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Abstract 20 

A comprehensive study on the hemicellulose extraction from 10 different tree species was performed at 21 

160 ºC using a novel cascade reactor. The aim was to identify which wood species were best candidates 22 

to obtain a high concentration, yield and/or molecular weight of hemicelluloses. Hydrothermal 23 

extractions at several times (from 5 to 80 min) were performed. We demonstrated that there is a relation 24 

between extraction yield (between 9.7 and 40.3%), composition of the raw material and initial structure 25 

determined via TGA data.  Additionally, a new empirical equation able to estimate the hemicellulose 26 

extraction yield from initial composition data was developed. The highest yield was obtained with 27 

eucalyptus wood. Molecular weight of the oligomers varied from 3.4 to over 100 kDa. Three trends 28 

were observed: molar mass decay with time, maximum and minimum of molar mass. In general, the 29 

higher the extraction yield, the lower the molecular mass of the hemicelluloses. 30 

 31 
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1. Introduction  35 

Lignocellulosic biomass, the most abundant on earth, can be obtained from various sources, such as 36 

wood, agricultural and municipal waste and other raw materials which do not compete with edible crops 37 

for direct human or animal consumption.  38 

Lignocelluloses primarily consist of three pseudo-components, lignin, cellulose and hemicelluloses, 39 

combined in a resistant structure; however, the versatile composition, enables the production of various 40 

fuels and high value chemicals [1]. Among the various lignocellulosic biomasses, wood is an important 41 

renewable resource because of the huge availability of trees and their non-seasonal character; moreover  42 

trees do not require intensive use of fertilizers and pesticides to grow, and they generally contain a 43 

minor amount of inorganic substances compared to crops [2].  44 

 45 

Extraction and applications of hemicellulose 46 

Hemicelluloses can be isolated from biomass in molecular weights above 3 kDa and can be used for 47 

multiple applications. The production of films for packaging applications made with hemicelluloses to 48 

replace synthetic plastics has been widely studied [3-6]. Another important application is the production 49 

of hydrogels used as drug carriers [7, 8] and to adsorb heavy metal ions from aqueous solutions [9] . 50 

According to other studies, it seems also that xylans have the potential to be used in medicine as 51 

cholesterol depressant, HIV inhibitor and dietary fibers although these studies are still very preliminar 52 

[10]. 53 

An effective and clean way to extract hemicellulose is to pretreat the lignocellulosic biomass with hot 54 

pressurized water [11-15]. At temperatures above 100 ºC, water is able to extract hemicellulose from 55 

biomass. The extracted oligomers may undergo hydrolysis in aqueous medium, catalyzed by hydronium 56 

ions and acetyl groups originated from hemicellulose [14, 16].  57 

Depending on the type of raw material used, hemicellulose has a different composition: partially 58 

acetylated xylans are the predominant hemicelluloses in hardwoods, while galactoglucomannans are the 59 
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predominant hemicelluloses in softwoods; hardwoods are therefore an important raw material for 60 

obtaining a hemicellulose rich in xylose. 61 

In a previous work carried out by our group, we studied the efficiency of extraction with water at a 62 

temperature of 250 ºC from 9 different species of typical trees in the Castilla y Leon region (Spain). In 63 

particular, the total yield of extracted sugars, and the inhibitory effects of lignin in the efficiency of the 64 

reaction was evaluated [17]. Such temperature was too high, and both hemicellulose and cellulose were 65 

co-extracted and degraded. 66 

 67 

Optimization and modelling of the extraction process 68 

In this paper, we will focus on the extraction of hemicellulose alone, using optimal conditions defined in 69 

other experiments for maximizing yields, without incurring the degradation of sugars [11, 18]. The main 70 

hypothesis that we wanted to test was whether there is a clear relationship between biomass structure 71 

and composition and the quality of the hemicellulose extracted. Biomass structure was indirectly 72 

investigated via TGA model analysis. Both processes (thermal and hydrothermal degradation)  involve 73 

similar phenomena, like oligomer cleavage [19]. There is therefore a similarity between the change of 74 

the structure of the biomass due to hydrothermal and thermal degradation. Furthermore, TGA is a cheap 75 

and quick technique that only requires a little amount of sample to be performed (10 mg).  Fractionation 76 

of wood from 10 different tree species was carried out in a batchwise operated cascade reactor at a 77 

constant temperature of 160 ºC with total recirculation. The concentration of hemicellulose extracted 78 

from the species was analyzed at different extraction times by calculating and comparing the yields of 79 

the extractions. The molecular weights of the oligomers obtained during various extraction times were 80 

measured and a direct correlation with the pH of the extracted solution was identified. The content of 81 

lignin and cellulose in the various species was also determined to understand if the composition had an 82 

influence on the extraction process. With the help of this methodology, an empirical equation for yield 83 

of hemicellulose extraction was proposed.  84 

 85 
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2. Materials and methods 86 

2.1 Materials 87 

Lignocellulosic raw materials used in this study came from urban trees located in Castilla y Leon 88 

(Spain).    89 

The tree species studied were: walnut (Juglans regia), large leaved linden (Tilia platyphyllos), field elm 90 

(Ulmus minor), plane (Platanus x acerifolia), eucalyptus (Eucalyptus globulus), sour cherry (Prunus 91 

cerasus), catalpa (Catalpa bignonioides), maple (Acer saccharum), almond (Prunus dulcis) and cedar 92 

(Juniperus oxycedrus). Nine of the wood species were hardwoods, while cedar was the only softwood. 93 

Trees had an approximate age of 30-35 years, with an average height of 18-20 m. During a seasonal 94 

pruning, the top of the trees was cut and trunk sections with a diameter of about 20 cm and a height of 5 95 

cm were picked up as a raw material for our experiments. Disks were cut in slices and bark was 96 

manually removed in order to reduce the content of extractives [20, 21] . The wood was dried, chipped, 97 

milled with a Fritsch Universal Cutting Mill Pulverisette 19 (Germany) and sieved to a particle size 98 

between 1.25 and 2.00 mm with a Retsch Vibratory Sieve Shaker AS 200 basic.   99 

2.2 Experimental procedure and analytical methods 100 

2.2.1 Determination of pH  101 

The pH of the extracted solution (hydrolysate) was measured with a Phenomenal pH meter using a 102 

refillable glass electrode model 221 with a built-in PT 1000 temperature sensor. The measurement was 103 

performed at ambient temperature, mixing the solution with a magnetic stirrer. 104 

2.2.2 Liquid samples chemical composition 105 

Liquid samples collected from the experiments were subjected to acid methanolysis [22]. Resorcinol 106 

and sorbitol were used as internal standards. First, a certain amount of liquid containing about 0.1 mg of 107 

carbohydrates was freeze-dried in vacuum. A methanol-based sugar monomer solution containing a 108 

known amount of the sugar monomers, was used to prepare calibration samples. 109 
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An equivalent of 2 mL of 2 M HCl/MeOH anhydrous were added to the experimental and calibration 110 

samples, heated subsequently to 100 ºC for 3h. After cooling at ambient temperature, 170 µL of 111 

pyridine was added to neutralize the excess of acid, together with 1 mL of sorbitol (0.1 mg/mL in 112 

MeOH) and 1 mL of resorcinol (0.1 mg/mL in MeOH). The solution was dried under nitrogen gas at 113 

50ºC and then using a vacuum desiccator. The samples were finally silylated using 150 µL of pyridine, 114 

150 µL of hexamethyldisilazane (HMDS) and 70µL of trimethylchlorosilane (TMCS). The derivatised 115 

samples were analysed by a gas chromatograph with flame ionization detection [23]. 116 

