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Abstract: The biomass waste obtained at the end-of-pipe of the extraction industry can be used as
fuel for energy production, aiming at cost reduction/waste disposal issues. However, few systematic
investigations into the calorific value of these residues are reported in the literature. In this work,
the thermochemical properties of solid residues from different biomasses (residues from citrus peels,
leaves, flowers, stems, and poultry feathers used for extraction) as potential biomass fuels have been
investigated. The heat of combustion (A.H) of the solid residues from citrus (orange, tangerine,
lemon, grapefruit, and pomelo), aromatic herbs (rosemary, lavender, thyme, Artemisia vulgaris L. and
Ruta chalepensis L.), and poultry feathers biomasses was measured by direct calorimetry. The results
were compared with the higher heating values (HHV) calculated using the elemental (CHNOS) and
thermogravimetric (TGA) analyses data and with the enthalpy of combustion calculated using the
biomass composition predicted by FTIR spectroscopy in tandem with chemometrics. The calculated
values match with the corresponding experimental values of AcH. The heat of combustion highlights
the energetic features of solid residues for their potential uses as alternative biomass for energy
production. This information is essential to evaluate the employment of solid residues as fossil
fuel substitutes.

Keywords: end-of-pipe wastes; combustion enthalpy; higher heating value; calorific value;
combustion calorimetry; FTIR spectroscopy; wastes of agro-food industry

1. Introduction

The extraction of added-value products from different waste biomasses is a strategy
largely exploited in many industries to maximize profits and minimize the costs of waste
disposal [1]. As a matter of example, wastes of the agri-food industry, such as the peels of
different fruits (e.g., tangerine, citrus, orange, grapes), are used to extract pectin, flavonoids
or carotenoids useful in the food, packaging, cosmetics and pharmaceutical industries [2—4]
poultry feathers (wastes of the poultry industry) are used as keratin source to form keratin-
based biomaterials or composites [5-8]; aromatic herbs, i.e., rosemary, lavender, thyme,
Artemisia vulgaris L. and Ruta chalepensis L. are commonly employed for the extraction of
essential oils [9-12]. The extraction processes leave an end-of-pipe solid residue, which
can, in turn, be used for fuel energy production by pyrolysis, gasification, or hydrothermal
carbonization processes [13]. The fuel can be stocked or used in an upstream phase of the
industrial process, in view of the optimization of a circular process, convenient in terms
of costs and environmental preservation. Despite the great economic interests related to
the topic, few works on the calorific values of these end-of-pipe waste biomasses have
been published.
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Waste 1

In this work, we performed a systematic evaluation of the calorimetric properties of the
solid residues obtained after extraction performed on orange, tangerine, lemon, grapefruit
and pomelo peels, rosemary, lavender, thyme, Artemisia vulgaris L. and Ruta chalepensis L.
leaves and poultry feathers, in order to obtain extensive information on their possible
usage for energy production (Figure 1). We compared experimental values of the biomass
combustion enthalpy measured with an isoperibolic calorimeter [14] (already used in
various literature works to calculate the calorific power of various kinds of wastes, e.g.,
plastics [15] or alternative solid fuels [16]) with the values calculated using two different
models. In one case, we calculated the heat of combustion as the higher heating value (HHV)
by employing one of the most widely used empirical equations based on the composition
of samples obtained by elemental analysis and thermogravimetry under oxygen flux. In the
second case, we determined the fraction of cellulose, hemicellulose, and lignin contained in
each sample (considered the only comburent parts in the citrus peels and aromatic herb
wastes) by FTIR spectroscopy in tandem with chemometrics. The total combustion heat
was then calculated as the weighted sum of contributions given by each component, taken
from the literature. The HHYV of citrus peel [17-20], poultry feathers [21,22], and many
other municipal wastes [23,24] was already reported in the literature, while the second
method is new and has never been used to evaluate the calorific power of waste biomasses.

“Highlights of energetic features for their
potential uses as alternative biomasses for
fuel production”
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Figure 1. Scheme of the production process from biomasses to the end-of-pipe residues, highlighting
the use of the latter for energy production.

We observed that direct calorimetry and the two indirect methods provided compara-
ble results for each biomass, highlighting the robustness of the models, and confirming the
high potential of the end-of-pipe residues for energy production.

