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Abstract: Biomass waste, as raw material for renewable energy, is an attractive alternative since it
does not compete with human food supply. An emerging alternative for its treatment is supercritical
water gasification (SCWG), due to the high moisture content of some types of biomass. On this
regards, guava fruit (Psidium guajava L.) is one of the most wasted agro-food products in Mexico.
This motivated us to evaluate gasification of guava waste on dry biomass base under supercritical
water conditions for the first time, with the aim of analyzing the impact of moderate temperatures
and feed ratios as reaction parameters on gas products. Temperature was varied in the range of
673.15–773.15 K and using a batch reactor loaded with biomass:water (B:W) mass ratios of 1:1, 1:4, and
1:6. Furthermore, the obtained solid, liquid, and gas phase products were characterized. Hydrogen
(H2), carbon dioxide (CO2), carbon monoxide (CO), methane (CH4), ethane (C2H6), propane (C3H8),
and butane (C4H10) were identified in gas phase and quantified by means of a gas chromatograph
equipped with a TCD detector. Liquid and solid phase products were subjected to Fourier Transform
Infrared spectroscopy analyses. This preliminary research indicated that high temperature operation
and high biomass:water mass ratio enhanced gas yields (mol/kg) of about 4.137 for CH4, 6.705
for CO2, and 7.743 for H2; whereas the selectivity and gas efficiency for hydrogen was 65.26% and
58.94%, respectively.

Keywords: supercritical; gasification; water; biomass waste; Psidium guajava L.

1. Introduction

Gasification via supercritical water is an alternative technology in gasification of
biomass with high moisture content. Some remarkable aspects for reactions in SCWG are
the lower operating temperature in comparison with the corresponding for conventional
gasification or pyrolysis, the suitable solvating power for water focused on organic reac-
tants, the inhibition of reactions as polymerization, and the high hydrogen-production in
detriment of carbon monoxide content at high temperatures.

A great variety of biomass has water content higher than 80%. SCWG processes exhibit
some advantages due to the supercritical water properties (critical temperature, 647.10 K;
critical pressure, 22.06 MPa), such as high diffusion rates, low viscosity, and low dielectric
constant. These characteristics make water an excellent solvent for organic materials,
and takes part on the hydrogen bonds weakening to contribute hydrogen production [1].
Nowadays, organic/inorganic residues have been highlighted because its exploitation
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can generate value-added products instead of waste disposal. In this concern, waste
biomass can be used as wet feedstock for fuel gas generation. The exploitation of renewable
resources to produce less-pollutant fuels are a solution to avoid complete dependence on
fossil fuels since combustion of petroleum fractions provokes environmental pollution by
greenhouse gases.

Regarding the Mexican agricultural sector, a serious problem on post-harvest crop
products is the huge losses on fruits during the food production chain stages (from farmers
to final customers). Based on official reports from the Secretary of Social Development
(Secretaría de Desarrollo Social, Mexico) in 2015, the total food waste was 10,000,431 tons
per year equivalent to 37.26% of total production. Guava fruit (Psidium guajava L.) was the
most wasted fruit in Mexico, about 57.70% of its national production [2], which creates an
opportunity area for this waste. It can be treated via diverse chemical processes to generate
high value-added products.

Taking advantage of water content, biomass waste can be utilized in a gasification
process using supercritical water to obtain gaseous fuels or syngas, (which contains hy-
drogen) depending on the operation conditions. Water would act as solvent and reactant
at supercritical conditions; hence, biomass might not require rigorous pretreatment. The
first approaches have studied SCWG with model compounds (lignin, fructose, cellulose,
hemicellulose, and glucose). Furthermore, vast efforts have been carried out using organic
or inorganic “real” biomass, such as plastic material, petroleum fractions, municipal or
industrial wastewater, and sludge, as well as some organic residues from agricultural,
animal, and food sectors. About experiments, fuel synthesis has been performed above
critical temperature of water up to 1123 K in catalytic/non-catalytic batch or continuous
flow reactors made of different materials. All these parameters are aimed to describe the
reaction mechanism, look for the optimum operating conditions, and perform numerical
simulation [3–15].