About 1 µL of each silylated sample was injected through a split injector (250 ºC, split ratio 1:25) into a 117 

column coated with dimethyl polysiloxane (HP-1, Hewlett Packard). The column length, internal 118 

diameter and film thickness were 25 m, 200 µm, and 0.11 µm, respectively. Hydrogen was used as 119 

carrier gas with a flow rate of 45 mL/min. The following temperature programme was applied: 100 ºC, 2 120 

ºC/min, 8 min at 170 ºC, 12ºC/min and 7 min at 300 ºC. The identification and quantification of sugars 121 

were accomplished through the injection of standard samples and proper calibration.  122 

2.2.3 Molecular weight analysis 123 

Molecular weights of the hemicelluloses extracted were determined by high-performance size-exclusion 124 

chromatography (HPSEC) equipped with multiangle laser-light scattering (MALLS) and refractive 125 

index (RI) detectors. The columns employed were Ultrahydrogel TM Column, Linear, 10 µm, 7.8 mm 126 

X 300 mm, 500 – 10M. The eluent was 0.1M NaNO3 with a flowrate of 0.5 mL/min at 40ºC. 127 

Calculations were performed with the software Astra, Wyatt Technology. 128 

2.2.4 TGA analysis 129 

TGA analysis of the raw materials was carried out in a TGA/SDTA RSI analyser of Mettler Toledo. 130 

Samples of approximately 10 mg were heated at a rate of 20 ºC/min under N2 atmosphere (60 N 131 

mL/min flow) from a temperature of 50 ºC up to temperatures around 800 ºC. 132 

 133 
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2.2.5 Raw material characterization 134 

The total amount of extractives, lignin and structural carbohydrates in the raw materials was determined 135 

according to the standard methods published by the National Renewable Energy Laboratory (NREL) 136 

[24]. Dried biomass was treated with n-hexane in a Soxhlet equipment, in order to remove the 137 

extractives. 300 mg of dried and free-extractives solid were hydrolyzed in 3 mL of 72% wt. sulfuric acid 138 

solution at 30 °C for 60 min. The mixture obtained was diluted using 84 mL of deionized water and 139 

heated at 120 °C for 60 min to hydrolyze oligosaccharides and obtaining their correspondent monomers. 140 

Solid was separate from the liquid solution by vacuum filtration, placed in a muffle at 550 °C for 24 h 141 

and the remaining residue was weighted before and after this step to calculate the insoluble lignin and 142 

the ash content of the sample. A liquid aliquot was analyzed with UV-Vis spectrophotometer at 320 nm 143 

with extinction coefficient of 34 Lg−1cm−1 [25] to calculate the amount of soluble lignin. Another liquid 144 

aliquot was neutralized to pH range 6 to 7, then it was filtered using a 0.2 µm membrane and analyzed 145 

by HPLC to determine the carbohydrates composition. 146 

The column used for the separation of the compounds was SUGAR SH-1011 Shodex at 50.0 ºC with a 147 

flow rate of 0.80 mL/min, using a solution of 0.01N of sulphuric acid and water Milli-Q as the mobile 148 

phase. The sugars and their derivative were identified with Waters IR detector 2414 and Waters dual λ 149 

absorbance detector 2,487 (210 nm and 254 nm). 150 

Carbohydrates composition of hemicelluloses contained in the raw material was measured through GC 151 

analysis, after subjecting the solids to acid methanolysis: 2 mL of 2M HCl/MeOH anhydrous were 152 

added to 10 mg of dry solid and heated to 100 ºC for 5h [22]. Next steps were the same described in 153 

paragraph 2.2.2 for liquid samples. As acid methanolysis, at the conditions used in this paper [22], is not 154 

strong enough to break cellulose, glucose identified by GC is assumed to proceed from hemicellulose 155 

hydrolysis.  156 
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Cellulose content in the raw material was calculated related to the glucose content by substracting the 157 

glucose detected by GC to the total glucose detected by HPLC. 158 

The calibration reagents used for analysis were: cellobiose (+98%), glucose (+99%), fructose (+99%), 159 

glyceraldehyde (95%), pyruvaldehyde (40%), arabinose (+99%), glycolaldehyde (+98%), 5-160 

hydroxymethylfurfural (99%), lactic acid (85%), formic acid (98%), glucuronic acid (99%), mannose 161 

(+99%), xylose (+99%), galactose (+99%), rhamnose (+99%), galacturonic acid (+99%), furfural 162 

(+99%), acetic acid (+99%), 4-O-methylglucuronic acid (4-O-MeGlcA) (98%)  all of them purchased 163 

from Sigma-Aldrich and used without further modification. 164 

2.2.6 Experimental set-up and procedure 165 

The experiments were carried out in a batchwise operated cascade reactor composed of five Parr units 166 

connected in series, designed and developed at Åbo Akademi [18, 26]. The main advantage of this 167 

system was that, during the same experiment, multiple liquid and solid samples at different resident 168 

times could be collected, unlike classic batch reactors where only one sample could be collected from 169 

one experiment. The nominal volume of each Parr unit was 200 mL. The experimental device is 170 

depicted in Figure 1. 171 

 172 
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  173 

 174 

Figure 1. Simplified scheme of the batch cascade reactor used in the experiments. Equipment: V-01 Water 175 

tank, V-02 Collector vessel, P-01 Pump, H-01 Heater, R-01/R-05 Reactors. 176 

 177 

A flowrate set at 150 L·h-1 was fully recirculated through the units and through a buffer vessel with a 178 

volume of 2 L, in order to mimic and maintain a constant mixing inside the system. The liquid/solid 179 

ratio was approximately 160. A metallic net was located on the top of each of the 5 units to keep the 180 

solid particles inside, avoiding them to be washed away by the liquid during the operation. 181 

The pressure was maintained constant at 9 bara (2.9 bar higher than the thermodynamic phase 182 

equilibrium of water at the reaction temperature to assure liquid phase) and it was measured before the 183 

first reactor and after the last reactor. 184 

Each reactor unit was equipped with an individual heating jacket and the temperature was measured 185 

continuously inside and outside each reactor unit and regulated by PID controllers. 186 

The temperature inside the reaction system was fixed for all the experiments to a constant value of 160 187 

ºC. Each reactor unit was loaded with 5 g of dry wood (25 gr in total), filled with distilled water and 188 

kept overnight to pre-wet the raw material (swelling); pipes and the 2 L buffer vessel were also filled 189 

V-01 

V-02 

R-01 R-02 R-03 R-04 R-05 

P-01 

H-01 
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with a known amount of water. Before starting the experiments, water was recirculated through the 190 

pipes and the 2 L vessel, by-passing the 200 mL units and preheated until reaching the desired reaction 191 

temperature (160 ºC).  192 

After the desired temperature was reached in the bypass mode, the heating was turned on also for the 193 

five reactors heat jackets and hot water was let to enter into the units, stabilizing rapidly the temperature 194 

in the system. 195 

At pre-established sampling times (5 min, 10 min, 20 min, 40 min and 80 min) reactors were 196 

sequentially by-passed, quenched rapidly and detached from the system. Figure S1 in supplementary 197 

material (Appendix 2) represents the temperature profile inside the system during the experiments. The 198 

system took about 4 minutes to reach a constant temperature of 160 ° C, once the set reaction 199 

temperature was reached, temperature variations were less than ±2 ºC. The time needed to stop the 200 

reaction by cooling down each unit from 160 ° C to 85 ° C was less than one minute. 201 

