
 

Article 

Effect of Process Conditions on Hydro-Char Characteristics and 
Chemical Composition of Aqueous and Gaseous Products by 
Hydrothermal Processing of Corn Stover with Hot Compressed 
H2O: Structural Evolution of Hydro-Char and Kinetics of Corn 
Stover Decomposition 
Tiago Teribele1, Maria Elizabeth Gemaque Costa1, Conceição de Maria Sales da Silva1, Lia Martins Pereira1, Lucas 
Pinto Bernar1, Douglas Alberto Rocha de Castro1, Fernanda Paula da Costa Assunção2, Marcelo Costa Santos3, 
Isaque Wilkson de Sousa Brandão4, Clícia Joana Neves Fonseca5, Maja Shultze6, Thomas Hofmann6, Sammy 
Jonatan Bremer7 and Nélio Machado1,2,4* 

1 Graduate Program of Natural Resources Engineering of Amazon, Rua Corrêa N° 1, Campus Profissional-
UFPA, Belém 66075-110, Brazil; t.teribele@outlook.com (T.T); gemaquebeth@ufpa.br (M.E.G.C.); con-
cisales@ufpa.br (C.d.M.S.d.S.); liapereira@ufpa.br (L.M.P.); lucas.bernar7@gmail.com (L.P.B.); douglas-
castro87@hotmail.com (D.A.R.d.C.) 

2    Graduate Program of Civil Engineering, Rua Corrêa N° 1, Campus Profissional-UFPA, Belém 66075-110, 
Brazil; fernanda.assuncao@itec.ufpa.br (F.P.d.C.A.) 

3    Graduate Program of Chemical Engineering, Rua Corrêa N° 1, Campus Profissional-UFPA, Belém 66075-
110, Brazil; marcelo.santos@ufra.edu.br (M.C.S.) 

4    Faculty of Sanitary and Environmental Engineering, Rua Corrêa N° 1, Campus Profissional-UFPA, Belém 
66075-900, Brazil; isaquebrand@gmail.com (I.W.d.S.B) 

5    Graduate Program of Materials Science-IME, Praça General Tibúrcio N°. 80, Rio de Janeiro 22290-270, 
Brazil; clicia.fonseca@ime.eb.br (C.J.N.F.) 

6    Leibnitz-Institüt für Agrartechnik Potsdam-Bornin e.V, Department of Postharvest Technology, Max-Eyth-
Alee 100, Potsdam 14469, Germany; mschultze@atb-potsdam.de (M.S.), THoffmann@atb-potsdam.de (T.H.) 

7    HTW-Berlin, Treskowallee 8, 10318 Berlin, Germany; jonatan-bremer-berlin@web.de (S.J.B.) 
* Correspondence: machado@ufpa.br; Phone.: +55-91-984-620325 

Abstract: In this work, the effect of reaction time and biomass-to-H2O ratio on the structural evolu-
tion of hydro-char and kinetic of by hydrothermal processing of corn Stover with hot compressed 
H2O, have been systematically investigated. The experiments were carried out at 250 °C, heating 
rate of 2.0 °C/min, biomass-to-H2O ratio of 1:10, and reaction times of 60, 120, and 240 minutes, and 
at 250 °C, 240 minutes, heating rate of 2.0 °C/min, and biomass-to-H2O water ratio of 1:10, 1:15, and 
1:20, using a pilot scale stirred tank reactor of 5 gallon. The characterization of solid phase products 
performed by thermo-gravimetric analysis, scanning electron microscope, energy dispersive X-ray 
spectroscopy, X-ray diffraction, and elemental analysis (C, N, H, S). The physical-chemistry prop-
erties of solid phase analyzed in terms of dry matter (DM), total organic content (TOC), and ash. 
The yields of solid and gas phases decrease linearly with decreasing biomass-to-H2O ratio, while 
that of liquid phases increases linearly. For constant biomass-to-H2O ratio, the yields of solid, liquid, 
and gaseous reaction products varied between 52.97 and 35.82% (wt.), 44.84 and 54.59% (wt.), and 
2.19 and 9.58% (wt.), respectively. The yield of solids decreases exponentially by decreasing the 
reaction time, while the yields of liquid and gas phases increase exponentially. For constant bio-
mass-to-H2O ratio, TG/DTG curves shows that reaction time of 60 minutes was not enough to car-
bonize corn Stover. For constant reaction time, TG/DTG curves shows that increasing the H2O-to-
biomass ratio worse the carbonization of corn Stover. For constant biomass-to-H2O ratio, the SEM 
images show the main morphological structure of the corn Stover remains practically unchanged, 
while for constant reaction time, SEM images show that plant microstructure retains part of its orig-
inal morphology, demonstrating that a decrease on biomass-to-H2O ratio worse the carbonization 
of corn Stover. For constant biomass-to-H2O ratio, the EDX analysis shows that the carbon content 
in hydro-char increases with reaction time, while for constant reaction time, the carbon content de-
creases with increasing biomass-to-H2O ratio. The kinetic of corn Stover degradation was correlated 
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with a pseudo-first order exponential model, exhibiting a root-mean-square error (r2) of 1.000, 
demonstrating that degradation kinetics of corn Stover with hot compressed H2O, expressed as hy-
dro-char formation, is well described by an exponential decay kinetics. 

Keywords: Corn Stover; Hydrothermal carbonization; Hydro-char characterization; Kinetics of ma-
jor compounds; Structural evolution 
 

1. Introduction 
Corn Stover is considered an agricultural waste, usually incinerated or used as bed-

ding in poultry farms in Brazilian rural properties, being a lignocellulosic-base material 
abundant, but little used to generate income [1]. It is a residue left after harvesting of corn 
grains, consisting approximately of 25% (wt.) a leafy fraction (leaf + husk + sheaths) and 
between 70 and 75% (wt.) of fibrous and hard material (stalk + cobs) [2]. Brazil stands out 
as the third largest producer (101.14 million tons), behind China (260.96 million) and the 
USA. (347.05 million) [3]. In this context, just as tons of corn are produced, tons of agricul-
tural waste are discarded [4], being a potential lignocellulosic-base residue for use, after 
submitted to hydrothermal processing [5-6], into a carbonaceous material with bio-adsor-
bent properties [5, 7]. 

The hydrothermal carbonization of lignin–cellulose-base materials including agricul-
tural waste residues, such as corn Stover, with hot compressed H2O in the sub-critical is a 
thermo-chemical process of great potential [6-17], and the literature reports some studies 
on the hydrothermal carbonization of corn residues [5-6, 11, 14, 16-27], such as Stover [5-
6, 14, 17-19, 21-25], corn Stalk [20], corn Silage [11], and until corn Stover activated with 
surfactant (Tween80, Span80, sodium dodecyl-benzenesulfonate, sodium lignosulfonate, 
PEG 400) [26],  and corn Stover activated with KOH [27].  

The influence of process parameters on hydrothermal carbonization including tem-
perature, reaction time, and biomass-to-H2O ratio, as well as raw material characteristics 
on the yield of reaction products (solid, liquid, and gas) and chemical composition were 
systematically investigated by applying statistical methods to a huge collection of experi-
mental data by Li et al. [28]. 

