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Abstract: This paper aims to investigate the usage of waste from Absorbent Hygienic Products
(AHP) as a fuel for gasification or pyrolysis, two attractive routes to obtain valuable products and
dispose of this kind of waste. The study experimentally investigated the devolatilization of coarsely
shredded materials from diapers, in a laboratory-scale bubbling fluidized bed made of sand, as a
representative preparatory step of the above-mentioned thermochemical conversions. Two versions
of shredded materials were considered: as-manufactured diapers (AHPam, as a reference), and
the cellulosic fraction of sterilized used diapers (AHPus). Results were presented, obtained from
physical-chemical characterization of AHPam and AHPus (TGA, CHNS/O, proximate and ultimate
analyses, XRF, ICP-AES, SEM-EDS), as well as from their devolatilizations at 500–600–700–800 ◦C
under two different atmospheres (air plus nitrogen, or pure nitrogen as a reference). Generally,
temperature influenced syngas composition the most, with better performances under pure nitrogen.
At 700–800 ◦C under pure nitrogen, the highest syngas quality and yield were obtained. For AHPam
and AHPus, respectively: (i) H2 equaled 29.5 vol% and 23.7 vol%, while hydrocarbons equaled
14.8 vol% and 7.4 vol% on dry, dilution-free basis; (ii) 53.7 Nl and 46.0 Nl of syngas were produced,
per 100 g of fuel. Overall, AHP emerged as an interesting fuel for thermochemical conversions.

Keywords: absorbent hygiene product; waste; gasification; devolatilization; pyrolysis; fluidized bed;
diapers; cellulosic fraction

1. Introduction

Since recent years, research efforts regarding renewable and sustainable energy sources
have been more and more intensified because of the complexity of current global energy
issues and the urgency of global warming containment [1].

The world population is expected to increase up to more than 11 billion people by
the end of the 21st century, geographically concentrated in the currently least developed
regions of the world [2]. This will involve net economic growth in those regions, which
will in turn cause the growth of world energy demand and the consumption of resources
with attendant waste generation, if the current model of linear economy is kept [3].

In September 2018, the World Bank announced that global waste production was
predicted to increase by 70% (referring to 2018) by 2050 [4], unless actions were taken to
break the “take-make-waste” paradigm of linear economy. Humankind in 2018 (7.6 billion
people) produced two billion tonnes of waste per year; therefore, the expected world
population growth should be compensated by avoiding the current gross mismanagement
of waste [3].

In this framework, the European Union (EU) has promoted thematic strategies re-
garding waste prevention and recycling, as well as regulations concerning the transition
towards a circular and sustainable economy [5]. In this scenario, several governmental
programs have sustained actions to contrast climate change, as recently required by the
Paris Agreement and the subsequent Conferences of the Parties to the United Nations
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Framework Conventions on Climate Change [6–9]. The European Green Deal represents
an important response to climate change, setting the final goal of EU climate neutrality
by 2050; the EU aims to couple this goal with a new growth strategy and a just transition
towards a modern, competitive and resource efficient socio-economic system [10].

The use of waste as a feedstock is fundamental in a circular economy for applications
in energy and biofuel production, since it is one of the pillars of the 2030 Agenda for
Sustainable Development and contributes to decarbonization and landfill diversion [11].
Thermochemical conversions may serve as an essential part of a sustainable, integrated
waste management system, as they are suitable routes to produce energy and fuels from
waste [12–14]. In the first place, thermal treatment plants can directly convert the chemical
energy content of waste in power and heat [15]. In addition, thermochemical conversions
such as pyrolysis and gasification allow obtaining more valuable fuels or chemical products
(e.g., by catalytic conversions of syngas [16]), bringing in the advantage of a unified, efficient
treatment applicable to different types of solid waste [12–15].

Although biomass utilization in thermochemical processes for energy and chemical
production has been extensively studied in the literature [1,17,18], analogue studies con-
cerning solid wastes lead to less unitary conclusions because of the broader heterogeneity
of waste materials. This causes the need to specifically study each given class of waste
in order to develop the related waste-to-energy/fuel/chemicals chain. This necessity has
indeed promoted the birth of various projects, such as: “optiCOM”, an industrial project
aiming to implement fluidized-bed gasification of several solid wastes at industrial scale;
“Lig2Liq”, a European research project co-funded by the Research Fund for Coal and Steel
of the European Commission, which investigates the co-gasification of lignite with Solid
Recovered Fuel (SRF) [13,19]; and more than sixty projects funded in the Biomass, Biofuels
and Alternative fuel field, by the EU HORIZON 2020 program [20].

Absorbent Hygiene Products (AHP) constitute one of those class of waste, classified
as a sanitary waste according to the European Waste Catalogue code (EWC, Directive
2000/532/EC). AHP consist of a broad set of products, including diapers for babies,
sanitary protection pads, tampons, adult incontinence products and personal care wipes.
AHP waste currently represents about 2–3% of municipal solid waste and 15–25% of the
residual waste stream in some treatment facilities [21].

Nowadays, waste from AHP is quite challenging from the sustainability point of
view, since it is usually disposed of via either landfill or incineration, losing its recycling
potential [22]. This is a strong motivation of interest in studying possible alternative
processes to better exploit this kind of waste. In the literature, some studies reported the
separation of AHP waste into its different components, which can then be recycled into
secondary raw materials with multiple potential uses (e.g., plastic, cellulose fiber plus
super absorbent polymers) [23–25].