A liquid sample was obtained from every single reactor unit, with a total of 5 per experiment. The 202 

samples were then analyzed as explained in section 2.2. A total of 10 experiments were performed, at 203 

constant operational conditions; wood from a different species of tree were tested in each experiment. 204 

3. Results and discussion 205 

The hypothesis that we wanted to demonstrate was that there is a relationship between the initial raw 206 

material and the extraction of hemicelluloses from wood using water as a solvent. Furthermore, we 207 

wanted to demonstrate that the differences occur not only between hardwood and softwood, but even 208 

among different hardwoods the difference is clear. For that we tested 10 different tree species in the 209 

reactor (9 hardword and 1 softwood). Temperature was fixed at 160 °C because it both guarantees high 210 

hemicellulose yields and minimizes degradation and undesired side products [18]. 211 

 212 

3.1 Raw materials characterization 213 
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Table 1 represents the composition of the raw materials in dry basis, determined as explained in 214 

paragraph 2.2.5.  215 

 216 

Table 1. Composition of wooden biomass from 10 different tree species dry basis. 217 

Species Extractives Cellulose Lignin Hemicellulose  Acetic Acid Mass balance 

  g/g g/g g/g g/g g/g % Error 

Almond 0.071 0.353 0.306 0.261 0.049 -4.0% 

Cedar 0.052 0.314 0.398 0.228 0.058 -5.1% 

Sour Cherry  0.021 0.431 0.241 0.304 0.060 -5.6% 

Elm 0.022 0.541 0.190 0.248 0.030 -3.1% 

Eucalyptus 0.013 0.462 0.252 0.260 0.072 -5.9% 

Linden 0.014 0.420 0.278 0.215 0.053 1.9% 

Maple 0.012 0.299 0.456 0.239 0.046 -5.2% 

Plane 0.023 0.341 0.388 0.243 0.058 -5.3% 

Walnut 0.005 0.415 0.330 0.254 0.023 -2.7% 

Catalpa 0.002 0.495 0.213 0.251 0.073 -3.4% 

 218 

The species with the highest content of lignin was the maple (0.46 g/g of wood), while the lowest 219 

amount of lignin (0.19 g/g of wood) was contained in elm tree wood. Maple amount of lignin was high 220 

respect to other studies [17, 27]. 221 

In the experiments carried out in this work, only bark was removed from the wood samples, but 222 

sapwood and heartwood were not separated. Also knots, formed when removing branches from the 223 

trunk were present in the raw material. It is known that heartwood and branches contain a higher amount 224 

of lignin compared to sapwood [28, 29] and this may be the reason of the differences in composition 225 
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between our work and others in literature. Also the age of the tree is an important factor, as mature trees 226 

contain a higher amount of lignin respect to younger trees [30]. 227 

The decision of using all the parts of the wood (except the bark, to minimize the extractive content) was 228 

made to have a raw material as close as possible to what could be used in a real biorefinery process.  229 

The highest amount of cellulose was found in elm wood (0.54 g/g wood), while maple wood contained 230 

the lowest amount (0.30 g/g of wood). 231 

Table 1 shows that the percentage errors in the mass balance are relatively small, always below 5.9%, 232 

comparable with other studies [15, 31]. 233 

Compounds constituting hemicelluloses from the different raw materials, determined by GC analysis, 234 

are compared in Figure 2. Sour cherry contained the highest amount of hemicellulose (0.30 g/g of 235 

wood). Xylose was the most abundant component in all tree species analyzed, with a maximum amount 236 

in sour cherry wood (0.19 g/g of wood) and a minimum in Cedar (0.07 g/g of wood). 237 

 238 

 239 



 

 

14 

Figure 2. Concentration of 4-O-MeGlcA (4-O-methylglucuronic acid), Ara (arabinose), Gal (galactose), 240 

GalA (galacturonic acid), Glc (glucose), GlcA (glucuronic acid), Man (mannose), Rha (rhamnose), Xyl 241 

(xylose) in hemicelluloses from 10 different tree species, expressed in g compound/g raw material dry 242 

basis.  243 

 244 

3.2 Hemicellulose extraction 245 

The yield of hemicellulose extracted after the experiments is represented in Figure 3 as a function of the 246 

extraction time. Detailed calculations for the determination of yields and concentration are reported in 247 

the supplementary material (Appendix 1): Volumetric concentrations of hemicellulose extracted in 248 

liquid phase are represented in Figure S2a in Appendix 2, while a graph representing extracted 249 

hemicellulose vs total hemicellulose content is represented in Figure S2b.  250 

 251 

 252 

Figure 3. Yield of hemicellulose extracted at different extraction times from the different raw materials.  253 

 254 

We found two different behaviors in the extraction curve: (1) walnut, elm, linden and plane showed a 255 

continuous almost linear extraction curve during the 80 min, (2) the other species showed slow 256 

extraction in the first 20 min, then a rapid increase in the concentration of hemicellulose between time 257 
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20 min and 40 min, and finally a plateau from time 40 min till the end. This behavior could be related to 258 

the initial sample characteristics and it will be discussed in section 3.4.  259 

The highest yield of hemicellulose extracted and dissolved in the liquid phase was reached using 260 

eucalyptus as raw material (40.3%), while the lowest was obtained with maple wood (9.7%). Figure 4 261 

shows that the lowest hemicellulose yields were obtained with species that contained respectively a high 262 

amount of cellulose or a high amount of lignin. In particular, catalpa and elm wood contained over 49% 263 

of cellulose, and hydrothermal extraction allowed to extract respectively only 9.9% and 12.4% of the 264 

whole hemicellulose. On the other hand, maple, cedar and plane wood contained over 38% of lignin, 265 

which leaded to hemicellulose yields of 9.7, 10.9 and 18.8%. 266 

 267 

Figure 4. Lignin content in function of the cellulose content; Hemicellulose yield obtained through 268 

hydrothermal extraction from 10 tree species with different amount of cellulose and lignin. 269 

 270 

It is therefore reasonable to think that the species of trees that contain high amount of lignin or towering 271 

amounts of cellulose do not allow achieving high yields in hemicellulose. Lignin and cellulose thus 272 

would carry a shield effect that protects hemicellulose and, at the experimental conditions used here, 273 

prevents them from breaking through a hydrothermal treatment. Cellulose shield effect was previously 274 

observed during the kinetic analysis of biomass isothermal TGA [19], observing that hemicellulose 275 

kinetics were enhanced when cellulose degradation started. Regarding lignin, this assumption was 276 

confirmed by previous studies, e.g. Yedro et al. [17] also found that a high amount of lignin drove to a 277 
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reduction of hemicellulose yield. Moreover, two different kinds of hemicelluloses can be recognized in 278 

lignocellulosic biomasses, which differ according to the difficulty of being extracted: one hemicellulose 279 

is easy to extract while the other is difficult to recover due to its strong interactions with cellulose and 280 

lignin [32-34]. The species that contained intermediate values between those of cellulose and lignin 281 

indicated, however, did not show a linear trend in the extraction of hemicellulose, there were indeed 282 

fluctuations in the yield values. It can be stated that the composition of the biomass affects the 283 

hemicellulose extraction only partially. 284 

It is therefore necessary to study the effect of structure of the plant on the fractionation process, and that 285 

is how the three constituent polymers are combined with each other. The study of the histology of the 286 

plant is worth studying, although was out of the scope of this study, and for that purpose we envisioned 287 

it via a specific modelling tool using thermogravimetric analysis (TGA), as described in section 3.6 288 

