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Abstract

This research studied chemical and thermal treatments of rosehip husk (RH), from invasive
species in Patagonia Rosa rubiginosa, which is considered a main waste in the seed-oil
extraction industry, to obtain added-value products by optimizing an eco-friendly pectin
extraction, followed by pyrolysis of the remaining solid (RHW). The aim was to valorize the
rosehip husk of an invasive species by finding the optimal conditions for pectin extraction
(maximum yield and minimum CO2 emissions) and assessing the pyrolysis process together
with the products obtained, finding the temperature of maximum production of each species
in the gaseous product. By applying multi-objective optimization, it was found that the
optimal yield was 17.83 % with 456.7 g of CO2 emitted for kg of pectin at temperature T =
79.6 °C, time t = 30 min, and pH = 2.3. By TGA, 6 processes were identified in the pyrolysis

of RHW: moisture evaporation and 5 consecutive reactions which were related to


about:blank

lignocellulosic biomass components decomposition. The kinetic parameters of each reaction
were obtained by isoconversional method (activation energy), compensation effect method
(pre-exponential factor), and master-plots method (conversion function). The pyrolysis
gaseous products of energetic interest identified were CHa, Hz, and CzH4, with maximum
production at 630, 700, 850 °C respectively. The main compounds found by GC-MS were
diacetone alcohol, mesityl oxide, butylated hydroxytoluene, among others. The ash was
analyzed by XRD and showed a high Ca concentration (46.9 %) with presence of Ca(OH)z,

MgO, KCaPOy4, and K4Ca(POa4)a.

Keywords: rosehip husk waste; pectin extraction optimization; invasive shrub species

valorization; slow-pyrolysis products; biomass waste recovery; biomass to hydrogen.

1. Introduction
Rosa rubiginosa (commonly known as sweet briar or rosa mosqueta) is a shrub from the
Rosaceae family native to Europe and Asia where it is widely distributed, although it can
also be found in South America, Australia, and New Zealand as an exotic (non-native)
species. The population of this species found in Patagonia (Argentina) has a close genetic
similarity with the ones found in Germany, the Czech Republic, Austria, Italy, and Slovakia
[1]. Due to its adaptive nature as a consequence of the efficient use of light, water, and
minerals that allow R. rubiginosa to survive in extreme environments, it is considered a
highly expansive species, giving it characteristics of an invasive species [2]. The expansive
nature of R. rubiginosa endangers the regional ecosystem as some native plant species are

displaced and extinct, producing changes in biodiversity and natural resources [3,4]. In



Argentina, R. rubiginosa is listed in Resolution No. 109/21 of the Ministry of Environment
and Sustainable Development as a category Il invasive exotic species, meaning that it is a
species of controlled use, and can be utilized for productive or economic purposes.

R. rubiginosa rosehip is very commonly used to produce jams, infusions, soups, wine and
additives from the husk, while oil is frequently extracted from seeds by cold pressing [5-7]
for its pharmaceutical and cosmetic properties. Although the literature contains little
information about where and how much fruit is produced, Quiroga [6] reported that the latest
data collected from 2005 showed that about 55 % of global sweet briar production came from
Chile and Argentina. Industries that produce only rosehip seed oil by cold pressing leave two
main bio-wastes: the pressed seeds, and the rosehip husk (which is the dehydrated mature
seedless receptacle). Therefore, it is of interest to look for alternatives for the valorization of
the generated bio-wastes that currently cause problems in their final disposal, and thus also
the associated environmental problems. This study then, proposes a two-step valorization of
the rosehip husk through a pectin extraction followed by the pyrolysis of the remaining solid
waste fraction.

A biorefinery is a type of refinery where biomass is treated in a production scheme based on
the circular economy concept, in which all materials and wastes are reused and recycled
regeneratively and restoratively [8]. The main challenge for biorefineries is the study of
different alternatives for waste recovery or valorization, intending to achieve zero waste
emissions, and maximum productivity and profits [8].

Many authors have proven the reduction of environmental impact and estimated the
economic benefit of applying a biorefinery [9-12]. Zoppi et al. [13] applied the life cycle

assessment (LCA) methodology to assess the environmental impacts of a biorefinery that



integrates hydrothermal liquefaction and aqueous phase reforming using corn stover and
lignin-rich stream as possible feedstocks, allowing a 37% environmental impact reduction
compared to fossil diesel, further reduced to 80% with the lignin-rich stream when green
energy was used. Wang et al. [14] identified the integrated microalgal biorefinery as a
possible solution for high-cost microalgal biofuel production, emphasizing the importance of
integrating biorefinery with multiple routes for energy and economic advantages. Vignesh et
al. [15], Malik et al. [16], and Haghpanah et al. [17] also used microalgae as feedstock to
obtain a spectrum of products by applying a cascade biorefinery. Espinosa et al. [18]
proposed the use of orange peel in a multi-component cascade approach to obtain
polyphenolic compounds and nanocellulose. Yadav et al. [19] and Banu et al. [20] published
a review of lignocellulosic biomass as a promising bioresource for the production of green
fuels and biomaterials to promote the circular bioeconomy. Yadav et al. [19] showed that it
is possible, through machine learning techniques in optimization and process control, to
improve decision-making, resource exchange and knowledge discovery in sustainable
biofuels production from biomass. A two-step biorefinery has been studied by Padilla-
Rascon et al. [21] for the treatment of olive stone by dilute acid hydrolysis followed by an
organosolv delignification, achieving a fully integrated usage of all biomass components.
Ortiz-Sanchez et al. [8] proposed a biorefinery approach to producing essential oil, pectin,
and biogas from orange peel waste. Sabater et al. [22] suggested possible uses of agri-food
wastes in stages, starting with the recovery of compounds soluble in organic solvents such as
polyphenols, carotenoids, and essential oils, followed by the pectin extraction, and the
subsequent use of the spent residue in biofuels production by physicochemical or biological

processes or its composting or animal feed.