Li et al. [28] reported that the most analyzed product parameter by hydrothermal 
carbonization was hydro-char yield, while less attention has been given to the chemical 
composition of aqueous phase [6, 9, 12, 14-15, 24, 29-35], reaction time [20, 24, 34-60], ki-
netics of hydro-char conversion [37-41], and structural evolution of hydro-char [43-44, 61-
66]. In addition, the excellent reviews of   hydrothermal carbonization reaction mechanism 
by Funke & Ziegler [8], hydro-char properties design and applications of hydrothermal 
carbonization by Román et al. [67], applications of hydrothermal carbonization on energy 
and environment by Maniscalco et al. [68], structural characterization of hydrothermal 
carbonization hydro-char by Nizamuddin et al. [69], and chemistry, processes and appli-
cations of wet pyrolysis by Libra et al. [70], emphasizes the effect of process parameters 
including temperature, reaction time, biomass-to-H2O ratio on hydro-char yield, kinetics 
of hydro-char conversion, and structural evolution of hydro-char [11, 67-70], corroborated 
by the statistical analysis performed by Li et al. [28]. However, until the moment no study has 
simultaneously investigate the structural evolution of hydro-char, the kinetic of hydro-char con-
version. 

The effect of reaction time by hydrothermal carbonization, a process parameter af-
fecting not only the yield of hydro-char, but also its morphological, crystalline, textural 
properties, has been also investigated in the last years [20, 24, 34-60]. Despite a consider-
able number of studies on the effect of reaction time by hydrothermal carbonization, only 
as few studies investigated the kinetics of hydro-char conversion [37-41], and the kinetics 
of structural evolution [43, 61-60, 64-65]. 
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The influence of biomass-to-H2O ratio by hydrothermal carbonization, a process var-
iable affecting the physical-chemical properties of reaction products, including the yield 
of hydro-char, but also its morphological, crystalline, textural properties, has been also 
investigated in the last years [20-21,34,36,40,44-46,48-49,50,52,56-57,61-62]. Despite the 
large number of studies on the effect of biomass-to-H2O ratio by hydrothermal carboniza-
tion, only as few studies investigated the effects of this process parameter on the charac-
teristics of hydro-char [61,65], particularly on the structural evolution [61,65]. 

The effects of process parameters on the structural evolution of hydro-chars such as 
temperature [6,14-15,29-30,38,41,63], reaction time [20, 24, 34-60], and biomass-to-H2O ra-
tio by hydrothermal carbonization [20-21,34,36,40,44-46,48-49,50,52,56-57,61-62], may 
cause drastic changes on the physical-chemical properties of reaction products, including 
the yield of hydro-char, composition of aqueous phase, composition of gaseous phase, 
and morphological, crystalline, textural properties of hydro-char, has been also investi-
gated in the last years [6,14-15,20-21,29-30,34-63]. In this context, this study aims to simulta-
neously investigate the structural evolution of hydro-char, the kinetic of hydro-char conversion.  

In this work, the effect of reaction time and biomass-to-H2O ratio on the structural 
evolution of hydro-char by analyzing its morphological, crystalline, and textural proper-
ties, as well as kinetic of corn Stover degradation by hydrothermal processing of corn 
Stover with hot compressed H2O, have been systematically investigated at 250 °C, heating 
rate of 2.0 °C/min, biomass-to-H2O ratio of 1:10, and reaction times of 60, 120, and 240 
minutes, and at 250 °C, 240 minutes, heating rate of 2.0 °C/min, and biomass-to-H2O water 
ratio of 1:10, 1:15, and 1:20, using a pilot scale stirred tank reactor of 5 gallon. The novelty 
of this work remains on the innovative way of analyzing simultaneously the structural 
evolution of hydro-char (elemental analysis, scanning electron microscopy, thermal gravimetric 
analysis, energy-dispersive x-ray spectroscopy, x-ray diffraction), the kinetic of hydro-char conver-
sion, and modeling of hydro-char conversion kinetics as a function of reaction time and biomass-
to-H2O ratio, using a pilot scale stirred tank reactor of 5 gallon. 

2. Materials and Methods 
2.1. Methodology 

Corn Stover

Drying, Milling, 
Sieving

Hydrothermal Carbonization 
(250 °C)

(1:10; 1:15; 1:20; B/H2O)
(60, 120, 240 minutes)

Hydro-char

TG,SEM, EDX, DRX

Characterization

YSolid, YLiquid, 
YGas

Solid 
Decomposition 

Kinetic Model

(C, H, N, S)
DM, TOC, Ash

 
Figure 1. Process flow sheet by hydrothermal processing of corn Stover with hot com-
pressed H2O at 250 °C, biomass-to-H2O ratio of 1:10, 60, 120, and 240 min, 250 °C, 240 min, 
and biomass-to-water ratios of 1:10, 1:15, and 1:20, in pilot scale. 
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The process flow sheet shown in Figure 1 summarizes the applied methodology, de-

scribed in a logical sequence of ideas, chemical methods, and procedures by hydrothermal 
processing of corn Stover with hot compressed H2O at 250 °C, biomass-to-H2O ratio of 
1:10, 60, 120, and 240 minutes, and at 250 °C, 240 minutes, and biomass-to-H2O ratios of 
1:10, 1:15, and 1:20, in pilot scale. Initially, the corn Stover residues are collected. After-
wards, subjected to pretreatments of drying, followed by milling and sieving. The exper-
iments carried out in pilot scales to investigate the effect of process time (60, 120, and 240 
minutes) and biomass-to-H2O ratio (1:10, 1:15, 1:20) on structural evolution of solid phase 
products, yields of hydro-char, H2O, and gas, and kinetics of corn Stover degradation. The 
solid phase product characterized by TG/DTG, SEM, EDX, and XRD.  
2.2. Materials, pre-treatment, and characterization of corn Stover 

The corn Stover residues used was provided by Leibniz-Institüt für Agrartechnik 
und Bioökonomie e.V (ATB), Potsdam-Bornin [5-6]. The corn Stover residues were sub-
mitted to the pre-treatments of drying at 105 °C using a digital controlled oven, grinding 
using a laboratory cutting mill, and finally sieved to produce particle sizes averaging 2.0 
mm of square geometry, as described in the literature [5-6]. The hydro-chars physico-
chemical characterized for dry matter, total organic content, ash content, elemental anal-
ysis (C, H, N, and S), and oxygen content, as described elsewhere [5-6]. 
2.3. Experimental apparatus and procedures 

