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A B S T R A C T

The influence of water-soluble inorganic constituents on combustion of raw grape pomace (RGP) and its chars
was investigated. Water leaching pretreatment was performed and the leached grape pomace (WLGP) and RGP
samples were subsequently characterized by TGA to investigate the combustion under low heating rate. Then,
the WLGP and RGP pyrolysis was carried out at slow (5 °C/min) and fast (120 °C/min) heating rates and the gas
and char products were characterized. Finally, the combustion of RGP, WLGP, RGP chars and WLGP chars was
analyzed in a drop tube furnace (DTF) to determine the influence of water-soluble inorganic matter on burnout
and gas emissions. The water leaching pretreatment removed considerable amounts of K, B, Mg and P. The TGA
results showed that the inorganic matter reduction negatively affected the combustion reaction rates, leading to
a displacement to higher temperatures of ignition and burnout. Nevertheless, the DTF results showed no relevant
effect on combustion efficiency between the RGP and WLGP samples. On the other hand, the pretreatment effect
was pronounced during the WLGP chars combustion, in which the burnout of WLGP chars combustion was 30%
lower compared to the RGP chars and 50% lower compared to the burnout obtained for raw samples.
Additionally, the pretreatment affected the NO and CO formation, increasing the gas species concentrations
during WLGP and WLGP chars’ combustion.

1. Introduction

Many efforts have been devoted to enable the use of agroindustrial
residues as a CO2-neutral and renewable fuel for power generation
[1,2]. A wide biomass variety is available for this purpose [3] and
several effective technologies have been developed for its utilization,
including combustion, pyrolysis, gasification and torrefaction [4,5].
However, there are many drawbacks of biomass application, such as the
costs and transportation logistics between the feedstock generation site
and the plant, the residues’ physico-chemical characteristics and energy
density, among others [6].

In this context, grape pomace is a byproduct with high potential for
energy application since it is already generated in fruit processing
plants, minimizing transportation costs. Grape is one of the most cul-
tivated fruits in the world and the processing of fruit to produce juice,
wine and other derivatives generates a considerable amount of residues
[7]. World grape production is approximately 67 Mt per year and waste
output amounts to 5 Mt [8]. The grape residues consist mainly of skins,
seeds and stems, reaching up to 25% of the total weight [7,8]. A small
percentage of the solid residue generated is used for secondary purposes

such as production of wine alcohol, animal feed and compost fertilizer
and extraction of grape seed oil and bioactive compounds [9], but the
major part is disposed in open areas, and consequently causes en-
vironmental problems.

Concerning the physico-chemical characteristics of grape pomace
and others agroindustrial residues, the biomass feedstock has high in-
organic species content, with strong potential for damage to generation
plant components, resulting in high maintenance costs besides the
formation of acidic and toxic pollutants [10–12]. Water leaching can be
used to upgrade biomass and can modify the fuel composition aiming at
reducing the ash-related problems such as agglomeration, fouling,
corrosion and slagging, generated in thermochemical conversion sys-
tems [10,13,14]. Previous studies have investigated the water leaching
process for the removal of alkali and alkaline earth metals (AAEMs),
sulfur and chlorine, finding it to be an effective and inexpensive process
[10,13]. The modification of fuel by water leaching can improve the
physico-chemical properties, affecting the ash content, ash fusibility,
initial melting temperature and heating value [14]. The extracted lea-
ched liquid consists mainly of sugars and organic acids, and its recovery
to produce alcohol and other coproducts is as feasible alternative to
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reduce costs related to this pretreatment [10]. The water leaching
procedure can even be performed by leaving biomass in the field after
harvest, exposed to at least one rain episode [11]. However, controlled
leaching is generally superior to natural leaching [15].

Experimental study using different biomasses, with distinct scales
showed that water leaching pretreatment achieved about 90% chlorine
reduction and 80% potassium reduction [16]. After the pretreatment,
high temperature chlorine corrosion can be effectively reduced as well
as the risk of alkali induced fouling [13]. Wang et al. (2018) [17]
studied the water leaching pretreatment effect on ignition and forma-
tion of particulate matter with an aerodynamic diameter smaller than
1.0 μm (PM1.0) during combustion of wheat straw. The results showed
that the biomass functional groups were not affected by the pretreat-
ment, but it increased the specific surface area (from 3.7 to 8.4 cm2/g)
and total pore volume (from 0.0063 to 0.0091 cm3/g), in agreement
with the results found by Zang et al. (2018) [18]. After water leaching,
PM1.0 emissions were reduced by 90%. The authors also reported ig-
nition delay, but burnout occurred earlier [17]. This phenomenon can
be explained by two hypotheses: 1- the increase in specific surface area
and total pore volume led to greater gas diffusion inside the particles,
improving the char combustion; or 2- after water leaching, the biomass
particles had higher melting temperature, reducing the sintering effect,
which decreased the particle’s access to the active sites, and conse-
quently enhanced char combustion [17]. In addition, the catalyst effect
of water-soluble minerals is primarily observed in devolatilization. The
TGA results showed that after pretreatment, devolatilization started at
higher temperatures and ignition occurred at 17 °C above the tem-
perature of the untreated sample [19]. These findings are consistent
with previous studies reporting that alkali metals, particularly po-
tassium, act as catalysts to promote release of volatiles [19,20]. There
are also studies reporting pretreatment for inorganic removal followed
by potassium doping, but most of these studies were performed using
low heating rates [17]. Link et al. (2018) [15] investigated the leaching
effect on the gasification products of wine and vine residues. The results
showed higher CO and H2 gas production for the leached residues
during gasification, increasing the gas low heating value by 17%. The
authors attributed this upgrade in gas product composition to the
higher moisture content of the leached vine residue, favoring the
carbon conversion. The pretreatment also lowered the tar yield and CH4

