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Experimental study and validation of a kinetic scheme for Hydrothermal Carbonization
reactions

Abstract

This study presents a new kinetic scheme for the mass yield prediction of waste lignocellulosic
biomasses treated by Hydrothermal Carbonization (HTC). The proposed reactions are based on
the decomposition, solubilization, and polymerization of each main fraction of the biomass:
cellulose, hemicellulose, and lignin. The ash content was assumed to be inert. The Kinetic
parameters have been obtained by non-linear adjustment using a data set with 220 experimental
runs collected from the literature. The results indicate that the pre-exponential factors range was
from 7.33 x10* to 1.412x10° min-!, and activation energies were between 33.75 'y 225.3 kJ/mol.
A good fit is achieved between the observed and predicted data with an R? of 0.81 and an RMSE
of 7.7 %. The proposed scheme was validated with the experimental data obtained by the HTC
of sawdust (Pinus radiata) and rapeseed (Brassica napus). The experiments were carried out at
temperatures of 190, 220, and 250 °C and reaction times of 0, 30, 60, 90, and 120 min. The
predicted values showed an average error of 2.3 and 3.5 %, respectively. Therefore, the kinetic

scheme is a useful tool in the conversion analysis of waste biomass treated by HTC.
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1. Introduction

Hydrothermal carbonization (HTC) is used for the waste biomass conversion into a solid
product (hydrochar), obtaining an increase in the carbon content [ and the higher calorific
value . Prior studies have shown other advantages of hydrochar, such as hydrophobic
properties [l and a lower ash content (4. Currently, the hydrochar is used as a biofuel in boilers
and stoves ¥, as a precursor of activated carbon (€, catalysts [l, capacitors, among others 891,
The HTC has been deeply studied in some key areas, such as maximize the energy yield by
analyzing the influence of the operating parameters and type of biomass treated [1%13 and the
study of elemental and complex kinetics for specific biomasses 171, Besides, economic and
feasibility analysis have been carried out to scale the process in batch and continuous pilot
plants 18201 and to evaluate the environmental impact 4. However, the process must overcome
a few challenges as high costs of process equipment, mainly the reactor, due to inadequate

knowledge of the reaction mechanism and biomass kinetic during carbonization 19,

Several previous works have studied HTC kinetic and reaction mechanisms making specific
assumptions for each biomass. Therefore, the results are only applicable in limited cases since
this model was not compared with others nor applied to different raw biomass. Knezevic et al.
(2009) analyzed HTC of pure glucose and then extrapolated the results to two other
lignocellulosic biomasses. One of the main findings was that there were no significant changes
in the H/C and O/C ratios after 5 minutes of residence, with a significant decrease in the
hydrogen and oxygen contents 2223, This reduction generates an increase in the hydrochar
calorific value as oxygen content is higher than in other solid fuels. Higher heating value (HHV)
of the final product reaches 30 - 33 MJ/kg, while the raw biomass HHV is between 18.5 - 21
MJ/kg [2224251 Another issue to evaluate is the significant presence of volatile matter (70 —
85 %) in biomass, a higher value than traditional coal (35 — 50 %); consequently, biomass is

more reactive [?4l, On the other hand, the primary way to eliminate the amount of oxygen present
3
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in biomass is due to two exothermic reactions: dehydration and decarboxylation 26271, An
increase in reaction time causes the biomass to move along the paths of these reactions in all

cases considered [28],

Some studies have been developed to get a valid model to describe the biomass conversion in
hydrochar evaluating mass yield (MY) and HHV, mainly linear regression models 121329 QOn
the other hand, there is no general kinetic model for biomass available from the literature. Most
studies in the field of HTC kinetic have only focused on elemental composition, i. e., carbon,
oxygen, hydrogen, and nitrogen. However, some researchers have drawn attention to the very
different behavior of elemental atoms (CHONS) inside of the biomass due to chemical and
structural effects between lignin with cellulose and hemicellulose 53231, Therefore, this study
aims to find a general kinetic scheme to describe the biomass changes during the HTC process
as a function of the main fractions, i. e., cellulose, hemicellulose, and lignin. The data indicate

a wide variety of biomass composition, as shown in Table 1.