The pilot-scale reactor of cylindrical geometry (VReactor = 18.875 L), described in details 
elsewhere [5-6,15], constructed by stainless steel (Parr, USA, Model: 4555), includes a me-
chanical stirring system with 02 impellers, each containing 3-blades, and 6.78 N.m Torque. 
The reactor has a ceramic-3 zone heater of 4500 W, and a control unit (Parr, USA, Model: 
4848). The temperature is measured with aid 02 thermocouples placed inside a thermos 
well. The reactor operates at a maximum pressure of 131 bar and maximum temperature 
of 350 °C. The hydrothermal processing of dried corn Stover was carried out with hot 
compressed water at 250 °C, 240 min, and biomass-to-water ratios of 1:10, 1:15, and 1:20, 
and at 250 °C, biomass-to-water ratio of 1:10, and 60, 120, and 240 min, as described in 
details in the literature [5-6,15]. For the experiments with varying biomass/H2O ratio, 600 
g of corn Stover residues were placed inside the reactor. Afterwards, 6000, 9000 and/or 
12000 g H2O, depending on the biomass/H2O ratio, were inserted within the reactor and 
soaked manually until an homogeneous cake is formed and reactor sealed. The operating 
temperature and the heating rate set at 250 °C and 2.0 °C/min, respectively. The reaction 
times start at the point the reactor reaches the set point temperature (τ0). Once the reaction 
time is reached for each batch (60, 120 and/or 240 min), the reactor is cooled down until 
ambient temperature. The gravitational dewatering makes it possible to separate the liq-
uid and solid phases. The moist solid phase inside the reactor is removed and placed in-
side a mechanical press to remove the residual water. Afterwards, the solid and aqueous 
phases determined gravimetrically. The moist solid phase is dried at 105 °C for 48 h to 
determine the moist content. Samples of moist dewatered solids, liquid phase, and dried 
solid phase stored for physicochemical analysis and morphological characterization. 
2.4. Physicochemical analysis and characterization of solid phase products 
2.4.1. Physicochemical analysis of solid phase 

The hydro-char characterized for dry matter, ash content, and elemental analysis (C, 
H, N, and S) [5-6,15]. 
2.4.2. Characterization of hydro-char 

The morphological, crystalline, and thermogravimetric characterization was per-
formed by thermo-gravimetric analysis (TG/DTG), scanning electron microscope (SEM), 
energy dispersive X-ray spectroscopy (EDX), and X-ray diffraction (XRD), described in 
details elsewhere [5,7]. 
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2.5. Material balances and yields of reaction products 
The law of conservation of mass was applied within the reactor, operating as a closed 

thermodynamic system, batch mode, yielding the following equations. 

𝑀𝑀𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =  𝑀𝑀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹            (1) 
𝑀𝑀𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =  𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + 𝑀𝑀𝐿𝐿𝐿𝐿  +  𝑀𝑀𝐺𝐺𝐺𝐺𝐺𝐺        (2) 

Where 𝑀𝑀𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅  is the mass of reactor, 𝑀𝑀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 𝑀𝑀𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  is the mass of corn Stover 
filled into the reactor, 𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 is the mass of hydro-char, 𝑀𝑀𝐿𝐿𝐿𝐿 is the mass of liquid phase 
products, and 𝑀𝑀𝐺𝐺𝐺𝐺𝐺𝐺 is the mass of gas. The process performance evaluated by computing 
the yields of liquid and liquid reaction products defined by equations (3) and (4), and the 
yield of gas by difference, using equation (5). 

𝑌𝑌𝐿𝐿𝐿𝐿[%] = 𝑀𝑀𝐿𝐿𝐿𝐿
𝑀𝑀𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑥𝑥100          (3) 

𝑌𝑌𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆[%] = 𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝑀𝑀𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(0)

𝑥𝑥100        (4) 

𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺[%] = 100 − (𝑌𝑌𝐿𝐿𝐿𝐿 + 𝑌𝑌𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆)         (5) 

2.7. Degradation kinetics of corn Stover 
The degradation kinetics of corn Stover by hydrothermal processing at 250 °C, bio-

mass-to-H2O ratio of 1:10, 60, 120 and 240 min, expressed as hydro-char formation, was 
correlated with a pseudo-first order exponential model [41].  

The thermal degradation process of biomass, in this case, corn Stover, follows the 
idea and/or concept of Yin et. al. [41].  

By performing a mass balance on the dry biomass, at the beginning, the mass of bio-
mass is equal the mass of solids  

𝑀𝑀𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵(0) = 𝑀𝑀𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(0) = 𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(0)       (6) 
𝑀𝑀𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵(0) = 𝑀𝑀𝐺𝐺𝐺𝐺𝐺𝐺(τ) + 𝑀𝑀𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿(τ) + 𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(τ)      (7) 
By considering that 
𝑀𝑀𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(τ) = 𝑀𝑀𝐺𝐺𝐺𝐺𝐺𝐺(τ) + 𝑀𝑀𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿(τ)        (8) 
The initial mass of biomass, 𝑀𝑀𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵(0), is equal to the sum of the mass of solids and 

the mass of dissolution at time τ, 𝑀𝑀𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖(τ) + 𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(τ). 
𝑀𝑀𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵(0) = 𝑀𝑀𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(τ) + 𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(τ)       (9) 
The time differential of equation (9) is given as follows: 
𝑑𝑑𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(τ)

𝑑𝑑τ
= −𝑑𝑑𝑀𝑀𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(τ)

𝑑𝑑τ
           (10) 

Assuming the mass of solid phase products is equal to the mass of hydro-char yields 
equation (11).  

𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(τ) = 𝑀𝑀𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑎𝑎𝑎𝑎(τ)          (11) 
The time differential of equation (11) is given as follows: 
 𝑑𝑑𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(τ)

𝑑𝑑τ
= 𝑑𝑑𝑀𝑀𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑎𝑎𝑎𝑎(τ)

𝑑𝑑τ
           (12) 

The biomass dissolution was described by a modified first order kinetics given by 
equation (13). 

𝑑𝑑𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(τ)
𝑑𝑑τ

= −Κ ∗ [𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(τ) − 𝑎𝑎]        (13) 
Dividing equation (13) by equation (6) yields equation (14). 
𝑑𝑑[𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(τ)/𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(0)]

𝑑𝑑τ
= −Κ ∗ [𝑌𝑌𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(τ) − 𝐴𝐴]      (14) 

𝑑𝑑𝑌𝑌𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(τ)
𝑑𝑑τ

= −Κ ∗ [𝑌𝑌𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(τ) − 𝐴𝐴]        (15) 

The constant A, defined as 𝑎𝑎/𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(0), is included as a correction term. By solving 
the 1st order homogeneous and linear differential equation (15), with initial boundary 
condition, τ = 0,𝑌𝑌𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(τ) = 𝑌𝑌𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(0), yields equation (16). 

𝑌𝑌𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(τ) = 𝐴𝐴 + [𝑌𝑌𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(0) − 𝐴𝐴] ∗ exp (−𝐾𝐾 ∗ τ)       (16) 
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3. Results 
3.1. Thermogravimetric, morphological and mineralogical characterization of hydro-char 

3.1.1 Thermo-gravimetric analysis (TG/DTG) 
3.1.1.1 Influence of reaction time 

The thermal degradation of corn Stover was analyzed via thermogravimetric analysis 
(TG/DTG) by Sittisun et. al. [71], between 25 and 900 °C, heating rates of 10, 20, and 50 
°C/min, as well as by Mohammed et al. [21], between 25 and 600 °C, heating rates of 10 
°C/min. For heating rates of 10 °C/min, Sittisun et. al. [71], reported mass loss of 92% (wt.), 
within the temperature interval of 25 and 510 °C, while Mohammed et al. [21], reported 
mass loss of ≈ 70.0% (wt.), between 25 and 600 °C. Sittisun et. al. [71], reported the occur-
rence of 03 (three) degradation steps, the first between 25 and 167 °C, due to removal of 
moisture, a second between 167 and 368 °C, due to removal of volatile compounds by 
degradation of hemi-cellulose and cellulose, and a third between 368 and 514 °C, due to 
thermal degradation and/or combustion of lignin [71]. Mohammed et al. [21], also reported 
the occurrence of 03 (three) disintegration steps, the first between 100 and 250 °C, due to 
removal of moisture and some volatiles, a second between 250 and 400 °C, due to the 
degradation of hemi-cellulose and cellulose, and a third above 450 °C, due to thermal deg-
radation of lignin [21]. The thermal degradation of bio-char obtained by hydrothermal 
processing of corn Stover at 250 °C, 240 min, 1:10 biomass-to-H2O ratio, using a reactor of 
18.927 L, was analyzed via thermogravimetric analysis (TG/DTG) by Costa et. al. [7], be-
tween 25 and 800 °C, 10 °C/min, under N2 atmosphere, as well as by Mohammed et al. 
[21], between 25 and 600 °C, 10 °C/min, under N2 atmosphere.  
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Figure 2. TG/DTG of hydro-chars obtained by hydrothermal processing of corn Stover at 
250°C, biomass/H2O ratio of 1:10, 60, 120, and 240 minutes, using a reactor of 18.927 L. 

