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The aim of this work was to study the potential synergistic effects of the mixing factor on the kinetics parameters
and products obtained through co-pyrolysis of two wastes from Rosa rubiginosa rosehip, and further co-
gasification with CO; of the remaining biochar. Thermogravimetric analysis showed that 6 different processes
occur by slow pyrolysis (heating rates of 5, 10, and 20 °C/min), associated with the decomposition of hemi-
celluloses, cellulose, lignin, and CaCO3 from the ashes. Isoconversional methods determined activation energies
of 84.68-223.42, 230.11-270.85, 187.58-303.37, and 400.11-421.71 kJ/mol for hemicellulose, cellulose,
lignin, and CaCO3 decomposition, respectively. In most cases, the activation energy from co-pyrolysis was higher
for the blends than for the pure wastes, which means that the blends are less reactive to pyrolysis. Gas and tar
analyses showed that the blend with 75 % husk waste and 25 % seed waste produced the most hydrogen (5.639
mmol/g biomass), while the blend with 25 % husk waste and 75 % seed waste produced the most carbon
monoxide (3.642 mmol/g biomass). The biochar produced by the blends and pure wastes were thermally treated
with CO2 to compare reactivity to gasification. It was concluded that the addition of husk waste to the blend
increases the reactivity of the biochar obtained, mainly due to its higher ash content.

steatosis (fatty liver) [10].
Rosehip seed and husk processing produces different residues that
must be taken into consideration. Circular bioeconomy and the devel-

1. Introduction

Rosa rubiginosa, a shrub native to Europe and Asia, grows in southern

Argentina, Chile, Australia and New Zealand [1]. Its ready adaptation to
a wide range of soils [1,2] endows it with colonizing characteristics,
enabling it to push other plants and animals to extinction [3]. In
Argentina, Rosa rubiginosa and other Rosaceae species are considered
invasive [3-5], though it is still permitted to use rosehips for economic
purposes. In Argentina and Chile, the main rosehip market is for rosehip
oil, flour from the seed, and jam from the husk [6]. Research has shown
that Rosa rubiginosa seed oil has skin healing properties, especially for
the treatment of scars, burns [7,8], and diabetic skin wounds [9]. Some
preliminary studies have shown that it could help prevent hepatic
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opment of biorefinery technologies aim to process biomass into multiple
products and energy, leaving no residue [11]. These products include
fuels, feed, biopolymers, and biopharmaceuticals, among others [12]. It
is therefore possible, through this biorefinery approach, not only to
reduce pollution by treating the waste left in the process, but also to
mitigate the effect of the increasing demand for energy and materials.
Pyrolysis and gasification are two thermochemical processes through
which it is possible both to valorize biomass wastes and obtain biogas
such as hydrogen, carbon monoxide, methane, and ethylene, among
others. Pyrolysis can also be used to produce bio-oil and biochar [13].
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Fig. 1. Diagram of rosehip processing up to final waste (RHW and RSW). The current study focuses on the pyrolysis/gasification process in the diagram.

The bio-oil may be burned for energy or distilled to obtain multiple
products. Biochar is a well-known adsorbent for cleaning gas [14,15],
and can also be used to remediate soils [16,17]. Among the most
recently published research, Mu et al. [18] performed a comparative
study on the pyrolysis of crop, woody, and herbaceous biomass to assess
the products and the characteristics of the biochar and its response to
CO4, gasification. Ahmed and Kishore [19] studied the extraction of the
fuel phase from bio-oil obtained by slow pyrolysis of Azadirachta indica
biomass. Wu et al. [20] analyzed the effects of the interaction of the
components in lignocellulosic biomass (hemicellulose, cellulose and
lignin) on the pyrolysis products and kinetics. Chen et al. [21] reviewed
the advances in co-pyrolysis of biomass with carbonaceous materials
(plastic wastes, tire garbage, coal, etc.) and its synergistic effects. Other
recent research focuses on the analysis of integrated pyrolysis models by
performing simulations in Aspen Plus [22,23].

These processes are conducted in pyrolyzers and gasifiers. Their
design and optimization, as well as computer simulations, require the
conduction of prior experiments to identify the products obtained and
the kinetics of the process. Testing includes thermogravimetry (TGA)
and different analytical methods such as Fourier-transform infrared
spectroscopy (FTIR), gas chromatography (GC), or mass spectroscopy
(MS). Several authors have successfully used thermogravimetric data to
identify the kinetic parameters from the Arrhenius model (activation
energy, E, and pre-exponential factor, A) and the reaction model
[24,25]. Mishra et al. [26] conducted a comparative study on the py-
rolysis kinetics of little millet and sunflower stems biomass through
thermogravimetric analysis using isoconversional methods, concluding
that both biomasses are suitable for this type of process. Sharma et al.
[27] compared the pyrolysis of two biomasses (poplar and eucalyptus
wood) using model-fitting methods. In both these studies, master plots
were used to obtain the kinetic model. Other researchers conducted
kinetic studies through multi-step reaction models, by isolating different
reactions through deconvolution of the thermogravimetric data [28,29].

The aim of the current study is to use pyrolysis and gasification to
analyze potential valorization of rosehip waste from different processes,
framed in a biorefinery approach. Two different wastes were studied:
rosehip husk waste (RHW) and rosehip seed waste (RSW), both of which
are solids remaining after rosehip is subjected to different processes to
obtain multiple products, as shown in Fig. 1.

