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The aim of the present paper is to evaluate the changes of organic matter during the composting
process of fresh winery and distillery residues (WDR) by means of classical and chemometric
analysis of '*C cross-polarization magic angle spinning (CPMAS) NMR and Fourier transform
infrared (FT-IR) spectra. 'C NMR spectroscopy displayed a preferential biodegradation of carbo-
hydrates as well as an accumulation of aliphatic chains (cutin- and suberin-like substances). This
preferential biodegradation of the organic fractions reduces the landfill emission potential. Although
the composition of the input mixture strongly affects the shape of the infrared (IR) spectra, typical
bands of components can be selected and used to follow the composting process; that is, changes
in the relative absorbances of the band of nitrate (at 1384 cm™ ") and in the band of carbohydrates
(at 1037 cm™ ") have been observed. In addition, different chemometric tools, such as partial least-
squares (PLS), interval PLS (iPLS), backward iPLS (biPLS), and genetic algorithm (GA), have been
used to find the most relevant spectral region during the composting process. Chemometric analysis
based on the combined and sequential use of iPLS and GA has been revealed as a very powerful
tool for the detection in samples of the most relevant spectral region related to the composting
process. From the obtained results, it can be concluded that CPMAS '3C NMR supported by FT-IR
could provide information about the evolution and characteristics of the organic matter during the
composting process in order to avoid contamination problems after its use as amendment in
agriculture or after landfilling.
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INTRODUCTION populations of indigenous microorganisms, which leads to a
stabilized, mature, deodorized, hygienic product, free of patho-
gens and plant seeds, and rich in humic substances that is easy to
store and marketable as organic amendment or fertilizer (2—5).
The composting process is a useful method of producing a
stabilized material that can be used as a source of nutrients and
soil conditioner in the field (6). The nature and properties of the
initial mixture are important for the management and under-
standing of the composting process (7). In addition, the compost-
ing process involves changes in the physicochemical and chemical
characteristics of the composting mixture. For this reason, it
is possible to follow the composting process by spectral
methods (5, 8, 9).

Chemometric methods such as partial least-squares regression
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Wine production in the European Union represents about
70% of the entire worldwide production (approximately 266.9 x
10% hL), Italy, together with France and Spain, being the major
producers (/). The winemaking process results in an increasing
amount of solid and liquid residues, such as grape stalk (1.907 x
10° t/year), grape marc (5.335 x 10° t/year), wine lees (2.285 x
10° t/year), and winery wastewater and vinasse (162 x 10° m?/
year) (/). Composting can constitute a friendly environmental
and economical alternative for treating solid organic wastes, such
as winery and distillery residues. Composting is defined as a
process of aerobic thermophilic microbial degradation, or an
exothermic biological oxidation of various wastes, by many
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sense that the variables or intervals of variables in the original
variable space are not interpretable chromophores, fluorophores,
or vibraphores (/2). It would be more interesting to work with
methods that select variables or intervals of variables in the
original variable space, that is, selecting an interval of the
spectrum. This selection in the original spectrum can be inter-
preted as a chemical species. The spectroscopic information is
optimally preserved with iPLS, biPLS, and GA methods (/12—15).
iPLS and biPLS methods are new graphically oriented ap-
proaches for local regression modeling of spectral data, and
GA is a very powerful tool for the variable selection for a PLS
model (GA-PLS) (16). Making a good selection of the spectral
regions and good models, it is possible to improve the predictive
ability and, thus, increase the possibilities for the development of
new instruments for online monitoring of the process, such as the
organic matter evolution during the composting process.

Solid-state '*C nuclear magnetic resonance spectroscopy with
cross-polarization and magic angle spinning (CPMAS NMR)
allows information to be obtained directly and in a nondestruc-
tive way on the carbon components of the entire sample without
any chemical or physical fractionation, and it is well suited to the
characterization of natural organic matter (/7—19). This techni-
que can be used to detect, and even to quantify, the presence of
carbohydrates and alkyl, aromatic, or carboxyl carbons for
diverse solid samples such as compost (5, 6, 17—27). Infrared
spectroscopy is based on the interaction of infrared light with
matter, and it is sensitive to the chemical functional groups
present in the sample (28, 29). FT-IR spectroscopy has contrib-
uted substantially to the knowledge of the chemistry of soil
organic matter (SOM) (25, 30—33). The simple sample prepara-
tion, the relatively low cost, and the easy accessibility of FT-IR
spectroscopy give FT-IR some advantages, such as the possibility
of avoiding the potential presence of secondary reactions during
sample preparation and that of determining all of the chemical
species present in the sample using a unique analysis (8). Different
composts can be distinguished by their fingerprint region
(1500—900 cm™") (8), revealing also in this region fresh and
undecomposed materials.