Figure 2 illustrates the TG/DTG of hydro-chars obtained by hydrothermal processing 
of corn Stover at 250°C, biomass/H2O ratio of 1:10, 60, 120, and 240 minutes, using a reactor 
of 18.927 L. One observes the presence of 03 (three) reaction steps, being according to the 
similar results reported in the literature [7,21]. The TG/DTG curves for the hydro-chars 
obtained at 240 and 120 minutes by hydrothermal processing of corn Stover at 250 °C, 1:10 
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biomass-to-H2O ratio, using a reactor of 18.927 L, are identical, showing mass losses be-
tween 50.63 and 49.15% (wt.) for the temperature interval 25-800 °C. On the other hand, 
the TG/DTG curves for the hydro-chars obtained at 60 minutes by hydrothermal pro-
cessing of corn Stover at 250 °C, 1:10 biomass-to-H2O ratio, using a reactor of 18.927 L, has 
a mass loss of 69.40% (wt.) for the temperature interval 25-800 °C, showing that reaction time 
of 60 minutes was not enough to carbonize corn Stover.  

By the TG/DTG curves for the hydro-chars obtained at 60 and 120 minutes by hydro-
thermal processing of corn Stover at 250 °C, 1:10 biomass-to-H2O ratio, using a reactor of 
18.927 L, it can be seen at the beginning, a small loss of mass around 100 °C, associated to 
the presence of water in hydro-chars. A mass loss of approximately 37.5% (wt.) was ob-
served for the hydro-char obtained at 120 minutes by hydrothermal processing of corn 
Stover at 250 °C, 1:10 biomass-to-H2O ratio, between 204 and 530 °C, while for the hydro-
char obtained at 60 minutes the mass loss was around 57.6% (wt.), between 159 to 506°C. 
These mass losses are possibly associated with the presence of volatile material produced 
by thermal degradation of lignocellulosic material (hemicellulose or cellulose). In addi-
tion, the temperature of peaks by DTG curve increase in line with increasing reaction time, 
showing that an increase in reaction time contributes to the formation of more stable com-
pounds.  
3.1.1.2 Influence of biomass-to-H2O ratio 

The thermal degradation (TG/DTG) of hydro-char obtained by hydrothermal pro-
cessing of corn Stover at 250 °C, 240 min, biomass-to-H2O ratio of 1:10, 1:15, and 1:20, 
using a reactor of 18.927 L, between 25 and 800 °C, 10 °C/min, under N2 atmosphere, is 
shown in Figure 3.  
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Figure 3. TG/DTG of hydro-chars obtained by hydrothermal processing of corn Stover at 
250°C, 240 min, biomass/H2O ratio of 1:10, 1:15, and 1:20, using a reactor of 18.927 L. 

The TG/DTG curves for biomas-to-H2O ratios of 1:10 and 1:15 are identical, showing 
mass losses between 50.63 and 53.68% (wt.), respectively. However, if one decreases the 
biomas-to-H2O ratio of 1:15 to 1:20, the mass loss increases from 53.68 to 92.48% (wt.), 
showing a decrease on the carbonization grade of hydro-char, that is, biomas-to-H2O ratio 
of 1:20 time of 60 minutes was not enough to carbonize corn Stover. This is according to the 
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literature [15,72-73], as an increase on the H2O-to-biomass ratio favors the hydrolysis re-
actions by hydrothermal processing of lign-cellulosic materials. As cellulose hydrolyzes, 
glucose is produced, being transformed into fructose [74]. The hydrothermal decomposi-
tion of fructose produces low carbon chain carboxylic acids, dissociating within the aque-
ous phase, producing H3O+. By increasing the H2O-to-biomass ratio, a decrease on the 
concentration of volatile carboxylic acids, particularly acetic acid, within the aqueous 
phase is expected; causing a diminution on the ionic product of aqueous phase, worsen 
the degradation process of biomass [74]. By the hydrothermal processing of Açaí seeds 
with hot compressed H2O at 250 °C, heating rate of 2 °C/min, 240 min, da Silva et. al. [15], 
stated that hydrolysis is probably the dominant reaction mechanism, but not the only one, 
as the H2O-to-biomass ratio increases from 1:10 to 1:20. Figure 3 shows for hydro-char 
obtained at 250 °C, 60 min, biomass-to-H2O ratio of 1:20, a mass loss of 92.48% (wt.), prov-
ing that most of hemi-cellulose, cellulose and lignin were not thermally degraded. This is 
corroborated for the peaks by DTG curve at 390 °C and 525 °C, respectively, characteristics 
of hemi-cellulose/cellulose and lignin degradation, showing that an increase in H2O-to-
biomass ratio worse the carbonization of corn Stover by hydrothermal processing, as most 
of hemi-cellulose and cellulose still retains its structure.  
3.1.2 Scanning electron microscopy  

The SEM analysis performed to investigate the effect of reaction time and bio-
mass/H2O ratio on the evolution and/or changes on the microstructure of corn Stover after 
hydrothermal processing with hot compressed H2O, as illustrated in details in Supple-
mentary Figures S1-S13.  
3.1.2.1 Influence of reaction time 

The microscopies of bio-char obtained by hydrothermal processing of corn Stover at 
250°C, biomass/H2O ratio of 1:10, and 60 minutes, using a reactor of 18.927 L, shown in 
Figure 4. By the SEM images illustrated in Figures 4a, 4b and 4c, at different magnifica-
tions [MAG: 200× (a); MAG: 1000× (b); MAG: 5000× (c)], one observes the rupture of pol-
ymer bundles (fibers) and opening of pores in the cellular tissue, showing that fragmen-
tation of hemi-cellulose and cellulose begins [75]. However, the main morphological struc-
ture of the corn Stover remains practically unchanged, since the plant microstructure re-
tains its characteristics, demonstrating that reaction time of 60 minutes was not enough to car-
bonize corn Stover, as described in section 3.1.1.1. The results are according to similar studies 
on the influence of reaction time over the morphology of hydro-chars reported in the lit-
erature [21,24,54,62,65].  

 
Figure 4. SEM of hydro-chars obtained by hydrothermal processing of corn Stover at 250°C, bio-
mass/H2O ratio of 1:10, and 60 minutes [MAG: 200× (a); MAG: 1000× (b); MAG: 5000× (c)]. 