2. Materials and Methods
2.1. Materials

The waste biomasses were derived from different extraction processes, grounded, and
dried at 60 °C overnight. The citrus peel wastes (orange, tangerine, grapefruit, pomelo,
and lemon) represent the final waste residue after the extraction of essential oils and
pectin, as reported in Ref. [25]. The aromatic herb wastes (rosemary, lavender, thyme,
Artemisia vulgaris L., Ruta chalepensis L.) are the solid waste residues after the extraction
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of essential oils from aromatic herbs [26]. The poultry feather residue is the fraction of
non-soluble keratin recovered after keratin extraction performed in acetic acid (70% w/w),
as reported in Ref [5]. Poultry feathers were provided by Consortium SGS (Santa Croce sull’
Arno, Italy), a company that processes animal by-products. Benzoic acid (RPE-ACS reagent)
was purchased from Carlo Erba Reagents (Milan, Italy), while hexadecane (ReagentPlus®,
99%) was purchased from Merck-Sigma Aldrich (Milan, Italy).

2.2. Elemental Analysis

The elemental composition (C, N, H, S, and O) of all dried waste biomass samples was ob-
tained by the Elementar Vario MICRO cube instrument (Elementar, Langenselbold, Germany).

2.3. Thermogravimetric Analyses

The ash content of all waste biomasses was determined by thermogravimetric analysis
(TGA). TGA experiments were carried out with a TA Instruments Thermobalance model
Q5000IR (TA, New Castle, DE, USA, 2010). Measurements were performed at a rate of
10 °C/min, from 30 °C to 900 °C under oxygen flow (25 mL/min). The amount of sample
in each TGA measurement varied between 2 and 5 mg. Error was calculated on 3 replicas
performed on each biomass sample.

2.4. Experimental Determination by Isoperibolic Calorimeter

Combustion of the samples was carried out using a home-made bomb calorimeter, as
previously reported in Ref. [27]. Briefly, a standard stainless-steel bomb (volume = 375 mL)
was placed in a calorimetric vessel with 2200 mL of water, equipped with a stirring system
and a temperature probe (thermistor). The bath was lodged in an isoperibolic calorime-
ter. Calorimetric curves were recorded by a computer and corrected to account for heat
exchange between the calorimetric system (bomb + calorimeter vessel + water) and the
thermostatic bath. The calorimeter was previously calibrated by the benzoic acid-certified
standard. One gram of sample was pressed to form a pellet and placed in a crucible with
about 0.5 g of hexadecane. An iron wire was then immersed in the hexadecane and con-
nected to electrical terminals. Then, about 0.5 mL of water was put into the bottom of the
bomb to saturate the interior with water vapor so that the observed heat of combustion
matched the higher heating value. Finally, the bomb was closed and pressurized with
oxygen (99.9%, 15 bar) after flushing for about 30 s, placed into the calorimeter, and the
sample was ignited. For each experiment, the corresponding AU value was obtained from
the thermal effect, corrected for heat losses and the stirring effect. The blank contribution
due to the combustion of the ignition wire and hexadecane was subtracted. The exper-
iments were carried out at 25 £ 0.1 °C. The enthalpy of combustion can be obtained by
Equation (1):

AH (p, T) = AU (p, T) + AngRT 1)

where Ang is the variation of the number of moles of gaseous species due to the combustion.
However, since Ang = 0 for both cellulose and hemicellulose, only the contribution due to
lignin combustion should be considered. Considering that the molar fraction of lignin in
the biomasses here considered is between 0.15 and 0.26, the correction term to calculate AcH
from AU in the citrus peel and aromatic herb wastes is between —0.003 and —0.005 k] g1,
which is within the experimental error. For the feathers, mainly composed of keratin,
looking at the elemental composition, we estimated a Ang= —0.15 per gram of sample,
corresponding to a correction term for going from A.U to AcH of —0.04 k] g~1, also in this
case within the experimental error. The correction to return A.H to the standard value (i.e.,
to 1 bar pressure) is also negligible. The measurements were repeated 3 times on each
biomass sample, and the values of AcH are reported as means values with relative standard
deviation (RSD%) < 2%. In our case, the samples represent the residual end-of-pipe of
a procedure performed on a laboratory scale, so they are homogeneous. The biomasses
from industrial treatment are less homogeneous, and this is one of the main issues in
reproducibility of HHVs by direct calorimetry [28].
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2.5. Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR) and
Chemometric Ftir Spectroscopy Analysis (PLS) of Lignocellulosic Solid Residues

