0. 

 

1.1.2. ATR-FTIR spectroscopy 

The ATR-FTIR spectra of the samples obtained at different stages of composting are 

shown in Figure 2A. The spectra of the samples obtained at different stages of composting 

shows important features that are present in all samples, namely: a band at 3320 cm−1 that 

can be ascribed to C-H bonds and to O-H of alcohols, phenols or O-H carboxyl and also 
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to N-H vibrations in amide functions [47]; two characteristic bands at 2925 and 2845 cm− 

1 that may be attributed to asymmetric and symmetric vibrations of C-H stretching of CH3 

and CH2 groups [48]; a band centred at around 1640–1630 cm-1 that may be attributed to 

aromatic C=C and C=O stretching of amide groups and quinonic C=O and/or C=O of H-

bonded conjugated ketones [47]; a band at 1540 cm-1 that may be ascribed to secondary 

amides [47]; two bands between 1440 and 1420 cm-1 that can be associated to the O-H 

deformation and C-O stretching of carboxylic group, C-H deformations of CH3 and CH2 

groups and/or asymmetric stretching of COO- groups [49]; and a band at around 1020 cm-

1 that may be due to the combination of C-O stretching of polysaccharides, in addition to 

Si-O-Si bonds of silica and to the group Si-O-C [47]. 

 

Figure 2: ATR-FTIR spectra of: solid compost (A), HA (B) and FA (C). Spectra of samples from different 

stages of composting: (●) UW0, (●) CUW15, (●) CUW30, (●) CUW. 
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Using the absorption intensity values of the most significant bands of the ATR-FTIR 

spectra (2915, 2845, 1630 and 1540 cm-1) associated to aliphatic and aromatic moieties, 

three ratios were calculated to define the aromaticity indexes [9]: I1630/2925, I1630/2845 and 

I1540/2925. The values of these ratios increase throughout the composting process (Table 

1), associated to a net increase of the aromaticity degree of the chemical structures related 

to the formation of HS, such as HA and FA, and the decomposition/transformation of 

aliphatic components such as polysaccharides and alcohols. These ratios are regarded as 

indicators of maturity and stability of the organic matter in transformation [16]. 

 

1.2. Characterization of the extracts of HS and DOM 

1.2.1. DOM physico-chemical characterization 

Values of the dissolved organic carbon (DOC), electrical conductivity (EC) and pH, are 

reported in Table 2. The values of DOC show a marked decrease when the feedstock 

material (UW0) is compared with the matured compost (CUW). This effect is identical to 

the previously reported by [50] and is attributed to the degradation of easily biodegradable 

organic matter, especially carbohydrates, organic acids and hemicellulose. The EC of the 

DOM extract also tends to decrease, with the most pronounced variation occurring during 

the first cycle of composting. The pH values show an increasing trend throughout the 

composting process, of about 0.4 units after the first cycle of the composting process, 

followed by an increase of approximately one unit, in the second cycle. The maturation 

process does not seem to significantly affect this parameter.  
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Table 2: Data of elemental composition (from EA, wet chemistry analysis, ion chromatography, pH and 

EC) and related to molecular structure (from UV-vis, ATR-FTIR, 1H-NMR, TGA, DSC, acid-base and 

metal binding titrations) of HA, FA and DOM (blocks 3 to 8). 

 

Block Technique Parameter  UW0 CUW
15 

CUW
30 CUW 

5, 7 EA 

C (%) HA 59.8 54.4 54.6 54.5 
FA 52.2 52.3 50.3 40.8 

N (%) HA 5.45 5.44 5.64 6.74 
FA 6.16 5.17 4.25 4.37 

H (%) HA 7.97 6.9 5.75 6.14 
FA 6.17 6.1 5.65 6.02 

S (%) HA 0.69 0.9 0.91 0.91 
FA 0.97 0.77 1.05 0.96 

O (%) HA 26.1 32.4 33.1 31.7 
FA 34.6 35.7 38.8 47.8 

C/N HA 13 12 11 9.4 
FA 9.9 11.8 13.8 10.9 

O/C HA 0.33 0.45 0.45 0.44 
FA 0.5 0.5 0.6 0.9 

H/C HA 1.6 1.5 1.3 1.4 
FA 1.4 1.4 1.3 1.8 

 Wet chemistry analysis DOC (mg L-1) 