[19]. 289 

 290 

3.3 pH evolution 291 

The evolution of the pH during hot water pretreatments has been analyzed in other works at various 292 

temperatures [11, 13, 14, 17]. In this study, we compare the pH evolution in the liquid hydrolysate 293 

solutions with hemicellulose extracted from 10 different tree species at 160 ºC. As indicated before, a 294 

similar study was carried out by our group, at 250 ºC, where both hemicellulose and cellulose were 295 

extracted and in that case degraded [17]. It is well-known that the increase of acidity is directly related 296 

to the cleavage of hemicellulose polymers and the release of the structural acetyl group that form acetic 297 

acid in the bulk liquid. Futhermore, the protons from acetic acid dissociation catalyze the hydrolysis of 298 

hemicellulose oligomers, triggering a chain reaction called autohydrolysis [35, 36].  299 

Figure 5a represents the concentration of H3O+ ions in the extracted solution as a function of extraction 300 

time, for all the experiments. The hydronium concentrations grew rapidly during the first 40 minutes of 301 

the process, and then exhibited only minor changes (it is worth remembering that the system works 302 
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under total recirculation, so the acetic acid released goes through the system during the remaining 303 

experiment time). 304 

The highest acidity values were achieved by processing wood from catalpa and eucalyptus; the rate of 305 

increase in acidity was faster when using catalpa wood. From these results, it can be indirectly deduced 306 

that the hemicelluloses of eucalyptus and catalpa contained a high number of acetyl groups, even if the 307 

removal from catalpa wood was slightly faster.   308 

 309 

Acid liberation due to hemicellulose extraction 310 

In this process, we need to consider two different phases, the solid phase and the liquid phase. Many 311 

authors have demonstrated that mineral acids enhance hemicellulose hydrolysis. This means that pH of 312 

the liquid phase is intentionally decreased (protons increase) by adding an external acid. On the other 313 

hand, the solid phase has its own acidic groups, i.e. acetyl groups. We believe, that for our case, where 314 

no mineral acid was added, an increase in the amount of hydronium anions in the solution due to the 315 

acetyl group cleavage of the extracted hemicellulose cannot be directly correlated to an improvement in 316 

the extraction. However, Figure 5b shows very clearly that for every tree species, an increase in the 317 

amount of hemicellulose dissolved lead to an increase in the acidity of the solution.  This indicates that 318 

the increase of acidity in the solution was a result of extraction and hydrolysis of hemicelluloses [26], as 319 

acetyl groups bounded to hemicelluloses were cleaved and converted into acetic acid. From our point of 320 

view, this indicates that the bonded acetyl groups (still attach to the wood) have a positive effect on the 321 

extraction, rather than the protons in solution. 322 

To better understand the hydrolysis mechanism, the concentration of acetic acid detected after the 323 

characterization of the raw material (representing the total amount of acetyl groups attached to the 324 

hemicelluloses) was represented in Table 1 in terms of raw material composition.  325 

It is evident that species containing hemicelluloses with the highest amount of acetyl groups (eucalyptus 326 

and catalpa) produced a more acidic solution after extracting the hemicelluloses. Conversely, walnut 327 

and elm contained the least amount of acetyl groups and released the smallest concentration of H3O+ 328 
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ions after extracting hemicellulose, later we will see that this also affects the molecular weight of 329 

dissolved hemicelluloses. 330 

The phenomenon may be due to the fact that the presence of acetyl groups in solid phase catalyzed the 331 

hydrolysis of hemicellulose oligomers as long as they solubilized in the liquid phase. Together with the 332 

hemicellulose oligomers, also the acetyl groups were detached from the solid, solubilized and converted 333 

into acetic acid, lowering the pH of the solution.  334 

 335 

 336 

 337 

 338 

 339 

Figure 5. a) Concentration of H3O+ ions in the extracted solutions, at different extraction times. b) 340 

Hemicellulose yield in function of the concentration of H3O+ ions in the extracted solutions. 341 

a) 

b) 
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 342 

3.4 Molecular weight distribution of the extracted hemicelluloses 343 

Regarding the molar mass of the extracted hemicelluloses we found three different trends, as we 344 

demonstrated in Figure 6. 345 

First trend: molar mass decay with time.  346 

This indicates that from the beginning to the end of the process, hemicelluloses were continuously 347 

hydrolyzed. Depolymerization was faster during the first 20 minutes and then slowed down (Figure 6a). 348 

Hemicellulose yields, on the other hand, increased slowly during the first 20 minutes, then more rapidly 349 

between 20 and 40 min and finally tended to stabilize in the last 20 minutes. 350 

The possible explication is that, at the beginning of the process, extracted oligomers were long (above 351 

30 kDa) and partially soluble (yields below 3%) while, due to the temperature, insolubilized 352 

hemicelluloses started to break and became more soluble (first 20 minutes), until they reached a 353 

sufficiently low length that they were rapidly solubilized without further hydrolysis (20 to 40 minutes). 354 

In the last 20 minutes, almost all the hemicellulose that could be extracted at 160 ºC were already 355 

solubilized and its molecular weight decreased slowly due to the protons in the liquid phase. 356 

 357 

Second trend: maximum of molar mass.  358 

At the beginning, very low molecular masses were produced (below 1 kDa), but as the extraction 359 

evolves, the molar mass increases, with a maximum at 20 minutes (Figure 6b). Then hemicellulose 360 

chain lengths were reduced until the end of the run. 361 

Hemicellulose yields were very low during the first 10 to 20 minutes (a kind of lag time) and then 362 

increased linearly. 363 

It seems that short molecules had to be removed before large oligomers could be extracted and then 364 

depolymerized. 365 
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This tendency could be related to the fact that the hemicelluloses of these species had a stronger and 366 

more complex structure [32, 37], needing a preliminary cleaving to achieve a sufficiently small size to 367 

be solubilized. 368 

For this reason, only a few molecules with small molecular weight were solubilized at the beginning of 369 

the reactions. Later on, temperature effect led to the cleavage of the longest oligomers that were 370 

subsequently hydrolyzed and solubilized, increasing the concentration in the liquid phase. 371 

The extraction yield was relatively low in all the cases (below 20% bottom-line). 372 

 373 

Third trend: minimum of molar mass.  374 

Walnut and cherry revealed a third different behavior (Figure 6c): the molar mass decayed rapidly 375 

during the first 20 minutes down to a minimum of around 10 kDa. The curiosity is that from 20 to 80 376 

minutes the average molecular weight grew slightly up to aprox. 15 to 20 kDa. 377 

During the first 10 minutes the extraction yield was very low (below 2-3%), then increased rapidly, and 378 

in the final 40 minutes tended to stabilize.  379 

Thus, the behavior was similar to that of Figure 6a at the beginning of the reaction: small amounts of 380 

long oligomers were extracted until the longest chains (still attached to the matrix) were hydrolyzed and 381 

solubilized. The increase in the molecular weight after 20 minutes could be associated to the presence of 382 

non-acetylated hemicelluloses in the matrix, more difficult to hydrolyze and solubilize [37], which 383 

appears after the removal of the acetylated hemicelluloses [38-40]. 384 

 385 
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 388 
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Figure 6. Molecular weight of hemicellulose oligomers extracted from the different species according 389 

to curve shape: a) continuous decay, b) maximum c) minimum 390 

 391 

The hydrolysis process took place initially in the solid phase, where the effect of the temperature broke 392 

the bonds between the sugars oligomers, allowing to achieve a sufficiently short length to be solubilized 393 

and further hydrolyzed [11].  394 

The length of the solubilized oligomers depends on the temperature  but also by the concentration of 395 

acetyl groups contained in the wood, that catalyze the reduction of hemicelluloses lengths before their 396 

solubilization [11].  397 

Walnut and elm gave the oligomers with the highest molecular weights and, at the same time, they were 398 

the species that contained the least amount of acetyl groups (Table 1). This fact clearly explains how the 399 

hydrolysis of hemicelluloses proceeding from these species was not very intense in the solid phase, 400 

producing oligomers of large dimensions that were solubilized and subsequently hydrolyzed in the 401 

liquid phase. 402 

The hemicelluloses belonging to eucalyptus and catalpa, however, were rapidly hydrolyzed in solid 403 

phase by the numerous acetyl groups, producing small oligomers that were then solubilized. By the time 404 

that we measured the first liquid sample (after 5 min), the hemicelluloses were already short. 405 