Infrared spectroscopy analysis was performed by using a Perkin-Elmer Frontiers
FTIR Spectrophotometer (Waltham, MA, USA), equipped with a universal attenuated total
reflectance (ATR) accessory with a diamond crystal and a triglycine sulfate TGS detector.
Measurements on lignocellulosic waste biomass samples (citrus peels and aromatic herbs
samples) were carried out after background acquisition. For each sample, 32 scans were
recorded, averaged, and Fourier-transformed to produce a spectrum with a nominal resolu-
tion of 4 cm 1. The determination of lignocellulose composition was performed by using
Partial Least Squares (PLS) chemometrics. The PLS model was reconstructed using the FTIR
spectra of the lignocellulosic samples in the region of 1900-800 cm ™! (i.e., the fingerprint of
wood components). As X matrix, it was used the first derivative of the normalized FTIR
spectra, and as Y matrix, the chemical composition of lignin, cellulose, and hemicellulose
(determined by Van Soest analysis) [29]. The model was developed using JMP software and
seven principal components that account for 98% of the variance in the X matrix and 98.8%
of the variance in the Y matrix. The composition prediction of hemicellulose, cellulose, and
lignin was then performed by loading their first derivative of the normalized FTIR spectra
into the X matrix of the model and by applying the cross-validation technique.

2.6. Calculation of Combustion Enthalpy Knowing the Content of Lignin/Cellulose/Hemicellulose

The standard enthalpy of combustion (AcH®) of the solid residues was calculated
using the standard enthalpy of formation (A¢H®) reported for hemicellulose, cellulose, and
lignin components [30]. The A{H° and monomer units for the three components were:
e hemicellulose: monomer xylose units, MW = 132.12 g mol !, A{H® = —759.2 k] mol ~};
e  cellulose: monomer glucose unit, MW =161.14 g mol 1, AH® = —1019.0 k] mol~1;
e lignin: monomer unit, MW = 258.27 g mol !, A{H® = —759.39 k] mol ! [30].

The A.H°(i) values were calculated by Equation (2):

AH' (i) = veo, (i)-AHco, + Vo (i) AHi,o — AH (i) )

with i = hemicellulose, cellulose, lignin; AfHOCO2 = —393.51 k] mol~! and AfH;{ZO =
—285.83 k] mol ! are the standard formation enthalpies of carbon dioxide and liquid water,
respectively and vco, (i) and vi,0(i) are the stoichiometric coefficients of CO, and HyO in
each combustion reaction:

Hemicellulose : C5HgO4 + 50, — 5CO; + 4H,0 3)
Cellulose : C¢H19O5 + 60, — 6CO, 4+ 5H,0 4)
Lignin : C;5H1404 + 33 (1/2) Oy — 15CO, + 7H,0 5)

The combustion enthalpy values calculated by Equation (2) for hemicellulose, cel-
lulose and lignin are AcH hemi = —2351.67 k] mol !, AcH®o; = —2771.21 k] mol~! and
AcHoyg = —7144.07 K] mol 1. From the percentage composition in hemicellulose, cellu-
lose, and lignin of the solid residue, calculated by chemometric FTIR spectroscopy, as
previously described, and assuming these components as the only burning agents in the
sample, the combustion enthalpy of the biomass was calculated following Equation (3),
with i = hemicellulose, cellulose, lignin.

3 (o . AcH; /K mol™!
Zz:l </°l MW, /g mol 1

100

Achiomass/k] 871 = (6)

The values of A.H are reported as means values with relative standard deviation
(RSD%) < 5%.
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3. Results and Discussion
3.1. Experimental Combustion Enthalpy

The data of experimental combustion enthalpy obtained with an isoperibolic calorime-
ter are reported in Table 1.

