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Abstract 12 
 13 
Hydrothermal fractionation has been thoroughly studied in order to develop a 14 

sustainable process to recover the sugars or the biopolymers contained in biomass. 15 

However, a physico-chemical model which considers the main involved physical 16 

phenomena, like porosity variations, has not been fully developed. Thus, the objective 17 

of this work was to approach a more realistic model than other yet published, 18 

incorporating also a novel reaction pathway for biomass fractionation. It establishes 19 

that cellulose and hemicellulose begin their fractionation in the solid, breaking in water-20 

soluble oligomers and sugar. Besides, deacetylation reactions and insoluble oligomer 21 

formation from cellulose were considered. Kinetics followed the Arrhenius’ law and and 22 

it has been demonstrated that an autocatalytic kinetic model can be successfully used 23 

to simulate the biomass breaking in soluble oligomers. The process was carried out in 24 

a tubular reactor charged with 5 g of holm oak and continuously fed with hot 25 

pressurized water. To assess the mass transfer between the solid and liquid, 4 26 

volumetric flows (5mL/min, 10mL/min, 20mL/min and 40 mL/min) and two particle 27 

diameters (3mm and 6mm) were used. In the same way, temperature was set between 28 

175ºC and 207ºC. The latter was the main variable due to its effect in biomass 29 

solubility and kinetics. The model was solved by the Runge-Kutta’s method with 8th 30 

order of convergence and its discretization was performed by a new modification of the 31 

orthogonal collocation method on finite elements. It was validated by fitting total organic 32 

carbon (TOC) with Absolute Average Deviation (A.A.D. between 16.3% and 55.8%), 33 

acetic acid concentration (A.A.D. between 44.4% and 84.4%) and pH profiles (A.A.D. 34 

between 5.6% and 9.7%). Besides, the mass transfer between the solid and the liquid 35 

was checked and the deviations of the simulation were lower than 8.5%.   36 

Keywords: Autocatalytic kinetic, two-phase simulation, holm oak, hydrothermal 37 

fractionation, packed bed reactor. 38 
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1. Introduction 47 

For several decades petrol has been used as the main source of energy and raw 48 

material. Nevertheless, it is not a sustainable source and other option will be needed in 49 

a near future. One likely option would be biomass, and several international institutions, 50 

such as the European Union or the Organisation for Economic Co-operation and 51 

Development, have shown interest about it (King, 2009; OCDE, 2009; Organisation, 52 

2011). The general idea is to develop a hydrolysis process to obtain the sugars present 53 

in biomass, which will be converted into liquid fuels in a following process. In addition, 54 

the extraction of the biomass phenolic compounds would be interesting due to the fact 55 

that they would be used as raw material to chemical industry. Thus, biomass hydrolysis 56 

have been studied thoroughly and in different ways, such as, enzymatic hydrolysis, 57 

acid or alkaline hydrolysis (Alvarez-Vasco and Zhang, 2013; Charles et al., 2004; Feng 58 

et al., 2012; Gao et al., 2013; Yoon et al., 2014). One of the most promising option 59 

would be the biomass fractionation by hydrothermal processes, as at subcritical 60 

conditions as at supercritical conditions, because they can extract the main fraction of 61 

these sugars only using water as reactive (Cantero et al., 2013; Garrote et al., 2002; M. 62 

Sefik Tunc, 2008; Moniz et al., 2013; Parajó et al., 2004; Rissanen et al., 2014; Zakaria 63 

et al., 2015). Subcritical conditions refer to all temperature and pressure below the 64 

critical point and, supercritical conditions, when they are beyond it (Figure 1). Focusing 65 

in water, subcritical water means a liquid at high pressure and temperature what 66 

provide it special properties, such as lower dielectric constant and densities (Asl and 67 

Khajenoori, 2013; Franck, 1970; Kruse and Dinjus, 2007; Teo et al., 2010). 68 

 69 

Figure 1: Phase diagram of water P-T (Asl and Khajenoori, 2013). tp: triple point, bp: boiling point,  Tc, Pc and ρc: 70 
critical temperature, pressure and density respectively. 71 

Regarding modelling, some studies have been performed in order to establish a 72 

reaction pathway and kinetic equations to reproduce the experimental behaviour of the 73 

hydrolysis reactors. All of them consider that biomass is formed by three polymeric 74 

fractions: cellulose, hemicellulose and lignin. Cellulose and hemicellulose are sugar-75 

based biopolymers and lignin is an aromatic biopolymer formed by phenylpropane 76 

units. Cellulose and hemicellulose are differentiated by their structure and composition. 77 

The former is a linear polymer constituted by hexoses and the latter is an amorphous 78 

and branched polymer of hexoses and pentoses (Bobleter, 1994; P. Harmsen, 2010). 79 

The most extended models are based on first order kinetics to cellulose and 80 

hemicellulose assuming that they decompose into intermediate oligomer products. 81 

These oligomers would continue a further bond cleavage generating the final 82 

monomeric sugars (pentose and hexoses). In addition, the degradation of these sugars 83 

into several acids can be considered (Charles et al., 2004).  84 
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Sandra Rivas et al. (Rivas et al., 2014) studied the acidic processing of hemicellulosic 85 

saccharides from pine wood and they developed a monophasic globalised kinetic 86 

model with first order kinetics respect to the biomass. That model was suitable to fit 87 

their experimental data, R2 between 0.975 and 0.998. Sasaki et al. (Sasaki et al., 2002) 88 

assessed the kinetic and mechanism of cellobiose (disaccharide composed by two 89 

glucoses) hydrolysis. This monophasic model again used first order kinetics and it 90 

could reproduce the experimental behaviour. Pronyk and Mazza (Pronyk and Mazza, 91 

2010) developed a kinetic model with first order kinetics to the hemicellulose hydrolysis 92 

from Triticale Strawa in a packed bed reactor, taking into account the mass transfer 93 

between solid and liquid. They assumed that two types of hemicellulose can be 94 

present, one easily degradable and other hardly degradable. They considered that the 95 

porosity of the bed remains constant during the process too. Jussi V. Rissanen et al. 96 

(Rissanen et al., 2014) studied the extraction of spruce hemicellulose and they 97 

developed a kinetic model which could reproduce the experimental behaviour in a 98 

cascade fluidised batch reactor, using kinetics of nth order to solid biomass. Moreover, 99 

they also considered the proton concentration in kinetics (with nth reaction order too) 100 

because acetic acid and other organics are produced and solved during the extraction. 101 

Therefore, there are several models which deal with biomass hydrothermal 102 

fractionation and they have obtained good results. However, they are focused in 103 

hemicellulose or cellulose fractionation and not in both of them at the same time. In 104 

addition, they do not consider some observed physical phenomena, such as, porosity 105 

changes in a bed reactor or protons effect in all kinetics in liquid phase. 106 

Thus, the aim of this article was to develop a new kinetic model for biomass 107 

hydrothermal fractionation which could reproduce the global experimental behaviour in 108 

the most realistic way as it was possible. Trying to understand how this hydrothermal 109 

reaction takes place and analysing the effect of the particle diameter, operating 110 

temperature and liquid flow rate. So, it was taken into account the effect of pH, porosity 111 

variations and solubility of the different biomass fractions in hot water (Kruse and 112 