Composition and content of products via SCWG depend on the reaction conditions
and biomass composition. For instance, lignocellulosic biomass is typically constituted by
cellulose (45–50%), hemicellulose (20–25%) and lignin (20–25%). The reaction mechanism
that induces water is complex at these conditions, as demonstrated elsewhere [3–15].
Initially, biomass material conversion produces intermediates by hydrolysis and the water
solvating power effect. Consequently, these compounds are fragmented and cracked
to produce gaseous components and small molecules [16]. The overall reaction can be
summarized according to Equation (1), focused on hydrogen [17,18]:

CHxOy + (2 − y) H2O→ CO2 + (2 − y + x/2) H2 (1)

Specific reactions for gas production are steam reforming, hydrolysis, reforming, water-
gas shift, thermal decomposition, hydro-pyrolysis, oxidation, hydrogenation, methanation,
and polymerization. The improvement or decreasing of these reactions is clearly dependent
on temperature, biomass:water concentration, and biomass nature. The most important are:

Steam reforming

CHxOy + (1 − y) H2O→ CO + (1 − y + x/2) H2 (2)

Water-Gas shift
CO + H2O→ CO2 + H2 (3)

CO Methanation
CO + 3 H2 → CH4 + H2O (4)

CO2 Methanation
CO2 + 4 H2 → CH4 + 2 H2O (5)

CO Hydrogenation
CO + 2 H2 → CH4 + 0.5 O2 (6)
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Boudouard
2 CO→ C + CO2 (7)

CO2 → C + O2 (8)

Lignocellulosic compounds take part on the intermediate reactions; lignin hydrolysis
on Equation (5) also produces phenolic compounds, which are subsequently converted to
gas compounds by steam reforming.

Cellulose hydrolysis

(C6H10O5)n + n H2O→ n C6H12O6 (9)

Glucose reforming
C6H12O6 → 6 CO + 6 H2 (10)

Lignin hydrolysis

(C10H10O3)n + n H2O→ n C10H12O4 (11)

Concerning reutilization of real waste biomass. Some agro-food residues that have
been studied elsewhere on dry or wet basis under supercritical water gasification are fruit
pulp, peach scrap, aloe vera rind, coconut shell, sugarcane bagasse, malt spent grains, bio-
oil, food waste, and peel from banana, lemon, orange, or pineapple. In certain applications,
those biomasses were gasified under activated carbon, Ru/C, K2CO3, NaOH, KHCO3,
Na2CO3, KOH, FeCl3 and nickel-base materials as catalysts, even dosing additives in
food waste feedstocks [19–30]. For the best of our knowledge, Silveira-Junior et al. have
recently carried out fast pyrolysis from seed guava in the range of 623.15–873.15 K focused
on levoglucosan. Biochar production raised at low temperature, the opposite occurred
with liquid–phase generation whose maximum was attained at high temperature, whereas
carbon dioxide was in the interval of 2.51–5.15% [31]. Therefore, our interest is centered
in valorization of guava fruit waste under SCWG. The goal of our current study was to
evaluate the effect of moderated temperatures (673.15–773.15 K) and biomass concentration
(1:1, 1:4, 1:6) on the value-added chemicals yielded in gas, liquid and solid phases. As first
approach, guava fruit waste was used in dry base biomass.

2. Materials and Methods

Overripe pink guava fruit (Psidium guajava L.) was collected from the state of Morelos,
Mexico. The moisture content was achieved by a 915 KF Ti-Touch (Metrohm, Switzerland).
The fruits were dehydrated in an oven and grinded up with the aim of avoiding an
heterogenous sample lot. Biomass dry particles were estimated to have a geometric mean
diameter of 0.624 mm. The water was distilled-grade and sulfuric acid was analytical grade
(95–98%). Chemicals used as standards for calibration of analytical instrument were of
high purity.