In view of the implementation of an integrated and sustainable management of
AHP waste, pyrolysis and gasification may represent a viable process option because of
their versatility concerning fed feedstock and uniformity of product classes (e.g., syngas
or liquid hydrocarbons) [26–29]. In other words, AHP waste is a potential feedstock
for thermochemical conversion pathways; this aspect appeared as worthy of a scientific
investigation, considering what is stated above about the need of specific studies for the
thermochemical conversion of each given kind of waste, and that waste from AHP has not
been extensively utilized in this way yet (to our best knowledge).

The present work is the first attempt to fill this gap. The option of the thermochemical
conversion of AHP waste materials was studied from the experimental point of view. Two
different AHP waste materials were investigated: as-manufactured, coarsely shredded
diapers, and the cellulosic fraction of sterilized, used diapers. Devolatilizations of samples
from those AHP wastes were performed in a laboratory-scale bubbling fluidized bed
made of sand, as a representative preparatory step of pyrolysis or gasification, respectively,
intended as thermochemical conversions in the absence of oxidants or in the presence
of sub-stoichiometric oxidants (in comparison to combustion) [30]. Physical-chemical
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characterization of investigated materials was presented and discussed, together with
their devolatilization performances, evaluated in terms of syngas yield, carbon conversion,
syngas composition and cold gas efficiency. Results were compared, from devolatilizations
at different temperatures (from 500 ◦C to 800 ◦C), and under fully anoxic or slightly oxidant
atmospheres.

These investigations provided novel results concerning the behavior of AHP waste in
thermochemical conversions based on fluidized beds, which could be exploited for both
scale-up studies and model validations.

2. Materials and Methods
2.1. Waste Materials from AHP for Devolatilization Tests

Two raw materials were selected in this work: (i) as-manufactured, coarsely shredded
diapers (AHPam), which represent an industrial post-production waste (Figure 1a); (ii) the
cellulosic fraction of sterilized used diapers (AHPus), deriving from a diaper sterilization
cycle, followed by the separation of organic and plastic fractions, which are both a post-
consumer material (Figure 1b). AHPam and AHPus are classified according to the EWC
code as sanitary waste.
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2.2. Characterization of Waste Materials from AHP

Several physical-chemical characterizations of waste materials from AHP were per-
formed.

Proximate and ultimate analyses were determined by means of Thermo-Gravimetric
Analysis (TGA), muffle test, oven test and elemental analysis, which quantified carbon (C),
hydrogen (H), nitrogen (N), sulfur (S) and oxygen (O) (from here on named CHNS/O).

TGA tests were carried out by the Linesis STA PT100 equipment, to determine volatile
matter and fixed carbon fraction. The tests were performed as specified by the standard
ASTM D142/02 [31]. Three samples of AHPam and three of AHPus (masses in the range
13.0–27.0 mg) underwent TGA tests under pure N2 or air fluxes. The treatment under pure
N2 (16 Nl h−1) consisted of: (i) 10 ◦C min−1 heating rate from room temperature to 105 ◦C
and 15 min dwell at 105 ◦C; (ii) 10 ◦C min−1 heating rate from 105 ◦C to 950 ◦C and a 7 min
dwell at 950 ◦C. The treatment under air (16 Nl h−1) consisted of: (i) 10 ◦C min−1 heating
rate from room temperature to 700 ◦C and 15 min dwell at 700 ◦C; (ii) 10 ◦C min−1 heating
rate from 700 ◦C to 950 ◦C and 10 min dwell at 950 ◦C. For each kind of treatment, blank
tests were carried out and used to correct TGA data from actual samples.

Additional TGA tests were carried out, concerning combustion under air flux, in order
to evaluate the temperature at which thermal oxidative phenomena could be considered
as extinguished. For both AHPam and AHPus, TGA combustion tests were carried out
under 10 Nl h−1 of air, heating from room temperature up to 950 ◦C at rates of 5, 10 or
20 ◦C min−1.
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Moisture fractions of AHPam and AHPus were determined by measuring the samples
mass variation caused by a drying treatment in an oven (model MPIM factory Oven SL),
keeping the temperature at 105 ◦C for 24 h (BSE EN 15414-3:2011 standard [32]).

Muffle tests (LENTON type ECF 12/10 equipment) were carried out to quantify
AHPam and AHPus ash fractions, with reference to the ISO18122:2015 and 1016-104.4:1998
standard [33], according to the thermal program: (i) 8 ◦C min−1 heating rate from room
temperature up to 500 ◦C with 1 h dwell at 500 ◦C; (ii) 8 ◦C min−1 heating rate from 500 ◦C
up to 815 ◦C with 2 h dwell at 500 ◦C.

The elemental analyzer CHNS/O PerkinElmer 2400 Series-II was used to perform the
ultimate analysis of AHPam and AHPus, obtaining mass percentages of C, H, N, S and O
on dry basis.

The AHPam and AHPus ashes, obtained from the abovementioned muffle treatment
at 815 ◦C, were analyzed by X-Ray Fluorescence (XRF) to determine their semi-quantitative
elemental composition. The XRF device was a Spectro Xepos I instrument, with wavelength
dispersion method, equipped with a detector that does not allow detecting elements with
atomic mass lower than that of magnesium (Mg).

Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) analyses were
carried out with VARIAN 720 ES ICP-AES instrument in order to detect sodium (Na) in
the AHPam material, a key element contained in the super-absorbent polymer of diapers
(sodium polyacrylate) [34].

