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Abstract: Hydrothermal carbonization (HTC) of Agave Salmiana bagasse was investigated to assess
the potential of hydrochar as an energy resource. The effect of operating conditions on the mass yield
and the energy quality of hydrochar was examined by varying the temperature and the holding time
over the ranges of 180-250 °C (T) and 0—60 min (t), respectively. These parameters were screened
using the response surface methodology through a Doehlert design. Performances of HTC were
assessed on the basis of the hydrochar mass yield higher heating value ultimate and proximate analyses.
In the studied domain, the modeling results indicated that the hydrochar mass yield varies between 45%
and 86% and higher heating valuesfrom18 to 23 MJ kg™, which is similar to that of peat. In addition,
the volatile matter and fixed carbon fractions of hydrochars ranged from 54 to 80% and between 12
and 36%, respectively. Energy yield modeling indicated that the mass yield is the most influent
parameter. The maximal energy yield value was obtained at 180 °C with time equal to 0 min. Globally,
the evolution of H/C ratio 1s amplified for temperatures greater than 215 °C by increasing the holding
time from 30 to 60 min. For O/C ratio the maximal variation is below these conditions. It is concluded
that increased hydrothermal carbonization conditions favor dehydration reactions, while
decarboxylation reactions are favored in mild HTC conditions. The combustion characteristics such as
ignition peak and burnout temperatures were significantly modified for hydrochars. The model results
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indicated that lowest ignition and peak temperature values are obtained at both low-temperature and
low-holding time, and high-temperature and high-holding time zones. An increase in the burnout
temperature was correlated with the increase of the fixed carbon content in hydrochars.

Keywords: Agave Salmiana bagasse; hydrothermal carbonization; hydrochar; solid fuel; modeling;
response surface methodology; combustion characteristics

Nomenclature: HTC: Hydrothermal Carbonization; ASB: Agave Salmiana bagasse; HHV: Higher
Heating Value (MJ/kg); MC: Moisture Content (%); VM: Volatile Matter (%); FC: Fixed Carbon (%);
TGA: Thermo-Gravimetric Analysis (wt.%.); DTG: Derivative Thermo-gravimetric (wet.%/min);
MY: Mass Yield (%); ED: Energy Densification ratio (-); EY: Energy Yield (%); RSM: Response
Surface Methodology; Ti: Ignition Temperature (°C); Tm: Temperature at the maximum weight loss
rate (°C); Tb: Burnout temperature (°C)

1. Introduction

Among renewable energy resources, biomass has emerged as a promising alternative to achieve
upcoming energy targets and environmental challenges. Biomass contains less sulfur and nitrogen
than fossil fuels, which reduces the emission of gaseous pollutants during their combustion [1-3]. In
addition, in terms of CO, release, biomass is considered to have a carbon neutral balance [4]. The
energy produced from biomass is the fourth largest energy resource behind oil, coal and natural gas.
It represents about 10% of the world's primary energy production [5]. There is a wide range of
biomass energy conversion technologies e.g. biological, chemical and thermochemical conversions
(pyrolysis, gasification, combustion, torrefaction and hydrothermal carbonization). The optimal
conversion depends on the nature of biomass and the type of energy desired. The biomass with a
high moisture content (>50%) is suitable for hydrothermal carbonization, while biomass with a lower
moisture content is more suitable for dry thermochemical processes [5]. Hydrothermal carbonization
(HTC) is performed under the conditions of subcritical water between 180 °C and 250 °C and
pressure between 1 and 4 MPa. Holding time of HTC treatment of lignocellulosic biomass is usually
between a few minutes and several hours [6-9]. The nature of the biomass and the operating
conditions (temperature, biomass to water weight ratio, particles size and holding time) affect the
distribution and the composition of the final products [10]. The obtained hydrochar is a carbonaceous
solid (55-74% carbon) [11] in which approximately 75—-80% of the carbon containing in the feedstock
is retained [7]. It is a lignite-like material characterized by high heating value (21.1-30.6 MJ/kg)
[8,12,13]. The hydrochars produced during the HTC process are more hydrophobic than the raw
biomass [5,14]. Hydrochar is more friable than the raw material which makes easier to produce
pellets to feed gasifier or coal power plants [11], the hydrochar pellets can be densified at low
compression pressure without an addition of a binder, also an additional heat treatment can improve
the durability of hydrochar pellets [15]. The hydrochar was also used as nutrient sequestration or for
amendment, but its performance seems to be very low compared to charcoal or pyrolysis coal [16].
Hydrochar can also be used as nanostructured carbon catalyst for the production of fine chemicals
[13] and could be either activated as a low-cost adsorbent for water purification applications [17,18];
or as carbon material that increases a fuel cell’s efficiency [19]]. The liquid from the HTC conversion
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of the biomass is mainly composed of sugars (glucose, xylose, fructose, sucrose), organic acids
(formic, acetic, lactic), phenolic compounds (phenol, cresol, catechol) and furfural derivatives while
the obtained gas is mainly composed of CO; [7,8,20] The quality of HTC products depends of the
biomass type and the operating process conditions. Distinct types of biomass have been investigated
by the HTC process, tomato waste [21] sugarcane bagasse [22], corn cob [23] olive stone [6], olive
pomace [5], etc. All these types of biomass are agro-industrial waste. In Mexico, one of the biggest
agro-industrial waste generated is Agave bagasse.

There are almost 300 Agave species, all native to the American continent. Most of these species
are found in México. The Agave plant has been used for 10,000 years to produce food, beverages and
fibers [24]. In México, the production of distilled alcoholic beverages using agave is a tradition since
the XVII century [25] Currently, these activities are also important in the Mexican economy. These
beverages have different names, depending on the region of production; the most popular are tequila
and mezcal. This last one is made from over 30 agave species, but the commonly used are agave
Angustifolia, karwinskii, Rodacantha, Potatorum and Agave Salmiana. One of the mezcal-producing
states 1s San Luis Potosi.