Rosehip seeds are cold pressed and milled in Bariloche, Argentina by

Flores Norpatagonicas S.R.L., which sells both the oil and the flour. A
previous study by Torres-Sciancalepore et al. [29] discusses the opti-
mization of the pectin extraction from rosehip husk. As shown in Fig. 1,
by valorizing the remaining residues, it is possible to close the loop,
leaving zero waste and obtaining multiple products. This way, a company
dedicated to the processing of the rosehip from Rosa rubiginosa will be
able to obtain multiple products, including the pyrolyzer/gasifier in one
place avoiding additional transportation costs.

Furthermore, special attention was put into identifying potential
synergistic effects produced by the mixing factor on different blends of
the two wastes. These effects can either potentiate or inhibit the pro-
duction of certain substances, or cause unexpected changes in the kinetic
parameters. Knowledge of these effects will contribute to improved
decision-making regarding process design.

2. Materials and methods
2.1. Materials

Two wastes from Rosa rubiginosa rosehip were treated in this study:
rosehip seed waste (RSW) and rosehip husk waste (RHW). RSW was
provided by Flores Norpatagonicas S.R.L., a company that produces seed
oil for cosmetics (by cold pressing without chemical additives), and
rosehip seed flour. RHW is the exhausted solid remaining after pectin
extraction with citric acid at pH = 2.3 and T = 79.6 °C [29]. Both wastes
were dried at 70 °C for 24 h in a free convection oven (San Jor
SL30SDB). Samples were shredded and stored separately in airtight bags
until further use.

Three blends were prepared by mixing the two residues in different
mass ratios, RHW:RSW = 1:3, 1:1, and 3:1, which were labeled RHW25,
RHW50, and RHW7S5, respectively. The pure RSW sample was labeled
RHWO, and the pure RHW sample RHW100.

2.2. Characterization of rosehip wastes

Ash content (ASH) by proximate analysis, volatile matter (VM) and
fixed carbon (FC) contents were determined for all samples, following
standards ASTM E 871-82, ASTM E 872-82, and ASTM D 1102-84 for
determining moisture content, VM and ASH respectively, while FC was
calculated by difference.
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2.3. Pyrolysis experiments

2.3.1. Thermogravimetry

To acquire data on biomass decomposition by pyrolysis with time
and temperature, thermogravimetric experiments were performed on all
samples in a thermobalance, thermal analyzer NETZSCH STA 409. A 40
mg sample was placed in a crucible in the thermal analyzer and heated
from ambient temperature to 950 °C at heating rates (p) of 5, 10 and
20 °C/min. The pyrolysis experiments in the thermobalance were per-
formed in an inert atmosphere using a 5 L/h nitrogen gas (N3) flow rate.
To study the effect of the blends, the DTG (derivative thermogravi-
metric) curve was constructed by numerical differentiation of data using
a second-order Lagrange interpolating polynomial.

2.3.2. Determination of kinetic and thermodynamic parameters

Based on the thermogravimetric data, do/dT plots were constructed,
where « is the degree of conversion with respect to the total devolati-
lization of the sample at the end of the pyrolysis process (a =
(mg —m)/(my —my,)). The new plots were therefore deconvoluted and
different peaks were isolated and adjusted with the Lorentz function
[30], which showed the best fit among several distribution models that
were tested. Each peak represented a different disintegration reaction
and was attributed to the decomposition of different pseudocomponents
that constituted the biomass. From each isolated process, the kinetic
parameters, pre-exponential factor (A), activation energy (E), and con-
version model (f(a), were determined following the Arrhenius equation
within the reaction rate:

di A E
d—?zyxp(—ﬁ)f(«x) &)

following the methodology reported by Torres-Sciancalepore et al. [30].
The activation energy for each reaction was determined by iso-
conversional methods, from which the Fynn-Wall-Ozawa (FWO),

__mass of reactor with sample before pyrolysis — mass of reactor with sample after pyrolysis
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and it is a function of conversion. The coefficient of determination was
calculated to determine which of the models fitted best.

To estimate the activation enthalpy and activation Gibbs energy, the
following equations were used [35]:

AH = E —RT,, (C))
AG = E +RT,In(kg T, /hA) (5)

where Ty, is the maximum decomposition rate temperature (K), kg is the
Boltzmann constant (1.381 x 10723 J/K), and h is Planck’s constant
(6.626 x 1073* J 5).

2.3.3. Pyrolysis reactor

Pyrolysis experiments were conducted in a 70-cm-long cylindrical
pyrolysis reactor constructed of silica glass to analyze the gases (GC/
FTIR), the tar (GC-MS) and the char (SEM) obtained (See Sections
2.3.3.1-2.3.3.3).

For each sample, a crucible containing exactly 50.0 mg of biomass
was placed inside the horizontal reactor, which was heated from
ambient to 950 °C using an electric furnace with a Dhacel CD101 tem-
perature controller at a heating rate of 5 °C/min in an inert atmosphere
using a nitrogen gas (N») flow of 5 L/h.

To determine the gas, liquid and solid yields, the pyrolysis reactions
were replicated (N flow rate = 5 L/h; T = 950 °C; p = 5 °C/min) in a
vertical silica-glass reactor packed with alumina beads. The reactor
containing the sample inside the crucible and the ceramic beads was
weighed before and after the reactions took place. The liquid fraction
condensed on the surface of the beads with the aid of a cooling coil that
was in contact with the walls of the reactor and placed far from the
heating point, which allowed only the non-condensable gases to escape
from the reactor. The gas yield was obtained by difference and the liquid
yield was calculated after subtracting the biochar yield (determined by
weighing the crucible) as shown in the following equations:

s original sample mass

Kissinger-Akahira-Sunose (KAS) and Starink were tested [25,30-32].
The coefficient of determination (RZ), the mean squared error (MSE) and
the absolute average deviation (AAD) were assessed as criteria for
selecting the method that fitted the best.