XRF and ICP-AES techniques are of interest, since the presence of Na and other mineral
elements (e.g., K, Si, Ca, Na, Mg, Al) can lead to the formation of eutectics [35], which can
in turn generate low-melting ashes at the temperatures of those processes investigated in
this work; these melting species may be responsible for important process issues, as they
can develop agglomerates in fluidized beds or obstructions by recondensation in colder
areas [36,37].

2.3. Bed Material and Fluid-Dynamic Conditions for Devolatilization Tests

The bed material used for devolatilization tests was sand; its physical properties of
fluid-dynamic interest (range of particle diameter dp and particle density ρp) are summa-
rized in Table 1. At experimental conditions of devolatilization tests (see Section 2.4), this
sand belongs to Group B of generalized Geldart classification [38], for which minimum
fluidization velocity coincides with minimum bubbling velocity, i.e., Group B materials
cannot provide homogeneous fluidization. From here on, the term “minimum fluidization
velocity (umf)” is used to name the beginning of sand fluidization, which is for sure at
bubbling regime. Values of umf (Table 1), used as references to set devolatilization experi-
mental conditions in this work (see Section 2.4), were determined according to the method
described by Di Giuliano et al. [36].

Table 1. Bed material: physical properties of fluid-dynamic interest and minimum fluidization
velocity (umf) as a function of temperature at devolatilization conditions described in Section 2.4.

Bed Material Sand

dp (µm) 212–250
ρp (kg m−3) 2587

T (◦C) umf (cm s−1)

500 2.9
600 2.7
700 2.5
800 2.3
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2.4. Devolatilization Tests: Experimental Rig and Procedure

Devolatilization tests were performed for both waste materials from AHP, introduced
in Section 2.1 (AHPam and AHPus). Each material was investigated at four temperature
levels (500, 600, 700, 800 ◦C), with two fluidizing agents (pure N2 or air diluted by N2
to obtain 1.3–2.3 vol% of O2 at the bed inlet). Devolatilizations with pure N2 may be
considered as preparatory experiments for a pyrolysis process, while those with diluted air
have the same role related to gasification.

The laboratory-scale plant for devolatilization tests is described in detail elsewhere [36].
For the sake of brevity and clarity, only basic information is given here about this experi-
mental rig (Figure 2). It included (Figure 2) one fluidized bed quartz reactor (5 cm internal
diameter), heated by a cylindrical electric furnace, in turn controlled by a thermocouple
submerged in the bed. The reactor was fed upward by the fluidizing agent, with its flow
rate set to always develop 1.4 times umf (Table 1) at chosen test conditions. The mass of
sand in the reactor was selected to obtain 7.5 cm high beds (1.5 times the bed diameter).
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Figure 2. Schematic view of the laboratory-scale experimental apparatus for devolatilization tests.

Devolatilization products left the reactor from its top, together with the fluidizing
agent which also served as a carrier; condensable species were separated by an ice trap and
a double-pipe glass condenser at 0 ◦C. The composition of dry product gases was measured
online by an ABB analysis system and a micro gas-chromatograph (µCG) AGILENT 490
(see [36] for further details). The ABB system measured the volume percentages of CO,
CO2, CH4 and H2, and the overall hydrocarbons content as ppmv of equivalent C3H8. The
raw values of equivalent C3H8 measured by the ABB system included CH4 contribution;
in this work, the quantity presented as “equivalent C3H8” is intended as already reduced
by the contribution of CH4. From here on, “equivalent C3H8” means “hydrocarbons other
than methane”.

Due to the fluffy nature of raw waste materials from AHP (Figure 1), prior to de-
volatilization AHPam and AHPus were compacted in the form of circular tablets by means
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of a press; those circular tablets were then cut in half to obtain individual pieces small
enough to be fed into the reactor (about 0.2–0.4 g per piece).

AHPam and AHPus pieces were fed individually by hand, thanks to a vertical double
valve system at the top of the reactor (Figure 2, see [36] for further details). Each piece
experienced an abrupt heating, from room temperature to the one of the fluidized bed,
just in the small duration of piece falling. This fast temperature increase could not be
performed by TGA equipment.

For each set of parameters “material kind/fluidizing agent/bed temperature”, three
individual waste pieces were devolatilized, constituting three repetitions of a given test
condition. The thermal decomposition of each piece was carried out until completion,
before feeding the following; therefore, the process could be considered as a semi-batch,
intrinsically at unsteady state.

Outlet molar flow rates (Fi,out, with i = H2, CO, CO2, CH4 and equivalent C3H8) as
functions of time (t) were obtained from ABB measurements, thanks to the assumption
of the N2 inlet flow rate as the internal standard. With regard to tests involving diluted
air, it is reasonable to hypothesize that fed O2 was mostly converted and, in any case,
it represented a negligible flow rate in comparison to the N2 one; therefore, fed N2 was
always assumed as the internal standard. Once Fi,out, masses of fuel pieces (mp) and their
compositions (see Section 3.1) were known, mole balances were performed. On the basis
of these balances, for each devolatilization, integral-average values (“av” superscript in
Equations (1)–(3)) were calculated for the following quantities:

• Gas yield (ηav, Equation (1));
• Percentage of i on dry and dilution free basis (Yi

av, Equation (2));
• Carbon conversion (χav

C, Equation (3), with nj as the number of C atoms in C-
containing species j).

For those quantities defined in Equations (1)–(3), averages out of the three repetitions
were calculated for each set “material kind/fluidizing agent/bed temperature”, provided
with related standard deviations.