Dinjus, 2007; Miller-Chou and Koenig, 2003; Teo et al., 2010) in a novel reaction 113 

pathway. The selected reactor was a tubular reactor, in order to study the process in a 114 

semi-continuous process, fed with hot pressurized water. The studied biomass was 115 

holm oak because it is one of the most common trees in the south of Spain and 116 

wastes, which could be used as raw material, are produced each year during its 117 

pruning. Regarding kinetics, a new formulation was incorporated too. An autocatalytic 118 

model is considered because it was assessed, in a previous study about biomass 119 

thermal degradation during a thermogravimetric analysis (Cabeza et al., 2015), that it 120 

can reproduce the strong mass changes in biomass at certain times or temperatures.  121 

2. Experimental 122 

2.1. Material and methods 123 

2.1.1. Raw materials 124 

Holm Oak branches were selected as studied biomass because it is one of the main 125 

source of woody wastes in the southern Spain. It was characterized by the National 126 

Renewable Energy Laboratory (NREL) – Determination of Structural Carbohydrates 127 

and Lignin in Biomass- standards. In order to check the reproducibility, the method was 128 

applied three times.  The biomass was dried and milled in the selected diameters, 3 129 

and 6 mm. Extractives were calculated gravimetrically by Soxhlet method according to 130 

the Determination of Extractives in Biomass. The initial composition of the biomass 131 
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sample is collected in Table 1. The value of the lignin includes the extractive lignin 132 

(2.36%) and the acid soluble lignin (1.05%). 133 

Table 1: Initial composition of the holm oak sample 134 

Cellulose Hemicellulose Lignin 

g/g g/g g/g 

0.4806 0.2060 0.3134 
 135 
 136 

All chemicals were provided by Sigma. The reactive compounds for the HPLC analysis 137 

were: cellobiose (+98%), glucose (+99%), fructose (+99%), glyceraldehyde (95%), 138 

pyruvaldehyde (40%), arabinose (+99%), 5-hydroxymethylfurfural (99%), lactic acid 139 

(85%), formic acid (98%), acrylic acid (99%), mannose (+99%), xylose (+99%), 140 

levulinic acid (+99%) and galactose (+99%). For analysis of carbohydrates and lignin, 141 

sulfuric acid (98%) and calcium carbonate (≥ 99.0%) were used. For the determination 142 

of extractives n-hexane (95%) was selected as solvent. Distilled water was used in all 143 

assays. 144 

2.1.2. Experimental device 145 

The hydrothermal fractionation process was carried out in a semibatch reactor charged 146 

with approx. 5 g of dry holm oak. To avoid particle losses two metallic filters were used, 147 

which were located at the top and bottom of the reactor. The reactor (R-01) was a 148 

microtube model SS316 piping with a length of 38 cm and an external diameter of ½ 149 

inch. This reactor and a preheater (E-02, AISI 316, length=200 cm, O.D.=1/8 inch) 150 

were introduced inside a chromatographic oven HP568 (F-01). The system was fed by 151 

a Jasco model PU-2080 pump (P-01) and the pressure was set using a go-152 

backpressure valve (V-01) to maintain the liquid phase. Aimed at saving energy, a 153 

concentric tube heat exchanger (E-01, 1/4”-3/8”) of 70 cm was installed before the 154 

input oven (heat integration). Finally, a second concentric tube heat exchanger (E-03, 155 

1/4”-3/8”) of 15 cm was used to cool the product flow down to room temperature (25-156 

30ºC). A process flow diagram of the pilot plant is shown in Figure 2. 157 

F-01T-01
P-01 E-01

V-01
E-03

T-02

Products

Cooling
water

Cooling
water

Distilled 
water R-01

E-02

 158 

Figure 2: Process flow diagram of the pilot plant. T-01: feed 159 
water tank, P-01: feed pump, E-01: heat recover, F-01: oven. 160 
E-02: feed preheater, R-01: packed bed reactor. E-03: cooler, 161 
V-01: backpressure valve and T-02: sample tank. 162 



5 
 

Samples of the output liquid were taken from the tank T-02 measuring pH, total organic 163 

content (TOC) and acetic acid concentration. The solid inside of the reactor was 164 

collected and quantified too. The analytical methods are described next. 165 

2.1.3. Solid phase characterization. Lignin and sugar content 166 

The solid phase characterization was done following the method provided by the 167 

National Renewable Energy Laboratory (NREL) – Determination of Structural 168 

Carbohydrates and Lignin in Biomass. Therefore, a sample of 300 mg (mi) was treated 169 

with 3 mL of sulphuric acid (72%) followed by an incubation of 30 min at 30ºC. Then, 170 

84 mL of distilled water were introduced and it was incubated for one hour at 121ºC. 171 

The resultant suspension was filtered under vacuum, washing with distilled water, and 172 

dried at 105ºC for 24 h. Then, the solid was weighted (m1) and calcined at 550ºC for 24 173 

h and weighted (m2) again. So, the acid insoluble lignin would obtained 174 

by (𝑚1 − 𝑚2) 𝑚𝑖⁄ . The recovered liquid was used to obtain the content of acid soluble 175 

lignin by spectrophotometry, measuring the absorbance at 320 nm and using the 176 

recommended absorptivity at a wavelength of 30 l· g-1·cm-1. In addition, 30 mL were 177 

neutralized with calcium carbonate up to pH=6-7 followed by a filtering using 0.2 µm 178 

filters and finally analysed by high pressure liquid chromatography (HPLC). The used 179 

HPLC column was SUGAR SH-1011 (Shodex). The mobile phase was a solution of 180 

0.01N of sulfuric acid and Milli-Q water. In order to obtain the hemicelluloses, 181 

celluloses and degradation product from sugars content two detector were used: a 182 

Waters IR detector 2414 (210 nm) and Waters dual λ absorbance detector 2487 (254 183 

nm). 184 

2.1.4. Liquid phase characterization 185 

The hydrothermal fractionation of biomass generates a complex mixture of sugars and 186 

oligomers, which is difficult to analyse.  So, an acid hydrolysis was performed to 187 

convert these oligomers into their monomeric sugars. Samples of 10 mL were 188 

hydrolyzed adding 4 mL of sulphuric acid and they were incubated for 30 min at 30ºC. 189 

After, 86 mL of distilled water were added and the sample was incubated for one hour 190 

more at 121ºC. Then, it was neutralized with calcium carbonate until pH=6-7 and 191 

filtered using 0.2 µm filters. Finally, it was analysed by HPLC as explained in the before 192 

section.  193 

In addition, the pH and total organic carbon (TOC) were measured. The pH was 194 

determined by Nahita model 903 and the TOC was measured by Shimadzu equipment 195 

model TOC-VCSH. The carbon concentration of the standard solutions corresponds to 196 