The method to determine the pre-exponential factor, A, was based on
the kinetic compensation effect (KCE) [25,30,33,34]. The KCE is a
model-fitting method in which several conversion models, f(x), are used
to find the compensation parameters a and b from the following
equation:

InA=a+bE (2)

The definition of each model used is presented in the Supplementary
Material, Table S1.

Finally, the master plots method was selected to determine the fitting
conversion model, f(a), from the list in Table S1 of the Supplementary
Material [25,30,35,36]. The method consisted of finding the theoretical

function g(a) = fg da/f(x) that best fitted the experimental results P(E/
RT) in the following equation:

(ot
2o _ \F@ @

ga=05)" (RT(;;: 05))

where P(E/RT) = 0.0048exp(—1.0516E/RT) is Doyle’s approximation

x 100 (6)

__sample mass after pyrolysis

~_ samples 100 7
Thiochar original sample mass x 7

Miiguia = 100 = Myiochar — Neas €))

2.3.3.1. Gaseous pyrolysis products: GC/FTIR. The horizontal tubular
reactor described in Section 2.3.3 was connected online with a Perkin
Elmer Spectrum 400 FTIR spectrometer to detect the non-condensable
gases. The connected cell inside the spectrometer had two NaCl win-
dows. Absorbance spectra (wavenumber 4000 em ! to 625 cm 1) were
recorded every 10 °C (2 min).

Hydrogen gas (Hj) in the non-condensable pyrolysis products was
detected with a Gas Chromatograph SRI Instrument Model 8610C with a
thermal conductivity detector (TCD). Small samples of the gas were
extracted with a 1 mL syringe and injected into a chromatographic
column (Alltech Column CTRI (1.82 m x 0.63 cm)) at 50 °C with argon
at a 2 mL/min flow rate.

2.3.3.2. Condensable pyrolysis products (bio-oil): GC-MS. The volatiles
that condensed inside the horizontal reactor were collected and dis-
solved in HPLC-grade acetone to a concentration of 2 mg tar/ml acetone.
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The solution was injected at 250 °C into a gas chromatograph (Perkin
Elmer Clarus 680, chromatographic column: Elite-5MS) with a mass
spectrometer (Perkin Elmer Clarus 600 T) (GC-MS). A flow rate of 1 mL/
min of helium was used as carrier gas. The oven was heated at a rate of
3 °C/min to a temperature of 235 °C, which was maintained for 13 min,
with a total analysis time of 80.33 min. Data were acquired with the
software TurboMass Version 5.4.2.1617, 2008 (Perkin Elmer), and the
separated compounds in the column were identified with NIST/EPA/
NIH Mass Spectral Library (version 2.0f) using the software NIST Mass
Spectral Search.

2.3.3.3. Solid pyrolysis products (biochar): SEM-EDS. The solid carbon
product remaining in the crucible after pyrolysis, known as biochar, was
collected from the horizontal reactor and analyzed with a FIB-SEM Carl
ZEISS Crossbeam 340 scanning electron microscope with energy
dispersive spectroscopy (SEM-EDS). The biochar obtained from each
sample was subsequently submitted to gasification with CO3 to compare
reactivity (see Section 2.4).

2.4. COy gasification of the biochar

The biochar obtained was submitted to gasification with CO3 both in
a thermobalance and in the horizontal silica glass reactor described in
Sections 2.3.1 and 2.3.3. Previous tests were performed with different
CO4 flow rates and different sample masses until no changes were
observed in the gasification thermograms to avoid any mass transfer
restriction. Finally, the gasification was carried out with a CO5 flow rate
of 1 L/h to a biochar mass sample of 2.0 mg. The heating rate used to
perform the gasification was 5 °C/min in order to allow the FTIR spec-
trometer to obtain the spectra every 5 °C.

2.5. Numeric synergistic effect (SE) calculation

When two or more different feedstocks are mixed and subjected to
thermochemical processes together, it might be possible to observe ef-
fects that are different from expected. These differences between the
experimental results and the theoretical ones are due to synergy. The
synergistic effects, which represent the relative difference between the
theoretical and the actual experimental results, may be calculated as
follows [37]:

Experimental value of § — theoretical value of
theoretical value of &

SE(¢) = ( ) % 100%  (9)

where ¢ is the parameter or property analyzed or calculated, such as
proximate composition, yield or the activation energy from a certain
reaction.

The theoretical value for the binary blends in this work is calculated
as follows [37]:

Theoretical value of & = WrawErpw + WrswErsw (10)

where wgryw and wrsw are the mass fractions of RHW and RSW
respectively, and &gy and Eggy are the measured property, character-
istic or parameter in the experiment of pure RHW and RSW respectively.

A positive SE means that the observed result is higher than expected
by theoretical calculation, while a negative SE means that the observed
result is lower than expected by theoretical calculation.

3. Results and discussion
3.1. Biomass characterization results

High volatile matter (VM) content is desirable for producing bio-oil,
while higher fixed carbon (FC) content is desirable for producing bio-

char [38]. As shown in Fig. 2, there are synergistic effects in all blends.
For instance, FC for blend RHW25 was higher than expected
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Fig. 2. Proximate analysis expressed on a dry basis for RSW (RHW0), RHW
(RHW100) and each blend (RHW25, RHW50, and RHW75).

theoretically, making it the best blend selection for pyrolysis if the aim is
to produce biochar. As may be observed in Fig. 2, the blends RHW25 and
RHW50 reached SE(FC) higher than 20%. Moreover, RHW25 still pro-
duced a small amount of ash compared to pure RHW, which is desirable
for obtaining low-ash biochar. On the contrary, to produce bio-oil, it
would probably be preferable to process pure RSW or RHW, since all
blends presented a negative SE(VM). Regarding the ash content, the
blends showed no synergistic effects, with ASH rising with the increase
in RHW content.