CP-MAS NMR and FT-IR spectroscopies have been used as
tools in the study of the composting process (7—9,21—23,27,33).
The integration of the CP-MAS spectra of the compost samples
showed that the carbon distribution and the modification of these
carbon distributions are related to the transformation of the
organic matter during the composting process (33), that is, the
decrease of the carbon distribution in the carbohydrate region
(60—110 ppm) during the composting process (27, 27, 33). With
FT-IR spectra, the relative intensity of the typical bands of
components can be selected and used to follow the composting
process, monitoring the transformation of the organic and
inorganic materials (7—9, 27). The selection of the regions in
CP-MAS spectra or the bands in FT-IR spectra is based on a
visual inspection of the spectra. Using multivariate analysis of the
spectra we try to find a good correlation between the spectral
regions or bands and the composting process. Therefore, the main
objective of the present research was to study organic matter
transformation during the composting process of fresh winery
and distillery residues (WDR), coupling the use of spectral
techniques, such as CP-MAS and FT-IR, and chemometric tools
(iPLS, biPLS, and GA-PLS).

MATERIALS AND METHODS

Composting Procedure. Three different piles were prepared by the
Rutgers static pile composting system, using in all cases wastes from the
winery and distillery industry. Pile 1 was prepared with mixtures of grape
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Table 1. Characteristics of the Composting Heaps

pile 1
waste? initially after 17 days pile 2 pile 3
Composition”
GS 63 (56) 44 (51)
EGM 25(28) 18(25) 70(80) 70(79)
GM 12(16) 9(15)
CMm 30(20)
PM 30 (21)
SS 29(9)
Turning (Days)
18—53—86 92 144

2GS, grape stalk; EGM, exhausted grape marc; GM, grape marc; CM, cow
manure; PM, poultry manure; SS, sewage sludge. °Data are expressed as
percentage on a fresh weight basis (dry weight basis in parentheses).

stalk (GS), grape marc (GM), exhausted grape marc (EGM), and sewage
sludge (SS), whereas piles 2 and 3 were elaborated using EGM, cow
manure (CM), and poultry manure (PM), respectively (35—37) (Table 1).
Sewage sludge came from a treatment plant of municipal wastewater
located in Torrevieja (Alicante, Spain). Cow manure was collected from a
cattle farm located in Santomera (Murcia, Spain) with a productivity of
35000 heads per year. Poultry manure was collected from a poultry farm
with 30000—40000 laying hens located in Orihuela (Alicante, Spain).
Grape stalk and GM were collected from a winery located in Jumilla
(Murcia, Spain), and EGM was from an alcohol distillery located in
Villarrobledo (Albacete, Spain).

The mixtures (about 1800 kg each) were composted in a pilot plant, in
trapezoidal piles (1.5 m high with a 2 x 3 m base). The Rutgers static pile
composting system was used (34), with air supplied by forced aeration,
conducted through three basal PVC tubes (3 m length and 12 cm
diameter). The aeration system imposed was 30 s every 30 min, with
55 °C as ceiling temperature for continuous ventilation. Compost piles
were turned over, when necessary, to improve both homogeneity and the
fermentation process (Table 1). Forced aeration was used during the bio-
oxidative phase, which lasted for 130 days for pile 1, 134 days for pile 2,
and 157 days for pile 3. The bio-oxidative phase of composting was
considered to be finished when the temperature was close to the external
value and reheating did not occur (see Figure S, Supporting In-
formation). The air blowing was then stopped to allow the composts to
mature over a period of approximately 2 months for piles 2 and 3 and
3 months for pile 1. The moisture of the piles was controlled weekly by
adding the necessary amount of water to obtain a moisture content of not
less than 40%. Excess water, leached from the piles, was collected and
added again to the piles. The piles were sampled approximately every 2
weeks during the bio-oxidative phase and after the maturation period.
Samples were taken by mixing seven subsamples from seven sites of the
pile, from the whole profile (from the top to the bottom of the pile). Each
sample was air-dried.

Sample Preparation and Chemical Analysis. Samples were air-
dried, ground in an agate mill, then sieved through a 0.125 mm mesh, and
milled again with an agate mortar. Total nitrogen (Nt) and total organic
carbon (TOC) were determined by automatic microanalysis (35) (Table 2).
The main characteristics of the mixtures at the different sampling times are
shown in Table 3.