500 mg C/L. 197 

2.2. Procedure 198 

2.2.1. Effect of the volumetric flow 199 

The effect of the liquid flow was assessed by performing 4 experiments at different 200 

volumetric flows (5 mL/min, 10 mL/min, 20 mL/min and 40 mL/min) for two intervals of 201 

temperature, one around 180 ºC and another around 190 ºC. Pressure was maintained 202 

at 100 barg to ensure the liquid phase of the water. The aim was to analyse how the 203 

mass transfer is modified with the inflow. 204 

2.2.2. Effect of the particle diameter 205 
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In order to study how the particle diameter affects to the process two diameters were 206 

used, 3 mm and 6 mm. This parameter has importance because it affects directly the 207 

mass transfer and the overall process due to the changes in the solid porosity. 208 

2.2.3. Effect of the operating temperature 209 

Experiments from 175ºC and 207ºC were performed divided in three sets. One set of 210 

three cases around 180ºC, other three around 190ºC and two at 207ºC.  The idea was 211 

to analyse how small changes in temperature affect the biomass degradation in terms 212 

of  solubility, as kinetics has been considered in other studies (Cantero et al., 2013; 213 

Rissanen et al., 2014; Sasaki et al., 2002). 214 

All the experiments and their operational conditions are shown in Table 2. 215 

Table 2: Operational conditions of the performed experiments 216 

Experiment 

Operating 
Temperature 

Particle 
diameter 

Real 
flow 

Initial 
mass 

Operating 
time 

ºC mm mL/min g min 

1 175 3 3.8 5.3124 94 

2 207 3 9.6 5.3207 94 

3 185 3 17.8 5.3308 94 

4 180 3 32.7 5.2603 94 

5 190 6 2.4 5.2637 94 

6 207 6 9.5 5.4993 94 

7 195 6 19.3 5.2520 94 

8 180 6 34.9 5.2207 94 

 217 

2.2.4. Model validation 218 

The aim of the model is to reproduce the general behaviour of the system, considering 219 

temperature, flow, particle diameter, pH and the main biopolymers and oligomers 220 

during the reaction. For this reason, the TOC and the pH of each experiment were 221 

measured and fitted. In addition, acetic acid concentration in liquid phase was 222 

considered in the experiments with a particle diameter of 3 mm. The latter was taking 223 

into account because this compound would be the main source of protons and, for this 224 

reason, the basis of the autohydrolysis. Sugar concentration in liquid phase was only 225 

simulated in order to check if the simulation agrees with the behaviour reported by 226 

other authors. 227 

3. Modelling 228 

3.1. Hydrothermal degradation at subcritical conditions 229 

Biomass fractionation starts in solid phase with hemicellulose and cellulose cleavage 230 

into oligomers of decreasing molecular weight. In both cases, at a certain polymer 231 

length they became water-soluble, being solubilised. These solubilised oligomers suffer 232 

a further hydrolysis process and they continue degrading in smaller oligomers down to 233 

their respective monomers. Finally, these monomers (mainly reduced sugars) can 234 

break into several degradation products, such as hydroxymethylfurfural, furfural, formic 235 

acid, lactic acid and others (Alvarez-Vasco and Zhang, 2013; Feng et al., 2012). An 236 
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illustration of this hydrothermal degradation with the evolution of the solid and liquid 237 

phase with time and along the reactor is schematised in Figure 3. Once the reactor was 238 

fed, water would start to degrade and to solve biomass. Thus, it is expected that, 239 

because of this extraction, the size of the particle starts to decrease, starting in the feed 240 

of the reactor. The reactor behaved like a fixed bed extraction column, thus, solid is 241 

depleted from bottom to top and liquid is more concentrated at the outlet (top exit in this 242 

case). 243 

t

z

 244 

Figure 3: Expected behaviour in liquid and solid phase 245 
inside the hydrothermal reactor. 246 

3.2. Biomass solubility 247 

The solubility of polymers in water mainly depends on three factors: molecular weight, 248 

crystallinity and amount of active groups. The higher the crystallinity and the molecular 249 

weight are, the lower the solubility is. However, concentration of active groups 250 

enhances water solubility (Miller-Chou and Koenig, 2003). Cellulose is insoluble in 251 

water due to its crystallinity and its low acetylation degree, so only oligomers with a 252 

very low molecular weight would be water soluble. Nevertheless, at high temperatures 253 

water dielectric properties have a tremendous change which could enhance cellulose 254 

solubility (Franck, 1970; Kruse and Dinjus, 2007; Teo et al., 2010). For example, its 255 

relative value changes, at 25 MPa, from 83 at 25 ºC to 43 at 207 ºC, and from 81 to 33 256 

at the same temperatures and 100 bar. In contrast, hemicellulose has a lot of acetyl 257 

groups in its structure and it is amorphous. So, it is expected that hemicellulose 258 

oligomers with high molecular weight could be solubilised. On the other hand, lignin is 259 

a complex structure and some parts could be soluble. 260 

3.3. Autohydrolysis 261 

Another process that takes place in the reactor is the deacetylation of hemicellulose 262 

(Garrote et al., 2002; Parajó et al., 2004) and cellulose (Gao et al., 2013), which 263 

release acetic acid from de solid to the liquid phase. This emission of acetic acid 264 

implies a higher amount of protons in the liquid phase, enhancing the hydrolysis 265 

reactions in this phase.  266 

3.4. Reaction pathway 267 

The reaction mechanism is shown in Figure 3.The idea was to develop a pathway 268 

which would be able to represent the main phenomenological steps of the process, i.e. 269 

the biomass solubilisation and the sugars formation. To this end, for each cellulosic 270 

fraction two oligomers were used, one to represent the first soluble oligomer and other 271 
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to symbolize the last oligomer before sugar production, which would correspond to the 272 

dimer. In addition, the deacetylation of hemicellulose and cellulose were added. The 273 

formation of an insoluble oligomer from cellulose was introduced aimed at taking into 274 

account those cellulose fractions that could not decompose into sugars at the operating 275 

conditions and the char formation from cellulose polymer. Besides, a proton 276 

consumption reaction was introduced because at the start of the operation pH 277 

increments were observed. So, it is assumed that certain amount of inorganic 278 

compounds with basic behaviour was present in biomass. This value was initially fixed 279 

at 1% in order to provide enough substance to the neutralization but without disturbing 280 

the initial composition a lot. The solubilisation of cellulose and hemicellulose at high 281 

temperatures was added too. The formation of degradation products was not taking 282 

into account because its value at the operational conditions was very low and they 283 

could not be quantified feasibly. Finally, hexoses (C6) formation from cellulose and 284 

hemicellulose was also considered. 285 
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 286 