For RHW, RSW and the blends, VM was 70% to 75%, FC was 23% to
27%, and ASH was 1.5% to 4%. These values are similar to other bio-
masses reported in the literature [38,39].

Synergistic effects, like the ones observed in Fig. 2, can have multiple
origins since they are the result of physicochemical interactions in a
microscope scale between the two wastes in the blend. However, some
authors have hypothesized that the ash within one waste can have cat-
alytic or inhibitor effects on the other biomass producing different ef-
fects [37,40,41]. The presence of RHW ashes may be responsible for the
decrease in the volatiles released in the blends (with the corresponding
increase in the fixed carbon proportion). These ashes might inhibit the
production of volatile compounds while increasing the biochar (FC +
ASH) yield.

Contrary to the positive SE observed for FC, Salema et al. [42]
studied the co-pyrolysis of oil palm biomass and sawdust and found that
the blends produced less biochar (FC + ASH) than the pure blends. The
same happened in the co-pyrolysis of rice husk and bamboo dust with
sawdust studied by Mallick et al. [43] showing a biochar yield lower
than expected.

Ultimate analysis and HHV/LHYV results of these pure wastes were
previously published by Torres-Sciancalepore et al. [29,30], and are
available in the Supplementary Material, Table S2.
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3.2. Thermogravimetric and kinetic analyses

The thermogravimetric data collection was numerically differenti-
ated to construct the curve presented in Fig. 3 (DTG), which shows the
dm/dT results of RHW(0-100) pyrolysis. The six different peaks
observed in Fig. 3, indicated from R1 to R6, are associated with different
decomposition steps or reactions that occur in the pyrolysis process. The
peak at around 100 °C was not particularly identified with a number
because it represents the evaporation step of the remaining moisture.
Reactions R1 and R2 (with a peak at 200 °C and 235 °C, respectively) are
characteristic of RHW100 pyrolysis, since they are not observed in
RHWO. On the contrary, the reaction R3 (with a peak at 280 °C) is
present in RHWO but not in RHW100. These reaction R1-R3 are most
likely related to the decomposition of hemicelluloses, given the tem-
perature intervals at which they appear [44,45]. The differences in peak
temperatures (between RHWO and RHW100) might be a consequence of
the different components of the biomass wastes, or a response to the
different pre-treatments these wastes undergo. Seed waste, RHWO, was
not subjected to any chemical process, leaving the hemicellulose chains
practically intact, whereas husk waste, RHW100, was pre-treated with
citric acid, a weak acid that may cause partial hydrolysis of the poly-
meric chains in hemicelluloses. The hydrolysis products left may be
more susceptible to pyrolysis, leading to a shift of the peaks observed in
the DTG curve towards lower temperatures. This was previously
described by Torres-Sciancalepore et al. [46].

Alternatively, the separation of peaks in the case of hemicelluloses
decomposition has been previously detected by other authors studying
the decomposition of xylan, a major constituent of plant hemicelluloses
[44,47,48]. Sanchez-Silva et al. [48] suggest that the presence of two
peaks for the decomposition of xylan is related to the decomposition of
the xylan side units and the cracking of the main xylan chains. In the
case of the blends co-pyrolysis, the behavior was as expected, showing
intermediate decomposition rates of the components according to the
mass proportion of each waste. Thus, the amplitudes of peaks repre-
senting R1-R3 for the blends (RHW25, RHW50 and RHW?75) were in
between those of the pure wastes (RHWO and RHW100).

Energy Conversion and Management 302 (2024) 118095

The narrow peak with high amplitude located at around 340 °C
(Corresponding to reaction R4), is characteristic of cellulose decompo-
sition [45,49]. It was more prominent in RHWO pyrolysis and decreased
with the addition of husk waste, meaning that the seed waste contained
a greater proportion of cellulose than the husk waste.

Lignin is also one of the major components of lignocellulosic
biomass. Its decomposition by pyrolysis occurs at a wider range of
temperatures than the other components mentioned, and typically, its
maximum decomposition rate is at approximately 400 °C [50]. Fig. 3
shows a broad peak with a maximum near 400 °C, representing the re-
action R5, related to the pyrolysis reactions of lignin. The amplitude of
the R5 peak for each sample suggests that husk waste, RHW100, has a
higher proportion of lignin than seed waste, RHWO.

The peak at around 690 °C corresponding to the reaction R6 has the
greatest amplitude for RHW100 and is barely noticeable for the other
samples. This reaction is highly likely to be related to CaCO3 decom-
position into CO, and CaO, as discussed by Torres-Sciancaleopore et al.
[29].

To sum up, the model of parallel reactions considered in this study is
as follows:

R1 : Hemicelulose; —gas + tar + biochar an
R2 : Hemicelulose, —gas + tar + biochar 12)
R3 : Hemicelulose; —gas + tar + biochar 13)
R4 : Cellulose—gas + tar + biochar (14)
RS : Lignin—gas + tar + biochar (15)
R6 : CaCO;—~Ca0 + CO, (16)

The complete thermograms TG/DTG at p = 5, 10 and 20 °C/min are
provided in Figs. S1-S5 in the Supplementary Material.