and CO2 formation [15]. Deng et al. (2019) [14] reported that after
water leaching the ash fusion temperature increased significantly while
the deposition mass decreased dramatically during biomass combus-
tion. Zhang et al. (2018) [18] stated that inorganic species have sig-
nificant effect on the torrefaction process of rice rusk. The removal of
alkali and alkaline earth metals (AAEMs) affected the reaction routes,
decreasing the solid product yield and increasing the gas product yield.
The authors also observed a decrease of water content and increase of
organic component content in the liquid products. Furthermore, recent

research has reported that ash-forming species influence NO formation
during biomass char combustion. During pyrolysis, part of the nitrogen
content in fuel is released as volatiles (from 70 to 90% of the fuel-N)
and part remains in the char matrix [4,21]. The ash-forming matter
removal affects the conversion of char-N to NO and its reduction re-
actions [21,22]. The authors observed that the conversion of char-N to
NO was almost 70% higher for the demineralized biomass compared to
the raw samples.

Even though biomass-leaching pretreatments followed by torrefac-
tion [23], carbonization [24] and combustion are discussed in the lit-
erature, to the best of our knowledge, there are no other studies dealing
specifically with slow and fast pyrolysis of leached biomass followed by
combustion of the resulting char under practicable heating rate condi-
tions, as presented in this study. In this context, the understanding of
ash-forming matter’s influence on these thermal processes is of great
importance to develop efficient technologies that can add value to al-
ternative fuels.

In this study, the effect of water leaching pretreatment on grape
pomace combustion and pyrolysis was investigated. The analysis fo-
cused on the combustion of chars produced via fast and slow pyrolysis
in a DTF furnace, taking into account the ash-forming matter’s effect on
burnout and gas emissions. Additionally, pyrolysis yields were eval-
uated in terms of char, gas and liquid production. The samples were
characterized before and after the water leaching, pyrolysis and com-
bustion processes. TGA was also employed to investigate the water
leaching effect during combustion and devolatilization, as well as to
study the reaction kinetics.

2. Materials and methods

2.1. Biomass preparation and characterization

The agroindustrial residue used as a feedstock in this study was
grape pomace (skin and seeds). The raw grape pomace (RGP) was
provided by a local winery in Rio Grande do Sul State (South region of
Brazil). The sample was dried for 24 h in an oven at 80 °C, then milled
and sieved to reach particle size smaller than 2 mm.

To evaluate the ash-forming matter’s effect on pyrolysis and com-
bustion, half the sample was submitted to pretreatment where the raw
grape pomace (RGP) was leached with distilled water at room tem-
perature for 2 h. The dilution rate used was 1 g of sample per 20 mL of
water (1:20). After bath with stirring, the water leached grape pomace
(WLGP) sample was filtered and dried in an oven at 80 °C for 24 h.
Finally, the entire amount of both samples (RGP and WLGP) was milled
and sieved to attain average particle size of 75 µm for the thermo-
gravimetric (TGA), pyrolysis and combustion experiments. The ex-
perimental development is shown in the diagram of Fig. 1.

The raw grape pomace (RGP) and the water-leached grape pomace

Fig. 1. Diagram of experimental development.
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(WLGP) were characterized by thermogravimetric analysis (TGA),
proximate analysis, ultimate analysis, higher heating value (HHV),
main components (cellulose, hemicellulose, lignin and the extractives),
scanning electron microscopy (SEM) and atomic absorption spectro-
scopy (AAS) to determine the contents of K, Ca, Mg, Cu, Zn, Fe, P, B, N,
S and Mn. The proximate, ultimate and HHV analyses were performed
according to the standards from the American Society for Testing and
Materials (ASTM), based on D3172-89 (1993), D5373 (2008) and
D5865-13 (2013), respectively. The main components analysis was
performed according to the Van Soest gravimetric method [25].

2.2. Thermogravimetric experiments

The TGA experiments were performed with an STA 449 F3 Jupiter
thermogravimetric balance (Netzsch). The thermal decomposition
profiles of RGP and WLGP were evaluated under air and N2 atmo-
spheres to investigate combustion and devolatilization, respectively.
For each experiment, the run temperature ranged from 25 °C to 700 °C
and sample weight was 10 ± 0.5 mg. The heating rate applied in the
combustion experiments was 10 °C/min and in the devolatilization
experiments were 5, 10, 15 and 25 °C/min.