A possible alternative to applying the concept of circular economy in the industrialization of
rosehip fruit is the pectin extraction from the rosehip husk and subsequent pyrolysis process
of the remaining solid, for the production of by-products with high economic value. Pectin
Is a complex polysaccharide with many industrial applications for their gelling, thickening,
and adsorption properties. Chandel et al. [23] reviewed the current pectin extraction methods,
properties, and their multiple applications: food industry (jams and jellies, emulsifying
agents, bakery products, prebiotic properties and stabilizing acidified milk products),
packaging industry (food packaging film and food coating), and pharmaceutical industry
(reduction in LDL cholesterol in plasma, antioxidant activity, metal binding properties,
glycemic control, encapsulating agent, and therapeutic and pharmaceutical uses). The
traditional pectin extraction method consists of immersing biomass in an inorganic acid
solution assisted by agitation and temperature, allowing the hydrolysis process to occur [24].
Ultrasound-assisted extraction considerably improves cellular compound diffusion, reducing
the extraction process time to approximately one-third [25]. A combination of ultrasound and
an organic acid solution provides a cleaner, less expensive pectin extraction procedure with
promising results [26]. Different authors have studied the valorization of biomass waste by
pectin extraction. Pedraza-Guevara et al. [27] established a sustainable protocol for extracting
pectin from discarded unripe papaya. Kute et al. [28] analyzed the effect of microwave and
acid extraction on pectin characteristics from orange peel powder. Zhu et al. [29] indicated
that pectin extracted from Crataegus pinnatifida, which belongs to the Rosaceae family as
does R. rubiginosa, is a low-molecular-weight pectin with potential applications for the food

and pharmaceutical industry.



After pectin extraction, a residual solid fraction remains that may still be treated to obtain
value-added products. One of the main alternatives is the thermochemical route, which can
be divided into three main possible processes: pyrolysis, gasification, and combustion [30].
Pyrolysis is a thermochemical process under an inert atmosphere, in which the biomass (or
other feedstock) is transformed into value-added products and energy. For industrial
purposes, it is essential to fully characterize the reactions involved and the products obtained
before designing pilot plant reactors. The reactions involved in pyrolysis processes are highly
dependent on the molecular composition of the biomass. Different authors have modeled the
pyrolysis process considering three main reactions following the decomposition of the three
main constituents of lignocellulosic biomass: hemicelluloses, cellulose, and lignin [31-33].
The products obtained from biomass pyrolysis may be categorized into three types: biogas,
bio-oil, and biochar. Biogas is the gaseous fraction of the products, composed mainly of light
hydrocarbons, hydrogen, carbon monoxide, and carbon dioxide. The volatiles that condense
at ambient temperature (except for water) are commonly known as bio-oil constituents and
are generally hydrocarbons, phenolic, and other aromatic compounds. Different value-added
compounds of interest may be obtained by distillation from bio-oil. Biochar is a solid-phase
carbonaceous product consisting of fixed carbon and ash. It is mostly used for environmental
purposes, such as soil amendment, for its adsorption characteristics [34,35]. Biochar is also
a feedstock for combustion processes in energy plants or gasification processes for obtaining
syngas. Additionally, kinetic data of the pyrolysis reactions is fundamental for the design of
the reactors in a biorefinery.

The objective of this work is to study a two-step biorefinery around R. rubiginosa rosehip

waste: an eco-friendly pectin extraction from the rosehip (RH) followed by the slow pyrolysis



of the remaining waste (RHW). The possibility of giving added value to the rosehip of R.
rubiginosa husk by pectin extraction or pyrolysis has not been previously studied and poses
an attractive alternative for the regional economy. Therefore, the aim was put into finding
the maximum vyield of pectin, minimizing CO2 emissions as much as possible, as well as
finding the optimal pyrolysis temperature for the species obtained in the gaseous product,
among which methane, ethylene and hydrogen are highlighted since they are of energy
interest. Pyrolysis (and pyrolysis products) study is of interest as a prior step to gasification
process, to enhance the gas production, especially considering that biochar gasification with
CO2 does not start until 850/900 °C for this biomass. To characterize the pyrolysis reactions
and the multiple products obtained (being of great importance for the development of a pilot
plant and subsequent operation of industrial reactors) different analysis techniques were used,
including thermogravimetry, infrared spectroscopy, gas chromatography, mass spectroscopy,
scanning electron microscopy and X-ray diffraction. So far, no reports on pectin extraction
from rosehip husk from R. rubiginosa have been found that demonstrate multi-objective
optimization considering both process yield and CO2 emissions as decision variables. This
study proved that this residue is a promising source of this by-product with high economic
value and multiple applications, highlighting the utilization of alternative and eco-friendly
extraction technology. Furthermore, it is the first work on the complete use of rosehip husk
in two steps (pectin extraction and pyrolysis), aiming to implement the concept of circular
economy and zero waste to the industrialization processes of the rosehip from an invasive

species.



2. Materials and methods
Fig. 1 shows a scheme of this work showing the two steps carried out: the optimization of

pectin extraction from RH and the pyrolysis experiments that were performed on RHW.
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Fig. 1. Logic diagram of valorization of Rosa rubiginosa L. husk. in two steps

2.1 Materials
Rosehip fruits were collected in the city of San Carlos de Bariloche, Rio Negro, Argentina,

(41°3°39.24”S; 71°33°59.4”W) in March (which is the harvest month). They were dried at



70 °C for 24 h in a free convection oven (San Jor SL30SDB), having previously made three
or four perforations on the fruits to allow moisture to escape. The dried fruit husk was
separated from the seed, ground to low granulation, and stored in plastic bags with double

zippers for subsequent use.

2.2 Rosehip husk characterization

RH samples were chemically characterized by determining moisture (AOAC method
925.10), lipids (AOAC method 920.39: Soxhlet extraction), proteins (AOAC method 960.52:
Kjeldahl method), ashes (AOAC method: 923.03: by calcination at 580 °C until white ashes
are obtained), and crude fiber (AOAC method: 962.09), as well as Klason lignin (standard
method ASTM D1106), cellulose (standard method ASTM D1103), holocellulose (method
proposed by Browning [36]), and hemicellulose (by difference between cellulose and
holocellulose). The following physicochemical parameters were evaluated: pH (AOAC
method 10.042), titratable acidity (AOAC method 942.15), and solid soluble content (AOAC
method 932.12). After pectin extraction, an exhausted solid waste (RHW) was obtained and
dried at 70 °C for 24 h. The same characterization carried out in RH was made in RHW to
infer the effect of the extractive process on the composition and physicochemical properties
of solid residue. On the other hand, the RHW fraction was subjected to slow pyrolysis to
study the thermochemical characteristics of the waste decomposition.