Solid-State '*C NMR and FT-IR Spectroscopy. CPMAS "*C
NMR experiments were performed on a Bruker Avance DRX500 operat-
ing at 125.75 MHz for '*C. Samples were packed into a 4 mm diameter
cylindrical zirconia rotor with Kel-F end-caps and spun at 10000 +
100 Hz. A conventional CPMAS pulse sequence (/7) was used with a
1.0 ms contact time. Between 2000 and 5000 scans were accumulated with a
pulse delay of 1.5 s. Line broadening was adjusted to 50 Hz. Dipolar
dephasing (DD) spectra were generated with a decoupling delay of 45 us
between cross-polarization and data acquisition (36). Spectral distribu-
tions (the distribution of total signal intensity among various chemical
shift ranges) were calculated by integrating the signal intensity in seven
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Table 2. Elemental Composition, Total Organic Carbon (TOC), and Total
Nitrogen (Nt) of Winery and Distillery Residue Samples Obtained during
Composting

treatment time (days) TOC Nt TOC/N
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Table 3. Evolution of the Main Parameters during the Composting Process
(Dry Weight Basis)?
composting EC oM Corg Nt Cha Cra
fime (days) pH (@Sm™) (%) (gkg') (@gkgTh (%) (%)

Pile 1: Grape Stalk + Grape Marc + Exhausted Grape Marc + Sewage Sludge

0 48.5 1.3 374
17 47.6 2.2 20.9
24 48.6 24 20.7
38 48.3 2.2 22.9
52 49.0 2.1 22.9
73 48.0 2.3 21.2

100 417 2.2 217
234 44.9 2.4 18.8

Pile 2: Exhausted Grape Marc + Cow Manure

0 49.8 2.4 20.2
15 47.6 2.6 18.5
29 47.3 2.6 18.6
43 47.1 2.7 17.7
50 46.4 2.5 18.7
57 47.4 2.6 18.6
71 47.1 2.6 18.4
85 47.8 2.8 17.1
91 48.1 2.5 19.5

107 457 2.7 16.7
114 46.5 2.8 16.9
134 45.2 3.0 15.0
192 46.7 2.9 15.5

Pile 3: Exhausted Grape Marc + Poultry Manure

0 43.6 3.3 13.1
14 44.5 3.6 12.3
28 42.8 3.7 116
42 43.5 37 11.9
63 437 3.5 12.7
70 43.3 3.2 13.6
90 43.4 3.4 12.8

106 40.3 3.8 10.5
113 40.5 3.8 10.7
133 42.4 3.7 115
140 41.9 4.0 10.7
212 42.8 4.1 10.5

chemical shift regions: carbonyl (210—165 ppm), O-aromatic (165—145
ppm), aromatic (145—110 ppm), Ox-alkyl (110—95 ppm), O-alkyl (95—60
ppm), N-alkyl/methoxy (60—45 ppm), and alkyl (45 to —10 ppm) (37).
The labels indicate only major types of C found in each region.

Spin counting calculation was performed using the method of Smernik
and Oades (38). Glycine (analytical reagent grade; Sigma) was used as an
external intensity standard. The T',H and 7' H values were determined as
described in Smernik and Oades (38). These parameters are very important
to avoid signal loss in the CPMAS spectra, because we can choose the best
conditions of the CPMAS pulse sequence (these experimental conditions
are described above). The percentage of potential *C NMR signal, which
was actually observed (Cyps), Was in the range of 60—66% for the CPMAS
technique (38). The main source of error was uncertainty in the integrated
NMR intensities. Two replicate measurements were carried out for all
samples.

The FT-IR spectra were collected on a Bruker IFS 66 spectrometer. The
resolution was set to4 cm ™', and the operating range was 400—4000 cm ™.
Samples (7—10 mg) were mixed with 100 mg of dried KBr, and then the
mixture was pressed into pellets. In all cases, 20 scans per sample were
recorded, averaged for each spectrum, and corrected against the spectrum
with ambient air as background.

Chemometric Analysis. The iPLS, biPLS, and GA-PLS analyses,
especially useful for wavelength selection, have been used. These algo-
rithms have been already described (/2—16), and the reader is referred to
these papers for more details. To reach the best model with the lowest

Pile 1: Grape Stalk + Grape Marc + Exhausted Grape Marc + Sewage Sludge

0 4.67 4.21 91.7 485 12.9 80 54
16 7.42 1.93 89.0 476 22.3 24 36
24 7.36 1.86 87.9 486 23.6 32 33
38 7.34 1.72 88.2 483 216 24 36
52 7.49 2.07 88.5 490 21.3 30 34
59 7.39 1.92 87.2 483 22.7 24 36
73 7.23 1.77 86.6 480 22.6 26 40
86 7.35 1.94 84.9 475 224 27 36

100 6.99 2.08 86.5 477 22.1 13 34
116 7.12 1.74 86.9 501 23.0 1.9 36
130 7.06 1.94 84.8 538 26.5 16 3.8
234 7.01 2.75 84.3 449 24.0 13 27

Pile 2: Exhausted Grape Marc + Cow Manure

0 7.08 1.96 88.5 498 23.6 36 19
15 7.28 2.26 87.6 476 257 62 18
29 7.14 2.57 87.0 473 25.9 42 17
43 7.12 2.67 87.1 471 26.6 42 16
50 6.79 2.95 86.4 464 24.8 39 16
57 6.87 2.41 87.2 474 257 33 15
71 6.95 2.71 86.1 471 26.0 27 15
85 6.94 2.74 84.8 478 28.0 36 15
91 6.95 2.59 85.6 481 25.1 26 15