Figure 4: Reaction pathway for the cellulosic fraction of 287 
biomass. 288 

3.5. Kinetic model 289 

3.5.1. Assumptions 290 

In order to simplify the modelling the following assumptions were done: 291 

 The solid phase is homogeneous and uniform and it behaves as a whole. Thus, 292 

there are neither temperature nor concentration profiles within the solid along 293 

the reactor. 294 

 The solid porosity only depends on the total concentration of the solid phase. 295 

 There are not significant diffusional effects in the solid or liquid phase. 296 



9 
 

 Lignin behaves as an inert, taking as negligible the 2.36% of soluble lignin 297 

measured. 298 

 The reaction order for all the kinetics is 1 for the biomass compound. In liquid 299 

phase, it is also considered that the kinetics depend on protons concentration 300 

with order 1. 301 

 302 

3.5.2. Solid phase balances 303 

The model of the fractionation used a non-stationary mass balance for each compound 304 

present in biomass assuming that the concentration in the solid could be calculated as 305 

the product of the liquid equilibrium concentration and an equilibrium constant (𝑪𝑺𝒋
= 𝑯𝒋 ·306 

𝑪𝑳𝒋
∗), see equation ( 1 ): 307 

𝑑(1 − ℰ) · 𝐶𝑆𝑗

𝑑𝑡
= 𝑟𝑗 − 𝑘𝑗 · 𝑎 · (𝐶𝐿𝑗

∗ − 𝐶𝐿̅𝑗
) ( 1 ) 

Taking into account that the porosity was defined by equation ( 2 ), equation ( 1 ) could 308 

be rewritten in equation ( 3 ). 309 

ℰ = 1 − 𝜑 · 𝐶𝑡 ( 2 ) 

 310 

𝑑𝐶𝑆𝑗

𝑑𝑡
=

1

1 − ℰ
· [𝑟𝑗 − 𝜑 · 𝐶𝑆𝑗

·
𝑑𝐶𝑡

𝑑𝑡
− 𝑘𝑗 · 𝑎 · (𝐶𝐿𝑗

∗ − 𝐶𝐿̅𝑗
)] ( 3 ) 

 311 

For the inert compound the mass balance is shown in equation ( 4 ). 312 

𝑑(1 − ℰ) · (𝐶𝑡 − ∑ 𝐶𝑆𝑗

𝑗=𝑁
𝑗=1 )

𝑑𝑡
= 0 ( 4 ) 

 313 

3.5.3. Liquid phase balances 314 

In the same way that in the solid phase, the model was obtained by the non-stationary 315 

mass balance for each compound present in this phase, see equation ( 5 ).  316 

𝛿ℰ · 𝐶𝐿𝑗

𝛿𝑡
+

𝑢

𝐿
·

𝛿𝐶𝐿𝑗

𝛿𝑧
= 𝑟𝑗 + 𝑘𝑗 · 𝑎 · (𝐶𝐿𝑗

∗ − 𝐶𝐿̅𝑗
) ( 5 ) 

And equation ( 5 ) could be transformed in equation ( 6 ) by introducing the definition of 317 

the porosity, given in equation ( 2 ). 318 

𝛿𝐶𝐿𝑗

𝛿𝑡
=

1

ℰ
· [𝑟𝑗 −

𝑢

𝐿
·

𝛿𝐶𝐿𝑗

𝛿𝑧
− 𝜑 · 𝐶𝐿𝑗

·
𝑑𝐶𝑡

𝑑𝑡
+ 𝑘𝑗 · 𝑎 · (𝐶𝐿𝑗

∗ − 𝐶𝐿̅𝑗
)] ( 6 ) 

 319 

3.5.4. Kinetics 320 

The kinetics for each compound in both phases are given by the generic expression ( 7 321 

). 322 
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𝑟𝑗 = ∑ Ф𝑖,𝑗 · 𝑟𝑖

𝑖=𝑛𝑟𝑒𝑎𝑐

𝑖=1

 ( 7 ) 

 323 

The reaction velocity followed an autocatalytic model, see equation ( 8 ). This type of 324 

kinetic expression was selected because it has been shown by others authors (Capart 325 

et al., 2004) and in a previous work about biomass thermal degradation (Cabeza et al., 326 

2015) that it is able to reproduce big mass changes during a fractionation or 327 

depolymerisation process. The parameter 𝜶𝒊,𝒋 is the initialization factor, and it is used to 328 

provide an initial value to the reaction velocity. In this case, it would be a measure of 329 

the biomass resistance against fractionation. It was fixed at 0.99 because it is the most 330 

recommended (Capart et al., 2004). On the other hand,  𝜷𝒊,𝒋 is the acceleration factor 331 

and it represents how fast the mass change is once the decomposition process has 332 

started. In this work, it was used to represent the continuous breaking of cellulose and 333 

hemicellulose in oligomers of decreasing molecular weight.  334 

𝑟𝑖 = 𝑘𝑖 · ∏ 𝐶𝑓𝑗
· (1 − 𝛼𝑖,𝑗 ·

𝐶𝑓𝑗

𝐶𝑓𝑡

)

𝛽𝑖,𝑗𝑗=𝑁

𝑗=1

 ( 8 ) 

 335 

Equation ( 8 ) was also used to simulate the deacetylation reactions considering that 336 

they have a first order dependence with oligomer concentration and an autocatalytic 337 

correction with hemicellulose and cellulose ( 9 ). The latter was used in order to 338 

introduce the effect of the biomass degradation in the releasing of acetic acid. 339 

𝑟𝑖 = 𝑘𝑖 · (1 − 𝛼𝑖,𝐶𝑒𝑙 ·
𝐶𝐶𝑒𝑙

𝐶𝑡

)
𝛽𝑖,𝐶𝑒𝑙

· (1 − 𝛼𝑖,𝐻𝑐𝑒𝑙 ·
𝐶𝐻𝑐𝑒𝑙

𝐶𝑡

)
𝛽𝑖,𝐻𝑐𝑒𝑙

· 𝐶𝑆𝐿𝑂
 ( 9 ) 

 340 

All the expressions from equation ( 1 ) to ( 9 ) were used in mass basis. So, the 341 

stoichiometric coefficients shown in equation ( 7 ) were in mass basis too. For this 342 

reason, their absolute value is one except to the acetic acid production and protons 343 

formation reactions. In the former, it was assumed that for 1,000 mg g of oligomer 300 344 

mg of acetic acid are produced. For the latter, it was used a relation of 17 mg of 345 

released proton per 1,000 mg of acetic acid. 346 

3.6. Discretisation method 347 

It can be observed in the section 3.5 that partial derivate equations (PDE) were used. 348 

So, a discretization method along the length of the reactor was needed. The selected 349 

method was to divide the length of the reactor in several finite elements and, inside of 350 

each of them, to apply the orthogonal collocation method. This method was mainly 351 

selected due to the fact that it requires less points (so, less calculating time) than a 352 

conventional finite differences method (Press et al., 2007; Villadsen and Stewart, 353 