Fig. 4 shows the results of the kinetic and thermodynamic study with
the temperature of maximum decomposition rate (Tp,), activation

dm/dT (%/°C)

2 | L | ' | ' | L 1

100 200 300 400

500 600 700 800 900

Temperature (°C)

Fig. 3. Derivative thermogravimetric curve (DTG) (for p = 5 °C/min): decomposition rate of RSW (RHWO0), RHW (RHW100) and each blend (RHW25, RHW50, and
RHW75). RSW and RHW curves are adapted from Torres-Sciancalepore et al. [29,30].



R. Torres-Sciancalepore et al.

Energy Conversion and Management 302 (2024) 118095

a) 675} —
60 — | 1
——RI1——R4 ] '
505 |—R2—R5| | |
—R3 R6| |
O 450t § 5 §
- I
300 1 i :
2251 :
150 i i i-
0 25 50 75 100
RHW content (%)
b) 500 c) 10%
450 10”
4()()_ 10"
350 - !
= 107+ :
g 300 @ 0 |
= < 10" '
2 250 < i\ |—R1——R4
m 13 i |—R2——RS5
200 10 L : || ——R3——R6
150 10"+ ; _ :
100 10°f | |
0 25 50 75 100 0 25 50 75 100
RHW content (%)
d) s00 €) 400 , S
3 ——RI——R4
450 3501 ; R2 RS
400 ; —R3 R6
= 350 = T |
S S ; : :
£ 300 E 250 ! 1 a
= 3 :
= 250 = o_\
<200 < \4/‘/\
150 F : :
150 5 i :
100 £ i | : 100 i | i
0 25 50 7k 100 0 25 50 75 100
RHW content (%) RHW content (%)

Fig. 4. Graphic results of (a) the temperature of maximum decomposition rate, (b) the activation energy, (c) the pre-exponential factor, (d) the activation enthalpy
and, (e) the activation free Gibbs energy. The results of pure wastes were previously published by Torres-Sciancalepore et al. [29,30].

energy, pre-exponential factor and activation enthalpy and Gibbs energy
for each reaction (R1-R6) identified in Fig. 3.

The temperature of maximum decomposition rate of each reaction
was not significantly affected by the mixing factor as it is shown in
Fig. 4a. It is possible to observe in Fig. 4b that the reactions R(1-3),
related to hemicelluloses decomposition, showed mean activation en-
ergies' ranging from 84.69 kJ/mol for R1 in RHW100 to 223.42 kJ/mol
for R3 in RHW75. This range of activation energies for hemicellulose
decomposition is in agreement with the results reported by Pinzi et al.

! 1t should be remembered that isoconversional methods give the result of
activation energies for each conversion degree. The mean activation energy, E
(calculated from E(a) corresponding to the interval of conversion degrees 0.15
< a < 0.85) is informed for all the reactions, although the complete tables are
shown in the Supplementary Material, Tables S3-S20.

[33] and Ma et al. [51] through deconvolution of biomass pyrolysis, and
by Zhang et al. [52] using isolated hemicellulose. The reactions R1 and
R2 were expected to show lower E, since they represent the decompo-
sition of the hemicelluloses present in the husk waste previously treated
with citric acid [29]. Nonetheless, the presence of seed waste seems to
have produced synergistic effects, since the activation energy of both R1
and R2 in the blends was higher than that for pure RHW. Similarly, R3
presented higher activation energies for RHW50 and RHW75 decom-
position than for pure RSW (from which that hemicellulose comes). On
the other hand, the activation energy of cellulose decomposition (R4)
ranged from 230.11 to 270.85 kJ/mol, being the highest for RHW50.
Similar activation energies for cellulose were reported by Zhang et al.
[52] for isolated cellulose, and Pinzi et al. [33] through deconvolution
procedure. Concerning lignin decomposition (R5), the activation energy
was between 187.58 kJ/mol and 303.37 kJ/mol, presenting significant
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Fig. 5. SE results for the activation energy of the reactions R4 and R5.

synergistic effects, especially for the RHW25 blend. Sharma et al. [53]
and Ma et al. [51] found similar activation energies for lignin decom-
position in biomass by deconvolution procedure. Overall, the activation
energy of the reactions was higher for the blends than for the pure
wastes, with the exception of R6. As a consequence of the kinetic
compensation effect, the same was observed with the pre-exponential
factor, as shown in Fig. 4c. As expected, similar behavior was
observed in the AH and AG (Fig. 4d and e), with higher values for the
reactions in the blends, with the exception of R6. The activation
enthalpy represents the change in the heat content in the system when
bonds are broken in the reagent molecules to form the activated complex
[46]. A higher AH means that more energy is required to form the
activated complex. Therefore, the reactions need more energy in the
blends to form the activated complex (except for R6). While cellulose
(R4) requires more energy to form the activated complex than lignin
(R5) in the pure RSW and RHW, the opposite happens with the blends.
AG, on the other hand, represents the total energy change in the for-
mation of the activated complex. Since the AG of all reactions were
positive, it means that they are all non-spontaneous reactions [46].

Since reactions R1, R2, R3 and R6 correspond to decomposition re-
actions of components that are not presented in both pure wastes, it is
not possible to calculate the synergistic effects using Eq. (7)°. On the
other hand, reactions R4 and R5, corresponding to cellulose and lignin
decomposition respectively, appear in both wastes, and the synergistic
effect results for E are presented in Fig. 5.

The SE was lower than 15% for the activation energy of R4. While SE
was positive for RHW50 and RHW?7S5, it was negative for RHW25. It
must be highlighted, that a negative SE is preferable for E, since it means
a higher reactivity. On the other hand, the activation energy for lignin
decomposition showed a higher positive SE, with values over 45% for

2 In the case of these reactions, any change in the kinetic parameters is
considered a synergistic effect, since the presence of the other biomass waste is
the one producing those changes. Nonetheless, since the components that are
decomposing in those reactions are not present in one of the wastes, it becomes
impossible to present a numeric value to the synergistic effect.