107 7.16 2.92 83.1 457 274 31 13
114 7.20 2.92 84.2 465 27.8 28 13
134 7.03 2.75 81.5 452 29.8 26 14
192 7.38 2.82 82.0 467 29.1 27 14

Pile 3: Exhausted Grape Marc -+ Poultry Manure

0 7.48 2.12 82.3 436 33.0 33 20
14 713 3.01 81.6 445 36.5 46 17
28 7.05 3.09 80.3 428 36.8 23 16
42 7.03 2.66 79.1 435 36.9 24 16
63 6.89 2.87 79.3 438 34.9 29 13
70 6.85 2.82 79.3 433 32.1 22 13
90 6.86 3.12 74.6 434 34.3 22 14

106 7.12 3.09 75.4 403 38.3 31 14
113 747 2.94 74.0 405 37.9 28 13
133 7.21 2.86 74.1 424 37.4 28 14
140 7.31 2.48 73.6 419 39.8 24 13
212 8.14 2.34 73.9 428 41.2 21 12

#EC, electrical conductivity; OM, organic matter; C,, total organic C; Ny, total N;
Cha, humic acid-like C; Cra, fulvic acid-like C.

cross-validated error, the models and preprocessing methods (none,
scaling, multiplicative scatter correction (MSC), and extended multi-
plicative signal correction (EMSC)) (39) were tested.

Software. MATLAB version 6.5 from MathWorks was used for the
calculations, and iToolbox (including methods for iPLS, biPLS, and
dynamic biPLS), EMSC Toolbox (for preprocessing methods), and
GA-PLS Toolbox are available at http://www.models.kvl.dk.

RESULTS AND DISCUSSION

Solid-State CPMAS *C NMR Spectroscopy. The NMR ob-
servable carbon content (Coy,s) can be measured in the samples
using the spin counting methodology (38). Using this methodol-
ogy, Cops Was around 60—66% in our WDR compost samples.
These values indicate that some signal is being under-detected;
however, this situation does not represent a problem, provided
that all of the undetected carbon is equally representative across
all carbon forms (38, 40). The problem appears when there is
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Figure 1. Solid-state CPMAS '*C NMR spectra of compost of pile 1 (A),
pile 2 (B), and pile 3 (C).

some selectivity in the detection of carbon. Therefore, comments
about the relative quantities of different forms of organic matter
must be treated with caution (40). The CPMAS '*C NMR spectra
show several main peaks corresponding to the samples collected
at the beginning of the composting process (Figure 1): 173, 155,
145,130, 115, 105, 72, 65, 56, 33, and 30 ppm. A shoulder appears
around 25 ppm in CPMAS spectra and also in DD spectra
(Figure 2), indicating the presence of methyl groups in alkyl
chains. The methyl group presents an elevated mobility and,
therefore, a weak coupling (36). At 30 and 33 ppm we found the
methyl and methylene groups, respectively. The main difference
between the methyl and methylene groups is related to carbon
dipolar interactions with linked protons. As a result, a peak
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Figure 2. RMN dipolar dephasing (DD) "*C NMR spectra of compost for
pile 1 (grape stalk + grape marc + exhausted grape marc + sewage
sludge), for pile 2 (exhausted grape marc + cow manure), and for pile 3
(exhausted grape marc + poultry manure).

appears in DD spectra at 30 ppm. On the contrary, methylene
groups (33 ppm) present a strong coupling and disappear in DD
spectra (Figure 2). These assignments have been reported in other
works (7,41—46) and for the DD spectra.

The peak that appears around 56 ppm in CPMAS spectra was
lost in DD spectra, supporting the assignment to C, of polypep-
tides (42). The signal at 56 ppm disappears in DD spectra because
the coupling of the C, with the linked proton is strong (Figure 2).
However, the signal at 56 ppm in CPMAS spectra can be also
assigned to O—CHj; groups in lignin (phenolmethoxyl of coniferyl
and sinapyl moieties) and in hemicellulose (glucoronic acid in
xylan) (23). The WDR compost principally derived from plant
and organic remains, and it contains different biomolecules, such
as proteins and peptides, as well as lignin and hemicellulose. Thus,
the signal around 56 ppm has contribution from C, of polypep-
tides and O—CH; groups in lignin and in hemicellulose (47).
Signals around 72—74 ppm, assigned to cellulose and hemicellu-
lose in CPMAS spectra, disappear in the DD spectrum.

The chemical shift at 105 ppm has been assigned to different
carbons of lignin-type moieties in CPMAS spectra: the C2
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carbons of both guaiacyl and syringyl lignin structures and the C6
carbon of syringyl units. This peak is also attributed to quatern-
ary aromatic carbons in tannins (19, 36). Chemical shifts in this
region do not appear in the DD spectrum for pile 3 (Figure 2).
In the DD spectrum for pile 2 (Figure 2) a signal appears around
105 ppm. A contribution from quaternary carbons, probably
tannins, supports this assignment. However, the low signal-to-
noise (S/N) ratio in these spectra makes difficult the assignment.