1995). Generally, the use of finite elements implies a checking of the continuity 354 

equation between the limits of each element (Carey and Finlayson, 1975; Press et al., 355 

2007). Nevertheless, it increases the programming necessities and calculating times. 356 

Therefore, a modification was used in this work. The idea was to consider the limits of 357 

these elements as a normal point of the orthogonal collocation in which the mass 358 

balances described in the section 3.5.3 were directly used. This modification was 359 



11 
 

successfully tested in an adsorption column problem with better results than the finite 360 

differences method by comparison with the analytic solution.  361 

Once discretized the system, the obtained set of ordinary differential equation was 362 

solved by the Runge-Kutta’s method with 8th order of convergence. Because of the 363 

high number of adjustable parameters (around 48), a preliminary solution was obtained 364 

without any optimization method. It was improved by a Simplex-Nelder-Mead’s method 365 

using as objective function the addition of the absolute averaged deviations (A.A.D), of 366 

the pH, TOC and acetic acid concentration ( 10 ). 367 

 368 

𝐴. 𝐴. 𝐷. =  ∑
|𝑥𝑖𝐸𝑋𝑃

− 𝑥𝑖𝑆𝐼𝑀
|

𝑥𝑖𝐸𝑋𝑃

𝑜

𝑖=1

· 100 ( 10 ) 

 369 

The developed program is available for free in the web page of the research group of 370 

high pressure processes of the University of Valladolid (http://hpp.uva.es/software/).  371 

3.7. Process simulation 372 

During the optimization process, all the compounds included in the reaction pathway 373 

(Figure 4) were simulated in order to check if the whole obtained behaviour agrees with 374 

literature. Therefore, sugar and oligomer concentration evolution as in solid as in liquid 375 

phase was calculated. 376 

4. Results and discussion 377 

4.1. Influence of operational conditions in the extraction 378 

The evolution of the extracted mass with the water volumetric flow is depicted in Figure 379 

5. Data were divided into two series depending on the particle diameter. It can be 380 

perceived that there is a clear dependence of the process with liquid flow, higher the 381 

flow faster and higher extraction was. Which was expected, because the mass transfer 382 

is enhanced under those conditions. The potential relation would be also awaited due 383 

to the fact that the effect of the flow in mass transfer always tends to a certain limit. 384 

Comparing both series it could be concluded that an increment in the particle diameter 385 

improved extraction. However, a bigger particle diameter implies, de facto, less contact 386 

area between solid and liquid. So, mass transfer would be reduced and the extraction 387 

should be worse. This discrepancy could be explained by the fact that the data at 3 mm 388 

of particle diameter were obtained at temperatures around 180ºC and the data at 6 mm 389 

around 190ºC. Therefore, a higher temperature would enhance extraction (due to 390 

solubility and kinetic increments) and it would fade the negative effect of using a 391 

greater particle diameter. Thus, it is clear that temperature was the most important 392 

operational factor.  Temperature would be also the cause of the fact that at 9.6 mL/min 393 

the extraction had its maximum, because it was at 207ºC. In addition, at these 394 

conditions, the real effect of the particle diameter could be checked because 395 

temperature and flow were the same in both sets. The result was that a decrement in 396 

the diameter improves the extraction, which agrees with the expected behaviour.  397 

http://hpp.uva.es/software/
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 398 

Figure 5: Extracted biomass depending on the liquid flow 399 
and particle diameter. 400 

The variation in the maximum measured TOC with the liquid flow is shown in Figure 5. 401 

It can be seen that the higher the flow was, the lower TOC was obtained. Thus, high 402 

liquid flows mean more dilute output, which could originate problem in a post-treatment 403 

of this stream.  404 

 405 

 406 

Figure 6: Maximum Toc in liquid phase depending on the 407 
liquid flow and particle diameter. 408 

4.2. Fittings 409 

A total of 8 experiments were fitted in order to validate the proposed model. The 410 

adjustments of the TOC, acetic acid concentration and pH for the first experiment 411 

(Table 2) are shown in Figure 7, Figure 8 and Figure 9 respectively. The simulation of 412 

the TOC was multiplied by a conversion factor in order to transform its units (mg of 413 

biomass) into mg of carbon. This factor was calculated for each experiment by the 414 

division between the integral of the experimental TOC (using the trapezoidal method) 415 

and the real extracted mass.  416 
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 417 

Figure 7: Fitting of the TOC for the first experience. TOC: 418 
experimental TOC;. TOC-SIM: simulated TOC. 419 

 420 

Figure 8: Fitting of the acetic acid concentration in liquid 421 
phase for the first experience. [Acetic-Acid]: experimental 422 
acetic acid concentration; [Acetic-Acid]-SIM: simulated 423 
acetic acid concentration. 424 

 425 

Figure 9: Fitting of the pH for the first experience. pH: 426 
experimental pH;  pH-SIM: simulated pH. 427 

Figure 7 shows that the extraction had a delay of 4 min. Which was expected because 428 

the residence time in this experiment was relatively high (7.8 min) and the temperature 429 

was the lowest, 175 ºC. Therefore, biomass needed this 4 min to break until a soluble 430 

oligomer. The extraction would continue at the same velocity until 14 min when acetic 431 

acid releasing started (Figure 8). This acid production would also explain that at this 432 

time the pH reached a maximum (Figure 9). After this emission the extraction rate was 433 

enhanced and the TOC grew to their maximum values (time between 24 and 44 min). 434 

Therefore, it was confirmed that the production of acetic acid is the main reason of the 435 

hydrothermal fractionation. From 44 min, biomass would be highly degraded and the 436 

most soluble compound would have been yet removed. For this reason, the TOC and 437 

the acetic acid concentration started to decrease. Besides, biomass would be 438 

composed each time by compound of lower solubility, which would explain the fact that 439 

in the ending of the process the TOC decreased slowly.  Finally, it is remarkable that 440 
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before the acetic acid production pH shows an increment. This behaviour could be 441 

caused by some basic compounds present in biomass that would react with protons. 442 

As soon as acetic acid is released, this proton consumption is covered up. 443 

It can be observed from Figure 7 to Figure 9 that the model was able to reproduce the 444 

experimental behaviour of the system in the experiment 1. Including the slight pH 445 

increment in the beginning of the operation.  The absolute averaged deviations (A.A.D.) 446 

between the experimental data end the simulation were calculated by equation ( 10 ). 447 

The result for each of them was TOC (16.3%), pH (6.6%) and acetic acid (44.4%), 448 

values that could be acceptable due to the experimental variability of biomass. The 449 

reason of the higher discrepancy in the acetic acid concentration could be caused by 450 

the fact the experimental methods used to determinate it has a relatively low precision. 451 

However, the pH, which depends on this concentration directly, has an error lower than 452 

7%. So, the acetic acid prediction was assumed as correct. 453 

The rest of experiments were also fitted and their A.A.D. are arrayed in Table 3. 454 