ηav = ∑i
∫

Fi,out dt
mp

with i = H2, CO, CO2, CH4 and equivalent C3H8
(1)

Yav
i =

∫
Fi,out dt

∑i
∫

Fi,out dt 100

with i = H2, CO, CO2, CH4 and equivalent C3H8
(2)

χav
C =

(12 g mol−1)×∑j(nj
∫

Fj,out dt)
mp

(
100−wt%ar o f moisture

100

)(
wt%db o f C

100

)100

with j = CO, CO2, CH4 and equivalent C3H8

(3)

Cold gas efficiency (ξ, Equation (4), with LHVg,i as the Lower Heating Value of gaseous
species i in the product gas, LHVp as Lower Heating Value of the solid fuel) was calculated
as an additional overall evaluation parameter, out of the three repetitions for each set
“material kind/fluidizing agent/bed temperature”.

ξ =
∑k[(∑i(LHVg,i

∫
Fi,outdt))k/mp,k]

3·LHVp

with i = H2, CO, CO2, CH4 and equivalent C3H8; k = repetitions 1, 2, 3
(4)

Lower heating values in Equation (4) were found in the literature for the syngas
components [39,40] and tested waste materials from AHP [34] (Table 2).
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Table 2. Lower heating values of gas components (LHVg,i) and waste materials from AHP (LHVp),
defined for Equation (4).

Gas LHVg,i [MJ kmol−1] Ref

CO 282.99 [39]
CO2 0
H2 241.83 [39]

CH4 802.34 [39]
C3H8 46.2 [40]

Material LHVp [MJ kg−1]

AHPam 23.60 [34]
AHPus 10.36 [34]

2.5. Characterization of the Fluidized Bed after Devolatilization Tests

Some morphological and topological aspects were observed by microscopy techniques,
namely: (i) Scanning Electron Microscopy (SEM) with Zeiss GeminiSEM 500 microscope
equipped with Energy Dispersive X-ray Spectrometry (EDS) for elemental analyses; (ii)
observation by means of a stereomicroscope Leica s8 Apo model.

Results of EDS analyses are mentioned in Section 3.3, but only related SEM micro-
graphs are shown. Both microscopy techniques were exploited to study possible ag-
glomeration or sintering phenomena in the fluidized bed, which can interfere with the
fluidization quality by increasing the average diameter of bed particles, therefore affecting
the performance of thermochemical conversion [39].

This characterization was carried out on the spent fluidized sand at the end of the
devolatilization tests (see Section 2.3); the sampling of spent bed particles was performed
in different zones: coarse agglomerates of the sand bed (Figure 3a), top of the sand
bed (Figure 3b), bottom of the sand bed (Figure 3c), intermediate part of the sand bed
(Figure 3d).
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3. Results
3.1. Physical-Chemical Characterizations of AHPam and AHPus

Table 3 shows the numerical results of proximate and ultimate analyses of AHPam
and AHPus, obtained by TGA, oven tests, muffle tests, and the CHNS/O analyzer (see
Section 2.2).

Table 3. Proximate and ultimate analyses of AHPam and AHPus (wt% ar = weight percent on
as-received basis; wt% db = weight percent on dry basis).

wt% ar

AHPam AHPus

Dry weight 94.2 93.4
Moisture 5.8 6.6

Ashes 7.5 10.7
Volatile matter 82.8 81.5
Fixed carbon 3.9 1.2

wt% db

C 65.3 43.5
H 10.3 6.6
N 0.0 0.1
S 1.1 1.8
O 23.3 48.0

Table 4 summarizes the semi-quantitative elemental compositions of AHPam and
AHPus, measured by XRF (see Section 2.2).

Table 4. Semi-quantitative elemental composition of AHPam and AHPus, measured by X-ray
fluorescence (XRF) (abs. err. = absolute error).

Element
AHPam AHPus

(wt %) abs. err. (wt %) (wt %) abs. err. (wt %)

Mg 1.007 0.031 <0.0020 0.0
Al <0.0020 0.0 <0.0020 0.0
Si 0.1016 0.0024 1.272 0.008
P 0.0581 0.001 0.5238 0.0034
S 0.03947 0.00049 4.467 0.005
Cl 0.0079 0.00016 1.425 0.002
K 0.04641 0.00069 2.935 0.003
Ca 11.99 0.01 1.157 0.002
Ti 1.402 0.001 0.08108 0.00029
V 0.05397 0.0006 0.00465 0.00013
Cr <0.00010 0.0 0.00796 0.00006

Mn 0.01207 0.00008 0.00906 0.00007
Fe 0.3068 0.0009 0.2159 0.0006

Table 5 summarizes temperatures at which oxidative decomposition phenomena were
no longer detectable during combustions in TGA equipment, for both AHPam and AHPus.

Table 5. End decomposition temperature of AHPam and AHPus, measured during TGA combustions
under air flux.

Heating Rates (◦C min−1) 5 10 20

Temperature of decomposition end for AHPam (◦C) 690 660 540
Temperature of decomposition end for AHPus (◦C) 530 520 540
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3.2. Devolatilization Tests

Figures 4 and 5 show four examples of devolatilizations at 800 ◦C, one for each com-
bination “fluidizing agent/material kind”. As already noted by Di Giuliano et al. [36]
about similar experiments with biomass pellets, the gaseous products (H2, CO, CO2, CH4,
equivalent C3H8 hydrocarbons) were released by an unsteady state process, as evidenced
by the characteristic asymmetric shape of Fi,out (t) peaks. The numerical integration of Fi,out
(t) curves with respect to time (t) allowed the calculation of integral-average parameters de-
fined by Equations (1)–(3) (see Section 2.4); these values were then averaged out of the three
repetitions of pellet devolatilizations for each set of condition “material kind/fluidizing
agent/bed temperature”. In addition, cold gas efficiencies (Equation (4)) were calculated
on the basis of abovementioned numerical integrations.
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Figure 5. Example of H2, CO, CO2, CH4 and equivalent C3H8 outlet molar flow rates (Fi,out) as functions of time (t)
produced by devolatilizations of AHPam (a) and AHPus (b), in the sand fluidized bed, at 800 ◦C, under nitrogen plus air
atmosphere (diluted air).