Table 1. Experimental combustion enthalpy of the studied samples obtained with an isoperibolic

calorimeter.
Biomass ID Number Biomass Residue —AH (k]/g) 2
1 Orange peels waste 15.1
2 tangerine peels waste 16.5
Citrus waste 3 grapefruit peels waste 17.2
4 Pomelo peels waste 15.5
5 lemon peels waste 15.9
6 Rosemary 18.0
7 lavender 15.5
Aromatic herbs 8 Thyme 16.1
9 Artemisia vulgaris L. 16.4
10 Ruta chalepensis L. 17.7
Poultry feathers 11 Poultry feathers 19.2
2: RSD < 2%.

The experimental values obtained range from —15.1 to —19.2 k] /g. According to data
in Table 1, waste biomasses can be classified into three different categories:

1.  Waste biomasses from citrus residues, which have the lowest combustion enthalpies
values (ranging from —15.1 to —17.2 k] /g);

2. Waste biomasses from aromatic herbs with middle combustion enthalpies values
(ranging from 15.5 to —18.0 k] /g);

3. Waste biomasses from poultry feathers, which have the highest combustion enthalpies
values (ca 20 k] /g).

All the combustion enthalpies recorded for the citrus waste biomasses are similar
except for grapefruit wastes, which present a slightly higher value (—17.2 kJ/g). The
measured values are in reasonable agreement with the ones already reported in the liter-
ature (orange peels waste: —18.3 k] /g [17], grapefruit peels waste: —18.3 k] /g [17], and
tangerine peels waste: —16.8 kJ/g [31]) indicating that the pectin and essential oils extrac-
tion process to which our samples were subjected did not significantly alter the energy
content stored in the biomass. The small differences observed can easily be accounted for
by differences in composition/humidity /ash content of the starting material due to the
heterogeneous nature of the samples. In the case of the aromatic herbs, the solid residues
from rosemary have the highest A.H value (—18.0 kJ/g), followed by the solid residues
from Ruta chalepensis L. (—17.7 k] / g), Artemisia vulgaris L. (—16.4 k] /g), thyme (—16.1 kJ/g)
and the lowest A.H value for lavender (—15.5 k] /g). The slight differences in the A H value
can be ascribed to the differences in the composition/moisture content of the different
biomasses. A.H values of aromatic herb waste biomasses are scarcely reported in the
literature, with only one paper reporting the A H value for lavender waste stalks after the
distillation process (—19.6 k] /g) [32]. Feather wastes after keratin extraction in acetic acid
(70%) present a higher A.H value (—19.2 kJ/g), which is anyway lower with respect to the
one reported in the literature for “uncleaned” poultry feathers (burned without degreasing)
(—26.1 kJ/g) [33], probably because the latter may account for the contribution of lipids
and fatty acid compounds presented in the raw substrate which are not present in our
degreased sample. Another important point that needs to be taken into account when
evaluating the possibility of recovering energy from feathers is that, despite the promising
values in terms of A.H, feather combustion leads to the emission of gaseous NOy and SO,
and other substances highly dangerous for the environment and human health [34]; thus, it
needs to be performed in specific plants which take care also of their disposal.
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Overall, all the biomasses show a good energy recovery. It is important to remember
that measured heats of combustion represent HHVs and that the lower heat values (LHV)
can be roughly estimated, reducing the corresponding HHVs by about 6-10% according
to the nature of considered biomass. Even taking into account this reduction, all the
biomasses are highly exploitable for energy recovery if compared to the combustion of
urban solid residues (LHV of ca 8 k] /g [35]). Laws usually provide threshold LHV values
for the exploitation of biomasses in industrial plants. For instance, Italian law suggests a
minimum LHYV of 15 kJ /g, which is close to those estimated for biomasses reported in the
present work.