The region of the CPMAS spectrum between 110 and 170 ppm
can be divided in two subregions: the first region between 110
and 140 ppm is attributed to unsubstituted aromatic C and
C-substituted aromatic carbons (44). The second region between
140 and 160 ppm is assigned to aromatic carbons linked to O
or N. The first region exhibits well-defined peaks at 115 and
130 ppm. The peak around 130 ppm is characteristic of unsub-
stituted aromatic C, including C1 quaternary carbons of syringyl
and guaiacyl lignin units and the C6 carbon of guaiacyl (45). The
second subregion between 140 and 160 ppm shows peaks tradi-
tionally assigned to lignin or tannins (19, 36). The peak centered
at 145 ppm is attributed to methoxy- or hydroxy-substituted
phenyl C (7, 36). The peak at 155 ppm is assigned to oxygen-
substituted aromatic C, including both C—OCH; and C—OH
groups (36,45). This peak could also be assigned to C4 carbons of
guaiacyl units involved in ether linkages to Cs of adjacent lignin
units. In the DD spectra, in the subregion between 140 and
160 ppm, it is possible to find two peaks at 145 and 155 ppm
(Figure 2). These peaks indicate a large contribution of tan-
nins (45).

The region between 170 and 200 ppm in the CPMAS spectra is
assigned to carbonyl/carboxyl carbons of ester and amide
groups (7, 45). The contribution of amides at the signals in this
region should be large, because the nitrogen content is high
(Table 2). In this way, the peak intensity at 173 ppm increases
in the CPMAS spectrum from pile 1 after the addition of sewage
sludge N-rich component (Tables 1 and 2).

Changes in C Compounds Shown by Solid-State CPMAS *C
NMR Spectroscopy. Figure 3 shows the evolution of the C content
in the seven regions of the NMR spectra. The main C types are
O-alkyl (95—60 ppm) and alkyl (45 to —10 ppm). These two
regions suffer opposite evolutions throughout time. The O-alkyl
(from cellulose and hemicellulose) signals decrease with compost-
ing time. In all of the piles the intensity of the alkyl signals (from
aliphatic chains, such as lipids, cutin, or suberin) increases in the
mature compost. Aliphatic structures of cutin and suberin mole-
cules are resistant to biodegradation, and they could have been
accumulated throughout the composting process (27,41). This is
a concentration effect over the C-alkyl by a preferential degrada-
tion of sugar polymer, such as cellulose and hemicellulose, during
the composting process (27). Minor components in the CPMAS
spectra of the compost samples are carbonyl (210—165 ppm),
O-aromatic (165—145 ppm), aromatic (145—110 ppm), O,-alkyl
(11095 ppm), and N-alkyl/methoxy (60—45 ppm) (37). The
contribution of these minor components in the CPMAS spectra is
also shown in Figure 3. The scatter of the data (Figure 3) could
reflect the nonquantitative characteristic of the CPMAS techni-
que, as the errors show (the observable carbon contents for the
WDR compost samples were generally around 60—66%).

Applying the method established by Nelson et al. (46), we can
determine the contribution of different biomacromolecules
(carbohydrate, protein, lignin, aliphatic material, char, and pure
carbonyl) in total organic matter (bearing in mind that the
observable carbon contents for the WDR compost samples were
generally around 60—66%) of different compost samples (47).
Itis reasonable to accept the hypothesis that all organic matter in
compost is constituted by biomacromolecules (47). According to
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Figure 3. Evolution of the C content in the seven regions of the NMR
spectra of the composting samples of pile 1 (A), pile 2 (B), and pile 3 (C).
The symbols correspond to the following regions in ppm: (@) 210—165;
(O) 165—145; (v) 145—110; (v) 110—95; (M) 95—60; (O0) 60—45;
(®) 4510 —10.

Nelson et al. (46, 47), 90% of biomolecules can be classified as
carbohydrates (A), protein (B), lignin (C) and aliphatic structures
(D). The results obtained after applying the model to our data are
shown in Figure 4. In both piles 2 and 3, a decrease of the content
of carbohydrates was observed during the composting process, as
well as an increase of protein and aliphatic material. The
composting process is related to a high microbial activity, and
the microbial enrichment (8) could determine the increase in the
protein content in the composting piles. The degradation of
carbohydrates is mainly produced due to the breakdown of the
C—0 linkage. To analyze possible relationships between the
variations in the components of the piles, a stepwise linear
regression analysis was performed using SPSS software v. 12
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Figure 4. Predicted molecular composition of organic carbon, using CP
NMR analysis, of the composting samples of pile 1 (A), pile 2 (B), and pile
3 (C). The symbols correspond to the following biomolecules: (®)
carbohydrates; (O) proteins; (%) aliphatic; () lignin; (l) carbonyl.