The diffusion limitation effects in the TG/DTG measurements were
estimated according to the method proposed by Jess and Andresen,
(2010) [26]. This method takes into account the temperature reached at
50% of char conversion, the content of the oxygen, the height of the
crucible and the bulk density of the char sample. For operating condi-
tions adopted in the TGA experiments, a maximum heating rate of
around 300 °C/min was obtained, much higher than the highest heating
rate (25 °C/min) used in the TGA experiments. Therefore, TGA ex-
periments were performed in chemical control regime, without diffu-
sion limitations (no intraparticle concentration gradient).

The ignition temperature was determined according to the method
described in detail by Xiang-guo et al. (2006) [27], by applying TG and
DTG curves. The method is based on identifying the intersection be-
tween specific reaction points during fuel thermal decomposition under
air atmosphere. The method, definition of reaction points and results
are shown in Fig. S1.

A kinetic study was performed to estimate the activation energy
(Eα) related to the devolatilization process, in which the Friedman ki-
netic model was employed considering three heating rates – 5, 10 and
15 °C/min [28,29]. The Eα and standard deviations values were de-
termined taking into account the conversion degrees in the range of 0.1
(10%)–0.9 (90%). The Friedman model consists of a differential iso-
conversional method (model-free method) that, for linear non-iso-
thermal conditions (constant heating rates), is represented by Eq. [1]:

⎛
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⎠
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α i
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This theory assumes that = k T f α( ) ( )dα
dt , where f(α) represents de

reaction model and k(T) represents the Arrhenius reaction rate coeffi-
cient [30].

2.3. Fast and slow pyrolysis experimental setup

Fig. 2 shows the quartz fixed-bed reactor system used to investigate

the fast and slow pyrolysis of RGP and WLGP. The reactor is electrically
heated by two 1900 W resistors and has an internally portable quartz
tube with dimensions of 981 mm in length, 49 mm in outer diameter
and 41 mm in inner diameter. Two type-K thermocouples are posi-
tioned inside the reactor. The reactor exhaust outlet is connected to 10
bubblers used to retain the condensable gases and a flowmeter to
measure the flow of gases produced during the pyrolysis process. Each
bubbler was filled with 100 mL of isopropyl alcohol (except the first
and the last) and kept in an ice bath at approximately −10 °C. Non-
condensable gases were collected in SKC bags (FlexFoil PLUS Gas
Sample Bags), after passing through the flowmeter for further chro-
matographic analysis.

The pyrolysis process of RGP and WLGP was conducted at high
heating rate (120 °C/min) (denominated fast pyrolysis) and low heating
rate (5 °C/min) (denominated slow pyrolysis). The N2 flow inside the
tube was 150 mL/min for all experiments. For the fast pyrolysis ex-
periments, upon reaching 600 °C, 150 ± 0.5 g of biomass was quickly
pushed into the fixed-bed reactor. The experiment remained in this
condition for 30 min. For slow pyrolysis, the sample was fed into the
quartz tube at room temperature and placed into the unheated reactor.
The reactor temperature program was set to increase until 600 °C at
5 °C/min and remain at this temperature for 30 min. A particle holding
time of 30 min was applied for both pyrolysis conditions in order to
ensure that only the influence of the heating rate was being assessed.
The non-condensable gases produced during the processes were con-
tinuously collected and stored in specific SKC bags.

The non-condensable gases (H2, CO, CO2 and CH4), char and bio-oil
generated from the pyrolysis process were quantified. The solid and gas
fractions were also characterized. The non-condensable gases were
characterized with a Gas Chromatograph (Dani Master GC). The de-
tailed GC method is described by Perondi et al. (2017) [31]. The chars
obtained under both pyrolysis conditions were weighed for yield cal-
culation and characterized before the combustion experiments by
proximate analysis, HHV, inorganic contents, SEM and specific surface
area analysis (SBET).

The specific surface area (SBET) and pore size distribution were
characterized by N2 adsorption at 77 K in a Surface Area and Pore Size
Analyzer (Quantachrome Instruments, Nova 1200, U.S.A). The samples
(RGPS, RGPF, WLGPS and WLGPF) were outgassed under vacuum at
200 °C for 20 h prior to testing. The temperature used (200 °C) was
selected to avoid the release of volatiles contained in the samples. The
surface area was determined by the BET method and pore size dis-
tribution by the non-local density functional theory (NLDFT).

The chars produced by slow pyrolysis were denominated RGPS and
WLGPS and the chars produced by fast pyrolysis were denominated
RGPF and WLGPF.