3.2. Combustion Enthalpy Calculated by FTIR/Chemometric Method

After the removal by extraction of essential oils, polyphenols and pectin, citrus peels,
and aromatic herb wastes are mainly composed of lignocellulosic matter. Figure 2 shows
the FTIR spectra of citrus peel waste (Figure 2a) and aromatic herb waste (Figure 2b). The
lignocellulosic nature of the substrates was confirmed by characteristic absorption bands
as already described elsewhere [29]. In particular, we can distinguish the band at around
1020 cm ™! (C-O stretching of C-O-C group of the anhydroglucose ring of cellulose) and
the band at 1237-1239 cm ! (C-O-C stretching in phenol-ether bonds of lignocellulosic
materials). These absorption bands are commonly associated with the overlapping of
characteristic bands of cellulose, hemicellulose, and lignin in lignocellulosic materials [29].
The composition of lignocellulose, expressed as a percentage of hemicellulose, cellulose, and
lignin, was estimated using the PLS model through the first derivative of the normalized
FTIR spectra (fingerprint region 1900-800 cm ') as reported elsewhere [29]. Figure 2c,d
show the lignocellulose composition for citrus peel and aromatic herb wastes, respectively.
Citrus peel waste from even different substrates has a very similar composition to each other,
with cellulose as the main component (ranging from 40 to 44%) followed by hemicellulose
(23-24%) and lignin (18-19%). In the case of aromatic herbal wastes, cellulose was also the
main component, but we observed significant differences among different substrates in
terms of cellulose and lignin content, while the content of hemicellulose was similar for all
the samples.

The percentage values of lignocellulosic components were then used to calculate the
AH using Equation (3) (experimental Section 2.6). The results are reported in the following
Section 3.4.

3.3. Fuel Capacity Calculated by HHV

The higher heating value (HHV) is a parameter commonly used to assess the ther-
mochemical characteristics of fuels, including biomasses. An estimation of this value can
be obtained using a mathematical relationship that takes into account the fuel composi-
tion [36-38]. In the specific case of biomasses, data on the composition can be obtained
by proximate analysis (wt% of moisture, volatile matter, fixed carbon, and ash) or ulti-
mate analysis (wt% of carbon, hydrogen, nitrogen, oxygen, and sulfur). Here, we used a
model proposed by S. A. Channiwala and P. P. Parikh (Equation (4)), which needs the data
obtained from both analyses [39].

HHV <1§> = 0.3491C 4+ 1.1783H + 0.1005S — 0.10340 — 0.0151IN — 0.0211A (7)

with C, H, S, O, and N, the percentages of carbon, hydrogen, sulfur, oxygen and nitrogen
in the sample (obtained by ultimate analysis), and A, the percentage of ash in the sample
(obtained by TGA experiments).

The elemental composition and the ash content for each sample are reported in Table 2.
Different biomasses have a similar composition in terms of carbon (between 40-50%) and
hydrogen percentage (about 6-7%). On the contrary, a remarkable difference is observed in
nitrogen and sulfur content between feathers and vegetable wastes due to the proteinaceous
nature of the former (N: about 15% against ~ 1%; S: 2.7% in feathers, below the quantifica-
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tion limit in vegetable waste). A significant difference is also observed in the ash content of
aromatic herb wastes, whose values range from 3% up to 7% for Ruta chalepensis L. waste,
significantly higher than those of all other biomasses analyzed here. The high ash content
in aromatic herbs may be due to the natural bioaccumulation of minerals/inorganic matter
during their cultivation or interaction with their growth soils. The HHV values calculated
from this information and Equation (4) are reported in the following paragraph.
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Figure 2. ATR-FTIR spectra (a,b) and the PLS predicted chemical composition of cellulose, hemicellu-
lose, and lignin (c,d) of citrus-based waste and aromatic herbs waste, respectively.

3.4. Comparison of the Data Obtained by Different Methodologies

The combustion enthalpies (A.H) of the waste biomasses derived from agro-food
activities determined experimentally by direct calorimetric measurements and calculated
with the two approaches described above are summarized in Table 3.

The data obtained by direct calorimetry (calorimetric bomb), FTIR chemometrics,
and HHYV estimation based on elemental and proximate analysis are in good agreement
with each other. HHV calculated with the model proposed by Channiwala et al. gave
values significantly different with respect to AcH experimental values (paired-samples
t-test, « = 0.001), probably due to several variables not included in the theoretical equation.
The other two data sets were not statistically different (paired-samples f-test, & = 0.001),
confirming that the burning part of the citrus peel and aromatic herb wastes is effectively
composed mostly of the lignocellulosic fraction. Nonetheless, it is important to remember
that the FTIR method can only be used for wastes in which this fraction is the major
component, e.g., it is not suitable for poultry feathers.
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Table 2. Elemental composition by ultimate analysis and the ash content determined by TGA analysis
of waste biomasses (citrus peels, aromatic herbs and poultry feathers).