Figure 5 shows the SEM microscopies of bio-char obtained by hydrothermal pro-
cessing of corn Stover at 250°C, biomass/H2O ratio of 1:10, and 120 minutes, using a reactor 
of 18.927 L.  
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Figure 5. SEM of hydro-chars obtained by hydrothermal processing of corn Stover at 
250°C, biomass/H2O ratio of 1:10, 120 minutes [MAG: 200× (a); MAG: 1000× (b); MAG: 
5000× (c)]. 

The scanning electron microscopies at different magnifications illustrated in Figure 
5 [MAG: 200× (a); MAG: 1000× (b); MAG: 5000× (c)], show that the morphological micro-
structure of corn Stover has been drastically changed, as the fibers of plant tissue were 
destroyed by fragmentation of hemi-cellulose and cellulose [74], and the pores on the veg-
etal tissue are open. In addition, Figure 5c shows the appearance of microspheres, which 
is according to the results reported by Xing et al. [74]. The plant microstructure retains no 
longer its original morphology, demonstrating that reaction time of 120 was able to carbonize 
corn Stover, as described in section 3.1.1.1. 

 
Figure 6. SEM of hydro-chars obtained by hydrothermal processing of corn Stover at 
250°C, biomass/H2O ratio of 1:10, 240 minutes, using a reactor of 18.927 L [MAG: 200× (a); 
MAG: 1000× (b); MAG: 20,000× (c)]. 

The microscopies of bio-char obtained by hydrothermal processing of corn Stover at 
250°C, biomass/H2O ratio of 1:10, and 240 minutes, using a reactor of 18.927 L, shown in 
Figure 6. The SEM images illustrated in Figures 6a, 6b and 6c, at different magnifications 
[MAG: 200× (a); MAG: 1000× (b); MAG: 20,000× (c)], show that the microstructure of corn 
Stover has been destroyed due to fragmentation of hemi-cellulose and cellulose [7,74]. The 
cellular tissue replaced by an aggregate amorphous solid consisting of a layer of micro-
spheres [7], demonstrating that reaction time of 240 was able to carbonize corn Stover, as described 
in section 3.1.1.1. The results are according to similar studies on the influence of reaction 
time over the morphology of hydro-chars reported in the literature [21,24,54,62,65].  
3.1.2.1 Influence of biomass-to-H2O ratio 

The microscopies of bio-char obtained by hydrothermal processing of corn Stover at 
250°C, biomass/H2O ratio of 1:15, and 240 minutes, using a reactor of 18.927 L, shown in 
Figure 7. da Silva et al. [15], investigated the effect of biomass-to-H2O ratio on the hydro-
thermal processing of Açaí seeds, stating that an increase on the H2O-to-biomass ratio en-
hances the hydrolysis of cellulose.  
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Figure 7. SEM of hydro-chars obtained by hydrothermal processing of corn Stover at 
250°C, biomass/H2O ratio of 1:15, 240 minutes, using a reactor of 18.927 L  [MAG: 200× (a); 
MAG: 1000× (b); MAG: 5000× (c)]. 

The SEM images, at different magnifications [MAG: 200× (a); MAG: 1000× (b); MAG: 
5000× (c)], show that the microstructure of corn Stover has been changed, as the pores on 
the vegetal tissue are open, probably due to hydrolysis reaction of cellulose and hemi-
cellulose, as reported by da Silva et al [74]. However, by increasing the magnification 
5000×, as shown in Figure 7c, one observes that rupture of polymer bundles (fibers) and 
opening of pores in the cellular tissue was not so effective to change the microstructure of 
corn Stover. The plant microstructure retains part of its original morphology, demonstrat-
ing that a decrease on biomass-to-H2O ratio worse the carbonization of corn Stover. 

 
Figure 8. SEM of hydro-chars obtained by hydrothermal processing of corn Stover at 
250°C, biomass/H2O ratio of 1:20, 240 minutes [MAG: 200× (a); MAG: 1000× (b); MAG: 
5000× (c)]. 

The microscopies of bio-char obtained by hydrothermal processing of corn Stover at 
250°C, biomass/H2O ratio of 1:20, and 240 minutes, using a reactor of 18.927 L, at different 
magnifications [MAG: 200× (a); MAG: 1000× (b); MAG: 5000× (c)], shown in Figure 8. The 
SEM image at a magnification of 5000×, illustrated in Figure 8c, shows that microstructure 
of corn Stover retains its original characteristics, that is, the morphology of corn Stover 
remains practically unchanged, demonstrating that higher H2O-to-biomass ratio worse the car-
bonization of corn Stover as hydrolysis reactions of cellulose and hemi-cellulose are the ma-
jor degradation mechanism [15].  
3.1.3 Energy Dispersive X-ray Spectroscopy  

Table 1 shows the EDX analysis of hydro-chars obtained by hydrothermal processing 
of corn Stover with hot compressed H2O at 250°C, biomass/H2O ratio of 1:10, 60, 120, and 
240 minutes, and at 250°C, 240 minutes, and biomass-to-H2O ratio of 1:10, 1:15, and 1:20, 
using a reactor of 18.927 L. The results show that carbon content increases with increasing 
reaction time between 60 and 120 minutes, being according to the results presented in 
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Figure 2 and Figures 4c, 5c, and 6c, while between 120 and 240 minutes the carbon content 
is almost identical. By decreasing the biomass-to-H2O ratio between 1:10 and 1:15, littlle 
variation on the carbon content of hydro-chars has been observerd, while a drastic 
decrease on the carbon content occurred between 1:15 and 1:20, demonstrating that higher 
H2O-to-biomass ratio worse the carbonization of corn Stover. The energy dispersive x-ray spec-
troscopy (EDX) identified also the presence of Si, K, Ca, Mg, Al, S, and Fe. The micronu-
trients (Fe, Si), macronutrients (C, O, Ca, K, Mg, S), as well as heavy metals (Al) identified 
by EDX in hydro-chars are according to inorganics compounds identified in corn Stover 
after drying at 105 °C [76]. 
Table 1: Percentages in mass and atomic mass of hydro-char obtained by hydrothermal carboniza-
tion of corn Stover at 250 °C, 60, 120, and 240 minutes, biomass-to-water ratio of 1:10, and at 250 °C, 
240 minutes, biomass-to-water ratio of 1:10, 1:15, and1:20, using a pilot scale reactor of reactor of 
18.927 L. 