RHW25 and RHW50.

Mallick et al. [43] found that the activation energy of the co-
pyrolysis of bamboo dust and husk rice was higher than that of the py-
rolysis of the pure biomasses. On the other hand, Cheng et al. [54]
studied the kinetics of co-pyrolysis of sargassum and poplar, finding that
the activation energy was lower than that of the individual pyrolysis of
each biomass. According to Salema et al. [42] it is difficult to investigate
the exact reasons of the synergistic effects in the activation energy, and
that the variations are likely to be produced by changes in the reaction
mechanisms and catalytic (or inhibitor) effects.

The conversion functions are presented in Table 1:

In all cases, the n-order function (F,) was the one that fitted the best
as may be observed in Table 1, where F, = (1 —a)".

The complete results of the activation energy as a function of the
conversion degree (Tables S3-S20) and pre-exponential factor
(Table S21) determination, together with the master plots (Figs. S6-52.3)
for the model function for the pyrolysis of the blends are provided in the
Supplementary Material.

3.3. Gas, liquid and solid yields

Product yields (by phase) were determined using the vertical reactor
described in Section 2.3.3, and are shown in Fig. 6:

The plot shows that synergistic effects are to be considered for all
blends, especially concerning gas and biochar yields. Nonetheless, blend

Table 1
Conversion function of the pyrolysis reactions (R1-R6) of RHWO0, RHW25,
RHW50, RHW75 and RHW100.

f(a) R1 R2 R3 R4 R5 R6
RHWO0® - - F3 F2.75 F4.8 -
RHW25 F3.3 F0.4 F4.4 F2.2 F5.2 F2.9
RHW50 F3.3 F1.85 F5.2 F2.9 F5 F2.4
RHW75 F3.2 F2.8 F5.5 F3.1 F5 F2.1
RHW100" F2.6 F4.7 - F3.3 F3.9 F2.5

@ previously published by Torres-Sciancalepore et al. [30].
® Ppreviously published by Torres-Sciancalepore et al. [29].
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Fig. 6. Gas, liquid and biochar (solid) yields after pyrolysis at 950 °C at a
heating rate of 5 °C/min.

RHW?75 also shows a significant difference in liquid yield compared to
the theoretical value, with the experimental result being 12.4% lower
than expected. Blend RHW75 performed best, producing the highest
mass of gas with the least tar possible. The positive SE observed for
biochar yield is in agreement with the previously presented results of the
proximate analysis. Gas yield is similar to that expected according to the
model proposed by Torres et al. [55] and Zalazar-Garcia et al. [56],
although somewhat lower than reported for pyrolysis of platanus wood
by Meng et al. [57].

Wang et al. [58] studied the synergistic effects of co-pyrolysis of
Enteromorpha clathrate (an algae) and rice husk, finding that the gas
yield presented a positive SE (up to 5.90% for the 1:1 blend), while the
bio-oil yield showed a negative SE (up to 5.91% for the same blend).
According to Wang et al. [58], these SE are explained by an interaction
between the biomasses than enhances the secondary cracking reactions
of the tar. The biochar yield, however, did not present a significant
synergistic effects. Fardi et al. [59] reported the opposite for the co-
pyrolysis of potato peel and macroalgae. The gas yield was inhibited
by the synergistic effects (SE < 0), while the bio-oil yield was enhanced
by the synergistic effects (SE > 0). According to the authors, this was
explained by the higher H/C ratio of the potato peel compared to the
macroalgae, which produced more H radicals, promoting primary
cracking and increasing the volatile yield. It is clear that the interactions
between different biomasses may produce different effects. In the case of
RHW-RSW blends, the gas and bio-oil yields depend on the mass
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proportion as well, as may be observed in Fig. 6.

Raza and Abu-Jdayil [60] analyzed the synergistic interactions of
date palm seeds and cashew shell waste co-pyrolysis. They found by
thermogravimetric analysis that a 1:1 blend produced a higher biochar
yield than the pyrolysis of the separate biomasses, similar to what is
observed in the RHW-RSW blends.

3.4. Gaseous pyrolysis product analysis

The gases that did not condense inside the horizontal tubular reactor
were analyzed by infrared spectroscopy (FTIR) and gas chromatography
(GC) with a TCD. Fig. 7a—e shows the absorbance profiles with tem-
perature. The absorbance was read at the wavenumber of the maximum
peak for the gas identified. For CO, CO,, CoH4, CH3OH and CHy, the
absorbance reading was the one corresponding to wavenumbers 2169.5
em™!, 2360.5 cm ™!, 949.75 cm™!, 1033.5 em™! and 3018.25 cm ™,
respectively (an example of FTIR absorbance spectrum is provided in the
Supplementary Material, Fig. S24). Since hydrogen gas cannot be
detected by FTIR analysis, GC(TCD) was performed and contrasted with
an Hj standard to determine the retention time of the gas in the column.
The plot with the H, peak area vs. the pyrolysis temperature is shown in
Fig. 7f.

Some blends produced more of some gases compared to pure wastes.
The production of CO (Fig. 7a) was higher for RHW25 at approximately
350 °C and at 800 °C onwards; while from 400 °C to 700 °C, it showed a
local minimum with almost no difference between RHWO, RHW25 and
RHWS50. In general, RHW100 showed the least production of CO
compared to the other samples.