Bar charts were used to summarize the devolatilization performances of AHP ma-
terials under pure nitrogen (Figure 6) or diluted air (Figure 7), in terms of syngas com-
position Yi

av (Equation (2), Figures 6a,b and 7a,b), carbon conversion χav
C (Equation (3),

Figures 6c,d and 7c,d), and gas yield ηav (Equation (1), Figures 6e,f and 7e,f). In both
figures, the left column concerns AHPam, while the right one concerns AHPus.
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represent average values out of the three repetitions for each set “material kind/fluidizing agent/bed
temperature”, errors bars quantify the related standard deviations.
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Colored bars in Figures 6 and 7 represent average values out of the three repetitions
for each set “material kind/fluidizing agent/bed temperature”; errors bars quantify the
related standard deviations.

Numerical data showed in Figures 6 and 7 are detailed in Appendix A of this work.
Table 6 summarizes numerical values of cold gas efficiency (ξ, Equation (4)), calculated

for each set “material kind/fluidizing agent/bed temperature”, as described in Section 2.4.

Table 6. Cold gas efficiency (ξ, Equation (4)) for each set “material kind/fluidizing agent/bed
temperature”.

T Tests with N2 Tests with N2 Plus Air

(◦C) AHPam
(%)

AHPus
(%)

AHPam
(%)

AHPus
(%)

500 2.6 16.5 6.8 13.8
600 27.6 27.1 14.3 23.9
700 29.1 32.2 18.6 29.7
800 28.8 51.6 23.8 33.1

3.3. Characterizations of Spent Fluidized Bed

After devolatilization tests ended, the spent bed material was recovered and sampled
by the procedure described in Section 2.5. Figure 8 shows pictures taken by the stereomi-
croscope on coarse sand agglomerates (Figure 3a). Figures 9–12 show SEM micrographs of
different samples from the spent bed; more in detail, these picture reveal morphological
and topological aspects of coarse agglomerates (Figure 9), bed bottom (Figure 10), bed
intermediate zone (Figure 11) and bed top (Figure 12).
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4. Discussion
4.1. Physical-Chemical Characterizations

Table 3 shows results from proximate and ultimate analyses of AHPam and AHPus.
A high volatile content resulted from proximate analyses of both materials (82.8 wt% ar
for AHPam and 81.5 wt% ar for AHPus), as well as an important ash fraction (12.5 wt%
for AHPam and 11.4 wt% for AHPus), for instance, higher than that of SRF [19]. The
high content of volatiles was considered to be a positive factor, since the conversion of
these species is favored in the thermochemical processes considered in this work [39]. The
ultimate analysis highlighted the absence of nitrogen or its presence in traces (0.0 wt%
db in AHPam and 0.1 wt% db in AHPus, Table 3): this could be an interesting feature
in an oxyfuel conversion, as it may allow expecting no development of nitrogen-based
pollutants. In general, the ultimate analysis (Table 3) for AHPam and AHPus makes them
appropriate for thermochemical processes.

The semi-quantitative elemental composition, measured by XRF (Table 4), identified
the main elements in the ashes of AHPam and AHPus. Ashes from AHPam mainly
contained Mn, Ca and Ti, while in ashes from AHPus there were mainly Si, P, K, Cl, and
Ca. With regard to S, a not negligible quantity was found in AHPus, higher by one order of
magnitude than S in AHPam.

ICP-AES analyses indicated that Na content in AHPam was in the range of 2–3 wt%;
it is reasonable to assume a similar Na content in AHPus.

The Na-Si phase diagram [35] shows the formation of an eutectic in the range of
temperature 500–800 ◦C, corresponding to 45 wt% of Na in Si. This range of temperature is
exactly the same considered in devolatilizations of this work. Even though only 2–3 wt% of
Na was detected or assumed in waste materials from AHP, this value could have become
locally higher, therefore triggering the agglomeration of sand particles. This phenomenon
was demonstrated by SEM-EDS analyses of bed samples after devolatilization tests (see
Section 3.2, Figures 8–10).

4.2. Experimental Data from Devolatilization Tests

With regard to devolatilization tests, it is worth to stress again that they were carried
out with two fluidizing agents: pure N2 or N2 plus air (i.e., diluted air). Tests with
pure N2 represented a preliminary experimentation which simulated the pyrolysis of
waste materials from AHP, while those with diluted air did the same for the gasification
process [30]. In addition, and more interestingly for the purposes of this work, tests with
pure N2 served as a reference to evaluate effects due to the slightly oxidizing atmosphere
of experiments with diluted air.

The chosen devolatilization temperatures matched well with results from the com-
bustion tests performed in TGA (Table 5), which highlighted how the combustion process
ended in a range of temperatures between 500 and 600 ◦C. From the analysis of these
results at 20 ◦C min−1 (the fastest heating rate performed in TGA, Table 5), decompo-
sition by combustion extinguished at 540 ◦C for both AHPam and AHPus; considering
that devolatilization tests involved a definitively more abrupt temperature increase from
room to 500, 600, 700 or 800 ◦C and that thermal decomposition phenomena tend to
overlap as the heating rate is increased, it is reasonable to assume that conditions in the
laboratory-scale fluidized bed were sufficient to induce a substantial thermal decomposi-
tion of AHP-derived fuels.