In San Luis Potosi, Mexico, about 720,000 liters/year of mezcal are produced [26], the agave
species used is Salmiana. The production of mezcal begins with the harvest of agave plants that are
more than 6 years old. In fact, the Agave heads rich on fructans named “pifias” are shaped in the
form of pinecones. Heads undergo a solid/liquid extraction to extract fermentable sugars mainly
composed of fructose and the solid residue is called bagasse [27]. The mezcal production process
consists of 5 main steps: cooking, grinding, fermentation, distillation and maturation [28]. The process
of obtaining these alcoholic drinks generates a sub-product called Agave Salmiana bagasse (ASB) of
which 15 to 20 kg are produced on a wet basis (moisture content 70%), for each liter of mezcal
produced [24,28]. In Mexico, it is estimated that the mezcal industry generates more than 141 tons of
bagasse monthly [24]. In many of the mezcal-producing states, such as San Luis Potosi, this bagasse
has no benefit for the mezcal producers. These wastes are given to the community for fodder.
Sometimes they air dry it and burn it.

There are different studies on the valorization of bagasse. For example, Ifiiguez-Covarrubias et
al. [29] studied the use of bagasse as feed for ruminants, however this application was limited by the
presence of lignin, the difficulty of animals to digest bagasse. The bagasse has been used to produce
paper, the authors claim that this application is feasible, however a low mechanical resistance paper
is found [30].

ASB was also studied as biosorbents precursor by Velazquez-Jimenez et al. [31]. The authors
show that this application is efficient to remove Cd (II), Pb (II) and Zn (II) from water. However,
these studies were not carried out in the practice; this waste has no practical application today. There
are also studies on the use of bagasse as a renewable energy source, through the combustion of
bagasse [24], this application is limited by the high moisture content (70%) of bagasse.

According to mezcal industry producers, the most energy-intensive process stage is the cooking,
in this step, approximately 20 kWh (equivalent 72 MJ) of energy is used to produce one liter of
mezcal. The amount of waste generated and the lack of uses, makes this sub-product can be explored
as fuel allowing to save energy in the cooking step of agave processing. There are no scientific
studies available in the literature to evaluate the potential of using the hydrochar obtained by HTC
from ASB as an energy source. .This work focused on the conversion of Agave Salmiana bagasse by
the HTC process. To understand the effects of the process parameters (temperature and holding time)
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and the quality of the hydrochar produced, the characteristic factors for the use of hydrochar as an
energy source have been studied. For this purpose, a Design of Experiments using the Dochlert
method was applied for modelling the different factors and their characteristics using response
surface methodology (RSM). In RSM, the visualization of the regression model can be obtained by
surface response plots and 2D contour plots. These plots are useful to understand the nature of the
response at different factor levels.

2. Materials and method
2.1. Biomass feedstock

The Agave Salmiana bagasse used in this study was collected from the distillery ‘Ipina’ located
in San Luis Potosi, Mexico. The ASB derives from Agave Salmiana plants commonly known as
‘Maguey’, an agro-waste material generated from the production of mezcal. The residue remaining
after the juices have been extracted (bagasse pulp). In general, ASB has a moisture content of about 70%,
ideal for hydrothermal carbonization process. Initially, ASB was air-dried, to reduce the moisture
content, for storage and later transport from Mexico to France. It was subjected to natural open-air
sun-drying, to a residual moisture content equal to 5% (dry bagasse), and used in experiments.

2.2. HTC experimental procedure

Details of the equipment and experimental procedure have been described in a previous study [5].
The HTC experiments were carried out in a 50 mL batch reactor (Top Industrie, France) made of a
nickel-based alloy (Inconel 718). The HTC autoclave was heated in a furnace connected to a control
panel to adjust and display the temperature. ASB and distilled water were introduced into the batch
reactor at room temperature. Then, the residual air inside the reactor was removed by vacuum before
starting the heating program at a specific pre-set temperature. When the pre-set temperature was
reached, temperature was maintained during the selected holding time. At the end of this time, the
reactor was cooled at room temperature using air circulation. The pressure (Pexp) and the final
temperature (Texp) were noted. For each experiment, approximately 27 + 0.001 g of distilled water
was added to 3 + 0.001 g of bagasse to obtain the biomass/water weight ratio equal to 1/9. It was
demonstrated that the biomass/water weight ratio does not have any much influence on the hydrochar
produced in the work of Missaoui et al. [5]. In fact, this ratio was chosen because of the fiber nature
of the dried bagasse which swells with water contact. The experiment started with the heating phase
where the autoclave was heated up to a pre-set temperature in the 180-250 °C range and maintained
at this temperature for a fixed holding time up to 60 min.

2.3. Biomass and hydrochar characterization
2.3.1. Proximate, ultimate and component analyses
Proximate analysis was used for the assessment of moisture, volatile matter, fixed carbon, and

ash content of biomass and hydrochar samples. The moisture content (MC) was obtained by a
gravimetric method in accordance with the European standards (EN 14774-3: 2009: E). The ash
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content, volatile matter (VM), and fixed carbon (FC) were determined using thermogravimetric
(TG) proximate analysis technique. All experiments were performed on a simultaneous thermal
Analyzer (STA) 449 F3 (Netzsch, Germany). After deducting the loss in mass due to moisture, the
volatile matter was determined from the mass loss due to heating to 900 °C in N, ambience and
isothermally holding for 7 min (EN 15148: 2009 E). The ash content was obtained from the
remaining residue after combustion of the sample in air at 550 °C for biomass and 815 °C for
hydrochar over a period of 2 h (EN 14775: 2009: E). Subsequently, the amount of fixed carbon was
computed by summing the mass percent due to moisture content, volatile matter and ash, and
subtracting the result from 100%, according to the following equation: FC (%) = 100 — [MC (%) +
ash (%) + VM].