 

Hydro-char 

250 °C, biomass-to-H2O ratio of 1:10 250 °C, 240 minutes 

60 [min] 120 [min] 240 [min] 1:15 [gbiomass/gH2O] 1:20 [gbiomass/gH2O] 

CE Mass 

[wt.%] 

Atomic  

Mass  

[wt.%] 

SD Mass 

[wt.%] 

Atomic  

Mass  

[wt.%] 

SD Mass 

[wt.%] 

Atomic  

Mass  

[wt.%] 

 

SD Mass 

[wt.%] 

Atomic  

Mass  

[wt.%] 

 

SD Mass 

[wt.%] 

Atomic  

Mass  

[wt.%] 

SD 

 

C 43.76 74.14 3.14 50.15 84.94 3.59 58.65 85.11 4.26 76.04 81.05 0.631 6.04 28.01 0.70 

O 16.29 20.72 1.33 6.91 8.79 0.68 11.03 12.02 1.01 23.59 18.87 0.632 5.58 19.41 0.63 

Si 0.75 0.54 0.05 0.50 0.32 0.04 - - - - - - 5.09 10.09 0.18 

K 0.17 0.09 0.03 1.02 0.53 0.05 - - - - - - - - - 

Ca 1.06 0.54 0.05 2.73 1.39 0.08 0.48 0.21 0.04 - - - 2.60 3.61 0.10 

Mg - - - - - - - - - - - - 0.33 0.77 0.04 

Al - - - - - - - - - - - - 2.48 5.12 0.11 

S - - - - - - - - - - - - 0.87 1.51 0.05 

Fe - - - - - - - - - - - - 13.35 13.31 0.56 

Zn - - - - - - - - - 0.366 0.072 0.065 - - - 

Pt 37.97 3.96 0.87 38.69 4.03 0.90 29.84 2.67 0.76 - - - 63.66 18.17 1.72 

SD= Standard Deviation, CE= Chemical Elements 

3.1.4 X-ray diffraction  

The x-ray diffraction of hydro-chars obtained by hydrothermal processing of corn 
stover with hot compressed H2O at 250°C, biomass/H2O ratio of 1:10, 60, 120, and 240 
minutes, and at 250°C, 240 minutes, and biomass-to-H2O ratio of 1:10, 1:15, and 1:20, using 
a reactor of 18.927 L, are shown in Figure 9 and 10, respectively.  
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Figure 9. XRD  of hydro-chars obtained by hydrothermal processing of corn Stover at 250°C, bio-
mass/H2O ratio of 1:10, 60, 120 and 240 minutes, using a reactor of 18.927 L. 

The diffractogram of hydro-chars illustrated in Figure 9 identified the presence of 
two crystalline phases-graphite (C) and crystalline cellulose. At 60 minutes, a peak of 
graphite of medium intensity (55.7%) was observed on the position 2θ: 26.47, and a peak 
of high intensity (100.0%), characteristic of crystalline cellulose [20, 77], on the position 2θ: 
22.40. At 120 minutes, a peak of graphite of high intensity (100.0%) was observed on the 
position 2θ: 26.54, and a peak of high intensity (99.1%), characteristic of crystalline cellu-
lose [20, 77], on the position 2θ: 22.73. At 240 minutes,  a peak of graphite of high intensity 
(100.0%) was observed on the position 2θ: 26.47, and a peak of low intensity (12.95%), 
characteristic of crystalline cellulose [20, 77], on the position 2θ: 22.20. The results show 
the occurrence of peaks of higher intensity of graphite (C) as the reaction time succeeds.  

 
Figure 10. XRD  of hydro-chars obtained by hydrothermal processing of corn Stover at 250°C, 240 
minutes, biomass/H2O ratio of 1:10, 1:15, and 1:20, using a reactor of 18.927 L. 

Figure 10 illustrates the XDR of hydro-chars obtained at 250°C, 240 minutes, and bi-
omass-to-H2O ratio of 1:10, 1:15, and 1:20, using a reactor of 18.927 L. The diffractograms 
identified the presence of two crystalline phases—graphite (C) and crystalline cellulose. 
For biomass-to-H2O ratio of 1:10, a peak of graphite of high intensity (100.0%) was ob-
served on the position 2θ: 26.47, and a peak characteristic of crystalline cellulose [20,77], 
of low intensity (12.95%), on the position 2θ: 22.20. For biomass-to-H2O ratio of 1:15, a 
peak of graphite of high intensity (100.0%) was observed on the position 2θ: 26.51, and a 
peak of low intensity, characteristic of crystalline cellulose [20,77], on the position 2θ: 
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22.20. For biomass-to-H2O ratio of 1:20, a peak of graphite of medium intensity (59.38%) 
was observed on the position 2θ: 26.47, and peaks characteristic of crystalline cellulose 
[20,77], of high intensity (79.0%) and (90.0%), on the positions 2θ: 15.53 and 2θ: 21.96, 
respectively. The results identified the occurrence of peaks of lower intensity of crystalline 
cellulose as the biomass-to-H2O ratio decreases, being in agreement to the results illus-
trated in Table 1. 
3.2. Process parameters, mass balances, and yields of reaction products 

3.2.1 Influence of reaction time 
Table 2 summarizes the mass balances, process parameters and the yields of reaction 

products (hydro-char, aqueous, and gaseous phases) by hydrothermal processing of corn 
Stover at 250 °C, biomass/H2O ratio of 1:10, 60, 120, and 240 min, using a reactor of 18.927 
L. 
Table 2: Process parameters, mass balances, and yields of reaction products by hydrothermal car-
bonization of corn Stover at 250 °C, biomass/H2O proportion of 1:10, 60, 120 and 240 minutes, using 
a reactor of 18.927 L. 

Process parameters 250 °C 
τ [min] 

60 120 240 
Mass of Corn Straw [g] 600.66 600.31 600.10 
Mass of H2O [g] 6000.20 6002.70 6000.70 
Mechanical Stirrer Speed [rpm] 90 90 90 
Initial Temperature [°C] 30 30 30 
Heating Rate [°C/min] 2 2 2 
Mass of Slurry [g] 6482.40 6402.20 6425.10 
Volume of Gas [mL], T = 25 °C, P = 1 atm 8405 12910 35225 
Mass of Gas [g] 13.195 20.656 57.495 
Process Loss (I) [g] 105.265 200.81 118.205 
Input Mass of Slurry (Pressing) [g] 6474.70 6335.10 6417.80 
Process Loss (II) [g] 7.70 7.10 7.30 
Mas of Liquid Phase [g] 5034.80 5321 5288.90 
Mass of Moist Biochar [g] 1262.18 898.42 976.64 
Process Loss (III) [g] 177.72 115.68 152.26 
Mass of Dried Biochar [g] 318.19 263.88 214.99 
Mass of H2O(V) [g] 943.99 634.54 761.65 
(Mas of Liquid Phase + Mass of H2O(V)) [g] 5978.79 5955.54 6050.55 
Process Loss (I + II + III) [g] 290.685 323.59 277.76 
Mass of LiquidReaction [g] 269.275 315.774 327.61 
Yield of Hydro-char [wt.%] 52.97 43.96 35.82 
Yield of Gas [wt.%] 2.19 3.44 9.58 
Yield of Liquid Phase [wt.%] 44.84 52.60 54.59 

 
Figure 11 shows the effect of reaction time on the yields of products (hydro-char, 

aqueous phase, and gas) by hydrothermal processing of corn Stover at 250 °C, bio-
mass/H2O ratio of 1:10, 60, 120 and 240 min, using a reactor of 18.927 L. The yields of 
reaction products (hydro-char, aqueous phase, and gas) were regressed using exponential 
functions. The results show that applied exponential functions correlated well the exper-
imental data for the solid, aqueous, and gaseous phases, with R2 (R-Squared) between 
0.994 and 0.999. The yield of hydro-char shows a smooth first-order exponential decay 
behavior, while that of the liquid and gaseous phases shows a smooth first-order expo-
nential growth. The yield of hydro-char is according to similar data for the degradation of 
Brewer’s Spent Grains [34], and maize silage [33]. 
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Figure 11. Yield of reaction products (hydro-char, aqueous phase, and gas) by hydrothermal pro-
cessing of corn Stover at 250 °C, biomass-to-H2O ratio of 1:10, 60, 120, and 240 minutes, using a 
reactor of 18.927 L. 
3.2.2 Influence of biomass-to-H2O ratio 

Table 3 summarizes the influence of biomass-to-H2O ratio on the mass balances, pro-
cess parameters and the yields of reaction products (hydro-char, aqueous, and gaseous 
phases) by hydrothermal carbonization of corn Stover at 250 °C, 240 minutes, and bio-
mass-to-H2O ratio of 1:10, 1:15, and 1:20, using a reactor of 18.927 L. 
Table 3: Process parameters and material balances by hydrothermal carbonization of corn Stover at 
250 °C, 240 minutes, biomass-to-H2O ratio of 1:10, 1:15, and 1:20, using a reactor of 18.927 L.  