Here: Table 1

In the same way, Table 2 shows a summary of the main Kkinetic parameters for the
lignocellulosic biomass fractions. It has been reported that at 200 °C, water degrades
hemicellulose in furfurans and other compounds 2. According to the study by Reza et al.
(2013) [*1 that evaluated the HTC process with different biomasses, there was no evidence that
hemicellulose exists in the product at temperatures above 230 °C. On the other hand, cellulose
requires more energetic conditions to break the glycosidic bonds, usually acidified medium and
high temperatures (71, Cellulose degrades into oligomers, a part of them is hydrolyzed to form
glucose, and the rest remains as an interlaced polymer 2%, The findings of this study indicated

that at 200 °C, there was an increase in the amount of cellulose due to the elimination of
4

do0i:10.20944/preprints202004.0205.v1


https://doi.org/10.20944/preprints202004.0205.v1
https://doi.org/10.1080/17597269.2020.1759179

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 April 2020

hemicellulose with values above 90 % at 34,5 MPa and 200 — 230 °C. Although the lignin
fraction solubilization started at 200 °C, there was no significant degradation until the
temperature reaches 260 -280 °C, causing a net increment of lignin content, which in some

cases such as Pinus radiata was about three times the initial value [24:27:30],

Here: Table 2

Finally, the activation energies of hemicellulose degradation are between 82 - 156 kJ/mol for
several studied cases in a temperature range of 145 - 190 °C considering first-order reactions
(331, Cellulose shows first-order kinetics in the degradation of cotton cellulose (a natural
compound with the highest amount cellulose) with an activation energy of 129 kJ/mol at
temperatures of 215 - 274 °C [3435], Other authors have found a value of 215 kJ/mol at 210 -
370 °C. Although the lignin content is usually assumed as inert, some authors did not use this
assumption 81, The studies have been developed mainly for temperatures much higher than the
nominal range of HTC (180 — 280 °C), as in the study by Zhang et al. (2007) that determined

activation energies of 37 - 46 kJ/mol at 300 — 374 °C [25],

2. Methods

2.1. Data collection

This study was conducted by data collection from literature to obtain the kinetic parameters for
the proposed reaction scheme by nonlinear regression and its validation with experimental runs
for two Chilean lignocellulosic biomasses. The first part was carried out with a set of 220
experimental runs, about 50 lignocellulosic biomasses, recollected from the literature. The
proposed kinetic scheme for this work is indicated in Figure 1. Aqueous extractives (AE) and

hemicellulose (H) generate only soluble products, while cellulose (C) and lignin (L)
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decomposition produce a soluble part (liquid and gas phases) and a solid by polymerization

[17.37].

Here: Figure 1

The reaction of each biomass fraction was described in the kinetic and differential form. The
solution was determined by integration of the differential equations with an initial mass at time
zero. It was assumed that AE goes out of the biomass completely at a temperature above 180 °

C, and all reactions were first-order, as shown in Table 3.

The parameters Ko, K1, K2, K3, ks, and ks, are the first-order kinetic constants. Xa(t) and Ao are
the ash contents at any time and initial time in the hydrochar, respectively. The pre-exponential
factor and activation energy were determined for each constant by the Arrhenius relation, as

shown in Equation 1.

—EA;

ki = A;je RT ,fori=12,..,5 (D

R Software (nlm and faraway packages) 83 and Excel VBA were used to solve the equation

system. The graphics were obtained by ggplot2 [0

Here: Table 3

2.2. Hydrothermal Carbonization
HTC experiments were carried out to evaluate the model performance. Radiata pine sawdust
(AS) and rapeseed (RPS) were collected in southern Chile during the year 2018, and they were

stored and used as received in the experiments. Moisture (M) was determined with the
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gravimetric method [*!1, and HHV was carried out in a Parr 6200 calorimeter (Parr Instruments,
USA). Proximate analysis was performed by the Van Soest method '3 of NDF-ADF-ADL
(neutral detergent fiber, acid detergent fiber, and acid detergent lignin), where the components
calculated were the ash, lignin, cellulose, hemicellulose and aqueous extractives (A, L, C, H,
and AE, respectively). Finally, C, O, H, and N mass fractions of AS and RPS were analyzed.