The results from devolatilizations were presented in Section 3.2. With both fluidizing
agents and both AHPam and AHPus, some general effects emerged due to the temperature
increase, which were quantified by means of the parameters defined in Section 2.4.

Integral-average gas yield (ηav, Equation (1)) for AHPam had maximum values (net
of standard deviations) at 700–800 ◦C in N2 atmosphere (Figure 6e) and at 800 ◦C in
N2 plus air atmosphere (Figure 7e), while ηav always increased as the temperature was
increased for AHPus with both fluidizing agents, reaching maximum values at 800 ◦C
(Figures 6f and 7f).
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Carbon conversion (χav
C, Equation (3)) for AHPam had its maximum value at 700 ◦C

with both fluidizing agents (Figures 6c and 7c); for AHPus, an increasing trend was ob-
served as the temperature was increased, with the highest values at 800 ◦C, even though
there were important standard deviations at 600 and 700 ◦C for AHPus in diluted air
(Figures 6d and 7d). These observations highlighted a significant differentiation of behav-
iors due to the solid fuel nature: with AHPam, it is not needed to heat a fluidized bed up
to 800 ◦C to obtain the maximum χav

C.
As for integral-average gas compositions (Yi

av, Equation (2), Figures 6a,b and 7a,b),
generally the temperature increase involved an increase in H2 percentage and a decrease
in hydrocarbons fraction (equivalent C3H8), with the variations of their two Yav

i appear-
ing in reciprocal correlation; it is sensible to hypothesize that hydrogen atoms which
were converted in gaseous H2 came from the cellulosic and plastic matrix of the AHP
materials [34].

Differences emerged concerning the formation of gaseous hydrocarbons, when com-
paring the gas developed from the two materials: under both atmospheres, the decom-
position of AHPam produced a syngas with higher equivalent C3H8 fraction (Figure 6a
vs. Figure 6b, Figure 7a vs. Figure 7b). This difference was exalted at 500 ◦C, the lowest
investigated temperature: under N2, Yav

C3H8equiv was 54.8 vol% for AHPam (Figure 6a)
and 16.5 vol% for AHPus (Figure 6b) on dry and dilution-free basis; the same trends and
orders of magnitude were observed in the N2 plus air case (Figure 7a vs. Figure 7b). This
aspect could be correlated to the composition of the material, since the AHPam contained
higher carbon and hydrogen fractions than those of AHPus (elemental analyses, Table 3).
This effect, due to the nature of waste materials from AHP, decreased as the temperature
was increased.

A deeper qualitative insight about hydrocarbons’ nature came from the µCG analyses.
Peaks with retention times compatible with those of ethylene/acetylene and propene were
often detected at all tested temperatures, while those of benzene were occasionally found
in syngas from tests at 800 ◦C under diluted air. In any case—as evidenced by Di Giuliano
et al. for similar tests on the same rig of this work—those µGC analyses are only an optional
means to identify some of the hydrocarbons quantified by the ABB system as “equivalent
C3H8”; it must be taken into account that the µCG sampling was manually started and
occurred on a flow produced by an unsteady process [36].

As for oxidized carbon in gases (CO and CO2), it is reasonable to assume that oxygen
could come only from the solid phases in tests under pure N2, while fed O2 acted as
an additional source in tests with N2 plus air. This assumption found confirmation in
the experimental results: for both waste materials and all temperatures, devolatilizations
under diluted air produced syngas with higher fractions of CO and CO2 (Figure 7a,b), in
comparison with those obtained from devolatilizations under pure N2 (Figure 6a,b). On the
other hand, under both atmospheres, AHPus developed higher fractions of CO and CO2
(Figures 6b and 7b) than those obtained from AHPam (Figures 6a and 7a), in agreement
with the oxygen content of the two solid fuels (Table 3). The non-linear behavior of CO2
concentration with respect to temperature could be ascribed to the network of exothermic
and endothermic reactions and the competitive trend of their thermodynamic and kinetic
peculiarities.

Numerical data represented in Figures 6 and 7 are reported in Appendix A of this
work (Tables A1 and A2): sometimes, important standard deviations were observed. This
variability was ascribed to: (i) the macroscopic inhomogeneity of the AHP materials,
which made it difficult to obtain solid pressed tablets which were fully representative of
the average composition of each whole solid bulk inventory; (ii) the low density of the
analyzed materials, together with small allowed dimensions of pressed tablets, involved
small absolute masses of fed solid fuel per each devolatilization test, then implying a more
significant relative weight of the inherent experimental errors on determined quantities.

The cold gas efficiency (ξ, Equation (4), Table 6) was used as an overall parameter to
better evaluate and compare the experimental devolatilization performances. The results
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in Table 6 confirmed that the temperature increase produced positive effects, since it made
the ξ grow for both materials and both atmospheres in the range 500–800 ◦C. At a given
temperature, AHPus devolatilizations under both atmospheres resulted in higher ξ values
than those related to AHPam (with the minor exception for pure N2 at 600 ◦C, Table 6).
The highest ξ occurred for AHPus, at 800 ◦C: 56.5% in N2 atmosphere and 33.1% in N2
plus air atmosphere, respectively (Table 6). This evidence was corroborated by the higher
volatile content in AHPus samples (Table 3). These results are in further agreement with the
detected improvements of the composition of the produced gas (Figures 6a,b and 7a,b), i.e.,
an increase in gaseous compounds with a higher calorific value (H2, CO and CH4) as the
temperature was increased, with the concomitant increase in gas yield ηav. This suggested
that the endothermic reactions of devolatilization were favored as the temperature was
increased, and that the light hydrocarbon compounds, collectively reported as equivalent
C3H8, were widely decomposed at 800 ◦C.