Table 3: Fittings A.A.D. 455 

Experiment 

A.A.D. 
TOC 

A.A.D. 
pH 

A.A.D. Acetic acid  
concentration 

% % % 

1 16.3 6.6 44.4 

2 20.8 9.3 84.4 

3 23.4 5.7 45.7 

4 55.8 8.8 49.5 

5 24.9 6.4 * 

6 16.7 6.8 * 

7 44.2 5.6 * 

8 54.8 9.7 * 
*No experimental data available. 456 

From the data collected in Table 2 and Table 3 it can be concluded that the higher the 457 

flow was, the higher errors in TOC and acetic acid concentration were. Which could be 458 

originated by a loss of precision in the experimental method due to the higher dilution 459 

of the samples (Figure 5). Other possible reason would be the strong changes in the 460 

extraction rate due to temperature. However, the discrepancies are low taking into 461 

account the complexity of the problem.   462 

4.2.1. Kinetic parameters 463 

In order to test if the kinetic constants would follow the Arrhenius’ law, a lineal 464 

regression of each of them was done (Figure 10 and Figure 11). 465 
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 466 

Figure 10: Linear regression for the kinetics from reaction 467 
1 to 8. 468 

 469 

Figure 11: Linear regression for the kinetics from reaction 470 
9 to 16. 471 

Table 4 shows the calculated Arrhenius’ pre-exponential factor and the activation 472 

energy. In addition, the R2 of all of them was also obtained and in all the cases it was 473 

greater than 0.9129. So, it was confirmed that kinetics followed the Arrhenius’ law.   474 

Table 4: Kinetic constant parameters. 475 

Reaction 
ln(k) Ea/R R2 

 
K 

 
1 0.4284 689 0.9935 

2 5.3180 1603 0.9815 

3 3.7349 1542 0.9804 

4 3.8512 1340 0.9816 

5 1.5075 662 0.9905 

6 2.0488 458 0.9951 

7 2.8218 1169 0.9861 

8 3.0058 1053 0.9803 

9 0.8864 250 0.9939 

10 3.6587 632 0.9961 

11 12.5630 3187 0.9445 
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12 1.7045 571 0.9821 

13 3.3634 1170 0.9843 

14 7.0680 1053 0.9803 

15 10.1160 3392 0.9129 

16 2.3708 1516 0.9800 

 476 

Table 5 and Figure 12 show the values for the acceleration factors which were different 477 

form cero. β1,Co1 and β2,Co2 increased their values with temperature and flow. Which was 478 

expected because they were used to simulate the biomass breaking into oligomers of 479 

decreasing molecular weight. And, if temperature or flow are increased, this breaking 480 

would be more abrupt. So, higher acceleration factor would be needed. On the other 481 

hand, β11,Co1,  β11,Co2,  β15,Co1 and β15,Co2 showed the opposite behaviour. This could be caused by 482 

the fact that they were used to simulate the effect of the biomass degradation in acetic 483 

acid production. So, with higher temperatures and flows, the releasing would be faster. 484 

It is remarkable that β11,Co1,  β11,Co2,  β15,Co1 and β15,Co2 have the same values. This was caused 485 

by the fact that all of them represent the acetic acid formation. 486 

Table 5: Acceleration factors. 487 

Experiment β1,Co1 β2,Co2 β11,Co1 β11,Co2 β15,Co1 β15,Co2 

      

1 2.2 9.0 11.0 11.0 11.0 11.0 

2 3.0 10.5 7.0 7.0 7.0 7.0 

3 4.0 12.0 4.5 4.5 4.5 4.5 

4 3.5 11.0 4.0 4.0 4.0 4.0 

5 2.5 10.0 10.0 10.0 10.0 10.0 

6 3.0 10.5 7.0 7.0 7.0 7.0 

7 4.1 12.5 4.0 4.0 4.0 4.0 

8 3.5 11.0 3.8 3.8 3.8 3.8 
Co1: cellulose; Co2: hemicellulose. 488 

 489 

 490 

Figure 12: Acceleration factors evolution. β11,Co1 was only 491 
represented because it had the same values that β11,Co2,  492 
β15,Co1 and β15,Co2. 493 

 494 
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4.2.2. Mass transfer parameters 495 

Table 6 collects the calculated values of the equilibrium constants for the soluble 496 

components at the studied temperatures. The relation with temperature was confirmed 497 

as linear by a regression analysis whose coefficient R2 was ever greater than 0.9507 498 

(Figure 13). It is remarkable that compound 1 and 2 (cellulose and hemicellulose 499 

respectively) would start to solve at temperatures greater than 195ºC. This could be 500 

explained by changes in the polarity of the water with temperature. 501 

Table 6: Equilibrium constants (dimensionless) between solid and liquid phases. 502 

T 
Co1 Co2 Co3 Co4 Co5 Co6 Co10 Co12 1 Co13 

ºC 

190 0.00 0.00 0.34 0.40 0.34 0.52 3.50 0.15 0.08 

175 0.00 0.00 0.10 0.15 0.10 0.30 2.00 0.03 0.05 

195 0.15 0.10 0.40 0.48 0.40 0.58 4.00 0.20 0.09 

185 0.00 0.00 0.24 0.27 0.24 0.36 3.00 0.09 0.07 

180 0.00 0.00 0.13 0.16 0.13 0.30 2.50 0.06 0.06 

207 0.50 0.45 0.52 0.63 0.52 0.72 4.80 0.28 0.12 

R2 - - 0.9724 0.9715 0.9724 0.9507 0.9902 0.9886 0.9963 
Co1: cellulose; Co2: hemicellulose; Co3: cellulose oligomer 1 (first oligomer soluble from 503 
cellulose); Co4: hemicellulose oligomer 1 (first oligomer soluble from hemicellulose); Co5: 504 
cellulose oligomer 2 (last oligomer from cellulose before sugar production); Co6: 505 
hemicellulose oligomer 2 (last oligomer from hemicellulose before sugar production); Co10: 506 
acetic acid; Co12: hemicellulose oligomer 3 (deacetylated oligomer from hemicellulose); 507 
Co15: cellulose oligomer 3 (deacetylated oligomer from cellulose); Co13: base (inorganic 508 
compound).