The size reduction of oligomers in liquid phase was influenced by the increase in the acidity of the 406 

extracted solution and the reaction time, as anticipated in paragraph 3.3. 407 

 408 

Oligomers polydispersity 409 

Dispersity (formerly polydispersity) of extracted oligomers were divided into three groups and 410 

represented in Figure S3 in Appendix 2. 411 

Hemicelluloses extracted from cedar, cherry and eucalyptus (Figure S3a) displayed the maximum 412 

polydispersity at the beginning of the process. In the cases of eucalyptus and cedar, values decreased 413 

rapidly during the first 5 minutes and then assumed constant values between 1.5 and 2. Dispersity of 414 
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cherry also decreased rapidly during the first 5 minutes (from a value of 6 to 2), it grew to a value 415 

around 3 after 20 minutes and then returned to decrease to a value around 1.7. 416 

Dispersity of hemicelluloses extracted from catalpa, almond, plane, linden, walnut and elm (Figure S3b) 417 

had a maximum peak at 10 minutes from the beginning of the process, while polydispersity of maple 418 

(Figure S3c) had a maximum peak at 20 minutes from the beginning of the process.  419 

Molecular weight distribution of hemicelluloses extracted from all the species are represented in figure 420 

S4 in Appendix 2. 421 

 422 

3.5 Hemicellulose extraction yield estimation tool development 423 

There is no denying that the initial biomass composition affects hemicelluloses extraction yield as it was 424 

demonstrated with the different species in Figure 4. Also molecular weight seems to have a role in this 425 

process, as it was explained in section 3.4. 426 

In order to develop an estimation tool, the individual effect of each main biopolymer (hemicelluloses, 427 

cellulose and lignin) on the yield must be studied. To do so, the hemicellulose yield was represented 428 

versus hemicellulose, cellulose and lignin content (Figure S5 in Appendix 2).   429 

For hemicellulose, a R2 coefficient of 0.28 was obtained (Figure S5a), which means that there was a 430 

weak or no relation between yield of hemicellulose extracted and hemicellulose content in the raw 431 

material.  However, for cellulose (Figure S5b) and lignin (Figure S5c) the R2 increased respectively to 432 

0.74 and 0.82 when catalpa and elm were not considered: these two species are those with the highest 433 

content of cellulose. 434 

It appears that the lignin content negatively affected the hemicellulose extraction, while cellulose 435 

content promoted it, except when the cellulose content was extremely high. 436 

There should be a relation between extraction yield and the cellulose/lignin content ratio (wC/L) as 437 

confirmed in Figure 7a. Therefore, the empirical expression to estimate the extraction yield for wC/L 438 

would be Eq. 1.   439 
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𝑦𝑦𝐻𝐻𝐻𝐻 = 𝑎𝑎 · 𝑙𝑙𝑙𝑙�𝑊𝑊𝐻𝐻/𝐿𝐿 � + 𝑏𝑏 (1) 

 440 

Nonetheless, this expression was obtained without including the results for elm and catalpa. To take 441 

into account them, Eq.2 was proposed since these two samples had a wC/L >2, which seemed to produce 442 

a negative effect on the extraction.  443 

Lignin negative trend could be explained by the fact that it involves the whole biomass, protecting 444 

hemicellulose and making the extraction difficult [17].  445 

However, a high amount of cellulose implies a low lignin content, promoting the extraction of 446 

hemicellulose. Nevertheless, if lignin content is much low, the hemicellulose could be incorporated and 447 

protected among the cellulose fibers [32], which prevent hemicellulose extraction. 448 

𝑦𝑦𝐻𝐻𝐻𝐻 = 𝑎𝑎 · 𝑙𝑙𝑙𝑙�𝑊𝑊𝐻𝐻/𝐿𝐿 � + 𝑏𝑏 −
𝑐𝑐𝑦𝑦

1 + 𝑒𝑒𝑒𝑒·�𝑑𝑑−𝑊𝑊𝐶𝐶/𝐿𝐿 �
 (2) 

 449 

Finally, the differences between the experimental and simulated yields were minimized by the Solver 450 

Excel tool to obtain the parameters cy, d and e. The final values were a=23.33 (dimensionless), b=19.54 451 

(%wt), cy=31.58 (%wt), d=2.25 (%wt) and e=34.45 (dimensionless). The average error was 12.7 % with 452 

a R2 of 0.83. The comparison between the simulated and experimental values are depicted in Figure 7b. 453 

Additionally, the individual discrepancies are arrayed in the Table 1S in appendix 3. It is worth 454 

mentioning that the highest errors between calculated and the experimental data were obtained for: 455 

cedar (28%), eucalyptus (16%), linden (32%) and almond (20%).  456 

Since these discrepancies cannot be explained only by considering differences in composition, 457 

molecular weight or protons releasing, another parameter should be considered: the biomass structure. 458 

Other studies based on SEM analysis demonstrated that when monomers and oligomers are detached 459 

from the biomass, the number of cavities in the matrix increases [13, 41, 42], promoting the removal of 460 

further carbohydrates. This kinetics can be assumed as autocatalytic as demonstrated in previous studies 461 
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[13, 32]. The same considerations can be applied for the slow pyrolysis process since biomass thermal 462 

degradation follows a slow rate until a certain point is reached, where the mass variation becomes 463 

abrupt. This behavior can be checked in Figure S6 in Appendix 2, where the thermal degradation of 464 

almond wood during a TGA is showed. It can be seen that there is a slow mass change in the sample 465 

until, when a temperature of 250 °C is reached, 50% of mass is suddenly lost. This change in tendency 466 

was associated to the cleaving of the strongest biopolymer structures of biomass (i.e. cellulose and 467 

lignin).  Thereby, our assumption is that the structure modifications showed during a TGA can give 468 

important information about what happens during the hydrothermal treatment. 469 

Table 2. Cellulose and lignin content  470 

 

wC/L
a
 

- 

wT
b

 

%wt 

Almond 1.16 0.66 

Cedar 0.79 0.71 

Sour Cherry  1.79 0.67 

Elm 2.86 0.73 

Eucalyptus 1.83 0.71 

Linden 1.51 0.70 

Maple 0.66 0.75 

Plane 0.88 0.73 

Walnut 1.26 0.75 

Catalpa 2.33 0.71 

a Ratio between the cellulose and lignin content:  wC/wL 471 
b Total amount of lignin and cellulose:  wC + wL 472 

 473 

 474 

  475 
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 476 

 477 

 478 

 479 

Figure 7. a) Relationship between the hemicellulose extraction yield and the wC/L; b) comparison between 480 

the experimental and simulated extraction yield. 481 

 482 

3.5.1 Estimation tool validation 483 

Once the estimation tool has been developed, it was interesting to evaluate its effectiveness with data 484 

obtained from experiments carried at the same temperature and residence time as the one presented in 485 

this manuscript. 486 
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• Holm oak 487 