The particle size distribution of guava fruit was evaluated based on ASABE standard
method S319.4 [32] of determining and expressing fineness of feed materials by sieving.
Afterwards, biomass was characterized by ash content as per ASTM E-1755-95 standard
test method, insoluble dietary fiber based on the method proposed by Claye et al. [33],
high heating value (HHV) performed in a 6200 bomb calorimeter (Parr, USA), elemental
C, O, H, N, S analysis carried out with a FLASH 2000 (Thermo Scientific, USA), total
organic carbon (TOC) content by using a TOC-L (Shimadzu, Japan), and a Frontier FT-IR
spectroscopy (PerkinElmer, USA) using 2 cm−1 of resolution. Thermogravimetric analysis
(TGA) and differential calorimetry scanning (DSC) were performed on a STA PT 1000
(Linseis, Germany) at a heating rate of 11 K/min in a temperature range from 298.15 to
853.15 K and under argon atmosphere. The TGA allowed estimating the devolatilization
behavior of the guava fruit waste by calculating the differential weight loss.

Supercritical water gasification reactions were conducted in a batch reactor made of
Inconel 625 alloy. A schematic diagram is illustrated in Figure 1. The equipment is mainly
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constituted by a reactor vessel of 150 cm3 {1} internal volume, a stirring motor {2} with a
stirring shaft and a three-blade impeller, needle valves (Vi), an electric heating resistance
{3}, a manometer {4}, two K-type thermocouples {5,6}, a PID temperature controller {7}, a
computer {8}, internal cooling service {9} coupled to a circulating liquid bath, a relief valve
{10}, a stainless steel filter of 0.5 cm {11}, a steam trap {12}, an autoclave of 30 cm3 volume
{13}, an analytical balance {14} and a separator {15}.

Figure 1. Schematic diagram of the reactor.

Supercritical water gasification of guava fruit waste consisted on feeding into the reac-
tor 100 g of mixture constituted by water and biomass on dry base, different biomass:water
mass ratio were evaluated (B:W = 1:1, 1:4, 1:6), in order to reach high pressure conditions
reported in the interval of 25.0–45.0 MPa. Weightings were measured in an analytical
balance. Then, the reactor was hermetically sealed, and air was evacuated throughout
a vacuum pump. Afterwards, the reactor was heated by an electrical furnace at a rate
of 4 K/min to reach the desired temperature in the range of 673.15–773.15 K. Reaction
conditions were kept for 60 min until the desired temperature was attained. Operating
pressure depended on the temperature and the total volume of the biomass:water. Finally,
the reaction was stopped by removing the reactor from the electrical heating resistance and
a sudden cooling down to room temperature. Experiments were duplicated in order to
check reliable conditions and results are reported as the average of repetitive runs.

Products were obtained in gas, liquid, and solid phases and were quantified gravi-
metrically in an analytical balance. The upper needle valve was opened to allow the gas
flows throughout the stainless-steel filter and subsequently the molecular sieve 5A trap,
to suppress the presence of solids and moisture. Then, the dried gas was collected in a
high-pressure cell for weighing purposes.

The reactor was opened by removing the cover to gather liquid and solid residues.
Preliminary experiments demonstrated the formation of four-phases: gas, aqueous, organic
liquid, and solid; Nevertheless, the formation of two liquid phases was avoided in the
reported results by adding two drops of sulfuric acid in liquid–phase. Hence, the ionization
of organic acids and the formation of additional insoluble materials was inhibited. The
liquid and solid were separated, the first one was filtered, and the second one was subject
to evaporation.

The composition of gas effluent was analyzed in a gas chromatograph GC-7890B
(Agilent, USA) equipped with a TCD detector and two columns; RT-XL packed and
molsieve 13x capillary columns connected in series with argon as carrier gas. Temperatures
for the TCD and injector were 523.15 K. The temperature gradient for the oven was set
initially to 313.15 K for 4 min, and then a rate of 15 K/min was applied to reach 513.15 K
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for 11 min, followed by another ramp of 30 K/min set to reach 393.15 K during 2.6 min.
Finally, gas compounds were quantified by external calibration of the TCD, evaluating the
retention times using pure compounds as standards. Liquid products were characterized
qualitatively and quantitatively by FT-IR spectroscopy and total organic carbon (TOC), in
that order. Meanwhile solid phase was analyzed by FT-IR.