The standard deviation of triplicate runs is 1.4% for VM, 0.4% for ash, 1.0% for MC and 1.6%
for FC. The elementals compositions were determined using a FLASH 2000 CHNS/O analyzer (Thermo
Scientific), according to (CEN/TS 15104:2005). The high heating value (HHV) was determined
using a bomb calorimeter (Parr 1261) and HHV values are given in MJ/kg on a dry basis.

Analyses of extractive, hemicellulose, cellulose and acid insoluble lignin fractions of raw ASB
were performed according to the protocols described by Li et al. [32]The sample was dispersed in a
toluene-ethanol solution to quantify extractives mass. The residue undergoes both basic and acid
attacks to determine the hemicellulose and the acid insoluble lignin fractions, respectively. The
cellulose content was determined by difference.

2.3.2. Characteristic combustion temperatures

The ignition and burning characteristics of the ASB residue and hydrochars were determined
from thermogravimetric curves. A sample mass below 10 mg was used to minimize heat and mass
transfer limitations. The experiments were carried out in air at a heating rate of 10 °C/min and the
samples were heated from 30 °C to 900 °C. The Proteus analysis software (Netzsch, Germany) was
used for smoothing, derivative calculation, extrapolating onset temperatures and peak maxima values.
As in previous studies [33,34] a common TGA approach was employed to determine the ignition,
maximum reaction rate and burnout temperature by identifying the relevant points of (TG-DTG)
curves. Briefly, the ignition temperature (Ti) is associated with the temperature at which the fuel is
likely to self-ignite, corresponding to the process onset temperature. The temperature related to the
maximum rate of weight loss (dw/dt) max represents the temperature (Tm) at maximum combustion
rate. Last (Tb), namely, burnout temperature, is considered as the stabilization temperature at which
the combustion rate is less than 1 wt.%/min and the sample is completely oxidized [35]. Replicate
measurements made for each sample indicated that the standard deviation for the extrapolated
temperatures is within 2 °C. In addition, the combustion reactivity [36,37]was estimated to evaluate
fuel combustion performance, as follows: Rjpgex = 100 x (dw/dt) max/Tm.

The temperature of autoignition was determined by using a method by temperature-controlled
oven under oxygen atmosphere. For that, a TOC was used under a configuration for solid. For each
experiment, 2 mg of solid is introduced into the furnace at the specific temperature. An oxygen
flowrate of 170 mL min" was programmed and flowed into the furnace. The temperatures were
decreased until no Gaussian peak of CO, was observed. The autoignition temperature was obtained
from the first temperature where CO, peak was observed. The characteristic parameters in the
present studies are given as mean values of runs carried out in triplicate.
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2.3.3. Criteria to determine HTC performances

After each experiment, hydrochars were dried at 105 °C for 24 h in to determine the hydrochar
mass yield (MY) and the energy yield (EY) as follows:

. Mass
Mass Yield = ———2xy hydrochar "
Masspry AsB
T . HHVpyy hydroch
Energy densification ratio = —__ " Dry hydrochar -
HHVpry asp
Energy Yield = Mass Yield * Energy densification ratio 3)
Energy yield

Hydrochar Energy (M]/kg of dry hydrochar) = HHVpryas 4

100

For simplicity, the abbreviation: ASB-T-t will be used hereafter to denote the obtained
hydrochars in accordance with the studied operating parameters, where T represents the HTC
treatment temperature and t the holding time.

2.4. Modeling of the HTC conversion of ASB using a Doehlert experimental design

To model the HTC conversion of ASB, two variables are designated as important for the HTC
process: temperature (T) and holding time (t). The particle size was not been investigated in order to
work on raw material for avoiding no other operation of biomass transformation. Doehlert
experimental design is selected because it needs fewer points to estimate the second-order terms Eq (5)
is the used model for these two independent factors [38,39] The minimal number of experiments is 6
plus 3 in the center domain to estimate experimental errors. The experimental points are
circumscribed into a sphere, and each factor is analyzed at different numbers of level depending on
its influence on the response. In our case, the temperature factor is studied at 5 levels (between 180 °C
and 250 °C) and the holding time at 3 levels (0, 30 and 60 min). Therefore, the choice of levels
depends mainly on the ease of controlling the factor and its impact on the response. A typical
quadratic model in Eq (1) was used to study the relationship between 2 parameters (temperature and
holding time) and 10 responses (oxygen content, carbon content, MY, HHV, VM, FC, EY, Ti, Tm,
Tb):

where Y is the response, X; and X, are temperature and holding time, respectively.

The experimental conditions according to this design are given in Table 2. The experiment at
the domain center (0, 0) is carried out in triplicate to calculate the experimental errors. The model
consists of first-order terms (b;), square terms (b;;) and first-order interactions (b;;). The estimation of
the coefficients of the polynomial model (by, bi, b; and b; in Eq (5) is calculated using the
least-square method by the use of Statgraphics Centurion XV Version Software (Sigma-Plus, Paris,
France).