Before the pyrolysis experiments, RHW particle size distribution was determined by laser
diffraction analysis in a particle-size analyzer (Cilas 1190) with a particle size detection range
of 0.04 um to 2500 um. Before measuring size distribution, the sample was immersed in an

ultrasonic cell for 60 s in water to break up solid aggregates.



In addition, the higher heating value (HHV) of RHW was measured using an oxygen bomb
calorimeter (1224 Parr) according to standards ASTM D 240-64 and ASTM D 271-70, while

the lower heating value (LHV) was determined by Eq. (1) [37]:

LHV = HHV — 2.454 (MO/100 + 9 x H/100) (1)

where MO is the moisture content of the RHW sample, and H is the hydrogen content, both
expressed as percentages. H was determined with a Carlo Erba-Fisons EA 1108 automatic
elemental analyzer.

Finally, to study the thermal decomposition characteristics of RHW, the volatile matter (VM)
percentage was determined according to ASTM E872-82, while fixed carbon (FC) was

calculated by difference (considering moisture and ash percentages previously determined).

2.3 Pectin extraction process

2.3.1 Experimental design, yield, and CO, emissions calculation
The pectin extraction process consisted of mixing the RH samples with a citric acid solution
and submerging them in an ultrasound bath (Arcano brand, PS10-A model, 2 L capacity) at
different residence times and temperatures. The traditional method consists of stirring the
samples for 2 - 4 hours in inorganic acid solutions such as nitric, sulfuric, or chlorhydric
[38,39]. Using an organic solvent and assisting the process with acoustic energy makes this
process more eco-friendly and less expensive than the traditional extraction method.
The extraction technique was proposed by Riveros-Gomez et al. [26] and consists in placing

samples (0.5 £ 0.001 g) in Falcon tubes with screw caps. The citric acid solution was added
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to the tubes in a 1/25 g/mL mass/volume ratio and they were placed in the ultrasound bath,
previously heated at a specific temperature, during the corresponding time. Then, tubes were
centrifuged and samples were filtered to separate the liquid phase from RHW. Pectin
precipitation was carried by adding 5 mL of ethanol (96 %) and tubes were refrigerated at 4
°C for 24 h to improve the gelling of pectin. Finally, pectin was filtered.

The Box-Behnken model design (BBD) [40] was applied, and the minimum and maximum
experimental values for the independent variables were: pH (2-3), temperature (70-90 °C),
and time (30—60 min), the range of these variables was chosen based on the reported by other
authors and considering these points: i) Obtaining citric acid solutions with a pH less than 2
significantly increase de citric acid consumption (383 g of citric acid per liter of solution is
required to reach pH 1.45, being this the lowest possible considering acid solubility at 25
°C); ii) higher temperatures increase the pectin solubility in the citric acid solution; iii)
ultrasound-assisted extractions reduced time considerably considering the traditional method
[41].

The extraction yield (n) was calculated according to Eq. (2). All the assays were performed

in triplicate for each condition established in the experimental design.

1N(%) = (dried pectin/dried sample) x 100 (2)

The CO2 emission was calculated based on energy consumption estimation at each one of the

points of the experimental design. Two types of energy are associated with the ultrasound

extraction process: the energy required to keep the bath at the specified temperature (En), and

11



the acoustic energy used in the ultrasound bath (Eu). The total electricity consumption (E:) is
determined as the sum of En and Eu.

En [kJ/kg of pectin] was calculated with Eq. (3):

Ep = (P, Xty X 100)/(n X m) 3)

where P is the heat power used by the equipment (50 W), m is the RH mass [kg], and tn is

the time the heater is on. Eu [kJ/kg of pectin] was calculated with Eq. (4):

E, = (P, X t, X 100)/(n X m) 4)

where ty is the extraction time and Pu is the appropriate ultrasound power (70 W) for reaching
high pectin yields [42].
CO2 emissions were indirectly calculated using a factor proposed by Transparency Climate

[43]. As can be seen in Eq. (5), in Argentina this factor is equal to 358.3 g CO2/kWh (Eq. 5):

g

CO, emission = 358.3 Wh

x E¢ ®)

It is important to note that the current study estimated extraction process CO2 emission using
laboratory data, but electricity and heat demands may differ in a large-scale procedure. It is
assumed that comparable or better values of process yields may be obtained from a scaled-

up process working under ultrasound intensity and energy-dissipation conditions similar to
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those in a laboratory [44]. The energy effectively taken up by the samples was considered
equal to 0.80 according to Prado et al. [45].

The BBD was used to model the process by fitting the 1 and CO2 emission with a second-
order equation (Eg. (6)) and to find the optimal value of factors and their interaction. The

variation of dependent variables was analyzed using multivariate regression [46].

7= bO + Z biXi + Z binin + Z biiXiz (6)

where Z is the objective variable estimation, xiand x; are the independent variables considered

in the model, while bi, bj, and bjj are the regression parameter estimators.

2.3.2 Optimization of the pectin extraction process
Pectin extraction yield and CO2 emission functions obtained were used to make a
multiobjective optimization to find acceptable solutions that minimize the CO2 emission and
maximize the yield of the extraction. The procedure described by Riveros-Gomez et al. [26]

was applied to optimize the objective functions (yield and emissions simultaneously).

2.3.3 Pectin quality
Some quality parameters of the extracted pectin were determined: water activity (aw), ash
content, equivalent weight (EW), methoxyl content (%Me), and degree of esterification (DE)

[47,48]. Each test was performed in triplicate.
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2.4 Pyrolysis experiments
2.4.1 Thermogravimetric and kinetic analysis

To study the decomposition of RHW with temperature throughout the pyrolysis process,
thermogravimetric analysis (TGA) was performed in an STA 409 NETZSCH brand
thermobalance using a heating program consisting of three different linear ramps at =5, 10
and 20 °C/min from 20 °C to 950 °C, and a nitrogen flow rate of 5 L/h in all cases. The test
was performed with an RHW sample mass weighing approximately 40 mg. Before measuring
the sample, a blank was performed under the same conditions for background correction. The
mass (m) vs. temperature plot (TG) is presented in the results section. The derivative
thermogravimetric (DTG) curve with respect to time (t), which is the plot of dm/dt vs.
temperature (T), was obtained by numerical differentiation using second-order Lagrange
interpolating polynomials.