CO, release (Fig. 7b) was slightly higher in the blends; RHW25,
RHW50 and RHW75 emitted more CO, between 200 °C and 400 °C than
pure wastes. The synergistic effect became more important from 700 °C
onwards, where CO, production from RHW25 was noticeably higher
than from the other samples.

Ethylene production from the RHW25 blend (Fig. 7c) showed two
local maxima at approximately 500 °C and 850 °C, whereas the other
samples showed only one maximum at 850 °C and a shoulder at
500-550 °C. At lower temperatures, the highest production of CyHy
came from blend RHW25, at temperatures from 550 °C onwards, while
the lowest production came from RHW100. On the other hand, blend
RHWS50 presented the highest production of ethylene at 850 °C with
similar absorbance results to pure seed, RHWO.

Methane was the last gas identified by the spectrometer (Fig. 7d),
starting at approximately 350 °C. The absorbance maximum was
observed at approximately 550 °C for RHW25 and towards higher
temperatures (600-700 °C) for the rest of the samples. RHW25 produced
the most methane, while RHW100 produced the least.

Maximum methanol was released between 350 °C and 500 °C
(Fig. 7e), and was significantly higher for blend RHW25 than for the rest
of the samples. This synergistic effect was not very pronounced in the
other samples, whose methanol production decreased as RHW was
added to the blend.

Gas samples were extracted from the reactor outlet every 10 min
(50 °C), and injected into a GC column with TCD to record the area of the
peak corresponding to Hy. The plot is shown in Fig. 7f. Hydrogen release
occurred in two steps, the first between 200 °C and 400 °C, with very low
production compared to the second step, which occurred from 450 °C
onwards, with a maximum at approximately 700-750 °C. Fig. 7f
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suggests synergistic effects due to the mixing factor, since all blends
produced more hydrogen gas than did the pure wastes. The blend that
produced the most Hy was RHW75, followed by RHW50 and RHW25,
successively.

The above analysis is necessary to select the best blend and tem-
perature to obtain the desired gaseous product. For instance, pyrolysis of
blend RHW25 at 500 °C releases maximum methanol and methane,
while pyrolysis of blend RHW75 at about 750 °C releases maximum
hydrogen. Moreover, 750 °C is the temperature at which RHW75 re-
leases maximum ethylene, close to blend RHW50, which had the highest
ethylene absorbance. If the desired product is carbon monoxide, the best
option is pyrolysis of blend RHW25 at 900 °C.

Table 2 presents the total production of syngas (Hz and CO) for each
sample, expressed in mmol/g of biomass.

Hydrogen production in the current study was similar to those re-
ported by Xu et al. [61] for non-catalytic (blanking) pyrolysis of pure

Table 2
CO and H; production by slow pyrolysis at 950 °C.

Energy Conversion and Management 302 (2024) 118095

rice husk, and by Blanquet et al. [62] for catalytic pyrolysis of wood
pellets at 50 °C/min coupled with non-thermal plasma.

Park et al. [63] studied the co-pyrolysis of food waste and wood bark
to produce hydrogen while minimizing pollutant emissions. Pyrolysis
experiments were carried out from 300 °C to 700 °C and in all cases, the
co-pyrolysis of blends produced higher amounts of hydrogen than the
pyrolysis of the biomasses separately. A similar positive SE in Hy yield
was observed by Vuppaladadiyam et al. [64] in the co-pyrolysis of
microalgae and swine manure. The authors reported that the carbon
monoxide and methane yields were also higher for the blends’ co-
pyrolysis than the ones from the individual feedstocks’ pyrolysis.

3.5. Condensable pyrolysis product analysis

About 70 different compounds were identified in the tar product
through GC-MS. Most of them are phenolic compounds, as shown in
Table S22 in the Supplementary Material. The phenolic substances are
released as a consequence of lignin cracking. This is because lignin is
originally formed by three types of phenylpropane units that are bonded
forming very complex structures [50]. Fig. 8 shows the 12 species with
the highest peak relative area. Synergistic effects are observed in all
samples since the peak area was not as expected for the blends. For
instance, diacetone alcohol (2-pentanone, 4-hydroxy-4-methyl-) and
mesityl oxide (3-penten-2-one, 4-methyl-) production was significantly

—a— Oxacycloheptadec-10-ene-2-one

—8— 2-Pentanone, 4-hydroxy-4-methyl-

—&— 3-Penten-2-one, 4-methyl-

—¥— Phenol, 2,6-dimethoxy-4-(2-propenyl)-

—— |.2-Benzenediol

—4— Hydroquinonc

—p— 2H-1-Benzopyran-2-one, 3,4-dihydro-6-hydroxy-
—&— Butylated Hydroxytoluene

—— Phenol, 2,6-dimethoxy-

—&— Benzenesul fonamide, 2-nitro-N-[2-(4-pyridinyl)ethyl
—— 1,2,4-Trimcthoxybenzene

—+— 2,5-Furandione, 3-methyl-

RHWO RHW25 RHWS50 RHW75 RHW100"
CO (mmol/g biomass) 2.976 3.642 2.978 2.693 2.166
H; (mmol/g biomass) 4.079 4.657 5.031 5.639 3.798
@ Ppreviously published by Torres-Sciancalepore et al. [29].
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higher for the RHW75 blend. The production of 1,2-benzenediol plus
other benzene-derived and phenolic compounds was highest in the
RHW25 blend. Butylated hydroxytoluene (BHT) production was
inhibited in the blends, with lower production than in the pure wastes.
The production of 2,5-furandione, 3-methyl- was higher in the tar of
RHW?75 pyrolysis. The different substances may be separated by distil-
lation for different uses [29], or burned for energy purposes.