Overall, among all tested conditions, the range 700–800 ◦C appears as the best for the
thermal decomposition of both waste materials from AHP, with the best performances in
terms of cold gas efficiencies achieved with AHPus at 800 ◦C.

As a side note, the experimenters of this work would like to underline that important
and progressive deposition of allegedly carbonaceous species occurred on the reactor
walls and inside downstream pipelines. This made it impossible and unrealistic to close
carbon balances; as a first approximation, it can be assumed that the share (100—χav

C) is
attributable to these deposits. This is also a significative issue, which must be considered
in hypothetical scaled-up processes of the thermochemical conversion of waste materials
from AHP.

4.3. Characterization of Spent Fluidized Bed

The SEM-EDS and stereoscopic microscope analyses allowed us to deepen the insight
about the agglomeration of ashes and bed particles during the devolatilization tests (see
Section 2.5).

Figure 8 shows pictures taken by the stereomicroscope on coarse sand agglomerates,
shown at 1:1 scale in Figure 3a. Figure 8a is an overall view of bed particles after the
whole devolatilization campaign under N2 and air atmosphere: many sand particles in
the diameter range of 212–250 µm (Table 1) appeared as stuck in a very compact block,
i.e., agglomerated into coarse groups in the order of 1–2 cm. This phenomenon could
negatively affect the fluidization quality of the bed. Magnifications of stereomicroscope
pictures (Figure 8b–d) evidenced the occurrence of Si particles fusion (blue circles) and
carbon deposition (red circle).

Figures 9–12 show SEM micrographs of the spent sand bed after the last test; more
in detail, these pictures revealed morphological and topological aspects of coarse agglom-
erates (Figure 9), bed bottom (Figure 10), bed intermediate zone (Figure 11) and bed top
(Figure 12).

Figure 9a shows irregularly shaped particles (dark grey) and some agglomerates
(light grey, top right). Those agglomerates were detailed by Figure 9b,c, which shows:
smooth bridges and jagged areas characterized by crusts and holes, together with melted
covers adhering to the original grains. EDS microanalyses highlighted the presence of Si
as the main constituent of those bridges, with a lower amount of Na and traces of other
elements such as Al, Mg, K and Fe, documented elsewhere as possible causes of sintering
phenomena [41].

In its upper part, Figure 10a shows a relatively huge chain of agglomerates, quite
evident by contrast with the smaller, well segregated particles below. Figure 10b evidences
the presence of the same kind of smooth bridges already found in Figure 9b,c, and areas
covered by melted layers (brighter zone in Figure 10b), mainly containing Si, Na and traces
of K, Al and Ca, according to EDS analyses. In addition, EDS determined that the lightest
zone in Figure 10b consists of a porous structure mainly made up of Ca.
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Intermediate (Figure 11) and top (Figure 12) zones of the bed revealed a very similar
morphology, also at the single-particle level, as can be seen by magnified micrographs
in Figures 11c and 12c. A superficial, spread deposition of fine particles was observed
(Figures 11b,c and 12b,c), but no sintering occurred on the whole. SEM-EDS results con-
firmed that the spread fine particles were made up of Si and traces of Al, Mg, Na, K
and Ca.

Overall, the following observations could be inferred from this microscopic characteri-
zation:

1. A priori, it was expected to find a greater number of melted particles/agglomerates
in the upper part of the bed, because it is the zone of the first contact between its
free surface and the falling pieces of waste materials from AHP; however, the exact
opposite was found, as the smaller particles had moved to the top of the bed, while
the larger ones, allegedly formed on the top, were found on the bottom. This is proof
of the good mixing within the fluidized bed;

2. Agglomerations did not diffusely involve the whole bed inventory. This suggested
that only where the bed had experienced locally high Na concentrations the eutectic
had formed [35], even though the quantity of Na in the fed fuel was low (2–3 wt%)
compared to Na eutectic concentration in Si (45 wt%) [35].

5. Conclusions

This work dealt with devolatilizations of two kinds of waste generated from Ab-
sorbent Hygiene Products (AHP): shredded scraps of as-manufactured diapers (AHPam)
and shredded cellulosic fraction of used and sterilized diapers (AHPus). Tests were carried
out in a laboratory-scale bubbling fluidized bed made of sand, at temperatures between
500 ◦C and 800 ◦C, under inert and mildly oxidizing atmospheres. This experimental cam-
paign served as a preparatory step for possible scaling-up of thermochemical conversion
processes with waste materials from AHP as the solid fuel feedstock.

Devolatilization performances were evaluated in terms of gas yield, carbon conversion
and cold gas efficiency.

Temperature in the range 500–800 ◦C appeared as the most influential process param-
eter, followed by the oxygen content in the fluidization agent and the nature of solid fuel.
Devolatilization tests performed at 700 and 800 ◦C, using pure nitrogen as the fluidizing
agent, allowed us to obtain the highest values of gas yield (53.7 Nl 100 gfuel

−1 for AHPam
at 700 ◦C; 46.0 Nl 100 gfuel

−1 for AHPus at 800 ◦C), carbon conversion (56.5% for AHPam
at 700 ◦C; 55.0% for AHPus at 800 ◦C), and cold gas efficiency (28.8% for AHPam, 51.6%
for AHPus both at 800 ◦C).