Different parallel processes were isolated from thermogravimetric data by deconvolution of
the derivative curve of the conversion (o = (my — m;)/(my — m,)) with temperature
(da/dT) [49-51]. Lorentz function was selected for peak fitting of do/dT since it presented
the best results, and the Levenberg-Marquardt method was used for iteration. For each
parallel reaction found, the kinetic parameters were determined following the methodology
previously described by Torres-Sciancalepore et al. [49,52]: the activation energy (E) was
determined by isoconversional methods, the pre-exponential factor (A) by the Kinetic
compensation effect, and the conversion model (f(a)) by the master-plots method.

The isoconversional method was applied following the Kissinger-Akahira-Sunose (KAS),
Flynn-Wall-Ozawa (FWO) and Starink approximations for the temperature integral [49—

51,53,54]. The best approximation was selected by comparing the coefficient of
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determination, the mean squared error, and the absolute average deviation. The coefficient
of variation was calculated to observe the variability between the activation energy results
with conversion.

The kinetic models considered for the kinetic compensation effect and master-plots methods
for the estimation of the pre-exponential factor and conversion function are enlisted in the

Supplementary Material, Table S1.

2.4.2 Fixed bed pyrolysis experiments and volatile product analysis

To study the pyrolysis products of RHW, the reaction was also carried out in a fixed-bed
reactor. The installation consisted of a 65 cm-long cylindrical silica glass reactor inserted in
an electric oven connected to a Dhacel CD101 temperature controller. Approximately 50 mg
of the RHW sample was placed in a silica glass crucible inside the reactor, which was purged
with 5 L/h of nitrogen for 90 min before heating until an inert atmosphere was reached. The
sample was then heated at a rate of 5 °C/min from 20 °C to 950 °C with constant nitrogen
flow. This temperature range was selected in order to visualize the possible maximum
production of the different species in the gaseous product.

The reactor outlet was connected to a Perkin Elmer Spectrum 400 FTIR spectrometer with
sodium chloride cell windows for the identification of the gaseous species released during
the reaction, obtaining a semi-continuous spectrum from 20 °C to 950 °C. Additionally, a Gas
Chromatograph SRI Instrument Model 8610C with a thermal conductivity detector (TCD)
was used to detect hydrogen (Hz) from the pyrolysis gaseous product. The gases were
extracted with a syringe every 10 min (50 °C) and injected into the chromatographic column

(Alltech Column CTR I (1.82 m x 0.63 cm)).
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In addition, the condensable liquid product (bio-oil) retained in the reactor outlet was
dissolved with HPLC grade Sigma Aldrich acetone for subsequent analysis by GC-MS. A
volume of 1 pl of the solution was injected into the gas chromatograph (Clarus 680)
connected in series with a mass spectrometer (Clarus 600T Perkin Elmer). TurboMass
Version 5.4.2.1617 (Perkin Elmer) was used for data acquisition. NIST/EPA/NIH Mass
Spectral Library (version 2.0f) was used with NIST Mass Spectral Search software to identify
the separated compounds.

Additionally, another silica glass reactor was used to determine the gas and liquid yields of
the pyrolysis carried out under the same conditions (N2 flow rate =5 L/h; T =950 °C; =5
°C/min). The reactor, which was oriented vertically with the nitrogen gas flowing upwards,
containing the crucible with the biomass sample, was packed with alumina ceramic beads
and a cooling coil to allow the condensable volatiles to condense inside the reactor. By
weighing the reactor before and after pyrolysis occurred, it was possible to determine the
incondensable gas mass that was produced (gas yield). Discounting the biochar weight in the

crucible, the liquid yield was therefore calculated.

2.4.3 SEM-EDS and XRD analyses of solids
The raw RHW biomass, combustion ash of RHW at 950 °C, and biochar obtained by
pyrolysis of RHW in the fixed-bed reactor (Section 2.4.2) were analyzed with a scanning
electron microscope (FIB-SEM Carl ZEISS Crossbeam 340) at 100 X and 1000 X to analyze
the surface of the particles. Additionally, an EDS analysis of the samples was performed to

semi-quantitatively determine their elemental composition with the FIB-SEM Carl ZEISS
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Crossbeam. Finally, the composition of the ashes was analyzed by X-ray diffraction (XRD)

using a Bruker Advance D8 diffractometer.

3. Results and discussion
3.1 Rosehip characterization analysis
Table 1 shows the physicochemical characterization of RH and RHW.

Table 1. RH and RHW physicochemical characterization.

Property RH RHW

moisture content [%] 2.96 + 0.67 9.11+£0.71
pH 3.83+0.04 2.77+0.03
titratable acidity [%] 0.54 £ 0.02 0.78 £ 0.04
soluble solids [°Brix] 3.17+£0.12 2.77 £0.15

Comparing RH and RHW samples, titratable acidity increased as a consequence of the
immersion in the citric solution, and pH therefore decreased. It is important to note that the
acid pH of RH favors pectin extraction. The soluble solids content is lower in RHW, which
may be due to the dilution of the free sugars in the solution. Soluble solids provide a measure
of the sugar content in the rosehip, which consists mainly of glucose and fructose [55]. Some
authors have reported similar values for the physicochemical parameters determined in the
RH samples [56,57].

Table 2 shows the proximal composition of the rosehip husks before and after the pectin
extraction process. RH is biomass composed mainly of lignocellulose, fiber, ashes, and

proteins. Few reports on the composition of rosehip were found in the literature. Cafiulaf et
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al. (2022) found similar values for protein and ash, but the lipid contents determined in our
samples were lower. It is possible to confirm that RH has a high ash content, as a consequence
of its mineral composition which consists mainly of calcium, potassium, magnesium, and
phosphorus [55]. RH and RHW are rich in lignocellulosic compounds and fiber. No report
of the lignin, cellulose, and hemicellulose contents for this biomass was found in the
literature.