DOM 

1187 429 430 548 
 Coxi (%) 6.2 2.3 2.5 3.7 
 

Ion chromatography 

Cl- (mg L-1) 415 352 579 392 
 F- (mg L-1) 0.12 0.08 0.08 0.18 
 SO42- (mg L-1) 43.1 30.0 22.8 105 
 PO43- (mg L-1) 110 80.4 60.3 29.5 
3 NO2- (mg L-1) 1.71 2.72 4.18 3.94 
 NO3- (mg L-1) 2.56 1.05 1.28 5.21 
 NH4+ (mg L-1) 10.8 13.2 10.1 7.78 
 NH4+/NO3- 4.22 12.56 7.85 1.49 
 Potentiometry pH 6.41 6.81 7.93 7.69 
 Conductivity EC (μs cm-1) 3870 3030 3300 2840 

6, 8 Extraction yield Yield (g kg-1) HA 33.1 19.8 21.9 21.1 
FA 2.2 2.7 2.4 3.3 

4, 6, 8 Uv-vis ε280 (L molC-1 cm-1) 
HA 212 293 366 513 
FA 186 233 358 419 

DOM 75.5 166 237 280 

6, 8 1H-NMR 

Ratio 
Aliphatic/Aromatic protons 

HA 8.7 7.3 6.7 4.8 
FA 6 6.4 6.4 5.6 

Ratio 
H2O/ Aliphatic + Aromatic 

protons 

HA 1.7 7 4.4 5.4 

FA 10 8 11 16 

6, 8 ATR-FTIR 

I1630/I2925 HA 1.6 2 2.5 4.7 
FA 2.7 2 2.1 7.6 

I1630/I2845 HA 2.7 3 3.8 4.3 
FA 3.5 4.8 3.1 9.1 

I1540/2925 HA 1 0.75 1.4 2 
FA 1.8 1.3 1.3 1.3 

6, 8 TGA 

WL1@air (%) HA 4.1 5.5 5.2 10 
FA 2.5 3.7 2.7 6.4 

WL2@air (%) HA 48 28 31 31 
FA 44 47 49 38 

WL3@air (%) HA 46 61 56 57 
FA 48 45 42 36 

Res@air (%) HA 1.2 5.5 6.4 2 
FA 4.1 2.6 6.1 22 

WL3@air/WL2@air HA 1 2.2 1.8 1.8 
FA 1.1 1 0.9 0.9 

6, 8 DSC 

H1 (kJ g-1) HA 0.31 0.17 0.3 0.27 
FA 0.66 0.2 0.23 0.47 

H2 (kJ g-1) HA -0.56 -0.3 -1.13 -1.25 
FA -1.51 -0.64 -0.81 -3.08 

H3 (kJ g-1) HA -0.64 -0.43 -1.29 -4.52 
FA -1.49 -2.3 -2.02 -2.52 

H3/H2 HA 1.14 1.45 1.13 3.62 
FA 0.99 3.62 2.49 0.82 

4, 6, 8 Acid-base properties 

M1 (mmol/gHS) HA 2.2 2.3 2.7 2.9 
FA 2.4 3.4 3.6 3.7 

M1 (mmol/gcompost) DOM 0.42 0.05 0.03 0.06 

M2 (mmol/gHS) HA 1.1 1.2 1.2 1.8 
FA 2.2 1.6 1.5 1.5 

M2 (mmol/gcompost) DOM 0.16 0.24 0.25 0.18 
M3 (mmol/gcompost) DOM 0.27 0.22 0.21 0.19 