Table 4 shows the results.

Here: Table 4

Hydrothermal carbonization experiments were performed in a high-pressure reactor, model
HiPR-SF5L, with a volume capacity of 5 L. The detailed description of the process can be found
in previous works of this research group B, For the kinetic study, fifteen experimental runs
for each biomass were carried out with a biomass — water ratio (B/W) equal to 0.10. A dry
biomass amount of 300 g in each experiment was used. The temperatures analyzed were 190,

220, and 250 °C with five reaction times: 0, 30, 60, 90, and 120 min.

3. Results and discussion

3.1. Kinetic parameters determination

A routine was developed in Excel VBA and R-Project 3.5.3 for the determination of the kinetic
parameters that generated the best fit for the experimental data, measured with the Root Mean
Squared Error (RMSE) and the coefficient of determination (R?). The set of initial values were
taken from the literature (17371, The values of each constant are indicated in Table 5. Although
the model and the assumptions used prevent the direct comparison of values obtained with other
models, the order of magnitude of the activation energies, between 33.75 to 225.3 kJ/mol, was
like values reported by Reza et al. (2013): 29 and 77 kJ/mol for hemicellulose and cellulose,

respectively [*]. On the other hand, the pre-exponential factors were in the same order of
7
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magnitude than parameters obtained by schemes applied to wood pyrolysis 7], The Activation
Energies reported in previous studies were higher than for this investigation, this difference can
be explained by an increase in biomass reactivity due to the solubilization of the aqueous
extractives fraction in the bulk liquid, and the decrease in pH generated in the early stages of
the reaction %, The main difference found was the activation energy of lignin, which,
according to this proposed scheme, was higher than that determined by Zhang et al. (2007),
probably because the very different temperature range considered %1, Besides, the activation
energy for hemicellulose reaction (EA1) was much lower than the activation energy of cellulose
(EA2, EA3) and lignin reactions (EA4, EAs), because hemicellulose requires a lower process
temperature to complete solubilization, i. e., its decomposition was reached faster. Several
studies carried out with TGA have shown the order of decomposition of the biomass
components when the reaction temperature increases: hemicellulose — cellulose — lignin I,
While the physical significance of Arrhenius constants for heterogeneous reactions has not been
clearly defined, comparing the order of magnitude of activation energies suggests that the model

is consistent with the actual process and with the observations made in some studies 17241,

Here: Table 5

The comparison between predicted and observed values indicated an R? of 0.81 with an RMSE
of 7.7 %, as shown in Figure 2 A. In the same way, the residuals presented a normal distribution
by applying the Shapiro Test. A p-value of 0.49 implies that the null hypothesis cannot be
rejected. The standardized residuals against the theoretical quantiles are presented in Figure 2
B. Therefore, the proposed kinetic scheme shows a good fit and explains the decomposition of

the initial solid during the process and its transformation into hydrochar.

Here: Figure 2
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3.2. Case studies results

The results of sawdust HTC showed that at 190 ° C, the MY decreases from 98.7 % for a
reaction time of 0 min, to 74.8 % for 120 minutes. This difference was due to the AE initial
(AEo) was solubilized (AS-AEq = 2.79 %), and there was a partial degradation of hemicellulose
(Ho = 25 %), which increased with the reaction time. At 220 ° C, MY changed from 77.9 to
70.6 % between 0 and 120 min, respectively, due to the partial conversion of cellulose (Co =
42 %) into hydrochar. Something similar can be observed for 250 °C, with values between 66.5

and 55.3 %.