Table 2. RH and RHW percentage proximal composition and lignocellulosic content on a

dry basis.

Component RH RHW

lipid 0.41 +0.06 1.56 +0.11
protein 3.27£0.25 3.52 £0.26
ash 6.35%0.07 3.74+0.01
crude fiber 12.06 £ 0.83 18.78 £ 0.54
lignin 26.04 +0.18 27.19 £0.93
cellulose 22.70 £ 0.53 28.91+£1.03
hemicellulose 5.99 +0.57 13.01+0.19

The FC and VM of RHW were 23.34 + 0.57 % and 72.92 + 0.93 %, respectively. This FC
value was relatively higher than for other biomasses [58], making pyrolysis a good alternative
for biochar production [59]. VM and FC were similar to those for residues such as pine cone
leaf, nectarine stone, and peach stone [58]. High VM values are desirable for bio-oil and
biogas production [59], making RHW a good alternative for their production as well. The
heating values of RHW (HHV = 16.96 + 0.17 MJ/kg and LHV = 15.31 + 0.13 MJ/kg) were

higher than for many other biomasses such as chestnut shells, apple waste, and rice husk [58].
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Laser diffraction analysis showed that RHW particle sizes ranged from 0.3 um to 600 um,
although only 10 % of particles were smaller than 16.4 um and 10 % were larger than 256.37
pm, while mean particle size was 113.95 um. Fig. S1 in the Supplementary Material shows

the full particle size distribution histogram.

3.2 Pectin extraction process modeling and optimization

In this study, RH was used as raw material for pectin extraction. Extraction yield and the
associated CO2 emission were studied considering as independent variables: Temperature
(T), time (t), and citric acid solution pH (pH). It is interesting to note that there are few reports
on rosehip pectin extraction, which is an interesting area of study.

The experimental value of extraction yield and the CO2 emission estimated were adjusted to
a second-order polynomic function using the BBD, in Table S2 (see Supplementary Material)
the experimental and adjusted values at each experimental condition are detailed.
Multivariable regression was applied, and ANOVA was performed using the Fisher’s test to
confirm the experimental data adjustment to the regression models. Table S3 in the
Supplementary Material shows the ANOVA results. The F value calculated: 37.15 and
931.65 for pectin yield and CO2 emission, respectively, were higher than the tabulated value
(F (9,29,0.05) = 2.22), validating the model’s adjustment for both pectin yield and CO2
emission. On the other hand, the coefficients of determination (R?) were 0.920 and 0.996 for
pectin yield and CO2 emission respectively, which are higher than 0.75, indicating a good
model fit [60].

All model terms — constant, linear, and quadratic — were analyzed statistically using the p

values (associated with the Student’s t-test). When the p-value was higher than 0.05 (the
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significance level considered was 95 %), the effect of this coefficient was “non-significant”,
which meant that the term analyzed did not contribute significantly to the dependent variable
adjusted by the model, and was therefore dismissed. The Pareto chart (Fig. S2,
Supplementary Material) shows the p values for each model term, and Table S4 in the
Supplementary Material shows all the statistical parameters considered. Egs. (7) and (8) are
the mathematical expressions for pectin yield and CO2 emission, respectively, considering

the significant regression parameter estimators only:

n[%] = —272.000 — 52.200 pH + 1.929 t + 7.650 T + 25.550 pH? — 1.132 pH T

7
—0.015¢tT ()

CO, emission [g CO,/kg pectin] = —331.000 + 5.250 t + 12.230 T — 0.020 t? — 0.047 T? (8)

The complete models, including de non-significant terms, are provided in the Supplementary
Material, Egs. (S1) and (S2).

Fig. 2 shows the response surface plots for pectin yield and CO2 emission models for the
independent variables considered in this study by pairs, fixing the third variable at its optimal
value. As many authors have reported, the extracted pectin yield from different sources is
favored by increasing T and t and reducing the hydrolytic solution pH [47,61,62]. However,
higher T and longer t, increase the energy consumed in the process as well as the CO2
emission of the process. As may be observed in Fig. 2 pectin yield may reach values higher

than 35 % but with significantly higher CO2 emission.
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Fig. 2. Response surface plot of a) pectin yield vs. time and pH, b) pectin yield vs. time and tempera-
ture, c) pectin yield vs. pH and temperature, d) CO, emission vs. time and pH, e) CO, emission vs.
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Reports of CO2 emissions from ultrasound-assisted and the conventional extraction method
of pectin extraction were not found in the literature. Acceptable solutions for decision-
making can be found by applying multi-objective optimization. The Pareto front (Fig. S3 in
the Supplementary Material) shows some of the optimization results. Analysis of the results
shows that the most acceptable compromise solution corresponds to the following extraction
conditions: T =79.6 °C, pH = 2.3, and t = 30 min, through which a 17.83 % pectin yield is
obtained with emissions equal to 456.7 g CO2/kg pectin. The optimum pectin yield obtained
from RH was 17.83 %, which is higher than the values reported by Taneva et al. [63], who
used ammonium oxalate and stirring for pectin extraction from rosehip fruits, and by
Ognyanov et al. [64] using a citric acid solution and stirring, obtaining a pectin yield of
13.01 % and 3.20 %, respectively. According to the literature, overall the pectin extraction
yield through conventional methods from citrus peel and apple pomace ranges between 15—
30 %, and 10-15 % respectively [65-67].

Ultrasound-assisted extraction is an eco-friendly technology that considerably improves the
yield of the extraction and reduces processing time by approximately threefold because the
acoustic energy enables the acid solution to penetrate cell walls easily, rupturing them and

releasing pectin [41].