To appreciate, the quality of the models, the following parameters were calculated:

SSe

Regression coefficient (R%): R? = S (6)
tot
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. . . 2 Nop2 1 SSres/(n—p) SSres/(n—p)
Adjusted regression coefficient (R%qj): R3qj = 1 SSur/ (1) SSece/(aD) (7)
Predicted variation coefficient (R”preq): Rireqa =1-— Sssspre (8)
tot
N2
with SSpre = PRESS = YiL €% = YL, (131“) 9)

(PRESS means Predicted ResidualError Sum of Squares)
Standard Error of estimate (SEE) : SEE = ((Sns%ps)) (10)
SSe: sum of squares between calculated values (y1) and the mean value; SStot: sum of squares
between experimental data and the mean; SSres: sum of the squares of model residuals; p: number of
model coefficients; n: number of the experimental data; ei = (yi — ¥i), hii: ith diagonal element of the
hat matrix H [40].

3. Results and discussion
3.1. Raw material characterization

In this study, the particles diameter used were between 100 um to 1 mm. The results of
proximate and ultimate analysis of untreated ASB are shown in Table 1. The moisture content (MC)
of the raw ASB (5.0%) used in this work corresponds to the values found in the literature [24,41].
VM (77.9%) and FC (13.4%) fractions of raw ASB are also comparable to the values found by
Linan-Montes et al. [41]. The ASB has low ash content (3.8%), which is an advantage for
combustion applications.

Ultimate analysis gives the weight percent of the elements C, H, O, N and S. Table 1 shows the
elemental analysis of ASB. The quantity of oxygen is calculated by difference of 100% ASB. Its
value is equal to 56.1%. Similar values were obtained for blue agave bagasse [41]. For higher
contents of C and H, we observe higher energy content of the biomass [36]. The content of N and S
is very important for the use of these materials in combustion. From an environmental viewpoint,
The ASB can be an interesting fuel, since it has low N and S contents reduced the risk to produce
NOx and SOy emissions.

The results show that raw ASB contains 43.8% of hemicellulose, 40.7% of cellulose, 14.2% of
lignin and 1.4% of extractives components. These values are similar to the blue agave bagasse
fibers [42].

Ultimate analysis revealed that raw ASB has lower carbon percent (38.0%) in comparison to the
oxygen percent (56.1%). ASB shows a HHV of 16.8 MJ/kg (comparable to the value of 16.3 MJ/kg
reported by Lifidn-Montes et al. [41]).
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Table 1. Proximate, ultimate, extractive, hemicellulose, cellulose, lignin analysis, and
heating values characteristics of ASB.

Proximate analysis (%)

MC 50+1.0
VM 779+ 1.4
FC* 134+1.6
Ash 3.8+04
Ultimate analysis (%)

C 38.0+0.1
H 4.1+0.1
N 0.6+0.1
S n.d

o 56.1+0.2
Extractible (%) 1.4+0.0
Hemicellulose (%) 43.8+0.4
Cellulose® (%) 40.7+0.5
Lignin (%) 14.2+0.1
HHV (MJ/kg) 16.8 0.2

MC: moisture content; VM: volatile matter; FC: fixed carbon; n.d: not detectable (<0.1%); *: by difference.
3.2. Characteristics of hydrochars
3.2.1.  Ultimate analyses

Results of ultimate analyses are given in Table 2. The evolution of hydrogen content is relatively
stable around 5.3%. For the oxygen and carbon contents, their evolutions are more important. From
data of Table 2, the effect of temperature and holding time on oxygen and carbon contents are shown in
Figure la,b. For oxygen, its content decreases with an increase of parameters contrary to carbon
content suggesting the carbonization of hydrochar.

The models that describe the evolution of the oxygen and carbon contents are the following:
O (%) = 48.0 — 7.12X, — 5.28X,— 1.85X,” + 1.85X,” and C (%) = 46.33 + 7.127X, + 5.11X, + 2.37
X12 —1.733 Xzz. These models were selected due to they give the best Rzadj with a value of 90.6 %
and 89.9% and SEE equal to 1.73% and 1.79% for oxygen and carbon, respectively. These models permit
to trace the 2D contour plots represented in Figure 1c,d. The experimental errors are equal to 1%. The
oxygen content decreased with increasing temperature while the carbon content of hydrochar
increased with temperature. The carbon content was 36% for weak temperature and holding time and
reached its maximum value (58%) for upper temperature and holding time in Figure 1c. However,
the oxygen content had the same variation between 36% and 58% but in opposite direction in Figure
1d.

From these data, carbon retention rate (CR) can be calculated with the following equation:

CRhydrochar (%) = (1X38 — 1 x MY x Chydrochar)/(l X 38). (1 1)
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Table 2. Fuel characteristics and chemical composition of hydrochars.

Proximate analysis (wt.%) Ultimate analysis (wt.%) HHY
Run X, (°C) X, (min) MJ/kg)
VM FC Moisture Ash C H 0 N
1 215(0) 30 (0) 72.0 23.6 3.0 1.4 46+ 1 5.5+0.1 48 +1 0.27+0.01 19.9
2 180 (-1) 30 (0) 737 173 45 42 43+ 1 52+0.1 52+2 0.40+0.02 18.1
3 250(1) 30 (0) 594 339 25 42 544+£05 494+0.04 403+0.1 0.35+0.01 232
4 197(-0.5) 0(-0.866) 813 133 47 0.7 364+03 4.7+£0.1 58.0+0.5 0.8+0.1 18.5
5 215(0) 30 (0) 747 20.8 3.0 14 46+ 1 54+0.1 49+ 1 0.24+0.05 20.6
6 232(0.5) 60(+0.866) 62.1 30.1 3.3 4.5 552405 53+0.1 39.2+04 0.33+0.01 224
7 197 (-0.5) 60 (+0.866) 729 21.0 4.4 1.8 449+£02 54+0.1 49.5+£0.2 0.22+0.01 19.1
8 232(0.5)  0(-0.866) 71.1 208 33 49 46 £ 1 54+0.1 49+ 1 0.20+0.01 19.1
9 215(0) 30 (0) 742 208 3.1 2.0 47+ 1 5.6+0.1 47 +1 0.25+0.02 20.1

The values of CRhydrochar, for the extreme points of studied domain, are: 85% (—1; —0.866) and
61% (+1; +0.866). So CRyydrochar 1S superior to 61% indicating a carbon loss by 39% in all cases. The
value of 85% is reached where the carbon content are minimum.
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Figure 1. The main effect and 2D contour plots of temperature (X;) and holding time (X3)
on the oxygen (a,c) and carbon (b,d).