2.4. Combustion experimental setup

The combustion of the RGP, WLGP and the chars produced during
pyrolysis (RGPS, RGPF, WLGPS and WLGPF) was subsequently char-
acterized in a drop tube furnace (DTF). The DTF used in this work was a
cylindrical ceramic combustion chamber, electrically heated, with a
useful length of 1232 mm and an inner diameter of 48 mm (Fig. 3a).
The reactor chamber temperature control is built in three parts, each
with three uniformly distributed type-K thermocouples: one for con-
trolling and two for monitoring the wall furnace temperature. A water-
cooled injector placed on the top of the reactor delivers solid fuel to the
combustion chamber, carried by air. The samples are collected along
the reactor by means of a water-cooled, nitrogen-quenched stainless-
steel probe. After collection by the probe, the particle samples are re-
tained by a quartz filter for subsequent analysis. The same stainless-
steel probe is also used without nitrogen flow to measure the flue gas
from combustion (NO, CO, SO2, O2 and CO2). The flue gas was analyzed
by a Siemens gas analyzer after being conditioned by filters and con-
denser.
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The combustion experiments were performed at 1100 °C (wall
temperature). A type-K thermocouple probe was used to obtain the
temperature profile along the centerline of the reactor (Fig. 3b). The

resulting residence time of the sample inside the furnace was approxi-
mately 280 ms (estimated by using the method proposed by Farrow
et al., (2015) [32]. The sample mass flow rate applied was 32 g/h and
the air flow rate was 30 L/min. The experiments to verify the repeat-
ability of the DTF were performed with the RGP and WLGP samples.

The combustion yield was determined by means of the burnout (ψ),
using the ash tracer method according to Eq. (3):

⎜ ⎟ ⎜ ⎟= ⎡

⎣
⎢ − ⎛

⎝ −
⎞

⎠
∗ ⎛

⎝

− ⎞
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⎤

⎦
⎥ ∗ψ

ω
ω

ω
ω

1
100

100 100f

f

x

x (3)

where ωf and ωx are the mass fractions of ash (dry basis) in the original
sample of biomass and in the collected residue from combustion, re-
spectively.

3. Results

3.1. Samples characterization - water leaching results

The high heating value (HHV), proximate, ultimate and chemical
composition analyses of RGP and WLGP are presented in Table 1. In
addition, the proximate analysis and HHV results of chars obtained
from pyrolysis are also presented. After water leaching, the content of
moisture, volatile matter and extractives decreased. The most sig-
nificant reduction was observed for the ash content (about 60%). On
the other hand, the fixed carbon, cellulose, hemicellulose and lignin
contents increased.

The inorganic element contents are presented in Table 2. The most
relevant reductions were observed for K, B, Mg and P. The potassium
content decreased significantly, similar to the results presented in the
literature [14,19,33].

The SEM micrographs of RGP and WLGP are shown in Fig. 4. The

Fig. 2. The schematic of tubular fixed bed reactor system.

Fig. 3. (a) Schematic of drop tube system and (b) centerline temperature profile
along the furnace.

Table 1
Characterization of grape pomace samples.

Grape Pomace samples RGP WLGP RGPS RGPF WLGPS WLGPF

Proximate Analysis (wt%)
Moisture 7.60 4.30 4.65 5.08 3.67 4.26
Volatile matter 72.9 67.3 24.6 36.5 24.6 17.7
Fixed carbon 14.9 26.5 61.9 51.0 70.3 76.4
Ash 4.67 1.87 13.5 12.5 5.08 5.91

Ultimate Analysis (wt%)
Carbon 47.9 51.0 – – – –
Hydrogen 6.5 6.9 – – – –
Nitrogen 2.5 2.3 – – – –
Oxygen* 38.0 37.9 – – – –
Lignocellulose composition (wt%)
Hemicellulose 9.2 14.2 – – – –
Cellulose 5.7 7.5 – – – –
Lignin 42.4 55.6 – – – –
Extractives 16. 6 11.8 – – – –
HHV (MJ/kg) 21.2 22.1 27.4 24.7 28.4 30.9

*By difference.
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water leaching process modified the grape pomace structure, as can be
observed in Fig. 4, showing a rougher surface, with interstitial regions
resulting from the removal of mineral matter.

3.2. Thermogravimetric results

Fig. 5 shows the TG and DTG curves for RGP and WLGP under air
atmosphere. According to the curves, the combustion process can be
divided into three stages for both samples, related to the sample
moisture evaporation (from room temperature to 110 °C), devolatili-
zation (from 160 to 380 °C) and char oxidation (from 380 to 590 °C).
These results are very close to those found in the literature [9]. The
pretreatment displaced the combustion onset and the burnout to higher
temperatures. While for RGP the combustion process started at 150 °C
and the burnout was achieved at 553 °C, for WLGP the combustion
started at 220 °C and the burnout took place at 565 °C. The most re-
levant difference between samples was the reaction rate, more notable
in the DTG curves. While for raw RGP the reaction rate peaks reached of
approximately 0.4 mg/s, for WLGP the highest decomposition peak
reached 0.05 mg/s, indicating the strong effect of inorganic matter on
combustion. Despite their thermally unstable characteristic, the bio-
mass extractives also may have influenced the reaction rates during the
combustion process at low temperatures (below 205 °C) [34]. The
multiple sub-peaks observed for the devolatilization event in the DTG
curves for both RGP and WLGP possibly can be attributed to the mul-
tistage occurrence and fluctuation of the organic matter combustion
process, as reported by Sun et al. (2015) [35].