log K1 
HA 6.1 5.3 5.2 4.7 
FA 4.2 4.3 4.1 4 

DOM 4.5 3.99 3.57 3.69 

log K2 
HA 10.2 9.9 9.9 9.7 
FA 8.4 9.1 9.5 9.4 

DOM 6.05 6.54 6.65 6.51 
log K3 DOM 9.73 10.06 10.08 10.11 

4, 6, 8 Metal binding properties 

CML,HS,L (L μg C-1) HA 0.75 1 2.4 5.9 
FA 0.52 0.57 0.86 3 

CML,DOM,L (L μg DOC-1) DOM 0.14 0.59 1.18 2.67 

CML,HS,H (L μg C-1) HA 0.36 0.36 0.87 1.2 
FA 0.2 0.14 0.57 0.59 

CML,DOM,H (L μg DOC-1) DOM 0.11 0.17 0.32 1.36 
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1.2.2. HS physico-chemical characterization 

Considering that the organic matter humification occurs throughout composting, the 

amount of FA and HA extracted should increase from UW0 to CUW. Furthermore, a 

negligible amount of these substances should be isolated from the feedstock material 

(UW0). This idea arises from the results previously described from the compost samples 

characterization that clearly showed an increase in both, the stabilization of organic 

matter and the chemical functions that are typical of HS throughout composting. 

However, a significant amount of FA and HA was found in UW0 as compared to the 

matured compost, CUW. The yield increases from 2.2 g kg-1 (UW0) to 3.3 g kg-1 (CUW) 

for FA and exhibits an unexpected decrease from 33.1 g kg-1 (UW0) to 21.1 g kg-1 (CUW) 

for HA (Table 2). This atypical variation of HA and FA yields seems to indicate that the 

extraction/purification process (that was originally developed and optimized for soils) 

does not provide sufficient selectivity for isolating the HA and FA from fresh or not 

completely degraded biowastes.  

The carbon content of HA and FA shows a decrease throughout composting, with values 

between 52.2 % and 40.8 % for FA and 59.8 % and 54.5 % for HA (Table 2). The atomic 

ratios of C/N, O/C and H/C from the FA and HA extracted from the compost samples at 

different stages of composting are presented in Table 2. The observed variations are 

similar to those reported in previous studies [51]. The increase of O/C ratio, that is more 

pronounced for FA extracts, can be related to the increase of the oxygen containing 

moieties such as carboxylic and phenolic compounds [52]. The H/C ratio remains almost 

constant and does not seem to provide any information regarding the reactions that are 

taking place. The C/N ratio does not show a systematic decrease for the extracted FA and 

HA as for the corresponding compost samples (Table 2), particularly for the FA extracts 
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where there is a tendency for an increase between UW0 and CUW30. This result can relate 

to the lack of selectivity of the extractions, considering that other organic substances may 

have been extracted besides HS, especially in the samples where HA or FA exists in small 

amounts. 

 

1.2.3. Differential scanning calorimetry and thermogravimetric analysis of 

HS 

DSC thermal characterization of FA and HA extracts from compost samples at different 

composting stages are presented in the supplementary material. The qualitative behaviour 

of the HS is similar to that of the compost. The DSC curves from the different materials 

exhibit marked differences in shape and height, leading to major variations in the values 

obtained by integration of the curves in the three temperature ranges (Table 2). This result 

may be due to the complexity of the extracted material and the large number of reactions 

that take place at close temperatures, making it rather difficult to isolate and quantify the 

contribution of each process. For FA samples the enthalpy associated with the 

decomposition of the recalcitrant substances (H2) was higher than in case of HA (Table 

2). This indicates that FA has a higher number of polar and oxygen-containing functional 

groups compared to HA. The enthalpy associated with the decomposition of the extra-

recalcitrant substances (H3) was higher for FA samples than for HA samples, apart from 

CUW. This fact may seem to be unexpected, due to the higher amount of nitrogen and 

aromatic structures in HA samples [53]. 