3. Results
3.1. Biomass Characterization

Guava sample was subject to moisture content on wet basis. The remaining charac-
terization results on dry basis such as geometric mean diameter (gmd), ash content, high
heating value, TOC content, as well as ultimate and structural analyses are also listed
in Table 1. The lignocellulosic biomass had a great content in C and O, low content in
hydrogen, and slight amount of nitrogen and sulfur. The structure was predominantly
constituted by hemicellulose and lignin with low content of cellulose. Some of these
parameters are reported elsewhere by different research groups [34,35].

Table 1. Guava fruit waste characterization.

Ultimate Analysis/wt%
Moisture 1/wt% gmd/mm

C H N S O 2

42.19 6.19 0.89 0.02 50.71 82 0.624

Structural Analysis/wt%
Ash/wt% HHV/kJ·kg−1 TOC/wt%

Cellulose Hemicellulose Lignin Extracts

2.70 64.60 26.10 3.68 2.92 17250.6 33.5

Wet basis. 2 O = 100–C–H–N–S–ash.

The thermal exposure of guava under atmospheric pressure was studied by ther-
mogravimetric analysis and differential scanning calorimetry. Sample weight loss was
recorded as increasing temperature to obtain thermograms and differential thermogravi-
metric curves at controlled heating rate as depicted in Figure 2. The combustion process
profile depended on the composition and nature of sample. The organic matter was broken
down into stages: drying, as well as active and passive pyrolysis. The organic biomass
devolatilization profile were separated into several temperature-dependent zones.

Figure 2. Thermal analysis of guava fruit (Psidium guajava L.) waste.

The first zone for the TGA curve had a weight loss of 8.85% up to around 440.15 K,
caused by the release of moisture and volatile compounds. Afterwards, the second zone
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covered a slope in the interval from 440.15 K to 618.15 K, which represented a weight
loss of 45.46%. It was associated with the devolatilization of components hemicellulose
and cellulose degradation took place as well as lignin combustion. Hemicellulose was
easier to be degraded than the others at these temperatures since it is mainly constituted by
saccharides with amorphous structures, rich in branches. The last zone showed different
slopes that began at 618.15 up to 853.15 K whose weight loss was about 33.41%. Lignin
decomposition ended and was the main biomolecule that promoted biochar formation. The
greater thermal stability on lignin structure was demonstrated compared with cellulose
and hemicellulose. Besides, aromatic compounds predominated since the C–C bonds in
phenylpropane [36,37].

The behavior of the differential scanning calorimetry analysis exhibited two endother-
mic broad peaks related to the energy required for evaporating moisture at 353.15 K and
volatile compounds at 443.15 K. Energy release occurred at 573.15 K, which confirmed
the degradation of hemicellulose and cellulose, as well as lignin, but partially [37–39].
Afterwards, four additional devolatilization sharp peaks were observed at 723.15, 743.15,
763.15, and 823.15 K; these could still be produced by the thermal decomposition of the
remaining lignin [39,40]. Besides, the rupture of biomolecules (depolymerization reactions)
such as xylan [41,42], biochar formation [43] and gas release [39,42,44], the combustion
of complex branched (including aromatic rings), thermal stable structures [39,44], and
ash [39–45] could contribute within this intense exothermic energy. Temperatures higher
than 853.15 K were not tested since no significant peaks have not been reported previously
based on the analysis carried out by Athmaselvi et al. [46].

Guava samples were also analyzed by Fourier Transform Infrared spectroscopy, a rep-
resentative spectrum is illustrated in Figure 3 where the adsorption bands were associated
with the functional groups of complex compounds. Emphasis was made on the polysaccha-
rides listed in Table 2 as cellulose, hemicellulose, and lignin, but the samples also contained
other components identified elsewhere like pectin, proteins, and flavonoids [47–50].

Figure 3. FT-IR spectrum for guava fruit waste.
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Table 2. Absorption frequencies of functional groups in the guava fruit waste.