In addition, the ignition temperature evaluated by the method de-
scribed by Xiang- guo et al. (2006) [27] showed that for the WLGP, the
ignition temperature was 30 °C higher than that obtained for RGP
(246 °C compared to 216 °C) (Fig. S1).

The results of TG and DTG curves obtained under N2 atmosphere to
evaluate devolatilization and its activation energy profile are presented
in Fig. 6. According to the DTG curves (Fig. 6a and b), the mass loss was
more intense between 150 °C and 400 °C due to the release of volatile
matter, which consists of CO, CO2 and condensable tar compounds from
hemicelluloses and cellulose chain decomposition [36]. The DTG peaks
related to the devolatilization reaction rates became more evident as
the heating rate increased. For this reason, the water leaching effect on
devolatilization was greater in the curve obtained at 25 °C/min. Eval-
uating the effect of the pretreatment, the devolatilization started at
approximately 150 °C for RGP and at 170 °C for WLGP. The displace-
ment to higher temperatures may be attributed to the extractive re-
duction, as presented in Table 1. In addition, the RGP DTG curves
presented a double peak according to which both achieved maximum
reaction rate of 1.0 mg/min, while for the WLGP the first peak (between

Table 2
Inorganic elements of grape pomace samples and chars produced from them.

Elements (g/kg) RGP WLGP RGPS WLGPS RGPF WLGPF

B 0.031 0.017 0.101 0.045 0.131 0.055
Ca 3.1 2.8 8.7 7.3 9.9 8.7
Cu 0.156 0.151 0.405 0.380 0.279 0.455
S 1.9 1.7 1.7 1.1 2.1 0.8
Fe 0.176 0.244 0.737 0.703 0.749 0.986
P 2.4 1.6 8.1 4.6 8.0 5.7
Mg 0.8 0.5 2.5 1.0 2.7 1.6
Mn 0.082 0.058 0.185 0.159 0.199 0.204
K 17.1 2.9 48.7 11.6 57.4 14.3
Zn 0.023 0.016 0.822 0.360 0.662 0.328
N 20.0 19.2 20.1 25.2 23.8 23.1

Fig. 4. SEM micrographs of (a) grape pomace (RGP) and (b) water leached
grape pomace (WLGP) (magnification of 5000×).

Fig. 5. TGA and DTG combustion curves obtained to the raw and water leached
grape pomace under air atmosphere.
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200 and 300 °C) indicated a reaction rate of 0.85 mg/min and the
second peak (between 300 and 400 °C) a maximum rate 1.25 mg/min.

The activation energy values (Eα) obtained by Friedman model for
the WLPG were greater than for the RGP over the entire conversion
range, indicating its lower reactivity. While the initial Eα value for RGP
was approximately 200 kJ/mol, for WLGP the initial Eα value was ap-
proximately 300°kJ/mol. The higher activation energy obtained for
WLGP at the beginning of the reaction can be associated with its lower
extractives content in sample [34]. The variations in Eα peaks (Fig. 6c)
indicate changes in reaction mechanisms, reinforcing the hypothesis of
multistep reaction presented in the DTG curves of Figs. 5, 6a and 6b
[36]. In addition, after the plateau from α = 0.1 to 0.7, there was a

high increase in apparent activation energy for both samples. In the
literature, the greater energy barrier after 70% of conversion can be
attributed to the highly endothermic charring reactions during the
pyrolysis experiments [36]. However, the aforementioned energy bar-
rier was greater for WLGP. The WLGP thermal decomposition presented
peaks exceeding 1300 kJ/mol, indicating the slow kinetics of charring
reactions due to the absence of mineral matter catalytic effect. Con-
sidering the temperature average of the three heating rates applied,
70% of conversion was achieved at approximately 370 °C for RGP and
380 °C for WLGP.

Previous studies have indicated that AAEMs, especially potassium,
act as catalysts for the crosslinking reactions of volatiles [19,37]. The
ash-forming species may enhance the decomposition of volatile mac-
romolecules, cracking the tar during pyrolysis and increasing the de-
volatilization yield. The samples’ reactivity is also affected. Conse-
quently, the TGA results of WLGP showed lower reaction rates during
combustion and devolatilization, while a shift to higher temperatures in
the devolatilization step and burnout was observed. In addition, the
ignition temperature was 30 °C higher for WLGP samples. The thermal
decomposition events that occur at low temperature, such as the de-
volatilization start and ignition, may also be influenced by the slight
reduction in biomass extractives after the water leaching pretreatment.
The activation energy profiles presented higher peaks after 65% con-
version, suggesting a shift in reaction mechanism compared to the RGP
sample and the existence of a higher energy barrier, corroborating
previous studies reporting the catalytic effect of alkaline metals [19].