Process parameters 250 °C 
Biomass/H2O [-] 

1:10 1:15 1:20 
Mass of corn Stover [g] 600.10 600.11 600.28 
Mass of H2O [g] 6000.70 9003.10 12007.00 
Mechanical Stirrer Speed [rpm] 90 90 90 
Initial Temperature [°C] 30 30 30 
Heating Rate [°C/min] 2 2 2 
Process Time [min] 240 240 240 
Mass of Slurry [g] 6425.10 9488.90 11893.90 
Volume of Gas [mL], T = 25 °C, P = 1 atm 35225 32536 30518 
Mass of Gas [g] 57.495 52.546 48.534 
Process Loss (I) [g] 118.205 61.764 664.846 
Input Mass of Slurry (Pressing) [g] 6417.80 9476.40 11890.20 
Process Loss (II) [g] 7.30 12.50 3.70 
Mas of Liquid Phase [g] 5288.90 8544.30 10996.00 
Mass of Moist Biochar [g] 976.64 851.06 782.45 
Process Loss (III) [g] 152.26 81.04 111.75 
Mass of Dried Biochar [g] 214.99 205.61 186.57 
Mass of H2O(V) [g] 761.65 645.45 595.88 
(Mas of Liquid Phase + Mass of H2O(V)) [g] 6050.55 9189.75 11591.88 
Process Loss (I + II + III) [g] 277.76 155.30 780.29 
Mass of LiquidReaction [g] 327.61 341.95 365.17 
Yield of Solids [wt.%] 35.82 34.26 31.08 
Yield of Gas [wt.%] 9.58 8.75 8.08 
Yield of Liquid Phase [wt.%] 54.59 56.98 60.83 
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Figure 12 illustrates the influence of biomass-to-H2O ratio on the yield of reaction 
products by hydrothermal carbonization of corn Stover at 250 °C, 240 minutes, biomass-
to-H2O ratio of 1:10, 1:15, and 1:20, using a pilot scale slurry stirred tank reactor of 18.927 
L. By analyzing the experimental data for yield of reaction products (hydro-char, aqueous 
phase, and gas), depicted in Figure 12, one observes a linear behavior for all the data set, 
showing a light decrease on the yields of hydro-char and gas with increasing H2O-to-bio-
mass ratio, while that of aqueous phase increases. The decrease on the yields of hydro-
char is probably due to the fact the hydrolysis is dominant reaction mechanism, but not 
the only one, as the H2O-to-biomass ratio increases from 10 to 20 [15]. As the H2O-to-bio-
mass ratio increases, hydrolysis of lign-cellulosic material in biomass is enhanced [72-73], 
producing sugars (glucose, fructose, etc.), which are decomposed into volatile carboxylic 
acids, particularly acetic formic and acetic acids [31, 72-73]. On the other hand, as the mon-
osaccharides (glucose, fructose, etc.) decomposes into low-chain carboxylic acids such as 
acetic acid [31, 72-73], dissociating within hot compressed H2O (CH3COOH + H2O → 
CH3COO- +  H3O+), hydroxonium ions (H3O+) are formed due to dissociation of 
CH3COOH in H2O, producing an acid aqueous media that decomposes hemicellulose and 
cellulose, improving the degradation of biomass, as shown in Table 3. An increase in the 
H2O-to-biomass ratio enhances the biomass degradation, demonstrating that hydrolysis 
and isomerization steps were probably the dominant reaction mechanism, while the con-
densation, polymerization and nucleation steps were incomplete. This is according to the 
reaction mechanism proposed by Wang et al. [65], as an increase in the H2O-to-biomass 
ratio produced a solid phase with low carbon content, demonstrating that H2O-to-biomass-
to-H2O ratio of 1:20 was not enough to carbonize corn Stover, as shown in Figure 3.  
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Figure 12. Yield of reaction products (hydro-char, aqueous phase, and gas) by hydrothermal pro-
cessing of corn Stover at 250 °C, 240 minutes, and H2O-to-biomass ratio of 10, 15, and 20, using a 
reactor of 18.927 L. 

A smooth decrease on the yield of hydro-char with increasing H2O-to-biomass ratio 
was also observed by Kang et al. [20], Arauzo et al. [34], Putra et al. [36], Putra et al. [40], 
Rather et al. [44], Rather et al. [46], Heilmann et al. [48], Putra et al. [52], Kambo et al. [57],  
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Sliz et al. [61], and Sabio et al. [62], showing the effect of H2O-to-biomass ratio on the yield 
of hydro-char is according to similar studies reported in the literature 
[20,34,36,40,44,46,48,52,57,61-62]. 

3.2.3 Degradation kinetics of corn Stover 
Figure 13 summarizes the experimental data for the degradation kinetics of corn 

Stover by hydrothermal processing at 250 °C, biomass-to-H2O ratio of 1:10, 60, 120 and 
240 min, expressed as hydro-char formation. The kinetic data was correlated with a 
pseudo-first order exponential model described in section 2.7, and the experimental data 
compared to similar studies reported in the literature [33-34,36,40,44,60,75,78]. 
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Figure 13. Kinetics of corn Stover degradation by hydrothermal processing of corn Stover at 250 °C, 
biomass/H2O ratio of 1:10, 60, 120, and 240 min, using a reactor of 18.927 L, compared with similar 
kinetic data reported in the literature [33-34,36,40,44,60,75,78]. 
Table 4: Regression of experimental kinetic data for the yield of hydro-char obtained by hydrother-
mal processing of corn Stover with hot compressed H2O at 250 °C, biomass-to-H2O ratio of 1:10, 240 
minutes, using equation (16), compared with similar kinetic data reported in the literature [33-
34,36,40,44,60,75,78]. 