The yield and composition data were taken from Yedro et al.[43]. In this work, holm oak samples were 488 

treated in the same cascade reactor that has been used in our study, obtaining at the same conditions a 489 

hemicellulose final yield of 28.50 %. In this case, the value of wC/L was 1.74, which drove to an 490 

estimated yield of 32.57 % (deviation estimation of +14.2%). 491 

• Extracted grape seeds 492 

In this test the data were collected from Yedro et al. [44] who hydrothermally treated grape seeds after a 493 

previous extraction with a mixture of ethanol-water. Final hemicellulose yield reached was 3.56%. For 494 

this sample wC/L was 0.51 and the estimated yield was 3.95% (deviation estimation of +10.9%). 495 

• Sugarcane bagasse 496 

Data for the hydrothermal extraction of sugarcane bagasse ( final yield of 40.4%) were picked up from 497 

Santucci et al.[45]. The value for wC/L was 1.91 and the calculated yield was 34.67% (deviation 498 

estimation of -14.2%). 499 

• Corn straw 500 

In this case the data were taken from [46], being the experimental yield 6.53% (wC/L = 2.41) and the 501 

estimated value 8.61% (deviation estimation of +31.9%). 502 

• Rice straw 503 

Finally, data for hydrothermal extraction of rice straw were obtained from [47], being the experimental 504 

yield 6.25% (wC/L = 2.84) and the estimated value 12.32% (deviation estimation of +97.1%). 505 

In summary, the proposed equation can reproduce the hemicellulose extraction yield at 160 º C for 80 506 

min for several types of biomasses like seeds, woods and agricultural wastes. However, when samples 507 

very different from wood are used, bigger discrepancies are obtained, such as for corn and rice straw. 508 

Therefore, the proposed expression provides a good estimation of the expected hemicellulose extraction 509 

just by using the rough content of lignin and cellulose from the routine analysis. 510 

 511 

 512 
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3.6 Structural effect 513 

As it was mentioned in the previous section, structural differences seem to be the main reason why there 514 

was not a perfect relationship between composition and hemicellulose extraction yield. Additionally, it 515 

was also introduced the idea that TGA data can be used to understand this structural effect.  516 

With that purpose, TGA was performed for all the biomass samples and fitted by a kinetic model 517 

previously developed by our research group [19]. This model (Eq. 3) was obtained applying a transient 518 

mass balance for each compound in both phases, liquid and solid. The liquid refers to the water and 519 

organic substances that can be present in the sample. The reaction pathway was based on a modification 520 

of the Waterloo’s mechanism [48-50]. Therefore, it was assumed that each compound present in the 521 

sample (e.g. hemicellulose, cellulose and lignin) decomposed into charcoal and gases during the slow 522 

pyrolysis process. The charcoal can in turn be volatilized. 523 

𝑑𝑑𝑚𝑚𝑗𝑗

𝑑𝑑𝑑𝑑
= 𝑟𝑟𝑗𝑗 = �𝑔𝑔𝑖𝑖𝑗𝑗 · 𝑟𝑟𝑖𝑖

𝑁𝑁𝑟𝑟

𝑖𝑖=1

 (3) 

 524 

Regarding kinetics, two different types were used: one for liquid phase and another for the solid. For the 525 

liquid, it was calculated by a conventional mass transfer expression modified to consider the effect of 526 

the sample mass reduction (Eq. 4). In this equation, 𝐶𝐶𝑗𝑗∗ is the equilibrium concentration in the gas phase, 527 

which was obtained by the assumption of ideal gas behavior and using a modified Antoine’s pressure 528 

vapor expression.  529 

𝑟𝑟𝑖𝑖 = ℎ · �𝐶𝐶𝑗𝑗∗� · 𝑚𝑚𝑗𝑗
𝑛𝑛𝑙𝑙𝑖𝑖 (4) 

 530 

For the solid, a first order autocatalytic expression was considered (Eq.5). The parameter  𝛼𝛼𝑖𝑖 represent 531 

the initial velocity factor and reflects how difficult it is to degrade the sample. Its value was fixed to 532 

0.99. 533 
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 𝛽𝛽𝑖𝑖 is the acceleration factor and represents how fast degradation is after it has started. This equation was 534 

modified for cellulose with another parameter (c) to consider the effect of the heating rate in thermal 535 

degradation (Eq. 6). In this work, the value for parameter “c” was fixed at 0.006 because it was the 536 

obtained  value for those samples where extractives were also present [19], making this study as general 537 

as possible.  538 

𝑟𝑟𝑖𝑖 = 𝑘𝑘𝑖𝑖 · 𝑒𝑒−
𝐸𝐸𝑎𝑎𝑖𝑖
𝑅𝑅·𝑇𝑇 · mj · �1 − 𝛼𝛼𝑖𝑖 · 𝑚𝑚𝑗𝑗�

𝛽𝛽𝑖𝑖 (5) 

𝑟𝑟𝑖𝑖 = 𝑘𝑘i · 𝑒𝑒−
𝐸𝐸𝑎𝑎𝑖𝑖
𝑅𝑅·𝑇𝑇+𝑐𝑐·𝑇𝑇+ln (𝑇𝑇) · mj · �1 − 𝛼𝛼𝑖𝑖 · 𝑚𝑚𝑗𝑗�

𝛽𝛽𝑖𝑖 (6) 

 539 

The fitting was done by the Simplex Nelder-Mead’s method, solving the system of ordinary differential 540 

equations (ODEs) by the Runge-Kutta’s method with 8th order of convergence [51]. The objective 541 

function selected was the Absolute Average Deviation (AAD) defined as follows:  542 

𝐴𝐴𝐴𝐴𝐴𝐴 =  �
1
𝑁𝑁

·
�𝑥𝑥𝑖𝑖𝐸𝐸𝐸𝐸𝐸𝐸 − 𝑥𝑥𝑖𝑖𝑆𝑆𝑆𝑆𝑆𝑆�

𝑥𝑥𝑖𝑖𝐸𝐸𝐸𝐸𝐸𝐸

𝑁𝑁

𝑖𝑖=1

 (7) 

 543 

The ADD and the kinetic parameters for each experiment are included in the supplementary material 544 

(Appendix 3), respectively in the Table 1S and in the Table 2S. The model was suitable to reproduce the 545 

experimental behavior observed during the TGA with an average error of 1.2 %. Since the discrepancy 546 

between the experimental and simulated behavior is low, this calculated kinetics can be used to study 547 

how hydrothermal extraction yield is affected by sample characteristics (composition and structure). 548 

 549 

 550 

 551 

 552 

 553 



 

 

30 

3.6.1 Analysis of the TGA kinetics 554 

Slow pyrolysis is affected by a huge set of different variables like the solid and gas residence time, the 555 

temperature range, the heating rate, the final temperature, the sample size and the atmosphere type [52, 556 

53]. Moreover, biomass internal structure can also affect it. A good example can be found in Cabeza et 557 

al. [19] where the pyrolytic behavior of alkaline lignin and lignin extracted from a real biomass were 558 

compared. The result was that, while their qualitative response was similar (degradation between 200 °C 559 

and 500 °C), the mass variation and the kinetics were completely different, relating this changes to the 560 

structural (chemical or physical) differences between the two samples. Following this idea, the kinetics 561 

of the samples that in figure 7b showed the highest deviation from the prediction made by the 562 

composition (cedar, eucalyptus, linden and almond) were studied in order to check the effect of the 563 

biomass structure.  564 

The changes in the individual kinetics (volatilization, char production and char volatilization) for these 4 565 

samples were analyzed. Their values were compared with those other biomasses with a similar 566 

cellulose-lignin ratio (wC/L) but that were better simulated by the proposed model. Defining a 567 

percentage difference as: ∆K=(KStudied-KReference)/ KReference ·100. 568 

Kinetic of eucalyptus (wC/L = 1.83) was compared with kinetics of cherry (wC/L = 1.79); kinetic of cedar 569 