The variation in the elemental composition of the raw ASB and hydrochars was analyzed via a
Van-Krevelen diagram as illustrated in Figure 2. Van-Krevelen diagram provides general information
about the quality and the nature of the solid fuel: lower atomic O/C and H/C ratios reduce the energy
loss by fumes and steam released during combustion [43,44].
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Figure 2. Van Krevelen diagram of raw ASB and hydrochars obtained at various holding
times (0—60 min) and HTC treatment temperatures (180-250 °C) for an ASB/water weight
ratio equal to 1/9.

The Van-Krevelen diagram (Figure 2) shows that the HTC treatment decreases the O/C and H/C
atomic ratios of ASB resulting of oxygen and hydrogen loss during HTC process according to
elemental analysis results. The ABS-232-60 decreases its H/C and O/C atomic ratios from 1.68 to 1.12
and 1.2 to 0.52 in comparison to ABS.

The evolution of the atomic O/C and H/C ratios allows the estimation of the degree of
deoxygenation of the biomass by decarboxylation or by dehydration. The evolution of O/C and H/C
shows that the decomposition of ASB was established by dehydration and decarboxylation reactions.
But the treatment of ASB at extremes conditions (232 °C-60 min, and 250 °C-30 min) reveals the
domination of dehydration reactions. The positions of most hydrochars, produced in this work, are
inside the biomass domains indicating that the applied operating conditions were not sufficient to
complete the decomposition of ASB by HTC reactions. In fact, the dehydration and decarboxylation
trends became increasingly apparent at higher operating temperatures and longer holding time,
indicating that the conversion of ASB during HTC process may be nearly complete at such long
holding time. The position of hydrochars 232 °C-60 min and 250 °C-30 min in the region of the peat
is in agreement with these explications. Furthermore, this general tendency is also due to the high
oxygen and the low carbon contents of raw ASB.It is interesting to follow this ratio through the result
of the DoE for representing the relation between the values of O/C and H/C as a function of
temperature and holding time. The modeling responses of these ratios are shown in Figure 3.
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X5 ()

Xi ()

Figure 3. 2D contour plots showing the effects of temperature (X;) and holding time (X>)
on: a) H/C, b) O/C.

The H/C and O/C models are given in the following equations:
H/C = 1.4257 — 0.1925X, — 0.1048X2 — 0.1546X,> — 0.0867X,X, (12)
O/C =0.7588 — 0.2322X,; — 0.1832X, + 0.1060X,> (13)

The values of Rzadj and SEE are: for H/C is (Rzadj = 98.6%; SEE = 0.0174) and for O/C is (Rzadj =
86.5%; SEE = 0.0714). It can be clearly noted that the evolution of O/C and H/C atomic ratios follow
the paths of dehydration and decarboxylation reactions, the same trend as in the Van Krevelen
diagram (Figure 2). As shown in the 2D contour plots (Figure 3) dehydration and decarboxylation are
more intense as the HTC temperature (X;) and holding time (X) increase, resulting in low O/C and
H/C atomic ratios. In addition, the 2D contour plots for the H/C ratio (Figure 3a) reveal an area in
which the parameters (X; and X;) have a weak action on the process. This area is defined to the left
of the line representing the H/C value equal to 1.45. This limit was represented in Figure 3b for the
O/C ratio; the same trend was observed towards the right. It is well-known that towards lower values
of H/C and O/C ratio, dehydration reactions are favored. Towards lower O/C values, the main
reactions are decarboxylation. The model agrees with the Van Krevelen diagram. The most relevant
finding is that the mathematical model defines the HTC process zones and the influence of
parameters (X; and X,) on the main HTC reactions dehydration and/or decarboxylation).

3.2.2. Proximate analyses and process characteristics

The results of these analyses are presented in Table 3 and Table 2. In all cases, it can be
observed that the hydrochar produced presents less moisture content than the raw ASB (2.5-4.7% vs.
5%), The same results were observed by other works [9,45]. In fact, HTC removes the hydroxyl and
carboxyl groups during the hydrolysis reactions of hemicellulose and cellulose, giving rise to a more
hydrophobic residue than the raw material [5,9,46]. No significant variation in ash content between
hydrochars and raw ASB was observed (0.7-4.5% vs. 3.8%), similar results were reported by
Wiedner et al. [47] for HTC conversion of poplar wood and wheat straw.
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Table 3. Dochlert matrix design responses for Temperature (X;) and holding time (X3) effects.