3.2.1 Pectin quality
Some quality parameters were measured in the RH pectin obtained under optimal conditions.
Reducing aw contributes to extending product shelf life. For pectin extracted from RH, aw is
0.55 £ 0.01. The minimum aw for all microbial growth is 0.60, while beneath this value, it is

considered that if the product deteriorates, it is not due to microbiological reasons [68]. Ash
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content lower than 10 % indicates that pectin quality is good for gel formation [48]. The ash
content in RH pectin was 3.13 £+ 0.04 %, which can be considered low. The EW was 281.00
+ 9.31 g/ml, which is similar and even higher compared to the values reported in the
literature, indicating that the pectin structure was not degraded during the extraction process
and maintained its absorption properties [47]. The %Me ranged from 0.2 to 12 % (4.42
0.22 %), which indicates that RH pectin forms firm, stable gels [26]. Finally, pectin can be
classified as low methoxyl pectin (LMP) when DE < 50 %, and high methoxyl pectin (HMP)
when DE > 50 %. In RH pectin, DE was 28.59 + 0.78 %, being then classified as LMP. The
mechanism of gel formation in LMP is different from HMP as hydrogen bonding is absent,
and the intermolecular bonding occurs through the formation of dimmers, using divalent
cations, such as Ca*?, Fe*2 and Zn*?, thus forming cross-linking, using two carboxylic groups.
The low methoxyl pectin forms gels at a higher pH in the range of 3 to 7, and the addition of

sugar is then not necessary for gel formation [23,69].

3.3 Thermogravimetric analysis and kinetic parameters of RHW pyrolysis reactions
Fig. 3 shows the results of the thermogravimetric analysis: TG and DTG curves. The TG
curve shows that the total mass loss throughout the heating program was approximately 80 %
(depending on the heating rate) and that the global process of biomass disintegration occurs
in multiple parallel processes. This is reflected in the TG curve by the changes in slope with
increasing temperature or, more noticeably, in the DTG curve as overlapping peaks. The
DTG curve enabled the identification of six peaks representing different processes that occur
during RHW pyrolysis, marked from R1 to R6 in Fig. 3. The temperatures of the maximum

decomposition rate of the six processes identified were around Tmi1 = 90 °C, Tmz2 = 201 °C,
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Tms = 236 °C, Tmsa = 333°C, Tms = 409°C and Tme = 691 °C. The slight shift of the

thermogravimetric curves towards higher temperatures with the heating rate (especially

observed in the DTG curve) is related to a heat transfer delay that produces a difference

between the actual temperature inside the sample and the one indicated by the temperature

controller [70]. The first process, R1, at around 90 °C, may be related to the evaporation of

remaining moisture in the biomass.
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Fig. 3 Thermogravimetric results (TG/DTG) of RHW pyrolysis.
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The second and third peaks, corresponding to processes R2 and R3, could be related to the

decomposition of some light extractive compounds or hemicelluloses, polymers of monoses

of five and six carbons present in lignocellulosic biomass. Aburto et al. [71] reported that
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pectin decomposition by pyrolysis presents a maximum rate at approximately 200 °C,
therefore, the process R2 may be related to the decomposition of a pectin fraction that may
not have been completely extracted. Alternatively, some researchers, such as Chen et al. [33],
Stefanidis et al. [31], and Sanchez-Silva et al. [72], have studied the thermal decomposition
of hemicellulose, in particular xylan, identifying two peaks in the DTG curve during its
decomposition. The Tmz and Tms temperature values are lower than the maximum xylan
decomposition temperature found by Chen et al. [33], who reported values of 239 °C and
280 °C. However, as discussed in the work of Torres-Sciancalepore et al. [52], extraction
processes in an acid medium produce partial hydrolysis of hemicelluloses, making them more
susceptible to thermal decomposition and decreasing not only the temperature of maximum
reaction rate but also the activation energy. Some authors such as Pinzi et al. (2020) and
Torres-Garcia et al. (2020), who modeled the pyrolysis of lignocellulosic biomass in multiple
parallel reactions, found that hemicelluloses decompose in a single reaction stage with
maximum devolatilization temperatures of 252°C < Tm < 262°C and Tm = 312°C,
respectively.

The temperature Tms corresponding to the R4 reaction may be linked to the decomposition
of cellulose since the characteristic peak of cellulose decomposition in a DTG is narrow and
usually located at around 330°C [31,33,72]. The peak with a maximum at 409 °C
corresponding to reaction R5 can be linked to the decomposition of lignin, a polymer
consisting of three hydroxycinnamyl alcohol monomers differing in their degree of
methoxylation: p-coumaryl, coniferyl, and sinapyl alcohols [32]. Lignin has a wide range of
decomposition temperatures, although the reaction rate is usually higher at around 400 °C

[74,75]. Some authors identify multiple peaks in the DTG curve for lignin devolatilization
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[33,76]. Zhou et al. [76] and Chen et al. [33] found a second peak located close to 700 °C,

which was smaller than the first, for different types of lignin. This might explain the R6

process identified in Fig. 3. On the other hand, R6 could also be explained by the

decomposition of CaCOs. CaCOs decomposes at around 700 °C to CaO and CO2 [77,78]. As

will be shown later in Section 3.4, RHW has high Calcium content and the ashes obtained by

combustion have Ca(OH)2 in them (which is formed from CaO).

The do/dT deconvoluted curves are presented in the Supplementary Material, Fig. S4 where

each reaction from R2 to R6 (Fig. 3) was isolated and considered as an independent parallel

reaction. The conversion rate of each reaction is shown in Egs. 9-13.

R2: % = 3.09 x 108571 exp <— %W) (1-ay)%®
R3: %%5—363x1w4—Hmp< M957H/md>

R4: % = 5.57 x 1085~ exp< 226 37k]/mo ) (1 - a3)33
Rs:f%%._146x103'*emp< 18758H/m0v (1 - ay)®?
R6: % = 1.52 x 10%?s7! exp< 2l 71k]/m0]> (1—0a,)?°

Full activation energy tables with pre-exponential factors together with the master plots are

presented in the Supplementary Material, Tables S5-S10 and Fig. S5.
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The activation energies of R2—R6 are 84.69 kJ/mol, 149.57 kJ/mol, 226.37 kJ/mol, 187.58
kJ/mol, and 421.71 kJ/mol respectively. The activation energy of reactions R3-R5 are
consistent with hemicellulose, cellulose and lignin decomposition reactions respectively,
according to other authors [49,73,79]. A lower activation energy was found in R2 which may
be related to extracts or a different type of hemicellulose. It was expected as well to obtain
lower activation energies for hemicelluloses and cellulose as a consequence of partial
hydrolysis of the polymers by the citric acid used in the extraction process [52]. On the other
hand, the activation energy of pectin decomposition up to 200 °C according to Aburto et al.
[71] is approximately 80 kJ/mol, which is closer to the results here presented (R2).