(wC/L = 0.78) was compared with kinetic of plane (wC/L = 0.88); kinetics of linden (wC/L = 1.51) and 570 

kinetic of almond (wC/L = 1.16) were compared with the kinetic of walnut (wC/L = 1.25). 571 

Only reactions with significant deviations have been considered and represented. 572 

Figure 8 shows that for cherry and eucalyptus, the main differences are in the kinetics of cellulose and 573 

lignin volatilization as eucalyptus presents higher values in both cases: lignin and cellulose of 574 

eucalyptus are thus easier to volatilize respect to the ones of cherry. 575 

Regarding cedar and plane (Figure 9), the highest differences were in lignin volatilization: lignin 576 

belonging to cedar is easier to volatilize. 577 

Therefore, it seems that the easier lignin volatilization, the bigger hydrothermal extraction yield was 578 

obtained.  579 
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However, this statement was not fully true for almond (Figure 10.a) since it had lower volatilization 580 

kinetics than walnut and linden but its yield was slightly higher (around 5-6% more). This discrepancy 581 

may be justified by the char production kinetics, being much lower for almond (Figure 10b).  582 

Char production means that the sample is going to have a higher content of carbon, making it very 583 

difficult to volatilize during a pyrolysis [53]. Thus, a slower production of char would imply a larger 584 

amount of compounds with a lower carbon ratio in the biomass, promoting volatilization although the 585 

volatilization kinetics are lower, and explaining why almond had a higher yield. 586 

A similar behavior can be observed between eucalyptus (maximum yield, 40.30%) and maple 587 

(minimum yield, 9.70%). In this case, the lignin volatilization for maple was up to 95% higher but char 588 

formation kinetic was also 85% bigger, which are similar results to the kinetic differences of walnut and 589 

linden with almond. 590 

On the other hand, it should be mentioned that in all the cases the differences between the kinetics were 591 

lower and lower when temperature was raised. A behavior that may be explained by the exponential 592 

dependence of the kinetics with temperature.  593 

 594 

 595 
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Figure 8. Kinetic differences between eucalyptus and cherry for cellulose and lignin volatilization. ∆K 597 

defined as the difference between the kinetics of eucalyptus and cherry for cellulose and lignin 598 

volatilization. 599 

 600 

Figure 9. Kinetic differences between cedar and plane for lignin volatilization. ∆K defined as the 601 

difference between the kinetics of cedar and plane for lignin volatilization. 602 

 603 
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  605 

Figure 10. Kinetic differences between linden and walnut and almond and walnut for lignin 606 

volatilization (a) and lignin char production (b) ∆K defined as the difference between the kinetics of 607 

linden and walnut; and of almond and walnut for lignin volatilization (a) and lignin carbonization (b). 608 

 609 

 610 

4. Conclusions 611 

The influence of composition and structure on the hemicellulose extraction yield was confirmed not 612 

only by experimental results but also by the analysis of the kinetics from a TGA. 613 

We have demonstrated that the acetyl groups contained in the wood attached to the hemicelluloses cause 614 

hydrolysis both in the solid and in the liquid phase. When the acetyl groups are still attached to the solid 615 

cause severe degradation of the hemicellulose polymer chain and only short hemicelluloses are 616 

produced (e.g. catalpa). On the contrary, cases like walnut and cherry with very low initial acetyl groups 617 

release the hemicellulose with higher molecular weight. Thus, hemicelluloses with molecular weights 618 

higher than 60 kDa can be obtained from walnut wood after 5 min of extraction; while lower molecular 619 

weights than 10 kDa, more feasible for the conversion into monomers, can be obtained from the 620 

fractionation of woods such as catalpa and eucalyptus. Additionally, 3 different trends (decreasing, 621 

maximum and minimum) for molecular weight were observed. 622 
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 623 

With the method use in this work, species with a high content of lignin or a towering cellulose content 624 

led to low hemicellulose extraction yields (around 10%). Structural effects were noticed in some 625 

species, like eucalyptus, where the extraction yield (40%) is far greater than the expected taking into 626 

account the composition alone. 627 

Additionally, a tool capable to estimate the value of the extraction yield from initial composition data 628 

was proposed (average deviation of 12.7%). Moreover, it could be concluded that those sample with 629 

higher volatilization kinetics for lignin during a TGA would imply a bigger hemicellulose extraction if 630 

lignin char formation kinetics is not also promoted. In general, what has been said so far about the 631 

kinetics obtained through the TGA, while not providing visual data, helps to understand the behavior of 632 

the various constituents of the biomass and their interdependence during the fractionation process. 633 
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Abbreviations and symbols 641 

Acronyms 642 

AAD: average absolute deviation 643 

ODE: ordinary differential equation 644 

TGA: thermogravimetric analysis 645 
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Greek letters 647 

𝛼𝛼𝑖𝑖: initial reaction rate factor, dimensionless 648 

𝛽𝛽𝑖𝑖: acceleration factor, dimensionless 649 

 650 

Symbols 651 

a, b, cy, d, e: parameters of the empirical equation to estimate the extraction yield 652 

𝑐𝑐: heating rate correction factor, dimensionless 653 

𝐶𝐶𝑗𝑗∗: equilibrium concentration of the compound “j” in the gas phase, mol/L 654 

𝐸𝐸𝑎𝑎𝑖𝑖
𝑅𝑅

: activation energy for the reaction “i”, K 655 

𝑔𝑔𝑖𝑖𝑗𝑗: stoichiometric coefficient of the compound “j” for the reaction “i”, g·g-1 656 

ℎ: mass transfer coefficient between the liquid and the gas phases, g · m · min-1 · mol-1 657 

𝑘𝑘𝑖𝑖: Arrhenius’ pre-exponential factor for the reaction “i”, min-1  658 

𝐾𝐾𝑖𝑖: Arrhenius’ kinetic constant min-1  659 

 660 

𝑚𝑚𝑗𝑗: mass fraction of the compound “j”, g/g 661 

𝑁𝑁: number of experiments, dimensionless 662 

𝑁𝑁𝑟𝑟: reaction number, dimensionless 663 

𝑙𝑙𝑙𝑙𝑖𝑖: mass transfer order for the reaction “i”, dimensionless 664 

𝑟𝑟𝑖𝑖: reaction rate for the reaction “i”, g·g-1·min-1 665 

𝑟𝑟𝑗𝑗: reaction rate of the compound “j”, g·g-1·min-1 666 
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𝑑𝑑: operating time, min 667 

𝑇𝑇: operating temperature, K 668 

wC: cellulose content, g·g-1 669 

wC/L: ratio of cellulose-lignin content, dimensionless 670 

wL: lignin content, g·g-1 671 

wT: lignin and cellulose composition, g·g-1 672 

𝑥𝑥𝑖𝑖𝐸𝐸𝐸𝐸𝐸𝐸: experimental value of the variable “X” in the experiment “i” 673 

𝑥𝑥𝑖𝑖𝑆𝑆𝑆𝑆𝑆𝑆: experimental value of the variable “X” in the experiment “i” 674 

𝑦𝑦𝐻𝐻𝐻𝐻: estimated hemicellulose extraction yield, %wt 675 

 676 

 677 

 678 
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Appendix 1 - Calculation of yields 

 

Reaction yields in the reactors was calculated as follows: 

Volume of the system 

At the beginning of the experiment (t0) we measured the volume of the water contained in the system 
(V0). At every sampling time, the volume of the system is calculated as: 

V(t)=V0-∑Vri(t-1) 

Where Vri(t-1) is the volume of water contained in the unit removed after the previous sampling time. 