3.3. Pyrolysis experiments

The pyrolysis of RGP and WLGP was performed using slow and fast
heating rates. In this study, the focus was on char investigation, but the
gas and bio-oil products were also quantified. Fig. 7 shows the impact of
water leaching pretreatment and heating rate on the distribution of
pyrolysis products. Fig. 7a shows the product yields obtained from slow
(RGPS and WLGPS) and fast (RGPF and WLGPF) pyrolysis processes.
Fig. 7b shows the characterization of gas products (N2 free basis).

As can be seen in Fig. 7a, the bio-oil yield (oil + condensed water)
increased from 41.4% to 43.9% for the RGP samples and, from 39.4% to
43.9% for the WLGP samples as the heating rate increased from 5 to
120 °C/min. Demiral and Ayan (2011) [38] observed the same trend
and attributed the higher yield of liquid products to the reduction of the
heat and mass transfer limitations under higher heating rates. The high
heating rate creates steep gradients within the particle, increasing the
heat and mass transfer with the surroundings. Regarding the pretreat-
ment effect, when the pyrolysis heating rate was shifted from slow to
fast, the increase in bio-oil production was more pronounced for WLGP
samples, associated with the mineral matter reduction. The lower in-
organic content can suppress the magnitude of vapor cracking, leading
to a reduction of gas and water formation, hence, increasing the bio-oil
yield [20].

The gas yield was very similar for all processes (22.1 ± 1.2%),
except for RGPF (12.8%). However, the gas composition changed sig-
nificantly. The RGPS generated the highest H2 concentration (30.9%)
while WLGPF generated the lowest (7.0%). In general, the pretreatment
led to lower H2 and higher CO and CH4 formation. The H2 formation
can be attributed to the cracking and deformation of the C]C and CeH
bonds of the aromatic rings present in the biomass structure, as well as
the cyclization and cracking processes of the primary pyrolytic vapors
[39]. When the residence time of gases is reduced, there is also a ten-
dency for reduction of H2 formation. For this reason, the concentrations
of H2 obtained in fast pyrolysis were lower. The gas HHVs were higher
for the WLGPS and WLGPF samples – 7.53 and 3.84 MJ/Nm3, especially
due to the higher CH4 concentration, while for the RGPF and RGPS
samples the HHVs were 2.54 and 2.78 MJ/Nm3, respectively.

Regarding the char formation, it is well established in the literature
that char yields decrease as the heating rate and temperature increase

Fig. 6. TG/DTG curves of (a) RGP and (b) WLGP under N2 atmosphere at 5, 10,
15 and 25 °C/min. (c) Activation energy (Eα) versus conversion (α) profiles of
RPG and WLPG samples thermal decomposition.
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[20,38]. Although the major product of fast pyrolysis is the bio-oil, the
char produced from this condition is also a product of the reaction;
hence, it is important to address an application for this product. The
biomass char has properties closer to coal than raw biomass, allowing
their use in existing plants with the minimum of necessary modifica-
tions. In our experiments, the char yield decreased from 39.6% to
34.0% for WLGP whereas it increased from 35.5% to 43.3% for RGP as
the heating rate increased from 5 to 120 °C/min. The increase in char
yield for RGP was unexpected, but may be associated with the forma-
tion of secondary char. Low heating rates and long residence times of
volatiles in the particle lead to the predominance of secondary reactions
(cracking, reforming, dehydration, condensation and polymerization),
with tar cracking to form lighter compounds and char. On the other
hand, during high heating rates, a low molecular weight metaplast is
formed due to the fast bond breaking, leading to an increased pressure
inside the particle, fast volatiles evaporation and low char yield [40]. At
high heating rate, an increase in char yield was observed, as well as a
reduction in gas yield. However, further studies should be performed to
clarify the mechanisms involved during these processes.

With respect to the pretreatment effect, under fast pyrolysis the char
yield of WLGP decreased. The mineral matter promotes the charring
reaction and the formation of secondary char [20]. Thus, the reduction
of inorganics in the biomass caused by the water leaching negatively

affected the char formation. On the other hand, this effect was not
observed under slow pyrolysis. A possible explanation is that with slow
heating rate, the reduction of inorganic elements can increase the
thermal stability of the samples, resulting in higher char formation
[20].

The physico-chemical characteristics of the formed char changed
drastically as the pyrolysis conditions shifted from slow to fast and from
RGP to WLGP. Table 1 shows the proximate analysis and HHV and
reveals that the pyrolysis processes increased the HHV, fixed carbon
and ash content, while volatile matter content decreased. The most
relevant fixed carbon concentration was obtained for the WLGPS and
WLGPF samples. The devolatilization during slow pyrolysis was higher
for RGP than WLGP considering that the final percentage was the same
for both samples. However, the devolatilization during fast pyrolysis
was approximately two times that of the WLGP sample.

The inorganic elements are presented in Table 2. The water leaching
pretreatment removed a significant amount of water-soluble inorganic
constituents, mainly potassium. The pyrolysis process removed part of
the organic matter and led to notable increases of B, Ca, Cu, Fe, P, Mn, K
and Zn concentrations.