(see Table S1, Supporting Information). For the carbohydrate
variation, aliphatic is the first variable included in the model for
piles 2 and 3. Carbohydrates were also related to proteins in pile 3.
No correlations were obtained for pile 1.

Piles 2 and 3 maintained temperatures above 40 °C for 76 and
122 days, respectively. Moreover, the temperature within these
piles reached higher values (above 50 °C). However, pile 1 showed
variable temperatures during the composting process. At the
beginning of the process the maximum temperature values were
reached (see Figure S1, Supporting Information), but it decreased
quickly and the pile needed to be enriched with sewage sludge
after 17 days to improve the composting process (Table 1).
Turning operations were necessary to increase the temperature
of pile 1. This behavior could suggest that the organic matter was
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not stabilized enough, and this fact could lead to contamination
problems after its use as amendment in agriculture or after
landfilling. However, the nuclear magnetic resonance data dis-
played a good stabilization degree of the organic matter in pile 1.
The carbohydrates decreased and the aliphatic material increased
(Figure 4). Probably, the raw materials used are the key in the
compost production, because these initial materials will deter-
mine the behavior of the compost pile and the necessary opera-
tions to reach a good stabilization degree of the organic matter.
We can conclude that the evolution of the organic matter in the
compost piles is a very complex process, and not only a degrada-
tion of certain biomolecules and the accumulation of others. On
the other hand, the reduction in the carbohydrate content can
suggest a reduction of the emission potential of final stable
compost, although the lack of a longer thermophilic stage may
cause sanitation problems.

Evaluation of the Composting Process by FT-IR Spectra. FT-IR
was used to monitor the composting process, evaluate the
degradation rate, and thus determine the maturity. Although
the composition of the initial mixture strongly affects the shape of
the infrared (IR) spectra (Figure 5), typical bands of components
can be selected and used to follow the decomposition process (8).
Evaluation of the composting processes can be based on the
changes of the band relative intensity (see Figure S2, Supporting
Information). This is in agreement with a conclusion made by
Provenzano et al. (48), which reports that the FT-IR spectra of
organic matter during composting are qualitatively similar but
differ in the relative intensity of absorbance bands.

All FT-IR spectra were characterized by a number of absorp-
tion bands, exhibiting variable relative intensities, and showed the
changes of functional groups of compounds that characterize
different stages of decomposition of fresh winery and distillery
residues (Figure 5) (7, 33). The stretching vibration of bonded
OH groups and water causes a broadband at around 3400
em™' (7-9). Peaks at 2927 and 2854 cm™' are attributed to
aliphatic methylene groups in aliphatic chains (49). Due to their
general presence and the relationship of their decrease to the
decomposition of waste materials, these bands could be very
useful for comparing composting processes. The band at 1640
cm™ ! reflects the absorption of aromatic C=C vibrations and
C=0 in carboxylates, amide I, and OH bending vibrations from
water, and is adsorbed by functional groups in organic matter and
inorganic constituents (50). The band in the region 1510—1550
ecm™ ! can be assigned to amide IT and components containing
lignin. These bands are identified in biowastes due to their content
of wood and plants that are rich in lignin (57). A broadband was
found at around 1420 cm™' due to the OH in-plane bend of
carboxylic acids, the CO, stretch of carboxylates, and the
aliphatic CH, group of alkanes. The band at 1384 cm™! is
assigned to nitrate. Additional bands were also observed at
1260 cm™!, which correspond to the C—O stretching of aryl
ethers and phenols and C—0O and O—H bending of carboxylic
groups. Around 1154 cm™! there were alcoholic group vibra-
tions (52). The absorbance in the FT-IR spectra of different fresh
winery and distillery residues (Figure 5) in the region 1100—
1030 cm ™! was assigned to C—O stretching of polysaccharides or
polysaccharide-like substances. An intense broad absorption
band appears in the characteristic carbohydrate region with
maxima at 1096 and 1037 cm™ ' assigned to vibrations of
C-3—H—0-3—H and C-6—H,—0-6—H of cellulose groups and
pyranosyl-ring vibrations, and 1154 cm™" was assigned to asym-
metric stretching of C—O—C of the glycosidic link (53).

Inorganic components such as carbonates absorb at 875 cm ™",
and phosphate absorbs between 600 and 500 cm™'. The sharp
nitrate band appears exclusively at a later phase (Figure 5).
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Figure 5. FT-IR spectra of initial composting mixture and spectra of fresh
and mature compost of pile 1 (A), pile 2 (B), and pile 3 (C).

Its wavenumber position is stable and highly reproducible at
1384 cm™". Its presence indicates the state of decomposition at
which the nitrogen derived from decomposed components is
oxidized. Inorganic compounds (silica, silanol, carbonate, nitrate,
phosphate) exhibit very prominent and reproducible bands.
Inorganic bands can be easily distinguished from organic bands
by their size and shape. Due to the relative increase of the
inorganic part during the composting process, the corresponding
bands enlarge as well.