The TGA and the corresponding DTG curves of both FA and HA (Figures 1B and 1C) 

display two major processes and a secondary one at the lower temperatures. For the first 

temperature range (30 - 177 °C) the increase of WL1 with the composting time is not 

meaningful considering the uncertainty associated with these results. The values of WL2  
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(177 - 400 °C) tend to decrease with the composting time, indicating a progressive 

decomposition of simple and labile organic structures such as functional groups 

(carboxylic, methylene, alcohol, aldehydes, amides, amines and phenol groups), C-O of 

polysaccharides and simple aromatic bonds (biodegradable components) [53]. 

Simultaneously, the values of WL3 (400 - 620 °C) tend to increase with the composting 

time, due to the increase of the amount of nitrogen-containing structures, long chain of 

hydrocarbons, refractory structures, aromatic, polyaromatic and polyheterocyclic 

structures, as well as C-C bond cleavage [53]. Regarding the results from FA, under air 

or N2 atmospheres (Table 2), it is difficult to define a trend for the variation throughout 

composting (for each temperature range). In opposition, the results of the weight loss, 

WL2, of HA under air or N2 atmospheres (Table 2), show a decrease throughout 

composting, that is followed by the increase of WL3. The increase of the residue is also a 

significant result indicating that it may be a consistent indicator of the increase of 

chemical stability of the HA and FA produced by composting. 

 

1.2.4. Uv-vis, NMR and ATR-FTIR spectroscopy 

The molar absorptivity coefficient at 280 nm, ε280 obtained for FA, HA and DOM was 

calculated from absorptivity data. The increase of this parameter throughout the 

composting process (Table 2) is related to the increase of the aromaticity of the extracts 

obtained throughout composting [19].  

1H-NMR spectroscopy is a tool that can be used successfully to characterize the content 

and relative abundance of various chemical groups of HA and FA. Based on qualitative 

analysis, the 1H-NMR spectra of HA and FA were subdivided into five chemical shift 

regions, δ 0 – 3.0, δ 3.0 – 4.5, δ 4.7– 5.0, δ 5.0 – 6.0 and δ 6.0 – 9.0 ppm where the signals 

for protons associated to specific functional groups are registered. The relative areas of 
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those signals, directly correlated to the number of protons that are present in that 

particular environment of the chemical entity are summarized in supplementary material. 

The 1H-NMR spectra were obtained from D2O/NaOD solutions and the intense water 

peak that is always observed, reflects not only the water molecules retained by each 

sample but also those generated by D2O exchange with the labile protons from carboxylic 

acids, phenols, and amines present in the molecular assemblies. For FA, the mole ratio of 

aliphatic versus aromatic protons (Table 2) increases slightly at the beginning of the 

composting process, and this can be due to a slight increase in the size of the alkyl chains, 

associated with a small decrease in the aromatic protons. This decrease may result from 

oxidation processes in the aromatic chains, more evident during maturation. The 

comparative analysis of the number of moles of protons in aliphatic carbon chains and in 

carbons adjacent to the oxygen atom shows a minor reduction in the beginning of the 

composting process (after 15 days). It remains practically unchanged, recovering the 

initial values at the end of the maturation process. For HA, the molar ratio of aliphatic 

versus aromatic protons (Table 2) steadily decreases during the composting process, 

which can result from the fragmentation of long carbon chains to generate progressively 

shorter units, with the subsequent loss of soluble small fragments. This trend seems to 

proceed during maturation to generate the final compost. This reduction in the length of 

the alkyl chains in HA is also supported by the reduction in the ratio of the number of 

hydrogen atoms in these alkyl chains, when compared to the number of hydrogen atoms 

in carbons adjacent to oxygen, responsible for signals between 3 and 4.5 ppm in the 1H-

NMR spectrum. The molecular ratio of water molecules (Table 2), when compared with 

the total number of aliphatic and aromatic protons, shows a marked increase for HA after 

15 days of maturation, with minor alterations after this initial process. In contrast, FA 

shows a decrease in the ratio of water molecules versus aliphatic and aromatic protons 
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after 15 days of maturation, followed by a significant increase during the final maturation 

period and the composting process. This demonstrates the high capacity of FA to retain 

water molecules in the compost material. 