 1
Compound 12 and 15 had the same equilibrium constant. 509 

 510 

 511 

Figure 13: Equilibrium constant evolution with temperature. 512 
Compound 5 and 15 were not showed because they had the 513 
same equilibrium constant that compound 3 and 12 514 
respectively. 515 

 516 

Table 7 and Table 8 shows the calculated mass transfer coefficients (multiplied by the 517 

specific exchange area) obtained from the adjustments. Table 7 have the parameters 518 

with a particle diameter of 3 mm and Table 8 with a particle diameter of 6 mm.  The 519 

necessity of use two sets of parameters would be explained by the fact that the 520 
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exchange area depends on the particle diameter. In addition, it was checked the 521 

relation between them and the liquid flow. And it resulted as linear with R2 higher than 522 

0.9434. The changes of these mas transfer coefficients are represented in Figure 14 523 

and Figure 15 for 3 mm and 6 mm respectively. 524 

Table 7: Mass transfer coefficients (min
-1

 ·10
2
) with a particle diameter of 3mm. 525 

Q 
Co1 Co2 Co3 Co4 Co5 Co6 Co10 Co121 Co13 

mL/min 

3.8 0.0 0.0 2.6 15 2.6 22 200 1.5 0.9 

9.6 1.1 1.1 3.0 18 3.0 25 220 1.6 1.2 

17.8 0.0 0.0 4.0 20 4.0 27 340 1.8 1.5 

32.7 0.0 0.0 8.0 26 8.0 37 500 2.1 2.0 

R2 - - 0.9434 0.9905 0.9434 0.9795 0.9825 0.9980 0.9923 
Co1: cellulose; Co2: hemicellulose; Co3: cellulose oligomer 1 (first oligomer soluble from 526 
cellulose); Co4: hemicellulose oligomer 1 (first oligomer soluble from hemicellulose); Co5: 527 
cellulose oligomer 2 (last oligomer from cellulose before sugar production); Co6: hemicellulose 528 
oligomer 2 (last oligomer from hemicellulose before sugar production); Co10: acetic acid; Co12: 529 
hemicellulose oligomer 3 (deacetylated oligomer from hemicellulose); Co15: cellulose oligomer 530 
3 (deacetylated oligomer from cellulose); Co13: base (inorganic compound).

 1
Compound 12 and 531 

15 had the same mass transfer coefficient. 532 

 533 

Table 8: Mass transfer coefficients (min
-1

 ·10
2
) with a particle diameter of 6 mm. 534 

Q 
Co1 Co2 Co3 Co4 Co5 Co6 Co10 Co121 Co13 

mL/min 

2.4 0.0 0.0 2.4 14 2.4 20 180 1.4 0.8 

9.5 1.0 1.0 2.5 15 2.5 24 215 1.5 1.1 

19.3 1.5 1.5 4.5 16 4.5 30 350 2.0 1.5 

34.9 0.0 0.0 8.2 18 8.2 38 520 2.3 2.0 

R2 - - 0.9522 0.9978 0.9522 0.9984 0.9868 0.9583 0.9956 
Co1: cellulose; Co2: hemicellulose; Co3: cellulose oligomer 1 (first oligomer soluble from 535 
cellulose); Co4: hemicellulose oligomer 1 (first oligomer soluble from hemicellulose); Co5: 536 
cellulose oligomer 2 (last oligomer from cellulose before sugar production); Co6: hemicellulose 537 
oligomer 2 (last oligomer from hemicellulose before sugar production); Co10: acetic acid; Co12: 538 
hemicellulose oligomer 3 (deacetylated oligomer from hemicellulose); Co15: cellulose oligomer 539 
3 (deacetylated oligomer from cellulose); Co13: base (inorganic compound)

. 1
Compound 12 and 540 

15 had the same mass transfer coefficient. 541 

 542 

Figure 14: Mass transfer coefficients evolution with liquid 543 
flow for a particle diameter of 3 mm. Compound 5 and 15 544 
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were not showed because they had the same mass transfer 545 
coefficient that compound 3 and 12 respectively. 546 

 547 

Figure 15: Mass transfer coefficients evolution with liquid 548 
flow for a particle diameter of 6 mm. Compound 5 and 15 549 
were not showed because they had the same mass transfer 550 
coefficient that compound 3 and 12 respectively. 551 

4.3. Simulated behaviour 552 

As it was mentioned in part 3.7, a simulation of the solid and liquid phase was 553 

performed in order to compare it with the experimental behaviour showed by others 554 

authors. In Figure 16 it is shown the breaking of cellulose in solid phase for the first 555 

experiment. It can be observed that the cellulose would decompose first into the first 556 

soluble oligomer which would break into the last oligomer before the sugar formation. 557 

In addition, this last oligomer would break into acetic acid and a deacetylated oligomer. 558 

In parallel, the formation of insoluble oligomer would take place too. At the end of the 559 

operation, cellulose would be present only as oligomers and the variation of the 560 

cellulose mas would be of 29%. Hemicellulose breaking was simulated too. The 561 

behaviour was similar to the cellulose but the variation of the concentration was higher 562 

(86%). The 14% of hemicellulose that remained in solid would be as deacetylated 563 

oligomer due to their lower solubility.  564 

 565 

Figure 16: Cellulose breaking in solid phase. Co1: cellulose; 566 
Co3: cellulose oligomer 1 (first oligomer soluble from 567 
cellulose); Co5: cellulose oligomer 2 (last oligomer from 568 
cellulose before sugar production); Co15: cellulose oligomer 569 
3 (deacetylated oligomer from cellulose); Co17: insoluble 570 
cellulose oligomer. 571 
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 572 

Figure 17 shows the simulation of the hemicellulose oligomers decomposition in liquid 573 

phase for the experiment 1. It is remarkable that the main part of biomass is extracted 574 

as oligomer and that at the end of the process, only sugars would be obtained.  575 

 576 

Figure 17: Hemicellulose oligomers breaking in liquid phase. 577 
Co4: hemicellulose oligomer 1 (first oligomer soluble from 578 
hemicellulose); Co6: hemicellulose oligomer 2 (last oligomer 579 
from hemicellulose before sugar production); Co7: Sugars 580 
C6; Co8: Sugars C5; Co12: hemicellulose oligomer 3 581 
(deacetylated oligomer from hemicellulose).  582 

The simulations of the rest of the experiments were performed too. The maximum 583 

conversion of hemicellulose and cellulose was achieved in the experiment 2, 94% and 584 

61% respectively. These results would be expected because it was done at the highest 585 

temperature (207ºC) and with the lowest particle diameter (3mm). In addition, it 586 

confirms the idea of temperature is the main process variable, which was also exposed 587 

in the section 4.1. 588 

Hemicellulose results agree with the behaviour reported by other authors. M. Sefik 589 

Tunc et al. (M. Sefik Tunc, 2008) studied the hydrothermal fractionation of hardwood 590 

biomass at 150ºC for 500 min. They found that cellulose was not extracted at any time 591 

and that around 67 % hemicellulose was recovered at 500 min (23% at 100 min). In 592 

addition, they reported that the main of the extracted biomass was as oligomer and that 593 

at the end of the process only monomers were obtained. Carl Pronyk et al. (Pronyk and 594 

Mazza, 2010) assessed the hydrothermal fractionation of triticale straw also at 150ºC 595 

and they obtained similar results to M. Sefik Tunc et al.  Jussi V. Rissanen et 596 

al.(Rissanen et al., 2014) analysed the hemicellulose extraction from spruce from 597 