On the other hand, RPS had a different composition, with lower initial cellulose and lignin
content, 23 and 15 %, respectively, and a higher fraction of aqueous extractives (44.6 %). At
190 °C, the values were between 59.7 and 42.2 % for 0 and 120 min, respectively, while at
250 °C, the MY obtained for 120 min was 36.5 %. As Table 6 shows, the model developed
performance in this work for both Chilean biomasses indicates a good fit for the predicted

values with an R? of 0.81 with an RMSE of 4.3 %.

Here: Table 6

As proposed in the kinetic scheme, the AE fraction is wholly removed from the raw biomass
above 180 °C. Indeed, under the same conditions of temperature and time, the mass yield of the
sawdust was higher than the rapeseed due to the difference in the AE content: AS, 2.79 %, and
RPS, 44.6 %. Furthermore, sawdust has a higher lignin content, which starts to react above 260
°C, a higher value than the range studied. Consequently, the MY average for the RPS was

significantly lower.
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On the other hand, no significant differences were found between the R? and RMSE showed in
the previous subsection (0.81 and 4.3 %, respectively) and the reported values by earlier studies
with models to predict MY in specific biomasses 442 and blends 1. Indeed, the equations for
MY obtained by Multiple Linear Regression and Regression Trees 11 indicated an R? of 0.85
and an RMSE of 6 %. The proposed kinetic model presented an average error with the validation
data set of 2.3 and 3.5 % for sawdust and raps, respectively. The experimental values obtained
for the mass yield were similar to those reported in the literature 1911171 allowing to validate
the direct correlation between the macromolecular composition and the behavior of the biomass

during the HTC process.

4. Conclusions

This work presents a novel kinetic scheme to describe the behavior of lignocellulosic biomass
during the Hydrothermal Carbonization (HTC) process. The kinetic parameters were
determined by a non-linear regression for Arrhenius reactions with 220 experimental runs
collected from the literature. Although a direct comparison for the values obtained for the
Kinetic constants was not possible, an agreement in the order of magnitude was shown with
models that describe the pyrolysis of lignocellulosic biomasses. The predicted values showed a
determination coefficient (R?) of 0.81 with an RMSE of 7.7 %. Finally, the model developed
was applied to experimental results, showing an average error of 2.3 and 3.5 % for sawdust and
rapeseed, respectively, with a maximum value of 6 % for both biomasses. These results
underlined the importance of studying the macromolecular composition to predict the MY
during the HTC process. A direct implication of the results obtained is the need to consider in-
depth the decomposition reactions of cellulose and hemicellulose. Both fractions are removed
from the raw biomass in the temperature range of 180 to 250 °C.
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Table 1. Composition of various lignocellulosic biomass

Biomass Cellulose Hemicellulose Lignin Ref
Eucalyptus viminalis 41.7 14.1 31.0 27]
Oak 40.4 35.9 24.1 27]
Pinus radiata 42 - 50 24 - 27 20 7]
Corncob 33.7-412 31.9-36 6.1-15.9 27]
Wheat straw 32.9-50 24 -335 89-17.3 27]
Rice straw 36.2 — 47 19-245 9.9-24 7]
Vine sprouts 35.6-38.3 20.6 — 35.0 22.8-23.4 7]
Cauliflower 70.0 11.0 10.0 3]
Grass 45.0 41.0 4.0 1“3l
Beechwood 59.0 22.0 18.0 3]
Wheat stalk 40.0 28.0 17.0 14
Digestate maize silage 26.0 1.0 38.0 sl
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Table 2. Kinetic parameters for main biomass fractions

Fraction? Temperature Reaction order Activation energy Biomass Ref
(°C) (kJ/mol)

215 -274 Arrhenius, first-order 129.1 Cotton (351

250 - 320 Arrhenius, first-order 165 Cellulose (48]

C 198 — 262 Arrhenius, first-order 220 Cellulose 171
300 - 400 Arrhenius, first-order 146 — 548 Microcrystalline cellulose [48:49]

210 - 370 Data fit by regression 215 Various 27

H 145 - 190 Arrhenius, first-order 82 - 156 Various B3]