Wavenumber/cm−1 Functional Group Polymer Reference

3273 OH, NH Carbohydrates, lignin, hemicellulose, cellulose [50–54]
2921 CH2 aliphatic Carbohydrates, lignin [47,52,53]
2850 CH2 aliphatic Pectin, protein [47,52]
1730 C=O ester group Hemicellulose [47,50,55,56]
1600 C=O, aromatic Lignin [55–58]
1420 Aromatic, C–H Cellulose, hemicellulose, lignin [56,57,59–61]
1371 C–H Cellulose, hemicellulose [56,59–62]
1335 CH–, OH Cellulose, hemicellulose, lignin [55,56,63]
1237 C–O, C–O–C Carbohydrates [53,64,65]
1143 Aromatic C–H, OH, C=O Lignin [56,65]
1098 C–O–H, C–O Cellulose, hemicellulose, lignin [58,66]
1047 Cellulose, hemicellulose [56,62,65,67]
1028 C3–O3H, C–O Cellulose, hemicellulose, lignin [50,52,55,65]
923 C6–O6H, C–O, C=C, C–C–O Lignin [56,68]
869 Aromatic, C–H Hemicellulose [56,65,66]
820 C2–H Lignin [56,65,66]
776 C–H Carbohydrates and lignin [53,69]

The strong broad peak at 3273 cm−1 denoted the phenolic and aliphatic hydroxyl
group stretching vibration; NH stretching of the amine group indicated the amino acid com-
ponents [50–54]. The CH2 asymmetrical and symmetrical stretching for alkane groups were
associated with the medium peak at 2921 cm−1 and the weakness signal at 2850 cm−1, re-
spectively [47,52,53]. The weak peak around 1730 cm−1 corresponded to the carbonyl C=O
stretching vibration of different groups such as acetyl, aldehydes, ketones and carboxylic
acids [47,50,55,56]. The stretch of the carbonyl (C=O) conjugated with the aromatic skeleton
of phenylpropane appeared for the medium signal at 1600 cm−1 of wavelength [55–58].
The weak signal at 1420 cm−1 indicated CH3 bending vibrations, CH2 symmetrical defor-
mations and C–H in plane deformation with aromatic structure vibration [56,57,59–61]. The
relative weakness that lied at 1371 cm−1 was ascribed to C–H bending of alkanes [56,59–62].
The signal at 1335 cm−1 was associated with OH in-plane bending and CH2 wagging of
alcohols and alkanes [55,56,63]. The sharp signal noticed at 1237 cm−1 corresponded to
C–O, C–O–C bonds indicating the presence of carboxylic acids and ethers [53,64,65]. The
weak peak observed at 1143 cm−1 presented aromatic C–H in plane bending, OH and
C=O stretches [56,65]. The weak shoulder absorption band observed at 1098 cm−1 could
be attributed to the C–O–H bending modes and C–O, suggesting the presence of alcohol
groups [58,66]. The peak observed in 1047 cm−1 might be assigned to C3–O3H, and C–O
stretching in C–O–C (ether) bonds [56,62,65,67]. The strongest sharp signal located around
1028 cm−1 was designated to C6–O6H, C–O, C=O, and C–C–O stretches denoting phenol,
alcohol, and ester [50,52,55,65]. The 923 cm−1 weak signal indicated C–H out of plane for
alkane group and aromatic [56,68]. The weak band sharpened at 869 cm−1 corresponded
to deformation of the equatorial C2–H bond of mannosyl residue, and the narrow peak
at 820 cm−1 presented C–H out plane bending [56,65,66]. The peak at 776 cm−1 could be
assigned to deformation C–H in aromatic of carbohydrates and lignin [53,69].

3.2. Supercritical Water Gasification

Products obtained in gas, liquid, and solid phases from gasification under supercrit-
ical water were obtained from the complex mechanism where simultaneous or in-series
phenomena and reactions are taking place. The main reactions: hydrolysis, decomposi-
tion, reforming, water–gas shift, methanation, hydrogenation, and polymerization were
summarized in Equations (1)–(11) and explained by Okolie et al. [17] and Safari et al. [18].
The upgrade or inhibition of a particular reaction varied according to the experimen-
tal conditions.
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Products in gas phase from supercritical water gasification of waste guava fruit
biomass evaluated at different conditions of mass ratio, temperature, and pressure are
listed in Table 3 and depicted in Figure 4. The identified components, hydrogen, carbon
dioxide, carbon monoxide, methane, ethane, propane, and butane, were analyzed by gas
chromatography in terms of mole fraction (yi) based on Equation (12), where ni is the mole
amount (n) for each chemical species (i). Nitrogen and oxygen were not detected.

yi (%) = ni/(∑i ni) × 100 (12)

Table 3. Conditions for gasification reactions and gas product composition using supercritical water.