120ºC to 170ºC, recovering 80% of hemicellulose at 170ºC with an operating time of 50 598 

min. Regarding cellulose, the calculated yields were higher than the reported by other 599 

authors. Mohd Rafein Zakaria et al.(Zakaria et al., 2015) obtained yield around 15% at 600 

180ºC and 23% at 210ºC (both after 10 min of operation in  batch reactor). Patrícia 601 

Moniz et al.(Moniz et al., 2013) performed experiments also in a batch reactor and the 602 

extraction of cellulose at 170ºC was 6.2% and at 200ºC 9.8%. These discrepancies 603 

could be explained by the fact that our system was a semi-continuous process, which 604 

could enhance mass transfer and cellulose breaking, with operating time longer than 605 

10 min (94 min). Besides, the pH suffered variations during the process in our reactor 606 

which could enhance the cellulose fractionation. The pH decreased down to 3.65 in the 607 

experiment 1 and until 3.78 in the experiment 2. In addition, it was less than 4 from 34 608 

min to 94 min for the former and lower than 4.5 from 24 min to 94 min for the latter. 609 
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Moreover, the total amount of hemicellulose in the sample was around 1g and the 610 

measured extracted mass was between 1.6 g and 2.8 g (Figure 5). So, a considerable 611 

amount of cellulose should be extracted.  612 

Finally, the mass balance between the solid and liquid phase was checked. Table 9 613 

arrays the values of the final mass in the solid after the extraction calculated by 614 

simulation and the experimental data. The discrepancies are lower than 8.5%. Besides, 615 

the average difference between the simulated and experimental final mass was 0.1189 616 

g and the average soluble lignin was 0.1253 g. Therefore, the main part of these 617 

differences (and of the TOC deviations) would be caused by this soluble lignin 618 

considered as inert. 619 

Table 9: Comparison between the simulated and experimental final mass in the solid. 620 

Experiment 
mreal msim Discrepancy 

g g % 

1 3.5656 3.6333 1.90 

2 2.5278 2.7324 8.09 

3 2.9585 3.0238 2.21 

4 2.8148 2.8345 0.70 

5 2.8736 3.1070 8.12 

6 2.6857 2.8498 6.11 

7 2.6739 2.7401 2.48 

8 2.7061 2.8366 4.82 

 621 

5. Conclusions 622 

A kinetic model for the two-phase simulation of the hydrothermal fractionation of holm 623 

oak has been developed. The kinetic constants follow the Arrhenius’ law and the mas 624 

transfer coefficients and equilibrium constant have a linear dependency with flow and 625 

temperature respectively. This model can reproduce the TOC, pH and acetic acid 626 

concentration with relative low differences. The deviations are between 16.3% and 627 

55.8% for the TOC, between 5.6% and 9.7% for the pH and between 44.4% and 84.4% 628 

for the acetic acid. Besides it is able to simulate the behaviour in solid and liquid phase 629 

in agreement with the experimental data reported by other authors.  The mass balance 630 

between the solid and the liquid was calculated with deviations lower than 8.5%, which 631 

are mainly caused by the fact that soluble lignin is not considered. It is remarkable that 632 

cellulose extraction is much higher than expected. However, this result can be 633 

explained by the fact that the system is a semi-continuous process with high operating 634 

times and a strong drop of the pH. Moreover, the main parameters that could affect 635 

mass transfer, e. g. particle diameter, volumetric flow and temperature, are studied. 636 

Being temperature the most important of them.  It would be interesting in a future work 637 

to introduce the degradation product formation in the model and the released sugars. 638 

Unfortunately, that would require to increase the number of fittings parameter even 639 

more. Therefore, another approach should be considered to perform a more detailed 640 

study. The best option would be a poblational model in which activation energies and 641 

solubility of the oligomers were function of their molecular weight. 642 
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Nomenclature 651 

 652 

Acronyms 653 

 654 
Co1: Cellulose. 655 

Co2: Hemicellulose. 656 

Co3: Cellulose oligomer 1 (first oligomer soluble from cellulose). 657 

Co4: Hemicellulose oligomer 1 (first oligomer soluble from hemicellulose). 658 

Co5: Cellulose oligomer 2 (last oligomer from cellulose before sugar production).  659 

Co6: Hemicellulose oligomer 2 (last oligomer from hemicellulose before sugar 660 

production).  661 

Co7: Sugars C6. 662 

Co8: Sugars C5. 663 

Co10: Acetic acid. 664 

Co12: Hemicellulose oligomer 3 (deacetylated oligomer from hemicellulose). 665 

Co13: Base (inorganic compound).  666 

Co15: Cellulose oligomer 3 (deacetylated oligomer from cellulose).  667 

Co17: Insoluble cellulose oligomer. 668 

TOC: Total Organic Content. 669 

A.A.D.: Average absolute Deviation. 670 

 671 

Subindex and superindex 672 

 673 
pH-SIM: Simulated pH. 674 

pH: Experimental pH. 675 

TOC-SIM: Simulated TOC. 676 

TOC: Experimental TOC. 677 

[Acetic acid]-SIM:  Simulated acetic acid concentration. 678 

[Acetic acid]: Experimental acetic acid concentration. 679 

Greek letters and symbols 680 
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 681 
ℰ: Porosity of the bed, dimensioless. 682 

𝐶𝑆𝑗
: Cocnetration of the compound “j” in the solid phase, mg/L. 683 

𝑟𝑗: Reaction rate of the compound “j”, mg/min·L. 684 

𝑘𝑗 · 𝑎: Mass transfer coefficient multiplied by the specific exchange area, min-1. 685 

𝐶𝐿𝑗
∗: Equilibrium concentration of the compound “j” in liquid phase, mg/L. 686 

𝐶𝐿̅𝑗: Average concentration of the compound “j” along the reactor in liquid phase, mg/L. 687 

𝐻𝑗: Equilibrium constant between the solid and the liquid, dimensionless. 688 

𝐶𝑡: Total concentration in the solid, mg/L. 689 

𝜑: Relation factor between porosity and the total concentration in solid phase, 690 

dimensionless. 691 

𝐶𝐿𝑗: Concentration of the compound “j” in the liquid phase, mg/L. 692 

Ф𝑖,𝑗: Stoichiometric coefficient of the compound “j” for the reaction “i”, mg. 693 

𝑟𝑖: Reaction velocity “i”, mg/min·L. 694 

𝛼𝑖,𝑗: Initial velocity factor for the compound “j” in the reaction “i”, dimensionless. 695 

𝛼𝑖,𝐶𝑒𝑙: Initial velocity factor for cellulose in the reaction “i”, dimensionless. 696 

𝛼𝑖,𝐻𝑐𝑒𝑙: Initial velocity factor for hemicellulose in the reaction “i”, dimensionless. 697 

𝛽𝑖,𝑗: Acceleration factor for the compound “j” in the reaction “i”, dimensionless. 698 

𝛽𝑖,𝐶𝑒𝑙: Acceleration factor for cellulose in the reaction “i”, dimensionless. 699 
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