L 300 - 374 Arrhenius, first-order 37 -46 Pure lignin and oatmeal hulls (251

(a) C: Cellulose, H: Hemicellulose, L: Lignin
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Table 3. Scheme kinetic for biomass fractions

Biomass Kinetic Differential
Solution
fraction reaction equation
Aqueous dAE
AE - W = —k,[AE] X (£) =0,T >180°C
extractives dt
. dH kot
Hemicellulose H - W = —ky[H] Xu(t) = Hee ™™
ky
C - H¢ Xy () = G e~ (katks)t
Cellulose dc _ k, +k ke + ks
€ —(kz + k3)[C]
cC-w Xc(t) = Coe~katka)t
ka —(ky+k
L-H g4 X.(®) =L e~ (katks)t
Lignin 2= —(ky, + k)L ky+ ks
9 dr (ky s)[L]
L-w X,(t) = Loe~(katks)t
Ash X,(t) = 4,
Mass yield MY(t) = Xu(@) + Xy () + Xc () + X, (&) + X,(0) + X,(2)
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Table 4. Raw biomass characterization

do0i:10.20944/preprints202004.0205.v1

Proximate analysis

Ultimate analysis

C(%) H®%) N©®) O (%)

Biomass M (%) HHV (MJ/kQg)
A(%) L(%) C (%) H (%) AE (%)
AS 745 029 300 420 25.0 2.79 19.28
RPS 732 737 150 23.0 10.0 44.6 21.36

6.20 0.13 44.8

6.85 5.30 30.8
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Table 5. Kinetic parameters for proposed scheme
Biomass fraction  Pre-exponential Factor Activation Energy

reaction (min) (kJ/mol)
Hemicellulose A1=7.71 x10* EA; = 33.78
Cellulose Az=1.41x10° EA2 = 83.75
As = 5.79x10* EAs =72.40
Lignin As=1.62x10* EA4 =150.1
As = 1.10x10* EAs = 225.3
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Table 6. Observed and predicted mass yields for sawdust and rapeseed

AS RPS
T (°C) t (min)
MY pred MY  error MY pred MY error
0 98.7 % 93.1% 55% 59.7 % 53.3% 6.3 %
30 88.8 % 86.4% 25% 54.6 % 50.6 % 4.0 %
190 60 83.6 % 815% 21% 52.3% 48.5 % 3.8%
90 78.8 % 779% 0.8% 49.7 % 47.0 % 2.7 %

120 76.8 % 753% 14% 422 % 45.9 % 3.7%

0 77.9% 80.6% 2.7% 54.7 % 48.3 % 6.4 %
30 74.3 % 753% 1.0% 49.4 % 46.0 % 3.4%
220 60 73.2% 71.7%  15% 472 % 443 % 29%
90 71.7% 69.2% 25% 46.5 % 43.1% 3.3%

120 70.6 % 67.3% 3.3% 44.2 % 42.1% 21%

0 66.5 % 639% 26% 46.4 % 40.4 % 6.0 %
30 63.1 % 60.6% 25% 423 % 38.6 % 3.7%
250 60 59.3 % 578% 15% 38.7 % 37.1% 1.6 %
90 57.5% 552% 23% 37.8% 35.7% 21%

120 55.3 % 53.0% 24% 36.5% 34.4% 21%
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e __ . ' Liquid fraction
y
— Solubles | Furfurals
1 Organic acids
Cellulose : Sugars
.............. L|gn|n solid fraction
Y
L Hydrochar | ————p Nondissolved cellulose and

lignin
Solid by polimerization

Figure 1. Kinetic scheme for biomass reactions to hydrochar

2- Shapiro test
p-value = 0.49

Predicted MY
Standardize residuals

75 3 2

25 -1 0 1
Theorethical quantiles

Figure 2. Observed and predicted mass yield values for the proposed kinetic model

50
Observed MY
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Figure Captions
Figure 1. Kinetic scheme for biomass reactions to hydrochar
Figure 2. Observed and predicted mass yield values for the proposed kinetic model
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