So, at a sampling time of 5 min, the volume of the system is V0; at a sampling time of 10 min, the 
volume is V0-Vr(5min) and so on. 

 

Mass of wood in the system 

Mass of wood at the beginning of the experiment correspond to the sum of the mass of dry wood 
contained in every unit.  

Mw0=∑Mwri 

At every sampling time, the mass of wood in the system is calculated as: 

Mw(t)= ∑Mwri(t-1)-Msext(t-1) 

Where ∑Mwri(t-1) indicates the mass of wood contained in the reactors at the sampling time, while 
Msext(t-1) correspond to the total mass of compounds extracted, measured at the previous sampling 
time. 

 

Mass of hemicellulose extracted 

Mass of hemicellulose extracted is calculaed as: 

Mhext(t)= Chext(t)*V(t)- Mhext(t-1) 

Where Chext(t) indicated the concentration of hemicellulose measured in the unit removed at time 
(t), while Mhext(t-1) indicates the mass of hemicellulose extracted at the previous sampling time. 

 

Mass of hemicellulose in the wood 

Concentration of hemicellulose contained in the wood at time 0 (Chw0) was measured. Mass of 
hemicellulose contained in the wood at time 0 is calculated as: 

Mhw0= Chw0* Mw0 

At sampling time, mass of hemicellulose extracted is subtracted from the mass of hemicellulose 
contained in the wood at the previous sampling time. 

Mhw(t)= Mhw(t-1)- Chext(t) 



Concentration of hemicellulose contained in the wood at sampling time is calculated as 

Chw(t)= Mhw(t)/ Mw(t). 

 

Yield of hemicellulose extracted 

Yield of hemicellulose extracted is equal to: 

Yhext= (Mhw0-Mhw(t))/ Mhw0. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 2 - Figures 



 

 

 

Figure S1. Standard temperature profile followed during the experiments. 

 

 

 

a) 

b) 



Figure S2. a) Concentration of hemicellulose extracted at different extraction times from the 
different raw materials. b) extracted hemicellulose vs total hemicellulose content for different raw 
materials. 

 

 

Figure S3. Polidispersity of oligomers extracted from different species of tree. 

a) 

b) 

c) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4. Molecular weight distributions of oligomers extracted from different species at 10 min 
(green), 20 min (blue) and 40 min (red). 

 

 

 

 

 

 

 

 



 

 

 

Figure S5. Hemicellulose yield evolution with cellulose (a) and lignin content (b) without catalpa 
and elm. 
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Figure S6. Almond experimental TGA 

 

 

Appendix 3 – TGA modelling data and results 

 

Table 1S. Absolute deviation for the TGA fittings and hemicellulose extraction yield estimation 

 AAD1 AAD2 

 % % 
Walnut 3.70 1.71 
Linden 32.27 1.09 
Plane 12.31 1.44 
Elm 0.01 0.84 
Eucalyptus 16.47 0.94 
Cherry 12.82 0.85 
Cedar 28.20 1.45 
Catalpa 0.01 1.56 
Maple 0.41 1.19 
Almond 20.56 0.82 

 12.68 1.19 
 

1 Yield estimator fitting. 
2 TGA fitting. 

Slow rate  
Abrupt 
change  



Table 2S. Kinetic parameters obtained from the TGA fitting 

 

 k 1 * k 2 k 3 k 4 k 5 k 6 k 7 k 8 k 9 Ea 1 /R Ea 2 /R Ea 3 /R Ea 4 /R Ea 5 /R Ea 6 /R Ea 7 /R Ea 8 /R Ea 9 /R β 1 β 2 β 3 β 4 β 5 β 6 β 7 β 8 β 9 

 min-1 min-1 min-1 min-1 min-1 min-1 min-1 min-1 min-1 K K K K K K K K K - - - - - - - - - 

Walnut-
RM** 

22,430 9,074 25,377 19,274 0.030 17,769 3,821 0.299 0.398 6,745 12,055 8,119 7,242 347 10,059 8,456 399 109 0.6909 1.477 1.544 1.701 0.524 2.005 2.226 0.839 2.605 

Almond 22,041 8,614 25,139 18,977 0.030 17,791 3,923 0.299 0.398 6,546 12,143 9,185 7,934 346 9,995 8,393 399 109 0.689 1.472 1.550 1.702 0.518 2.005 2.226 0.839 2.605 

Maple 25,828 5,818 25,897 20,469 0.042 17,656 4,495 0.303 0.385 6,514 11,942 7,166 7,012 349 10,365 8,141 399 111 0.718 1.338 1.532 1.684 0.537 2.006 2.229 0.839 2.607 

Catalpa 20,543 6,375 25,467 19,437 0.046 17,435 1,004 0.308 0.431 6,791 12,215 7,945 7,239 349 10,988 10,058 399 110 0.729 1.465 1.526 1.698 0.550 2.010 2.228 0.839 2.605 

Cedar 22,364 8,660 25,607 19,330 0.033 17,754 3,851 0.299 0.398 6,485 12,362 7,656 7,247 347 10,100 8,437 399 109 0.687 1.464 1.542 1.702 0.532 2.005 2.226 0.839 2.605 

Cherry 22,339 7,913 25,122 18,924 0.030 17,843 3,852 0.298 0.398 6,549 12,083 9,335 8,045 347 9,842 8,437 399 109 0.688 1.436 1.547 1.704 0.525 2.004 2.226 0.839 2.605 

Eucalyptus 22,324 8,713 25,209 18,953 0.028 17,831 3,851 0.299 0.398 6,617 12,018 9,211 7,995 347 9,878 8,437 399 109 0.688 1.454 1.547 1.703 0.531 2.004 2.226 0.839 2.605 

Elm 24,039 8,850 25,080 18,431 0.005 17,832 3,886 0.299 0.112 6,692 11,814 11,134 8,504 342 9,877 5,172 399 120 0.744 1.452 1.552 1.704 0.499 2.004 2.267 0.839 2.662 

Plane 22,467 8,932 25,685 19,448 0.039 17,745 3,821 0.299 0.398 6,656 12,018 7,329 6,895 347 10,129 8,456 399 109 0.690 1.461 1.539 1.701 0.532 2.006 2.226 0.839 2.605 

Linden 22,467 9,048 25,348 19,283 0.034 17,769 3,821 0.299 0.398 6,656 12,078 8,279 7,255 347 10,057 8,456 399 109 0.690 1.474 1.545 1.701 0.525 2.005 2.226 0.839 2.605 

 

*Note: sub-index “i” refers to the reaction in which this kinetic parameter is involved. Therefore, 1: hemicellulose gasification, 2: cellulose gasification, 3: lignin gasification, 4: lignin char 
production, 5: lignin char gasification, 6: cellulose char production, 7: hemicellulose char production, 8: cellulose char gasification and 9: hemicellulose char gasification.  

** An overall mass transfer parameters was used for both, water and organic liquid. Its value is 3,000 g · m · min-1· mol-1 and 123 g · m · min-1   · mol-1, respectively. 
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