Run B:W 1 T/K P/MPa yCH4 yCO2 yC2H6 yC3H8 yC4H10 yH2 yCO

R1 1:1 673.15 27.8 9.0 72.6 1.4 0.3 0.2 13.4 3.0
R2 1:4 673.15 25.0 21.5 49.7 5.4 1.8 0.4 20.5 0.7
R3 1:6 673.15 25.5 26.3 45.0 2.1 0.3 – 20.2 6.1
R4 1:1 713.15 43.0 20.8 51.8 3.1 0.8 0.2 20.1 3.2
R5 1:4 713.15 45.0 19.9 50.5 2.7 0.7 0.2 23.7 2.5
R6 1:6 713.15 38.5 20.7 48.3 3.2 0.9 0.3 25.2 1.4
R7 1:1 773.15 44.5 12.3 58.1 3.0 0.9 0.4 21.2 4.0
R8 1:4 773.15 40.0 26.7 38.4 3.8 0.8 0.1 28.3 1.9
R9 1:6 773.15 42.0 21.1 34.2 2.6 0.6 0.1 39.5 1.9

1 B:W denotes biomass:water mass ratio.

Figure 4. Gas phase products of SCWG from guava fruit waste biomass.

Besides, gas yields were calculated according to Equation (13); their values are pre-
sented in Table 4.

gas yield (mol/kg) = ni/mfeed (13)

where mfeed was referred to the mass of feed.

Table 4. Evaluation of gas yield.

Run
Gas Yield (mol·kg−1)

CH4 CO2 C2H6 C3H8 C4H10 H2 CO

R1 0.211 1.696 0.033 0.008 0.005 0.313 0.070
R2 0.960 2.218 0.241 0.081 0.017 0.915 0.030
R3 1.979 3.384 0.161 0.019 – 1.520 0.457
R4 0.532 1.321 0.080 0.021 0.005 0.514 0.081
R5 1.361 3.458 0.182 0.046 0.011 1.623 0.168
R6 2.584 6.034 0.395 0.118 0.036 3.151 0.175
R7 0.520 2.465 0.128 0.039 0.018 0.900 0.171
R8 2.609 3.755 0.372 0.075 0.010 2.766 0.187
R9 4.137 6.705 0.501 0.119 0.025 7.743 0.376
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In general, the lowest quantity was obtained for butane, and it was negligible in run R3.
Carbon dioxide was the major component in all reactions, its highest content was reported
at the lowest temperature and mass ratio; the mole fraction tended to decrease as mass
ratio increased at fixed temperature and the opposite was observed at high temperatures
at fixed mass ratio. Therefore, decarboxylation of acids and thermal decomposition were
the dominant reactions among the others since a high rate of gasification of carbon and
oxygen instead of hydrogen. Mole fraction for carbon monoxide was lower than 6.1%, it
occurred at 673.15 K with 1:6 B:W mass ratio. The magnitude order for hydrocarbons was
CH4 > C2H6 > C3H8 > C4H10. Methane production was induced as temperature increases
at 1:1 mass ratio; nevertheless, this behavior was not so remarkable at higher mass ratios
because of three insights: the hydrogen production had been promoted, methanation was
inhibited and nickel from reactor wall acted as catalyst during methane reforming. Sig-
nificant changes were not identified for the other alkane quantities since steam reforming
reaction and decompositions were taking place, but these were not so remarkable. Low
hydrogen content was obtained at low mass ratio and the highest hydrogen production
was obtained at 1:6 B:W mass ratio since high temperature and water content promoted the
water-gas shift reaction in detriment of carbon dioxide formation. Temperature represented
the greatest effect for obtaining gas since high temperature decreased solvent density dras-
tically at supercritical conditions. Similar effect was caused in the ionic product promoting
radical reactions such as hydrogenation, dealkylation, ring opening, polymerization by
oligomer dehydrogenation. These reactions favored the structural compounds breakdown
of biomass. In addition, high temperature upgraded energy needed to break carbon bonds
and, hence, promoting the formation of light compounds such as methane and hydrogen.