Certain characteristic bands that represent the input material
and the composting process were selected to determine the
relative absorbances. The relative absorbance (rA) is the height
of one distinct band multiplied by 100 and divided by the sum of
all compared band heights (54). Band heights were measured and
corrected referring to the chosen baseline by OMNIC 5.1b soft-
ware. Seven bands were used to calculate relative absorbances
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(rA): 2927, 2854, 1640, 1548, 1420, 1384, 1037, and 875 cm ™.
The course of relative absorbances reflects the progress of
decomposition. Changes of relative absorbances of the bands at
1384 and 1037 cm ™' were observed (see Figure S2, Supporting
Information). An increase of relative absorbance at 1384 cm ™!
took place during decomposition in the first stages, and after-
ward decreases when the compost reaches maturity in piles 2
and 3 (see Figure S2, Supporting Information). A weak nitrate
band appeared in the spectra of the first day compost samples for
pile 3 and the intensity band decreased after 70 days, probably
because nitrogen was utilized by the microorganisms of the
composting mixture. Koivula and Hanninen (55) showed that
the nitrogen content was higher in all humic fractions of the old
bale and could be an indicator of microbial enrichment (Table 2).
As microbes die, their nitrogen becomes available to living
microbes, and microbial utilization of cellulose may intensify
with time.

The increase in the relative absorbance at 1548 cm ™' can be
related to the increase in the protein content in the piles as
shown by CPMAS '*C NMR spectroscopy (Figure 1). On the
other hand, a slight decrease of relative absorbance at 1037 cm ™!
was observed during composting (see Figure S2, Support-
ing Information). This is in agreement with the studies of the
whole compost FT-IR spectra carried out by Hsu and Lo (56),
who also showed that easily degradable organic matter com-
ponents, such as polysaccharides, are decomposed and, therefore,
the mature compost contains a greater number of aromatic
structures of higher stability. These results suggest the occur-
rence of degradation and condensation reactions of organic
structures.

In conclusion, spectral analyses, such as solid-state NMR
and FT-IR, are very good tools to evaluate the evolution of
organic matter during composting. On the other hand, it is very
important to know the nature of the raw materials used in the
mixture, because it will determine the behavior of the compost
pile. The complexity of the composting process involves the
degradation and transformation of the more labile organic
molecules, by the action of the microorganisms, into more
recalcitrant forms. In the compost piles presented here, elabo-
rated using wastes from the winery and distillery industry by the
Rutgers static pile composting system, the composting process
was characterized by a preferential degradation of the polysac-
charides.

Evaluation of the Composting Process by Multivariate Analysis
of the Spectroscopic Data. To obtain optimal information, qua-
litative and quantitative, from spectroscopic data a multivariate
chemometric evaluation should be included in the research work.
For this reason PLS regression was applied to the NMR and
FT-IR measurements in relation to the composting time. Full-
spectrum PLS models were performed on the four separate
sample sets ('*C NMR and FT-IR for piles 2 and 3). The only
problem was the low number of samples collected throughout the
composting process; that is, analysis for pile 1 was not performed
due to the lack of a sufficient number of samples. With piles 2 and
3 we had enough measurements to carry out a good multivariate
analysis. The results for all models performed (Table 4) show the
values with respect to root-mean-square error of cross-validation
(RMSECYV). In the same way, we modeled our spectroscopic
data with the composting time and not with a chemical com-
ponent present in the samples, as it is the most common
situation (/2—16). Our main interest was to locate the most
informative spectral regions during the composting process.
To locate these regions, iPLS regression and biPLS regression
were carried out. Twenty equidistant intervals were tested on the
spectroscopic data (Table 4).
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Table 4. Fully Cross-Validated PLS, iPLS, biPLS, and GA-PLS Models for Prediction of Composting Time from '3C NMR and FT-IR Spectra by Piles 2 and 3

method preprocessing components intervals RMSECV r
CPMAS "3C NMR Pile 2
PLS EMSC 6 0—200° 7.79 0.981
iPLS? EMSC 5 140—150° 8.85 0.974
biPLS? EMSC 6 20—30,? 30—40,2 100—110,? 140—150° 7.4 0.983
FT-IR Pile 2
PLS MSC 5 4000—600° 12.59 0.956
iPLS? MSC 4 1569.8—1432.9° 10.35 0.965
biPLS? MSC 3 3577.3—3438.5,° 3295.8—3156.9,° 3155.0—3018.1,° 1569.8—1432.9° 9.93 0.967
GA-PLS 1569.8—1556.3,° 1517.7—1508.1,° 1496.5—1483.0° 3.72
CPMAS "3C NMR Pile 3
PLS EMSC 4 0—200° 16.04 0.935
iPLS? EMSC 2 50—60° 20.91 0.880
biPLS? EMSC 6 10—20,% 40—50,? 50—60,2 170—180° 9.84 0.975
FT-IR Pile 3
PLS MSC 4 4000—600° 20.34 0.879
iPLS? MSC 4 2973.7—2805.9° 15.72 0.931
biPLS? MSC 4 2973.7—2805.9,° 1616.1—1448.3,° 1106.9—939.2° 18.25 0.906
GA-PLS 13 2962.1—2954.4,° 2906.2—2904.3,° 2879.2—2871.5,° 2867.6—2865.7,° 2840.6—2836.8° 4.80