Regarding the samples’ structure, Fig. S2 shows the SEM images of
formed chars from slow and fast pyrolysis and Fig. S3 shows the results
of pore size distribution and specific surface area of chars. The pore size
distribution data reveal that the pores of the chars obtained from grape
pomace (RGPS, RGPF, WLGPS and WLGPF) were mostly mesoporous. It
was also possible to verify a narrower pore region in the pyrolyzed
materials with slow heating rate (both for WLGPS and for RGPS). This
result can be explained by the following hypothesis, suggested by Della
Rocca et al. (1999) [41]. For slow heating rates, volatile pyrolysis
products are released through the natural porosity and no major change
takes place in the particle morphology. On the other hand, for fast
heating rates, the original cell structure is lost [42] because of melting
phenomena [43–45]. Fast release of volatiles produces substantial in-
ternal overpressure and coalescence of the smaller pores, leading to
large internal cavities and a more open structure of both wood [46] and
lignin [43].

3.4. Combustion experiments

The reactivity of formed char and raw samples was investigated by
means of DTF combustion experiments. The burnout results are pre-
sented in Fig. 8. The DTF experiments repeatability is evidenced by the
low standard deviation obtained for the replicates performed with the
WLGP and RGP samples (0.48% and 0.51%, respectively).

The differences in reactivity between raw samples (RGP and WLGP)
and the chars (RGPS, RGPF, WLGPS and WLGPF) are clear. The highest

Fig. 7. (a) Products distribution and (b) Gas products (N2 free basis) from slow
and fast pyrolysis of raw grape pomace (RGP) and water leached grape pomace
(WLGP).

Fig. 8. Burnouts obtained from combustion of all fuel samples at 280 ms of
residence time.
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burnouts were obtained for RGP and WLGP (94.2 and 97.7%, respec-
tively) due to their higher content of volatile matter and lower content
of fixed carbon. The slight difference between the two samples (con-
ditions (1) and (2) in Fig. 8) can possibly be attributed to the changes in
surface and ash removal caused by the water leaching pretreatment
(Fig. 4). Additionally, the catalytic effect of minerals was not evidenced
in the combustion of raw samples. On the other hand, the catalytic
effect becomes evident when the burnouts of WLGP char samples are
compared to RGP chars under both pyrolysis conditions. The burnouts
were approximately 30% lower for the WLGP chars combustion. In
addition, when the combustion of WLGP char is compared to the
combustion of WLGP, the difference is near 50% lower.

Evaluation of the char combustion as a function of pyrolysis con-
ditions showed that the burnout was higher for the chars formed under
fast pyrolysis for both RGP and WLGP. The increase of the char re-
activity with the higher heating rate during pyrolysis can be explained
by the occurrence of gasification reactions mainly on the surface of
large pores, and/or a higher concentration of active sites [43]. Overall,
it is expected that the higher the volatile matter content and lower fixed
carbon, the higher the burnout will be. However, this trend was not
observed during the combustion of WLGP chars, in which the WLGPF
char formed under fast pyrolysis presented lower volatile matter con-
tent (Table 1) than the WLGPS char formed under slow pyrolysis (points
5 and 6 of Fig. 8). In addition, the burnout results were directly related
to the SBET results, as can be identified in Fig. S3c. The highest burnout
values were obtained for chars with greater surface area. According to
[47], oxidation rates are expected to be higher for chars with higher
surface areas. Evaluation of char combustion as a function of pre-
treatment indicated the burnout was higher for RGP chars and these
chars also presented higher SBET.

The SEM images of the particle structures evaluated after DTF ex-
periments, related to each burnout result (highlighted by the numbers
in Fig. 8) are presented in Fig. 9, following a decreasing order of
burning efficiency. According to Fig. 9, the higher the burnout, the
greater was the apparent porosity of the residue. It is clear that during
combustion the active sites of natural samples were completely ac-
cessed, resulting in very porous structures, poor in carbon (supported
by the Supplementary material presented in Figs. S4 and S5). On the
other hand, as the burnout decreased, the particle structure became less
accessible, with a preserved structure, still containing high carbon
content, which could have been converted with application of longer
residence. In general, the pretreatment followed by pyrolysis produced
a more thermally stable solid fuel.

The NO, CO, SO2 and CO2 concentrations obtained during com-
bustion of RGP, WLGP and their chars produced under slow and fast
pyrolysis are presented in Fig. 10. All emissions were measured at the
same residence time, corresponding to the burnouts of Fig. 8. For
comparison, the emissions were corrected to 10% of O2 and were
normalized by the maximum value. The high CO emission reflects the
incomplete combustion due to the short residence time applied
(280 ms) for the purpose of comparison, since longer residence times
would cause complete combustion.