Regarding carbon dioxide yield, the highest one was achieved at 773.15 K and 1:6 B:W
mass ratio, but it diminished at lower temperature and mass ratio. Concerning H2 and
hydrocarbons, high temperature promoted raising on yields, but this parameter for ethane
and heavier molecular weight hydrocarbons was so slight, besides low and variable yields
for carbon monoxide were accomplished. The global yield was enhanced with temperature
raising, so it would be suitable to explore higher temperature reactions.

The following parameters were calculated from gas quantification: hydrogen selectiv-
ity, hydrogen gasification efficiency (HGE), carbon gasification efficiency (CGE), and low
heat value (LHV). Equations are detailed as follows:

H2 selectivity (%) =

nH2/(nCH4 + nCO2 + nCO + nC2H6 + nC3H8 + nC4H10) × 100 (14)

HGE (%) =

(4 nCH4 + 2 nH2 + 6 nC2H6 + 8 nC3H8 + 10 nC4H10)/nH,feed × 100 (15)

CGE (%) =

(nCH4 + nCO2 + nCO + 2 nC2H6 + 3 nC3H8 + 4 nC4H10)/nC,feed × 100 (16)

LVHgas (kJ·Nm−3) =

4.2 (30 nCO + 25.7 nH2 + 85.4 nCH4 + 151.3 nC2H6) (17)

The hydrogen selectivity calculated with Equation (14) is shown in Figure 5. Chemicals
were subject to hydrolysis, reforming, and thermal decomposition. Monomers obtained
from hydrolysis were subsequently involved in decomposition reactions to obtain low
molecular weight chemicals, then these were decarboxylated to finally produce hydrogen
and carbon dioxide The lowest selectivity was accomplished at low temperature and low
mass ratio and it increased as mass ratio and temperature increased. The highest selectivity
was reported at 773.15 K and 1:6 B:W mass ratio. This enhancement could be explained
from an increase on bond cleavage, the bond gas products reactions, and the high water
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concentration. A better promoting effect on steam reforming and water-gas shift reactions
could be occurring in comparison with CO or CO2 methanation reactions.

Figure 5. Hydrogen selectivity of SCWG from guava fruit waste at different B:W mass ratio.

Hydrogen gas efficiency and carbon gas efficiency are depicted in Figure 6, both were
calculated using Equation (15), Equation (16), respectively. HGE and CGE were promoted
by temperature and mass ratio increments. The highest values for hydrogen were obtained
at 773.15 K and 1:6 B:W mass ratio. Gas efficiency for hydrogen were higher than those for
carbon at the same conditions except for the lowest B:W mass ratio, 1:1. Nevertheless, the
studied conditions did not accelerate the biomass hydrolysis and further conversion of the
more complex components. The temperature conditions did not allow the decomposition
of refractory chemicals and hence higher yields and efficiencies.

Figure 6. CGE and HGE of SCWG from guava fruit waste based on B:W mass ratio.
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Finally, the LHV calculated based on Equation (17) is plotted in Figure 7 as a function
of temperature and mass ratio. The lower LHV sets were observed for 1:1 in comparison
with the other mass ratios. The low heat value tended to enhance in function of the
mass ratio and temperature raising. Besides, the highest LHV was attained at highest
temperature and mass ratio due to the high concentration and yield presented by H2 at
these conditions.

Figure 7. LHV of SCWG from guava fruit waste at different B:W mass ratios.

3.3. Liquid and Solid Products

Gasification also produced intermediates derived from incomplete conversion due to
moderate temperatures. Some of them could be classified as ketones, aldehydes, alkanols,
phenols, and carboxylic acids. The liquid-phase was initially obtained in different colors
due to suspended solids; a yellowish mixture was gathered for all liquid samples after
solid filtration. TOC analyses for the liquid-phase are shown in Figure 8.

Figure 8. TOC analyses of liquid–phase products based on B:W mass ratio.
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The TOC concentration was decreasing as temperature increased. Regarding the mass
ratio, TOC concentration increased as water concentration was high. FT-IR spectra for
liquid-phase products are illustrated in Figure 9.