The activation energy of R6 is higher than that reported by Ray et al. [78] for calcite (calcium
carbonate) decomposition, although it must be considered that the sample treated in this study
Is not pure calcite, but calcium carbonate contained inside a biomass waste. L’vov et al. [80],
on the other hand, explained that there have been discrepancies in the experimental reports
of the activation energy for calcite decomposition throughout the years. L’vov et al. [80]
obtained an experimental result of the activation energy of calcite isobaric mode of
decomposition (in the presence of excess COz2 in the reactor atmosphere) of 493 kJ/mol which
is closer to the result obtained in this work. This last assertion, as explained by L’vov et al.

[80], implies that the activation energy depends on the CO2 concentration inside the reactor.

3.4 RHW pyrolysis products analysis
The proportion released of each gaseous component during RHW pyrolysis in the fixed bed
reactor as a function of temperature is shown qualitatively in Fig. 4. Each plot was drawn

according to the absorbance of certain wavenumber values, characteristic of each compound,
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with the exception of H2z profile, which was obtained by calculating the area of the
chromatogram peak. As may be seen, the first compounds detected by FTIR spectroscopy
were CO2 and CH3OH, starting at 150 °C, the temperature at which the reaction R2 is mainly
in progress.

Starting at 200 °C, CO release also begins. The process reaches maximum COz and CH3OH
production at around 380 °C and 340 °C, respectively, coinciding with the maximum rate of
cellulose devolatilization (R4). This agrees with Yang et al. [81], who found that maximum
carbon dioxide release occurs between 400 °C and 600 °C. CO production presents a local
maximum of approximately 400 °C, followed by an increase up to 900 °C. According to Yang
et al. [81], CO production presents a local maximum between 200 °C and 500 °C for the
pyrolysis of hemicelluloses, cellulose, and lignin, subsequently increasing again from 600 °C
onwards, especially as a consequence of the secondary pyrolysis of the tar from
hemicelluloses and lignin, but also as a result of char gasification in the presence of COa.
Methane and ethylene production did not begin until higher temperatures: 250 °C and 400 °C,
respectively. Maximum CHa production was at 630 °C, and maximum C2H4 at 850 °C, having
previously reached a local maximum at 550 °C. According to the gaseous product release
profile reported by Yang et al. [81], maximum methane production occurred between 500 °C
and 600 °C.

Hydrogen was identified in the gaseous products by GC (TCD) at two different temperature
intervals. First, from 200 °C to 400 °C approximately, and later from 450 °C onwards. The
maximum hydrogen release was reached at 700 °C. Yang et al. [81] found that H2 production
showed a maximum for hemicellulose, cellulose, and lignin between 650 °C and 800 °C, in

agreement with the results shown in Fig. 4.
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It must be emphasized the energetic importance of certain gaseous products such as Hz, CHa,
and CzHa. To obtain these three gases the pyrolysis temperature recommended is between
650 and 800 °C, a temperature interval at which the CO2 emission was drastically reduced,
whereas CO production was increased.

The total gas yield determined with the vertical reactor was 49.84 %, while the liquid yield
(including water) was 31,26 %. These results are in agreement with the predictions of the
work by Torres et al. [82], which predicts gas yields higher than 45 % for pyrolysis of
lignocellulosic waste at 800 °C. It should be highlighted that at 950 °C gas yield is enhanced,

whereas liquid yield starts to decrease at around 500 °C [82].
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Fig. 4 Gaseous pyrolysis products absorbance detected by FTIR spectrometer and GC (hydrogen detection with TCD)
at different temperatures.
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The results of H2 and CO yield analysis showed that 3.798 mmol H2/g RHW and 2.166 mmol
CO/g RHW were produced. Wang et al. [83] presented the hydrogen yield at 700 °C for slow
pyrolysis of pine wood in a fixed-bed reactor with and without the presence of different
catalysts. The H: yield reached by Wang et al. [83] in their experiment without catalyst was
approximately 1.5 mmol/gbiomass, being the yield here presented higher, although it should be
considered that pyrolysis experiments in this study reached a higher temperature (950 °C).
H2 production is also similar to that reported by Blanquet and Williams [84], who carried out
the pyrolysis of wood pellets up to 600 °C with a two-stage pyrolysis-plasma/catalysis
process obtaining a Hz yield of 3.94 mmol/gbiomass. CO yield was lower than that presented
by Wang et al. [83] without the catalyst, although it was similar to that reported by Blanquet
and Williams [84] for the biomass without the pyrolysis-plasma process (only with the
catalyst).

Fig. 5 shows the chromatogram for the liquid products (bio-oil) obtained at 950 °C by
pyrolysis in the fixed-bed reactor, with the names of the compounds that presented the highest
peaks. Diacetone alcohol (4-hydroxy-4-methyl-2-pentanone) and mesityl oxide (4-methyl-3-
penten-2-one) are most commonly used as solvents in purification processes or as precursors
for the production of other substances of interest [85]. Oxacycloheptadec-10-ene-2-one is
mainly found in fragrances in cosmetics, shampoos, fine fragrances, and non-cosmetic
products [86], while butylated hydroxytoluene (BHT) is used as an antioxidant in cosmetic
product types, dermally applied and sprayable products since it helps maintain their

properties when exposed to air [87].
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Fig. 5 Chromatogram (from GC-MS) of organic compounds found in pyrolysis bio-oil:

(1) 4-methyl-3-penten-2-one; (2) 2-butanone; (3) 4-hydroxy-4-methyl-2-pentanone; (4) dihydro-3-methylene-2,5-
furandione; (5) butylated hydroxytoluene; (6) hexadecane; (7) 2,6-dimethoxy-4-(2-propenyl)-phenol; (8) nonadecane;
(9) oxacycloheptadec-10-ene-2-one; (10) eicosane; (11) heptacosane; (12) heneicosane; (13) octacosane.
Toluene, p-xylene, phenols, and naphthalene, which were also found in RHW bio-oil
(presenting lower peaks), may be used as precursors for obtaining other chemicals [88].
Toluene and xylenes are used for combustion or solvents, and phenols are used in
pharmaceutical industries to produce different substances such as aspirin and phenolic resins
[88]. Most peaks located between a retention time of 20 and 35 min (Fig. 5) are due to
phenolic-derived compounds. These phenolic and aromatic-derived compounds obtained are
the result of lignin decomposition, while ketones and furan-derived molecules are mostly due

to hemicelluloses and cellulose decomposition [89]. A full list of the compounds identified

is available in Supplementary Material, Table S11.
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The surfaces of the solids (before and after thermochemical treatment) were compared in
SEM images of the raw waste and the biochar obtained at 950 °C (see Fig. 6a and 6b). Figs.
6a.1 and 6b.1 show a 100 X magnification of RHW and biochar particles and filaments. Figs.
6a.2-3 and 6b.2-3 show a 1000 X magnification of the particles and filaments separately. It
may be observed that husk particles char (Fig. 6b.2) have more pores on their surface
compared to the raw particles (Fig. 6a.2) Highly porous solids are desirable in biochar when
it is used as a soil amendment for contaminant removal by adsorption [34]. Additionally, a
high specific surface in biochar, as a consequence of increased porosity, is of great interest
for gasification reactions. On the other hand, the biochar obtained from the pyrolysis of the
filaments did not present pores, though it had a rougher surface texture than the raw filaments
(Fig. 6a.3). Compared to the R. rubiginosa rosehip seeds’ char surface obtained at 950 °C
shown in the work by Torres-Sciancalepore et al. [49], RHW char has lesser interstitial spaces
and porosity probably reducing the available external surface. This could lead to lower
reactivity to the gasification reactions of the RHW char compared to the R. rubiginosa

rosehip seeds’ char.
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Fig. 6 SEM images of (a) raw RHW biomass and (b) 950°C RHW char with a 100 X
magnification (a.1 and b.1) and 1000 X magnification of husk particles (a.2 and b.2) and hairs

(a.3 and b.3).

The main elements detected by EDS of RHW, RHW-biochar, and RHW-ash are presented in

Table 3.
Table 3. EDS semi-quantitative determination of elements present in RHW, RHW char, and
RHW ash.
C O Ca K Mg P S
(Wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (vvt %)
RHW 50.7 47 1.2 1 0.1 -
RHW-char 66.2 16.2 9.6 6.9 0.5 0.3 0.1
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RHW-ash 3.4 39.8 43.9 8.6 2.2 1.2 0.4

As expected, the wt.% of C increased in RSW-biochar as a consequence of the carbonization
process. Inorganic elements such as Ca, K, Mg, P, and S became more concentrated in the
solid after pyrolysis due to the devolatilization process.

Calcium and oxygen were the predominant elements present in the RHW-ash (Table 3) and,
considering the results of the XRD, it may be concluded that these elements are mostly
present in the form of calcium hydroxide (Ca(OH)z). Other compounds were identified by
XRD as well, such as periclase (MgO) and calcium potassium phosphate (KCaPO4 and
K4Ca(POa4)2). Full EDS spectra and XRD diffractogram are shown in Figs. S6-S9 in the
Supplementary Material. The presence of potassium-based and calcium-based ashes
promotes catalytic effects on the pyrolysis reactions of lignocellulosic biomass [90]. Lu et al.
[91] demonstrated that the presence of potassium phosphate inhibits the devolatilization of
hemicellulose and cellulose and promotes the decomposition of lignin to form phenolic
compounds. On the other hand, Wang et al. [83] found that calcium hydroxide promotes the
decomposition of cellulose and lignin constituents and enhances the yield of H2 which is of

energetic interest.

4. Conclusion
The oil production industry from rosehip seeds of the invasive species R. rubiginosa in
Patagonia leaves the husk as residue. In the present work, the valorization of the rosehip husk

was studied in two steps: an optimized eco-friendly pectin extraction, maximizing the
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extraction yield and minimizing the emission of carbon dioxide, followed by a
thermochemical treatment by slow pyrolysis to obtain valuable products.

After carrying out the optimization studies of the pectin extraction from RH employing the
response surface method, it was found that the maximum achievable yield at the lowest
possible carbon dioxide emission under the conditions analyzed was n = 17.83 % and CO2
emission = 456.7 g CO2/kg pectin.

Studies of RHW pyrolysis demonstrated that there is an inherent-moisture drying process
followed by at least five decomposition reactions linked to the decomposition of the pseudo-
components found in lignocellulosic biomass: hemicellulose, cellulose, and lignin, together
with the potential decomposition of CaCOs. The activation energy found in this study showed
expected results for lignocellulosic pyrolysis reactions when compared with other authors.
The main compounds in the tar (bio-oil) obtained by pyrolysis detected by GC-MS were
diacetone alcohol, mesityl oxide, butylated hydroxytoluene, oxacycloheptadec-10-ene-2-one
toluene, p-xylene, and phenol among others. Among the gaseous products carbon dioxide,
carbon monoxide, methanol, methane, ethylene and hydrogen were found. The recommended
pyrolysis temperature to obtain maximum methane, ethylene and hydrogen (which are of
energy interest) is between 650 °C and 800 °C.

It can be concluded that the two-step process studied allows the valorization of the rosehip
of the invasive species R. rubiginosa to obtain pectin, phenolic compounds, hydrogen, and
light hydrocarbons in an eco-friendly manner. This route shows a way to make controlled

use of the species, obtaining products of interest and reducing the volume of existing waste.
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Highlights

Optimal pectin extraction conditions were at T=79.6 °C, t=30 min, and pH=2.3
Maximum pectin yield and minimum CO2 emission were 17.83 % and 456.7
gco2/KQpectin

Six steps were identified by deconvolution of DTG in the pyrolysis of rosehip husk
Maximum CHa, C2H4 and Hz production by pyrolysis was between 650 °C and 800
°C

Rosehip husk ash showed a high Ca concentration (46.9 %) forming Ca(OH)2 and

KCaPOa
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