2|n this model, the spectra were divided in 20 intervals. °NMR intervals in ppm. °FT-IR intervals in cm™".

Figure 6 shows full cross-validated prediction errors for the
20 interval biPLS models (bars) for '*C NMR for piles 2 and 3.
The biPLS models for piles 2 and 3 using four intervals per-
formed better than the full spectrum model or the iPLS model
(Table 4). The biPLS model for *C NMR for piles 2 and 3
showed the intervals correlated with the composting time
(Figure 6). For pile 2, the intervals are in the alkyl region (45 to
—10 ppm), in the Oj-alkyl region (110—95 ppm), and in the
O-aromatic region (165—145 ppm) (Table 4). As shown with a
more classical analysis of the spectroscopy data (see above),
the content of aliphatic or aromatic molecules is very important
in the composting process of pile 2. For pile 3, the intervals are
in the alkyl region (45 to —10 ppm), in the N-alkyl/methoxy
region (60—45 ppm), and in the carbonyl region (210—165 ppm)
(Table 4).

The iPLS models for FT-IR displayed good values of
RMSECV by piles 2 and 3, only with an interval (Table 4). The
improvement working with more intervals (biPLS models) was
not high with the FT-IR data; it was better than the iPLS model
for pile 3. For pile 2, the interval was 1432.9—1569.8 cm™', and in
these regions we can find the components of lignins and aromatic
C=C binding. For pile 3, the interval was 2805.9—2973.7 cm ™',
this region being the alkyl region. By applying genetic algorithms
(GA-PLS) in these regions, it is possible to improve the models for
a better prediction capacity (Table 4). In other words, we can
determine the wavelength interval more correlated with the
composting process. The spectra for the final samples of the
composting process (192 days for pile 2 and 212 days for pile 3)
were not considered in the calculations. The air blowing was
then stopped to allow the composts to mature over a period of
approximately 2 months. In the two maturation months the
alterations of the organic matter were very small and there was
no correlation with the composting time. Probably, between the
two final samples, the organic material in the compost piles did
not undergo alterations, and it can be considered that the organic
material was stable.

1

With the intervals selected by iPLS method, the GA-PLS
method can be applied for wavelength selection (/6). We have
worked only with the FT-IR spectra for piles 2 and 3. We tried to
carry out the GA-PLS method with NMR spectra, but the low
signal/noise ratio did not allow this chemometric approach.
GA-PLS applied on the interval selected by iPLS method in the
FT-IR spectra from pile 2 produced a RMSECV of 3.72%
(selecting 3 regions and 7 components) (Table 4). For pile 3, the
same strategy produced a RMSECYV 0f 4.80% (selecting 5 regions
and 13 components) (Table 4). This approach using sequentially
iPLS and GA-PLS improved significantly the predictive ability,
as shown by the decrease in the RMSECYV values (Table 4). In a
classical study of the spectroscopic data, the usual strategy is to
work with the peaks, but after the chemometric approach it can
be seen that the wavelengths selected are not always the highest
peaks (Table 4).

In conclusion, the classical analysis of the spectroscopic data
from '*C NMR and from FT-IR techniques allows one to follow
and evaluate organic matter evolution during the composting
process of fresh winery and distillery residues. In this process, the
initial composition of the compost piles was very important for
the understanding of the preferential degradation of the different
biomolecules. However, the more common situation was a
preferential degradation of the carbohydrates and an increase
of the aliphatic material (probably by a concentration effect in the
compost pile).

On the other hand, with the chemometric approach it is
possible to go more in depth into the knowledge of the compost-
ing process. It was possible to model the composting process with
good RMSECYV values by sequential application of iPLS and
GA-PLS. Interval PLS removes the noninformative intervals,
and the genetic algorithm can work with a significantly lower
number of variables. With this strategy, it is possible to select a
few wavelengths in the FT-IR spectra with a high correlation with
the composting process to determine when the organic matter is
stable in a composting pile.
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Figure 6. (A) Four intervals included in the optimal PLS model of "3C NMR data by pile 2: 20—30, 30—40, 100—110, and 140—150 ppm. (B) Predicted
versus measured composting time for this model by pile 2. (C) Four intervals included in the optimal PLS model of '*C NMR data by pile 3: 10—20, 40—50,
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