Figure 9. FT-IR spectra for liquid–phase products: (a) 673.15 K; (b) 713.15 K; (c) 773.15 K.

Two intense peaks were observed in the range of 3000–3600 cm−1 and at 1621 cm−1.
The first peak was associated to alcohol and carboxylic acid groups, and the second ex-
hibited carboxylic acids, amides and heterocyclic compounds. Those analyses confirmed
the presence of phenolic compounds and polycyclic aromatic hydrocarbons since refrac-
tory compounds could not be degraded at these the temperature conditions. Phenolic
compounds were the most difficult chemicals to be decomposed and hence inhibited
gas formation under supercritical water conditions. Besides, the high concentration of
biomass on feed for 1:1 B:W mass ratio was not beneficial for a better gas yield during
steam reforming or water-gas shift reactions since these reactions needed sufficient water
as reactant.

FT-IR spectra for solid phase products are depicted in Figure 10 based on temperature
and mass ratio.
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Figure 10. FT-IR spectra for solid phase products: (a) 673.15 K; (b) 713.15 K; (c) 773.15 K.

The temperature effect on the intensity of functional groups from biomolecules was
remarkable in most of the peaks, and in others, these disappeared. For instance, the
intensity of the highest peak between 3340 and 3600 cm−1 at 673.15 K represented alco-
hols and carboxylic acid groups. This peak was diminishing as temperature increased
and it demonstrated the low gasification efficiency at 673.15 K, which was improved as
temperature increased. The peak was suppressed at 773.15 K because of the dehydration
effect. The same occurred for the peaks at 1600 and 1400 cm−1, which represented C=O,
aromatic and C-H stretching, its degradation was promoted as temperature increased. The
weak peaks near 1730 and 1030 cm−1 were observed for 1:6 mass ratio, these peaks were
representative of C–O, C=C, C–C–O stretching, indicating an incomplete degradation and
thus needed higher temperatures than the used in this work, but these were removed at
lower temperature and mass ratio. Most of the characteristic peaks of biomass lost their
intensity because reaction temperature enhanced the formation of intermediate compounds
whose were subsequently part of the syngas, as observed at 773.15 K. Regarding B:W mass
ratio, some peaks appeared at the lowest mass ratio since the probable poor intimate
interaction between water and biomass or intermediate chemicals in comparison with
a frequent contact between water and other molecules for high diluted feed. Therefore,
those components in the absence of water contact tended to precipitate or promote other
reactions, such as polymerization. The absence or low intensity of peaks at high-diluted
samples and 773.15 K indicated an adequate biomass dissolution and hydrolysis, together
with polymerization of intermediate chemicals.

4. Discussion

Supercritical water gasification of guava biomass was studied in the range of 673.15
to 773.15 K in a batch reactor. Based on the biomass characterization, ash, and moisture
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content, it would obtain promising results if temperatures were higher than 673.15 K
under supercritical water conditions. Besides, the highest degradation would be expected
for lignocellulosic material at higher temperatures based in the weight loss observed in
TGA analyses.

Gas production was clearly affected by temperature and B:W mass ratio. The highest
gasification efficiency (CGE = 36%, HGE = 58%) and hydrogen gas yield (7.7 mol per 1 kg
of guava biomass) were reached at 773.15 K and 1:6 B:W mass ratio. Overall findings are
promising results to explore higher temperatures aiming high value-added compounds
production for energy purposes. Hydrocarbon production was slightly improved at high
temperatures since the dominant effect of the other reactions. The highest values corre-
sponded to methane, followed by ethane, propane, and butane. It would be probable that
ethylene and propylene could be in gas phase but in trace amounts, compared with the
obtained for ethane and propane. On the opposite, chemicals were produced in detriment
of carbon dioxide, whose formation diminished as temperature and mass ratio were ris-
ing; besides, low carbon monoxide production was observed along all the reactions. The
optimal conditions, high temperature, and high mass ratio favored syngas production,
and it could be confirmed throughout LHV. Low concentration and high temperature on
feed tend to suppress phenolic compounds formation on solid products, based on the
high-diluted biomass waste.
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