The ATR-FTIR spectra of the HA and FA extracts are shown in Figures 2B and 2C. The 

information contained in these spectra is relevant regarding the monitoring of 

composting. The spectra display absorption bands typical of the FA and HA extracts. 

Those adsorption bands were identified considering previous studies [54–56]. Same 

intensity ratios as indicated for compost, I1630/2925, I1630/2845 and I1530/2925 were used for HS 

(Table 2). The values of the three ratios obtained for the HA extracts increase throughout 

composting, suggesting that the extracted substances exhibit an increase of aromatic 

moieties and/or a decrease of aliphatic moieties. The values of these ratios for the FA 

extracts did not follow a regular trend. The values from the samples at the initial stages 

of composting even display a decrease. A significant increase of the ratios I1630/2845 and 

I1630/2925 was only observed for the last stage of composting, associated with the 

maturation stage. In opposition, the ratio I1530/2925 did not change significantly along the 

entire process. This rather irregular variation throughout composting has already been 

reported by Amir et al. (2010) [51] and shows that these indexes may exhibit some 

limitations for the monitoring of the composting process. 

 

1.2.5. Acid-base titrations 

The acid-base properties of HA, FA and DOM extracts were performed by potentiometric 

titrations and discussed in detail by López et al. (2021) [57]. This method enables to 

estimate relevant physico-chemical parameters, such as the protonation constant, Ki, and 

the abundance, Mi, of functional groups. The values of these parameters for the FA and 
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HA extracts and DOM throughout composting (Table 2) were calculated by fitting the 

equations (1 and 2) to the experimental data [57]. 

𝑄 = 𝑄! +	
"!

#$(&![("])#!
+ "$

#$(&$[("])#$
                (1) 

𝑄 =	𝑄! +
"!

#$(&![("])
+ "$

#$(&$[("])
+ "%

#$(&%[("])
               (2) 

where Ki is the protonation constant of the different groups, Mi is the abundance of each 

type of acid site, and Q0 is the charge due to occupation of the acid sites by cations that 

must be displaced by protonation. 

Two types of acid sites, carboxylic-type, K1 and phenolic-type, K2 were identified for HA 

and FA extracts (Figures 3A and 3B). The abundance of the carboxylic groups, M1, 

showed a significant increase for both extracts, whereas the abundance of phenolic 

groups, M2, increased for HA and decreased for FA. The decrease of M2 for FA can be a 

consequence of a more effective oxidation of the phenolic groups to the corresponding 

carboxylic acids comparatively to the rate of formation of new phenolic groups. The 

decrease of the pK1 values (from 6.09 to 4.43 for HA and from 4.24 to 3.99 for FA) may 

be directly related to the rise of the number of aromatic structures. With respect to pK2 

this effect is also found for the HA extracts, decreasing from 10.17 to 9.81. For the FA 

extracts an increase was observed for pK2 values from 8.38 to 9.38.  

The three types of sites were identified for DOM corresponding to: i) carboxylic groups 

in amino acids, ii) carboxylic groups in organic acids and iii) phenolic hydroxyl groups, 

hydroxyl in carbohydrate units and amino groups from amino acids (Figure 3C). The 

variation trend of the acidity constants and abundance of the acidic groups is not constant 

throughout composting. The large value of M1 obtained in UW0 can be attributed to the 

presence of amino acids that are largely consumed in the first stage of composting. The 

value of M2 tends to increase, despite the small decrease observed for CUW. For M3 a 

continuous decrease is observed, similar to that observed for M2 of FA, which confirms 
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the presence of FA, in the equilibrium solutions. This statement is supported by the 

similarity of the values of pK2 of FA and pK3 of DOM.  