Responses
Run X, (°0O) X, (min) MY EY VM. FCea (%) MY., HHVcal
(%) (o) (%) (%) (MJ/kg)
1 215 (0) 30 (0) 65 77 73.6 21.7 65.6 20.2
2 180 (—1) 30 (0) 86 91 74.8 17.3 84.1 18.3
3 250 (+1) 30 (0) 45 62 58.2 33.9 47.1 23
4 197 (-0.5) 0 (—0.866) 82 90 80.3 12.9 84 18.3
5 215 (0) 30 (0) 66 81 73.6 21.7 65.6 20.2
6 232 (+0.5) 60 (+0.866) 52 69 63.3 29.7 50 22.6
7 197 (-0.5) 60 (+0.866) 70 80 71.6 21.4 72 18.9
8 232 (+0.5) 0 (—0.866) 71 81 72.1 21.2 69 19.1
9 215 (0) 30 (0) 66 79 73.6 21.7 65.6 20.2

From Table 3 the effects of temperature and holding time on MY, VM, HHV and FC are shown in

Figure 4.
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Figure 4. Main effects of temperature (X;) and holding time (X;) on a) HHYV, b) fixed

carbon, c¢) volatile matter, and d) mass yield of hydrocarbon produced.

The main effects are similar for MY and VM and for HHV and FC. For MY and VM, higher
temperatures (X;) and longer holding times (X;) have negative effects. An increase of parameters (X
and X;) decreases their values. while the HHV and FC values increase (Figure 4a,b) This same
phenomenon was observed in biomass such as corn stover, rice hulls and switch grass in HTC [48] It
is well known that an increase on these parameters (X; and X;) decreases MY [49], but (Figure 4c)
shows that it is mainly due to a loss of volatile matter. The HHV increased with HTC reaction
temperature and can be related to an increase of fixed carbon content (Figure 4a,b). Hemicellulose
and cellulose have a lower HHV and are less stable compared to lignin. When they are removed
with increasing on the operating parameters, a higher proportion of lignin can be remained,
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causing an increased HHV [48,50]. The increase in HHV may also be related to the proportion of
benzene rings obtained by lignin decomposition [51,52].

The carbonization of biomass is also demonstrated by the fact that VM decreases when
Temperature (X;) and holding time (X3) increases (Figure 4c) and through the evolution of carbon
and oxygen percentages showed in Figure 1. Magdziarz et al. [53] reports that the main type of
compounds mainly product in VM are aromatic, cyclic and aliphatic hydrocarbons, phenol and furan
derivatives as well as oxygen compound as acids, ketones, aldehydes.

The performance of HTC was evaluated through MY, VM, HHV and FC for various X; and X,
values by applying quadratic Eq 5). The influence of terms is shown on Pareto diagrams in Figure 5.
In fact, from ANOVA, terms have been removed in view to obtain the maximal value of Rzadj [38].
Regression coefficient of the model (R?) gives the goodness of data fit, and Rzadj takes into account
the number of explanatory terms needed in the model. On Figure 5 a term is influent if its value is
superior to the blue line (p > 0.05). In all cases, temperature and holding time are influent for each
response. The values calculated with the following models (VMcal, FCcal, MYcal and HHVcal) are
reported in Table 3.
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Figure 5. Pareto chart of standardized effects of Temperature (X;) and holding time (X)
on: a) HHYV, b) fixed carbon, c) volatile matter and d) mass yield.

3.2.2.1. HHV Model
For hydrochar HHV, Rzadj reaches a maximum with 5 coefficients and decreases afterwards.

Therefore, the ideal combination of having the best fit without excess parameters requires five
parameters corresponding to the following equation:

HHV (M]/kg) = 20.2 + 2.35X; + 1.13X, + 0.45X2 — 0.72XZ + 1.59X, X, (14)
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In this case, the value of the coefficient of determination (R?) is 98% and Rzadj is 94%. This
value indicates that 6% of the variation is not explained by the model. The value of SEE is equal
to 0.41% and experimental error equal to 0.5% meaning that model is well descriptive (Rzpred =0.61).
This model gives a range of HHV between 18 and 24 MJ/kg (Figure 6a). These values are superior to
the HHV of raw ASB. In this case, energy densification ratio value is superior to 1 and range
between 1.07 to 1.42. Quadratic models were also reported in Roman et al. [54].

3.2.2.2. Fixed Carbon Model
For the FC of hydrochar, Rzadj reaches a maximum with 4 coefficients given following equation:

FC (%) = 21.73 + 8.30X, + 4.91X, + 3.87X2 — 1.87X2 (15)

With R* = 98%, R%;=96%, SSE = 1.21% and R’ = 0.95. For FC experimentations,
experimental error is equal to 1.61% meanings that FC model is well descriptive but also predictive.
FC model range is included between 12% and 36% (Figure 6b).

3.2.2.3. Mass Yield Model

For MY, model retained corresponds to the following equation:
MY (%) = 65.60 — 18.50X; — 8.95X, + 4.20X? — 4.04X, X, (16)

With R? = 98%, R, = 96%, SSE = 2.49% and R*yeq = 0.54. Experimental error is 0.58%. The
value of Rzpred indicates that this model would be expected to explain 54% of the variability in new
data although R2adj is 96%. MY model range is included between 40% and 90% (Figure 6¢).

3.2.2.4. Volatile Matter Model

For the VM of hydrochar, the adjusted R* reaches a maximum with 3 coefficients and decreases
afterwards, therefore, the ideal combination of having the best fit without excess parameters requires
three parameters corresponding to the following equation:

VM (%) = 73.63 — 8.26X; — 5.02X, — 7.08X? (17)

With R* = 97%, R%q = 95%, SSE = 1.53%, experimental error is 1.44% and R’yeq = 0.76.
Model errors are slightly superior to experimental error. VM model range is included between 54%
and 80% (Figure 6d).
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Figure 6. 2D contour plots showing the effects of temperature (X;) and holding time (X5)
on: a) HHYV, b) fixed carbon, c) volatile matter and d) mass yield.