TGAo2

Elemental Analysis (wt%)
. D . .
Biomass Biomass Residue
Number C H N o sa Ash (wt%)
1 Orange peels waste 43.8 £ 0.4 6.88 £ 0.04 1.14 + 0.06 50.5 £ 0.4 (SIB,C;O% 0.9
2 tangerine peels waste 44.23 £+ 0.06 6.91 £ 0.02 1.18 £ 0.02 50.7 £0.1 (316(5)(% 1.1
Citrus waste 3 grapefruit peels waste 428 +0.1 6.89 £ 0.04 0.93 & 0.03 525+ 0.1 (31620/% 04
4 Pomelo peels waste 41.56 + 0.04 6.76 + 0.01 0.76 4 0.03 54.0+0.9 ((;(1;1059/0) 0.7
5 lemon peels waste 41.50 & 0.09 6.63 +0.01 0.90 £ 0.03 531408 (552%%) 15
6 Rosemary 51.66 + 0.09 6.9+ 0.7 1.19 4 0.05 39.2 403 (3%2% 3.0
7 lavender 454 +02 6.77 + 0.01 1.79 4 0.05 43.7 +0.1 (Jlfg% 6.3
Aromatic 8 Thyme 42,55 + 0.07 6.66 + 0.06 1.66 4 0.09 46.7 +0.1 <LOQ 4.6
herbs (0.15%)
9 Artemisia vulgaris L. 447+ 0.3 6.90 £+ 0.05 24 +0.1 418+ 0.1 (?)IE(O)"/QO) 5.8
10 Ruta chalepensis L. 428 +0.1 6.71 % 0.02 1.84 4 0.02 45.0 + 0.9 (3L1(5)°(/3) 6.7
fP oultry 11 Poultry feathers 45.59 + 0.09 72403 14.74 + 0.01 29.7 409 2.70 + 0.05 03
eathers
a: LOQS = 7%; P: Standard deviation £0.2%.
Table 3. Experimental combustion enthalpy of different waste biomasses (citrus peels, aromatic herbs
and poultry feathers) compared with the values calculated by the different approaches herein described.
—AH (KJ/g)
Biomass ID Number Biomass Residue Experimental FTIR HHV ©
(Calorimetric Bomb) 2 Chemometrics ?
1 Orange peels waste 15.1 16.6 18.1
2 tangerine peels waste 16.5 16.4 18.3
Citrus waste 3 grapefruit peels waste 17.2 16.5 17.6
4 Pomelo peels waste 15.5 16.8 16.9
5 lemon peels waste 15.9 16.2 16.8
6 Rosemary 18.0 17.1 22.0
7 lavender 155 15.5 19.2
Aromatic herbs 8 Thyme 16.1 17.0 17.8
9 Artemisia vulgaris L. 16.4 15.8 19.3
10 Ruta chalepensis L. 17.7 16.4 18.0
Poultry feathers 11 Poultry feathers 19.2 — 214

2: RSD < 2%; P: RSD < 5%; ©: RSD < 4% (calculated determining the propagation of the error coming from the
previous measurements).

Both the calculation-based methodologies revealed suitable for the estimation of the
samples’ energetic properties, giving Ac.H values in good agreement with those obtained
by direct calorimetry, which should always be considered as the golden standard. Overall
the obtained values were in reasonable agreement with those reported in the literature for
lignocellulose woods (ranging from —18.4 kJ/mol for wheat straw to —20.7 k] /mol for
pine) [40] and solid residues for spices (AcH = —17.1 kJ /mol for clove buds) [27].

4. Conclusions

In this paper, we reported the combustion heat (A:H) of different kinds of waste
biomasses, highlighting their potential for energy production. Experimental values ob-
tained by indirect methods based on both FTIR/chemometrics and proximate analysis
matched those determined by direct calorimetry; thus, these methodologies can constitute
a reliable and affordable alternative whenever the direct measurement is not possible (for
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instance, because of instrumentation unavailability. FTIR in tandem with chemometrics
seems to be the easiest, cheaper, and fast approach even though this method can be used
only on lignocellulosic biomasses and not on other kinds of samples, e.g., for the feathers,
which are mostly made of keratin.
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