The oxidative atmosphere determined poorer performances in terms of cold gas
efficiency (e.g., at 800 ◦C, 23.8% for AHPam and 33.1% for AHPus), sensibly because of
the more pronounced oxidation of gaseous products, leading to a reduction in the lower
heating value of syngas.

According to cold gas efficiency, AHPus appeared as the more interesting fuel feed-
stock when the main aim of thermochemical conversion is the production of power
and heat.

SEM-EDS analyses evidenced the occurrence of agglomeration and sintering of the
bed particles, ascribed to low-melting elements in the fuel ashes, such as Na, Ca, Si and K.
Nevertheless, this phenomenon did not spread within the whole bed inventory and the
bed mixing was kept during devolatilizations.

Important depositions of allegedly carbonaceous species were noted inside the reactor
and on internal walls of downstream pipelines.

The presented experimental investigation provided results and useful information
concerning the behavior of waste materials from AHP in thermochemical conversions
occurring in fluidized beds. Technical issues, such as sand particle agglomeration and dirt
depositions, were documented in view of the possible scale-up of thermochemical conver-
sion processes of waste materials from AHP. In addition, devolatilization experimental
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results were made available for possible model validations in further studies, which could
also be used to investigate process economics at hypothetical industrial scales.

Overall, AHP waste appeared as an interesting feedstock for thermochemical pro-
cesses, especially if aimed at power/heat production.
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Appendix A

This appendix summarizes the numerical results discussed in this manuscript.
Tables A1 and A2 show the experimental data of devolatilization tests, discussed in the
main text and reported as bar charts in Figures 6 and 7.

Table A1. Experimental results of devolatilization tests under nitrogen atmosphere, as functions of temperature (av3:
average of results from the three individual pellets; sd3: standard deviation of results from the three individual pellets).

Sample ηav χav
C Yav

H2 Yav
C3H8equiv Yav

CO Yav
CO2 Yav

CH4

(Nl Per
100 gfuel)

(%) (mol% Dry
N2-Free)

(mol% Dry
N2-Free)

(mol% Dry
N2-Free)

(mol% Dry
N2-Free)

(mol% Dry
N2-Free)

av3 sd3 av3 sd3 av3 sd3 av3 sd3 av3 sd3 av3 sd3 av3 sd3

500 ◦C

AHPam 10.0 3.11 17.8 5.1 2.80 3.90 54.8 10.2 9.00 4.62 15.5 7.91 17.8 3.63
AHPus 15.8 7.67 25.4 11.1 7.90 4.80 16.5 7.26 27.8 6.50 33.3 3.00 14.5 9.96

600 ◦C

AHPam 34.5 2.43 43.8 2.5 15.6 0.63 30.8 3.96 14.7 2.71 18.1 3.50 20.8 2.24
AHPus 25.0 21.4 38.6 28.7 10.7 4.07 17.7 5.86 33.4 4.66 23.5 1.40 14.7 0.38

700 ◦C

AHPam 53.7 6.66 56.5 4.9 23.3 3.72 22.5 5.03 21.0 2.55 13.5 0.38 19.8 2.02
AHPus 29.8 19.8 42.2 18.7 20.1 4.07 24.7 23.8 25.7 9.79 18.7 6.62 10.8 4.00

800 ◦C

AHPam 52.5 9.51 45.5 5.8 29.5 2.05 14.8 2.80 25.4 4.04 12.9 1.74 17.5 1.73
AHPus 46.0 5.40 55.0 2.1 23.5 5.53 7.40 0.98 36.4 0.89 20.7 3.95 12.0 1.36
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Table A2. Experimental results of devolatilization tests under nitrogen plus air atmosphere, as functions of temperature
(av3: average of results from the three individual pellets; sd3: standard deviation of results from the three individual
pellets).

Sample ηav χav
C Yav

H2 Yav
C3H8equiv Yav

CO Yav
CO2 Yav

CH4

(Nl Per
100 gfuel)

(%) (mol% Dry
N2-Free)

(mol% Dry
N2-Free)

(mol% Dry
N2-Free)

(mol% Dry
N2-Free)

(mol% Dry
N2-Free)

av3 sd3 av3 sd3 av3 sd3 av3 sd3 av3 sd3 av3 sd3 av3 sd3

500 ◦C

AHPam 19.2 2.53 31.9 6.9 0.00 0.00 45.0 13.3 15.7 5.90 24.6 9.00 14.8 4.40
AHPus 17.2 11.2 28.4 13.2 0.00 0.00 18.4 13.6 28.6 5.00 41.0 8.50 12.0 0.80

600 ◦C

AHPam 29.6 2.14 35.7 2.00 11.1 2.1 25.0 0.60 18.2 1.90 25.0 2.10 20.6 1.20
AHPus 25.5 14.6 38.0 16.3 7.3 3.3 16.9 16.2 29.1 8.70 33.4 8.60 13.3 2.10

700 ◦C

AHPam 38.0 7.11 49.1 6.00 11.3 2.30 30.5 5.03 17.9 1.70 19.7 0.60 30.5 0.80
AHPus 31.6 5.14 45.1 5.50 13.6 0.30 11.1 2.20 28.6 2.50 34.2 4.80 11.1 1.00

800 ◦C

AHPam 51.5 17.6 45.1 7.90 23.3 5.00 13.8 7.10 19.6 1.20 27.0 7.90 16.3 3.10
AHPus 38.7 10.9 51.1 11.8 14.7 0.40 7.80 2.60 29.3 3.80 38.2 7.10 10.0 1.70
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