The NO emissions were higher for the WLGP samples, even with the
lowest burnouts among the samples. Additionally, the nitrogen content
of the WLGP samples was lower than the RGP samples. This result can
be attributed to the influence of water leaching on NO formation.
Karlström et al. (2017) [21] investigated the role of ash-forming ele-
ments on the NO formation during char combustion and verified that
the conversion of char-N to NO was higher for the leached biomass
compared to the raw samples. The catalytic effect of ash enhances the
reduction of the initially formed NO to N2 according to the global re-
action (NO + C →1/2N2 + CO) [21,48]. The two reaction mechanisms
proposed by the authors involving the influence of the catalytically
active ash-forming element (M) suggest that the reduced catalytic sites
(_MxOy) together with a carbon site (_C) dissociate NO, resulting in an
oxidized catalytic site (_MxOy+1) and an active carbon site linked to

nitrogen (_CN). Then the oxidized catalytic site (_MxOy+1) is re-
generated by reacting with a carbon site [21,22]. Furthermore, the
conversion of char-N to NO was investigated as a function of nitrogen
content and the NO formation decreased as the nitrogen content in
samples increased [22]. These results imply that both parameters in-
fluence the conversion of char-N to NO, and the several reactions
proposed to explain the NO conversion mechanisms can occur si-
multaneously or compete [21,22]. In addition, the presence of CO has
been reported to enhance the reduction of NO [21,22,48]. In this study,
the combustion of WLGP chars produced more CO than the RGP chars.
However, further research is required to confirm the relation between
NO and CO formation.

The SO2 emissions were more affected by the pyrolysis conditions
than the water leaching pretreatment. Although similar studies using
coal have reported that the soluble minerals in samples may reduce the
SO2 emissions during combustion [49], the highest SO2 produced
during the raw WLGP combustion can be attributed to the highest char
conversion.

In general, the use of biomass via direct combustion and co-com-
bustion for energy production still faces challenges due to ash-related
issues, transportation expenses and grindability problems [11,13,50].
The inorganic elements present in biomass are limiting factors to its
utilization due to the high potential for damage to generation plant
components due to sintering and fouling, which reduce boiler efficiency
and increase maintenance costs [12,37]. In this respect, the water
leaching pretreatments improved the biomass and minimized these
shortcomings. On the other hand, there are many studies concerning
the catalytic effect of ash forming elements on combustion reactions.

Based on our findings, the water-soluble inorganic matter was suc-
cessfully reduced by the water leaching and the biomass reactivity was
clearly affected by this pretreatment. Nevertheless, while the TGA re-
sults showed reduction in combustion reaction rates, increased burnout
and ignition temperatures and higher activation energy for the WLGP
sample, the DTF results showed no relevant effect on combustion effi-
ciency between the RGP and WLGP samples. However, the pretreat-
ment effect cannot be neglected during the WLGP chars combustion, in
which the burnout of WLGP chars was 50% lower than the burnout of
RGP and WLGP samples and, 30% lower than the RGP chars. These
findings for WLGP chars’ combustion indicated that more attention is
required to adjust the operational conditions. The advantage of less
severe ash-related problems for boiler maintenance and efficiency is
achieved at the expense of reduced char reactivity, which has to be
dealt with during combustion control. The residues obtained after
combustion showed a structure rich in carbon, suggesting that longer
residence times are required for the WLGP char combustion. Moreover,
more efforts should be dedicated to investigate the advantages related
to biomass ash reduction regarding energy balance, considering ex-
tending power plants’ life cycle.

4. Conclusions

This study investigated the effect of water leaching on combustion
of grape pomace and its chars produced under slow and fast pyrolysis.
The water leaching pretreatment improved the fuel characteristics in
terms of reduction of ash and inorganic matter, mainly K. However, due
to the catalytic effect of mineral matter, after the pretreatment the TGA
results showed reduction in combustion reaction rates and increases of
the ignition, devolatilization and burnout temperatures.

During pyrolysis, the water leaching pretreatment led to a higher
bio-oil yield due to the suppression of cracking vapor reactions caused
by the inorganic matter reduction. In addition, the gas products showed
higher concentrations of CO and CH4 and lower H2. The gas HHV was
higher for the WLGP samples. Regarding char formation, under fast
pyrolysis the pretreatment led to a lower char yield. Moreover, the
volatile matter and ash decreased while fixed carbon increased, so the
pretreatment increased the char HHV.
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Finally, even though no relevant difference was observed in the
burnout in the DTF of raw samples (WLGP and RGP), the burnout
temperatures of the WLGP chars were 30% lower than RGP chars and
50% lower than raw samples. Additionally, the water-soluble inorganic

reduction had a negative influence on the gas species formation, in-
creasing the NO and CO emissions during WLGP and WLGP chars’
combustion.

From a combustion application point of view, water leaching proved
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Fig. 9. SEM micrographs of DTF residues obtained after the combustion process, following a decreasing order of burning efficiency as in Fig. 8.
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to be effective in reducing the inorganic matter content, which tends to
reduce problems related to ash deposition and corrosion in boilers. It
also improved the HHV of the syngas and char produced by pyrolysis.
On the other hand, the water leaching tended to reduce the reactivity of
the pyrolytic chars, which may require longer residence times in the
boiler to achieve complete burnout.
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