3.2.2.5. HTC performance
From the results of HHV and MY, we can model the energy yield (EY) as a result of a

compensation effect between the mass yield of the hydrochar and its energy quality (EY = MY x DE).
Figure 7 shows the 2D contour graph of EY. The model equation is:
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Figure 7. 2D contour plots showing the effects of temperature (X;) and holding time (X3)
on energy yield.
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EY (%) = 78.33 - 13.48X1 - 6.38X2 + 2.20X,” (18)

With R* = 96%; R%,qj = 90%; and SEE = 1,79%.

The optimal value is obtained for lower X; and X, following the MY tendency. Therefore, we
can conclude that the MY is more influent in comparison to HHV. Furthermore, results show that the
HTC treatment at 180 °C during 30 min treatment with an ASB/water weight ratio equal to 1/9
maximizes the energy yield (EY = 91%). The performance of energy yield of HTC conversion of
ASB is presented in Table 3.

For a generalized energy balance, one liter of mezcal produced generates 15 kg of ASB with 70%
moisture equivalent to 4.5 kg of ASB on a dry basis [24,28]. The energy yield value varies between
62 and 95% as shown in Figure 7. From Eq (4), it is estimated these hydrochars can produce between
46.87 MJ to 71.82MJ, which is equivalent to covering 65.10% to 99.75% of the energy required in
the cooking step of the mezcal production process. However, a more detailed study of the overall
energy balance of the HTC process would have to be carried out before a final conclusion could be
drawn.

3.2.3.  Thermal behavior (TG/DTG) of raw ASB and hydrochars

Typical curves of the thermogravimetric (TG) and derivative thermogravimetric (DTG)
behavior of raw ASB and produced hydrochars, as a function of the studied parameters (temperature
and holding time), are presented in Figure 8. The TG curves in Figure 8a show the mass loss
percentage of samples over the range of temperature from 100 °C to 900 °C in nitrogen and heating
rate (10 °C/min) conditions. The TG curves below 180 °C, which are related to moisture and
volatiles releases, are almost similar for all samples. A mayor weight loss was observed at a
temperature of 180-380 °C. In this range, the cellulose and hemicellulose decomposed leading to the
formation of volatiles, primary char and gases [50]. After that, the rate of decomposition above 380 °C
underwent a slow progress until 900 °C since the rest of the lignin or primary char was
discomposed [55]. The TGA curve of hydrochar (ASB-250 °C-30min) suggests that the thermal
stability increased with an increase in temperature.
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Figure 8. a) TG and b) DTG curves for raw ASB and hydrochars obtained at various
holding times (0—60 min) and HTC treatment temperatures (180-250 °C).
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The DTG curves presented in Figure 8b show that the raw ASB reaches its maximum mass loss
at 340 °C which is attributed to cellulose decomposition. Hemicellulose can be attributed for
temperatures lower than 300 °C [56,57]. The pyrolysis of lignin breaks down gradually over the
broad temperature range of 275-500 °C [5,56].

The DTG curve is shifted from 340 °C for raw ASB to about 356 °C. This shift can be explained
by the formation of carbonaceous materials, such as 5-hydroxy-methyl-furfural which is a more
stable compound than the initial feedstock [58,59]. For all hydrochars, degradation takes place over a
wider temperature range, with mostly one sharp peak located between 280 °C and 380 °C. This peak
indicates that the largest mass loss is related to cellulose decomposition.

3.2.4. Combustion characteristics

A series of experiments were conducted to investigate the effect of the HTC operating
conditions on the combustion behavior of hydrochars. The characteristic combustion parameters
including Ti, Tn, T, (dW/dt)max and reactivity are summarized in Table 4. Above Tj, high
decomposition rates take place, which are generally associated with the decomposition of
hemicellulose and cellulose. An acceleration of the devolatilization rate (dw/dt)m.x is clearly noticed
for hydrochars produced at 197 °C and 60 min ((dw/dt)max ~ 16.53). On the other hand, hydrochars
produced at higher temperatures (232 °C and 250 °C) with holding times of 30 and 60 minutes
presented the lowest mass loss rate and Rjgex vValues compared to the other samples. This thermal
behavior could be explained by the higher carbon content in these hydrochars (see Table 2) and may
be linked to a more ordered carbonaceous structure, as described by Guizani et al. [36]. In addition,
the corresponding reactivity increases for hydrochars obtained at 197 °C and 60 min, which may be
due to the abundance of volatile matter and their slow process of combustion in the hydrochar. As
assessed essentially by (dw/dt)m.x, the higher the rate of combustion, the more reactive the
hydrochar [37]. From the comparison of the (dw/dt)m.x and reactivity values of ASB ad derived
hydrochars, hydrochars generally showed better fuel characteristics, except for the conditions
identified above, e.g., higher temperatures and holding times corresponding to area with highest FC
(Figure 6b).
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Table 4. Characteristic temperatures and parameters on the combustion of raw ASB and
hydrochars, at different HTC X; and X,.

X, X, Temperature (dw/dt)pax Rindex

Sample 0 . 0 . . 1 o1
°C) (min) °C) (%. min™) (%. min . °C™)

Ti T Th

ASB 270 326 479  10.06 3.09

| 215 (0) 30 (0) 301 329 527 1570 478

2 180 (—1) 30 (0) 285 329 474  12.94 3.93

3 250 (+1) 30 (0) 279 323 638 521 1.61

4 197 (-0.5) 0 (—0.866) 296 323 490 14.49 4.49

5 215 (0) 30 (0) 300 328 530 1213 3.68

6 232 (+0.5) 60 (+0.866) 283 315 591 5.04 1.60

7 197(-0.5) 60 (+0.866) 304 329 495 1653 5.03

8 232 (+0.5) 0 (—0.866) 301 331 500 14.62 4.42

9 215 (0) 30 (0) 302 328 517 14.68 4.48

T;: ignition temperature; T,,: temperature at max. weight loss rate; Ty: burn out temperature; (dw/dt) .« is the maximum observed

reaction rate and Ry,qex: 18 the reactivity index.
3.2.4.1. Ignition temperature

The ignition temperature (T;) is the temperature that permits to promote a flame if the material
is exposed to a source of inflammation. The T; values obtained are superior to ASB one, thus
indicating an increased difficulty of ignition with carbonization process. According to He et al. [60]
this can be explained by the lower volatile matter in hydrochars compared to ASB.