Full chromatograms are provided in the Supplementary Material,
Fig. S25.

3.6. Biochar analysis and gasification with CO2

SEM was used to observe the surfaces of all biochar samples. Three
types of solids were identified in the images: seed biochar (Fig. 9), husk
biochar (Fig. 10) and filament biochar (Fig. 11). Filaments are hair-like
structures found inside the rosehip, which were separated from the seeds
and left with the husk.

Figs. 9-11 show that in all biochar particles, the percentage of sur-
face area covered with adhered solids increases with the addition of
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RHW to the blend. These solids might be inorganic compounds that
melted during pyrolysis and resolidified on the surface when the tem-
perature lowered. Proximate analysis showed that the ash percentage
increased with the RHW content in the blend, which is consistent with
this hypothesis.

As mentioned above, calcium carbonate breaks down at about
700 °C, forming calcium oxide which turns into calcium hydroxide in
contact with air humidity. It is thus likely that these solid formations
were calcium compounds. Potassium was also present in the ashes,
forming KCaPO4 and K4Ca(PO4)2 [29]. These depositions in the surfaces
of the biochar may be responsible for the synergistic effects discussed in
Section 3.1. When these depositions of RHW ashes in the particle sur-
faces appear in the blends, they affect the release of volatiles as a
consequence of the occlusion of pores, leading to lower VM (or higher
FC) values than expected by the theoretical calculations. These occlu-
sions may as well be producing the increase in the activation energy of
the devolatilization reactions since more energy would be necessary to
release the gases and condensable products.

There are micropores in pure RSW biochar, as shown in Fig. 9a. Even

1um

-
Mag =10.00 K X

Fig. 9. SEM images (Magnification: 10,000 X) of biochar from seeds in blends: (a) RHWO, (b) RHW25, (c) RHW50 and (d) RHW75.

11



R. Torres-Sciancalepore et al. Energy Conversion and Management 302 (2024) 118095

1pm
—
Mag =10.00 KX

Fig. 10. SEM images (Magnification: 10,000 X) of biochar from husk particles in blends: (a) RHW25, (b) RHW50, (c) RHW75 and (d) RHW100.
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Fig. 11. SEM images (Magnification: 10,000 X) of biochar from filaments in blends: (a) RHW25, (b) RHW50, (c) RHW75 and (d) RHW100.

though some micropores might be occluded by these solids, larger pores
are still visible in biochars from blends with a higher percentage of
RHW, as shown in Figs. 9d and 10d. In contrast, filament biochar present
no pores, but rather folds, as shown in Fig. 11.

To assess the effects of these adhered solids on the biochar surface
regarding their reactivity to gasification, experiments with CO2 were
performed. Fig. 12a shows the thermogravimetric results of the gasifi-
cation reactions. The conversion curves shift to lower temperatures with
the addition of RHW, suggesting that biochar reactivity increases with
the presence of husk waste in the pyrolysis process by which it was
obtained. The reason for the higher reactivity of RHW biochar might be
its ash content. The ashes that melted and resolidified on the surface of
the biochar particles might have a catalytic effect, thus producing a shift
towards lower temperatures for CO, gasification. Czerski et al. [65]
showed the catalytic effect on CO, gasification of tire biochar by adding
biomass ash from different sources. In all cases, the presence of biomass
ashes produced a shift of the conversion curve towards lower tempera-
tures, showing a catalytic effect [65]. Beech chip ash, as well as RHW,
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showed over 50% of CaO.

Fig. 12b shows the absorbance spectra obtained by FTIR at a wave-
number of 2169.5 cm ™! to identify CO production. These CO absorbance
profiles with temperature are in agreement with the conversion plots.
No other gas was identified through FTIR (apart from CO and CO2 which
was the gasifying agent). The biochar obtained by pyrolysis is not pure
carbon, since it also contains hydrogen and oxygen, though in a much
lower proportion. After gasification, the remaining solid is pure ash,
meaning that the hydrogen atoms must have left the sample, forming
other gases such as Hp, which cannot be detected by FTIR.

To have a qualitative approach about which sample produced the

most CO, an integration of the absorbance curves
( leg ?g € Absorbance dT) in Fig. 12b was made and presented in Table 3.

Table 3 shows that there are synergistic effects in the biochar of all
three blends, which all produced more CO than did the pure waste
biochars. The biochar from blend RHW50 had the highest CO
production.
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Fig. 12. CO, gasification of RHW/RSW biochar (a) conversion with temperature (heating program: 5 °C/min) with (b) FTIR-absorbance at 2169.5 cm™! for CO

identification.

Table 3
Cumulative absorbance areas for CO production in the gasification of RHW
(0-100) biochar.

RHWO RHW25 RHWS0 RHW75  RHWI100

CO absorbance peak area  34.845  41.119 43.700 42.947 40.953

(a.u.)

4. Conclusion

Slow pyrolysis of two Rosa rubiginosa rosehip wastes was performed
on different blends to study possible synergistic effects. Thermogravi-
metric analysis was used to determine the kinetic parameters, and it was
concluded that there is an overall increase in the activation energy of
thermal decomposition in the blends compared to the pure wastes.
Synergistic effects were observed in the product yields, since all blends
produced more biochar and less bio-oil than expected. Blend RHW75
produced the most gas and the most Hp, while RHW25 produced the
most CO and CHy4. Biochar reactivity to gasification was further studied
via thermogravimetric and FTIR analyses. Biochar reactivity increased
by addition of husk waste to the original biomass blend.

This research demonstrates the potential of valorizing waste from
rosehip treatment, and provides valuable information for designing the
best conditions according to the desired results, products and their po-
tential applications.
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