Kinetic Data  
[33-34,36,40,44,60,75,78] 

Regression of Experimental Kinetic Data 
Process Parameters Kinetic Parameters 

T [°C] Biomass/H2O [-] τ [min] A K [s-1] R2 
Xing et al. (2016) 260 1:8 0, 15, 30 50.33 0.19231 1.000 
Xing et al. (2016) 230 1:8 0, 15, 30 63.77 0.11880 1.000 
Putra et al. (2021) 210 1:10 0, 30, 60 59.54 0.14536 1.000 
Reza et al. (2014) 200 1:12 0, 20, 60, 180, 360 47.31 0.12266 1.000 
Reza et al. (2014) 250 1:12 0, 20, 60, 180, 360 34.44 0.11501 1.000 
Arauzo et al. (2018) 220 1:4 0, 120, 240 54.77 0.02199 1.000 
Putra et al. (2020) 230 1:10 0, 30, 60 57.84 0.14070 1.000 
Pala et al. (2014) 225 1:4 0, 10, 30, 60 58.50 0.33176 1.000 
Rather et al. (2017) 300 1:8 0, 10, 20, 30, 40 38.26±0.71 0.2273-0.2835 0.999 
Teribele 250 1:10 0, 60, 120, 240 36.79 0.02148 1.000 
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The constant A, defined as 𝑎𝑎/𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(τ)], is included as a correction term, exhibiting 
a root-mean-square error (r2) between 0.999 and 1.000, as shown in Table 4. In addition, 
by analyzing the experimental kinetic data illustrated in Figure 13, one observes the ex-
ponential decay behavior for all the data set, demonstrating that degradation kinetics of 
biomass with hot compressed H2O, expressed as hydro-char formation, is well described 
by an exponential decay kinetics, as reported elsewhere [37-41]. 

3.2.4 Physicochemical analysis of Hydro-char 
 
Table 5 shows the elemental and physicochemical analysis of hydro-char by carbon-

ization of corn Stover at 250 °C, biomass-to-H2O ratio of 1:10, reaction time of 60, 120, and 
240 minutes, using a pilot scale stirred tank reactor of 5.0 gal. The elemental analysis illus-
trates, for constant biomass-to-H2O ratio, that carbon content increases with reaction time, 
while that of oxygen decreases, demonstrating that higher reaction times enhances the 
carbonization of corn Stover, as corroborate by the TG/DTG, MEV/EDX, and XRD analysis 
described in section 3.1 
Table 5: Elemental characterization of hydro-char obtained by hydrothermal carbonization of corn 
Stover at 250 °C, biomass-to-H2O ratio of 1:10, reaction time of 60, 120, and 240 minutes, using a 
pilot scale stirred tank reactor of 5.0 gal. 

Elemental 
Analysis/Physicochemical 

properties 
 

Hydro-char 
250 °C 
τ [min] 

60 120 240 
TS 60-105 °C [%MM] 98.65 97.26 97.75 
OTS [%TS] 89.17 92.61 88.49* 
Ash [%TS] 9.48 4.65 9.26 
N [%TS] 0.5629 0.9846 0.8611 
C [%TS] 50.57 55.74 59.17 
S [%TS] 0.1885 0.2224 0.2353 
H [%TS] 6.571 6.97 5.719 
O [%TS] 32.63 31.40 24.75 

4. Conclusions 
The principle of mass conservation, described in terms of a material balance, by hy-

drothermal processing of corn Stover with hot compressed H2O, shows the yields of solid 
and gas phases decrease linearly with decreasing biomass-to-H2O ratio, while that of liq-
uid phases increases linearly, maintaining the reaction time constant. In addition, the yield 
of solids decreases exponentially by decreasing the reaction time, while the yields of liquid 
and gas phases increase exponentially, for constant biomass-to-H2O ratio. 

TG/DTG analysis of hydro-char shows that reaction time of 60 minutes was not 
enough to carbonize corn Stover, while an increase on the H2O-to-biomass ratio worse the 
carbonization of corn Stover.  

For constant biomass-to-H2O ratio, the SEM images show the main morphological 
structure of the corn Stover remains practically unchanged, while for constant reaction 
time, SEM images show that plant microstructure retains part of its original morphology, 
demonstrating that a decrease on biomass-to-H2O ratio worse the carbonization of corn 
Stover. For constant biomass-to-H2O ratio, the EDX analysis shows that the carbon content 
in hydro-char increases with reaction time, while for constant reaction time, the carbon 
content decreases with increasing biomass-to-H2O ratio. The kinetic of corn Stover degra-
dation was correlated with a pseudo-first order exponential model, exhibiting a root-
mean-square error (r2) of 1.000, demonstrating that degradation kinetics of corn Stover 
with hot compressed H2O, expressed as hydro-char formation, is well described by an 
exponential decay kinetics. 

Supplementary Materials: The following materials are available. Figure S1: : SEM of hydro-char 
obtained after hydrothermal processing of corn Stover at 250 °C (Mag: 1000x), 60 minutes, and bio-
mass-to-H2O ratio of 1:10, using a pilot scale stirred tank reactor of 5.0 gallon.,  Figure S2: SEM of 
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hydro-char obtained after hydrothermal processing of corn Stover at 250 °C (Mag: 5000x), 60 
minutes, and biomass-to-H2O ratio of 1:10, using a pilot scale stirred tank reactor of 5.0 gallon., Fig-
ure S3: SEM of hydro-char obtained after hydrothermal processing of corn Stover at 250 °C (Mag: 
1000x), 120 minutes, and biomass-to-H2O ratio of 1:10, using a pilot scale stirred tank reactor of 5.0 
gallon., Figure S4: SEM of hydro-char obtained after hydrothermal processing of corn Stover at 250 
°C (Mag: 5000x), 120 minutes, and biomass-to-H2O ratio of 1:10, using a pilot scale stirred tank re-
actor of 5.0 gallon., Figure S5: SEM of corn Stover after hydrothermal processing at 250 °C, 240 m, 
and biomass to-water ratio of 1:10, using a pilot scale stirred tank reactor of 5.0 gallon (Mag: 1000x)., 
Figure S6: SEM of hydro-char obtained after hydrothermal processing of corn Stover at 250 °C (Mag: 
5000x), 240 m, and biomass to-water ratio of 1:10, using a pilot scale stirred tank reactor of 5.0 gallon., 
Figure S7: SEM of hydro-char obtained after hydrothermal processing of corn Stover at 250 °C (Mag: 
20000x), 240 minutes, and biomass-to-H2O ratio of 1:10, using a pilot scale stirred tank reactor of 5.0 
gallon., Figure S8: SEM of hydro-char obtained after hydrothermal processing of corn Stover at 250 
°C (Mag: 1000x), 240 minutes, and biomass-to-H2O ratio of 1:15, using a pilot scale stirred tank re-
actor of 5.0 gallon., Figure S9: SEM of hydro-char obtained after hydrothermal processing of corn 
Stover at 250 °C (Mag: 2500x), 240 minutes, and biomass-to-H2O ratio of 1:15, using a pilot scale 
stirred tank reactor of 5.0 gallon., Figure S10: SEM of hydro-char obtained after hydrothermal pro-
cessing of corn Stover at 250 °C (Mag: 5000x), 240 minutes, and biomass-to-H2O ratio of 1:15, using 
a pilot scale stirred tank reactor of 5.0 gallon., Figure S11: SEM of hydro-char obtained after hydro-
thermal processing of corn Stover at 250 °C (Mag: 1000x), 240 minutes, and biomass-to-water ratio 
of 1:20, using a pilot scale stirred tank reactor of 5.0 gallon., Figure S12: SEM of hydro-char obtained 
after hydrothermal processing of corn Stover at 250 °C (Mag: 2500x), 240 minutes, and biomass-to-
water ratio of 1:20, using a pilot scale stirred tank reactor of 5.0 gallon., Figure S13: SEM of hydro-
char obtained after hydrothermal processing of corn Stover at 250 °C (Mag: 5000x), 240 minutes, and 
biomass-to-water ratio of 1:20, using a pilot scale stirred tank reactor of 5.0 gallon. 
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