The range of temperature ignition is between 279 °C and 304 °C for the experiment results. The
model that give the best R2adj (94.8%) is represented by the following equation:

T,(°C) = 300.87 — 4.67X, — 2.89X, — 18.93X2 — 15.01X, X, (19)

The 2D contour plots (Figure 9a), shows the T; values between 260 °C and 305 °C. As it can be
observed there is a large domain where the maximal value is possible and the lower values of Ti are
for coordinates (+1; +0.866) or (—1; —0.866).
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Figure 9. 2D contour plots showing the effects of temperature (X;) and holding time (X)
on: a) ignition temperature (T;), b) the temperature at the point of the maximum weight
loss rate (Tp,,) and c) the burnout temperature (Ty).

It is interesting to compare with the VM behavior because the ignition starts when there is
enough flammable vapor to allow a combustion. We can observe where the VM content Figure 6d is
maximal the T; is minimal [60]. But the minimal T; is also observed for high temperature and high
treatment where VM content is minimal. That would mean that the onset devolatilization
temperatures are equivalent.

To bring more argue on this temperature and to validate these results, we have determined the
autoignition temperature by temperature-controlled oven under oxygen atmosphere. The results of
five experiments selected in the studied domain are reported in Table 5.

Table 5. Autoignition temperatures of ASB and hydrochars, at different HTC X; and Xo.

Sample Tautoignition (°C) T; (°C) Tautoignition — Ti (°C)
ASB-232-60 (+0.5; +0.866) 241 +£4 283 —42

ASB-232-0 (+0.5; —0.866) 325+4 301 +24

ASB-215-30 (0; 0) 277+ 4 301 —24

ASB-197-60 (—0.5; +0.866) 330+4 304 +26

ASB-197-0 (—0.5; —0.866) 310+ 4 296 +14

Raw material 310+ 4

The results of Tauwignition determined (Table 5) show that the minimal value is for sample

ASB-232-60 corresponding to the minimal T; value also, it is quite interesting to see the similar
values for raw material and ASB-197-0. This can be explained by the fact that process has not
modified ASB-197-0 enough to show a difference in Taywignition. Their visual aspect was similar. The
ASB-197-0 sample kept the fibrous aspect. Besides, for ASB-232-0 and ASB-197-60 and ASB-197-0,
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Tautoignition Values are greater than T;. This can be explained by volatile compounds that have a
superior Tauwignition than Ti. Above Ti;, high decomposition rates take place, mainly related to the
decomposition of hemicellulose and cellulose.

3.2.4.2. Temperature at the maximum weight loss rate

Tm corresponds to the fastest mass loss when the temperature acts. The Ty, profile of 2D
contour plots (Figure 9b) has a similar shape than the Ti one. To build the 2D contour plots, the
model retained has the following equation:

T, (°C) = 328.33 — 3.0X, — 2.87X, — 2.33X2 — 4.33X2 — 12.70X,X, (20)

The model gives a Rzadj value of 99.11%. The minimum value equal to 306 °C is for (+1; +0.866)
experiment and corresponds also to the experiment that has the maximal FC content. The maximal
values are obtained for the (—1; +0.866) and (—1; —0.866) experiments corresponding to the domain
where there are not the maximum VM content or FC content.

3.2.4.3. Burnout temperature

The 2D contour plots are shown in Figure 9¢ It is obtained with the following equation with
R%.i = 92.2%:

T, (°C) = 524.68 + 72.33X, + 27.71X, + 31.33X2 — 18.00X2 + 49.65X,X,  (21)

The maximal value equal to 680 °C is for (+1; +0.866) experiment. The evolution of Tb follows
the FC content evolution. More the content of FC is important more the Tb is also important due to an
increasing of thermal stability of hydrochar.

4. Conclusions

Modeling of ASB conversion by HTC at different process conditions using surface response
methodology (RSM) has been investigated. The HHV modeling gives a maximal value equal to 24.0
MlJ/kg against 16.8 MJ/kg for raw ASB. It is also shown that the energy yield provided by the
hydrochar could compensate the energy required in the cooking step of the mezcal production
process. However, a more detailed study of the overall energy balance of the HTC process would
have to be carried out before a final conclusion can be drawn.

Models describing the behavior of HHV, MY, FC, VM, T;, Ty, and Tb as function of the process
conditions (temperature, holding time) were obtained. These models could be useful to select the
optimal experimental conditions to produce hydrochars with a high energy content for their use as
fuel. RSM of H/C and O/C showed that increased HTC conditions favored dehydration reactions,
while decarboxylation reactions were favored in mild HTC conditions. The proposed 2D contour
plots bring useful supplementary information to Van Krevelen diagram

Moreover, the investigation of combustion parameters provided a better understanding of
the thermal behavior of biomass and hydrochars. The lowest autoignition temperature resulted
equal to 241 °C for hydrochars against 310 °C for raw bagasse. In general, it was observed that the
minimum Ti and Tm values occur for a minimal and maximal degree of devolatilization. In addition,
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lower temperatures and holding times promote a maximum volatile matter release for all hydrochars.
Furthermore, an increase in the burnout temperature was related to an increase of the fixed carbon

content.
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