 

Figure 3: Proton affinity distributions and experimental data for cadmium binding obtained for the HA (A, 

D), FA (B, E) and DOM (C, F) from the compost samples: (●) UW0, (●) CUW15, (●) CUW30, (●) CUW. 

 

1.2.6. Metal binding extent 

The evaluation of the binding of metal ions by the HS extracts may be used for the 

characterization of these substances, as the extent of this process is strongly associated 
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with the nature of the functional groups present and with the structure of molecular 

aggregates formed by HS. Besides the chemical characterization purposes, the 

complexing ability of the DOM is also relevant to understand the fate of environmental 

pollutants [58]. The organic substances present in DOM are the most mobile and therefore 

the most accessible to participate in several equilibria in environment. 

Results obtained for the binding of cadmium by HA, FA and DOM are shown in Figures 

3D to 3F. The plots represent the average complexation constant K’ as a function of the 

total cadmium concentration, cMT, (in mol L-1), where K’ values were calculated as the 

ratio cML/cM, where cML is the metal complex concentration and cM the free metal 

concentration. This ratio is related to the stability constant of metal complexes. From 

plots in Figures 3D to 3F it is observed that all curves follow the same order, from UW0 

(at the bottom) to CUW (at the top). The shape of these curves (decreasing K’ with 

increasing CMT) is typical of heterogeneous materials, where the binding by the strongest 

groups occurs for the first additions of Cd2+. The decrease of the average value of K’ 

occurs progressively with the increasing involvement of the weaker binding groups due 

to the occupation of the stronger sites. To facilitate the comparison between the extracts 

at different composting stages the values of MLlow and MLhigh were calculated (Table 2). 

These quantities correspond to K’/cL, where cL represents the concentration of organic 

matter for a low (0.10 µmol L-1) and a high (0.30 µmol L-1) concentration of total metal 

in solution. The values of MLlow and MLhigh are a measure of the average binding ability 

of the strongest groups and of the overall groups, respectively. Both parameters displayed 

a gradual increase throughout composting in all extract (with only one exception, MLhigh 

of the FA extract of CUW15, which is lower than UW0). However, the differences between 

the values MLhigh are more relevant, indicating that the molecular changes associated with 

composting impose pronounced modifications on the strong complexing groups. These 
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results confirm what was previously discussed, that during the maturation period there is 

an increase of the number of strong binding sites of the extracts, while the number of 

weak binding sites does not seem to vary.  

 

1.3. Multi – block data analysis 

The main premise of this work is to determine which are the most suitable techniques and 

parameters to characterize the evolution of compost throughout the composting process. 

This is a complex task due to the diversity of methodologies used for this purpose that 

requires the use of an adequate statistical tool like the multi-blocks analysis. The ComDim 

evaluation was applied to explore the multiple data blocks defined using results from the 

chronological characterization of a compost (CUW) and of its extracts (HA, FA and 

DOM). The analysis was performed separating the results from each sample (compost, 

HA, FA and DOM) in two groups: the first (blocks 1, 3, 5, and 7) with data related to the 

elemental composition of each sample (comprising data from elemental analysis and 

content of ionic species) and the second (blocks 2, 4, 6, and 8) with data related to the 

molecular structure of species in each sample (comprising data from yield of HA and FA 

extractions, pH, CEC, EC, UV-vis, ATR-FTIR, 1H-NMR, TGA, DSC, acid-base and 

metal binding titrations). Results of the solid compost at different composting stages are 

in blocks 1 and 2, of DOM are in blocks 3 and 4, of HA are in blocks 5 and 6, and of FA 

are in blocks 7 and 8. Data included in each block is presented in Tables 1 and 2. Results 

obtained from ComDim analysis, with the informative graphics of the saliences, scores, 

and loadings are shown in Figures 4A to 4C, respectively. Eight common components, 

CCs, were computed on this ComDim evaluation and considered sufficient to take into 

account all sources of variation in the eight data blocks (Figure 4A). No significant 

information was observed in saliences from CCs 4 to 8, and compared to the CC1, an 
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inferior variability was observed in the CCs 2 and 3. On CC1 it is possible to suggest that 

an inter-block relationship was achieved, although blocks 4, 6 (corresponding to the 

results related to molecular structure of DOM and HA) and block 5 (corresponding to the 

elemental composition of HA), presented higher saliences. This outcome indicates that 

results from analytical parameters related either to the elemental composition or to 

molecular structure of the solid compost, DOM, HA or FA are able to distinguish samples 

obtained at the different stages of composting. The ComDim scores on CC1 (Figure 4B) 

show the chronological development of the solid compost and of its extracts. The samples 

(compost and extracts) from the feedstock (UW0), with more negative scores, were 

differentiated from those of the matured compost (CUW), with more positive scores. The 

samples from CUW15 and CUW30 present intermediate scores. The relative importance 

of the different analytical techniques for monitoring composting can be recognized from 

the loadings plot in Figure 4C. The variables that display higher loadings correspond to 

the analytical parameters that are more successful to distinguish CUW and the lower 

loadings correspond to the analytical parameters that are more successful to distinguish 

UW0 from the remaining samples. 

For the identification of the techniques and parameters that were more successful, the 

variables were divided in 3 ranges according to the absolute values of the loadings, 

|L|>0.8, 0.4<|L|<0.8 and |L|<0.4. Besides, the variation trend of the analytical parameters 

was examined. The selected analytical parameters, that display at least for one sample 

|L|>0.4 and vary in a single way along the process, are listed in supplementary material. 

With respect to the elemental characterization of the solid compost and its extracts the 

most relevant parameters were: C, Coxi and C/N for compost; Coxi, DOC, PO43- and NO2- 

for DOM and C, N, H, C/N and O/C for HS extracts (HA and FA). Concerning the 

parameters related to molecular structure, ε280 was relevant for DOM and HS extracts.  
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Figure 4: ComDim results. Saliences from CC1 to CC8: blocks 1, 3, 5, and 7 obtained from data of 

elemental composition and blocks 2, 4, 6, and 8 obtained from data related to molecular structure, where 

block 1, 2 are from solid compost; 3, 4 are from DOM; 5, 6 are from HA and 7, 8 are from FA (A); Scores 

of CC1 (B); Loadings of the CC1, are displayed in different colours according to the sample nature: solid 

compost (●), DOM (●), HA (●) and FA (●) (C). 

A 

B 

C 
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The pH and EC were also relevant for DOM characterization. The ratios I1630/2845, I1630/2925 

and I1540/2925 (from the ATR-FTIR analysis) were meaningful for compost, whereas for 

HS extracts only I1630/2845 was adequate. The variables H2 and H3 /H2 (from DSC) were 

relevant for compost whereas for the HS extracts H1 and H3 /H2 were significant. The 

variables WL1@air, WL2@air, WL4@air, Res@air, WL3@air/WL2@air, WL1@N2 and 

Res@N2 (from TGA analysis) were relevant for compost, while for HS extracts just 

WL1@air and WL3@air were meaningful. The acid-base parameters M1, M2, M3 and log 

K1 of DOM and M1, M2 and log K2 of HS extracts were relevant. Regarding the metal 

binding parameters both MLlow and MLhigh were relevant for DOM, whereas for the HS 

extracts only the MLhigh were meaningful. 

 

2.  Conclusions 

As the different analytical methods track distinctive features of materials, parameters 

related either with the elemental composition or with structural features of compost 

exhibit different variation patterns throughout composting. An inter-block relationship 

between results from all samples, organized in eight blocks according to the nature of the 

samples and of the analytical information, was established by a ComDim analysis. 

Besides the identification of the parameters and techniques that contributed more 

significantly for the samples discrimination, this analysis demonstrates that compost 

evolution can be monitored alternatively by means of solid samples, humic extracts or 

dissolved organic matter. These results can be generalized to composts of different by 

performing further experiments with varied raw materials. 

 

E-supplementary data of this work can be found in the online version of the paper. 
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