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Kinetic and hydrogen production 
analysis in the sequential 
valorization of a Populus clone 
by cold alkaline extraction 
and pyrolysis
S. Lozano‑Calvo 1*, J. M. Loaiza 1, J. C. García 1, R. Tapias 2 & F. López 1

This work employed a two-step biorefining process, consisting of a hemicellulose-rich liquor 
production through ultrasound-assisted cold alkaline extraction (CAE), followed by thermochemical 
treatment of the resultant solid phase. The post-CAE solid phase’s pyrolytic potential was assessed 
by application of thermogravimetric analysis (TGA) and Friedman’s isoconversional method, and also 
from hydrogen production. The solid phases remaining after the CAE treatment were more reactive 
than the untreated raw material. Notably, the alkali concentration employed in the first step was the 
individual variable most pronounced influence on their activation energy (Ea). Thus, at a degree of 
conversion α = 0.50, Ea ranged from 109.7 to 254.3 kJ/mol for the solid phases, compared to 177 kJ/
mol for the raw material; this value decreased with rising glucan content. At maximal degradation, the 
post-CAE solid phases produced up to 15.57% v/v more hydrogen than did the untreated raw material.

Economic growth and expansive economies have led to an increasingly poorer environmental quality in many 
countries, especially as regards ecological systems, biodiversity and human health. Economic development is 
closely related to energy consumption1 and, at present, 81% of all primary energy is obtained from fossil fuels, 
5% from nuclear fission and only 14% from renewable sources2. As a result, atmospheric CO2 levels continue 
to rise steadily. In fact, they have risen by 42% since 1950 and worsened the global problem posed by climate 
change3. In response to this pressing challenge, international institutions have adopted initiatives such as the 
Paris Agreement, by which countries such as United Kingdom, Spain, France and New Zealand have committed 
to be carbon–neutral by 2050, and others such as Sweden and Norway expect to meet this goal by 2045 and 2030, 
respectively4. Because societies can hardly be sustainable unless they use low-carbon fuels5, growing concern 
with dramatic climate events and the exhaustion of fossil fuels has emerged over the last few decades that has 
boosted a search for renewable sources of energy on a global scale6.

Biomass is a clean, sustainable choice for a smooth transition from oil-based to biorenewable energy7,8. Lig-
nocellulosic biomass is especially effective as a renewable resource because it is widely available in vast amounts, 
and also because its chemical components are highly suitable and its production does not compete with that of 
food8,9. As a result, second-generation biofuels are being increasingly obtained from lignocellulosic biomass for 
the production of renewable energy10.

Biorefining lignocellulosic materials allows biomass to be fractioned into its three main precursors (cellulose, 
hemicellulose and lignin) and the precursors to be processed in order to obtain products with a high added 
value11. One of the treatments used for this purpose is cold alkaline extraction, which is especially advanta-
geous in operational and environmental terms. Also, however, it is subject to one major disadvantage: the opti-
mum operating conditions depend on the particular type of biomass to be treated. Thus, CAE is usually much 
more efficient with grass than it is with wood12 and the latter usually requires additional measures for efficient 
processing13. Also, CAE removes both hemicelluloses and polyphenols14. The potential applications of the hemi-
cellulosic franction are extensive and have been explored by numerous researchers. For instance, sugar extracted 
from hemicellulose can subjected to biological conversion for biofuel production, such as ethanol; utilized in 
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chemical processes for the production of substances like xylitol or lactic acid; or chemical conversion produces 
furfural, 5-hydroxyfurfural, and levulinic acid, crucial precursors for synthesizing various organic derivatives15. 
In addition, the CAE decreases the lignin content of the material and leading to a reduced activation energy upon 
thermochemical treatment as a result of the polyphenol fraction consisting largely of benzene rings —which 
possess increased Ea values and thermal stability16.

Thermochemical treatments of lignocellulosic biomass provide a promising technology for producing fuels 
with a high added value17. Highlighting pyrolysis as the most popular and versatile process18 for the efficient 
production of bio-coal, bio-oil and pyrolytic gas (a mixture of carbon monoxide and dioxide, hydrogen, light 
hydrocarbons and small amounts of other compounds)19. Pyrolysing lignocellulosic biomass affects its three 
main components (cellulose, hemicellulose and lignin)20 and involves a number of chemical reactions the span 
three steps, namely: (1) evaporation of moisture; (2) primary degradation of biomass (200–400 °C); and (3) side 
reactions21. A number of studies have examined the pyrolysis of various types of lignocellulosic biomass and 
their individual fractions with a view to better understanding their rate and extent of thermal degradation, the 
products formed and their proportions22.

Pyrolysing biomass is also one way of obtaining hydrogen (H2) from renewable resources23. Hydrogen is one 
of the major energy vectors for decarbonization strategies in Europe24 and pyrolysis produces not only gase-
ous hydrogen, but also additional hydrogen formed in water–gas exchange reactions with carbon monoxide25. 
Hydrogen production is influenced by several variable, and it has been observed that as the pyrolysis temperature 
rises, the output of gaseous products increases while the formation of biochar and bio-oil decreases26. Thus, a 
temperature of 750 °C produces about 50% of hydrogen, whereas one of 500 °C gives only about 35%25. This is a 
result of the gas forming in very small amounts in primary reactions relative to tar cracking, reforming and coal 
decomposition at increased temperatures27,28.

Hydrogen production also increases with increasing proportion of cellulose and hemicelluloses, but not 
lignin29,30. In fact, hydrogen forms largely from the cellulose fraction31. Ligneous biomass has been found to 
provide more hydrogen than agricultural residues32. Thus, Loaiza et al.33 found extracting hemicelluloses from 
Eucalytpus urograndis by pyrolysis to provide solids whose pyrolysis led to a decreased activation energy and 
increased hydrogen production (6–8%) relative to the untreated, raw material.

The lignocellulosic biomass used in this work was obtained from clone AF2 of the genus Populus (viz., Populus 
nigra x Populus deltoides). Populus is a fast-growing plant that affords short, highly productive rotation34. Also, it 
is especially well adapted to Mediterranean areas with cold winters35 and adequate soil moisture36, so its produc-
tivity can be affected by climate change34. This has promoted the use of hybrid clones capable of growing under 
suboptimal conditions37. Some studies have shown clone AF2 of Populus to outperform others under conditions 
of limited water availability and long droughts38.

The main aim of this work was to optimize exploitation of clone AF2 by using a two-step biorefining scheme 
involving ultrasound-assisted CAE and the subsequent pyrolysis of the resulting solid phase. The degree of 
conversion was assessed by thermogravimetric analysis (TGA) and non-isothermal kinetic parameters were 
determined by using Friedman’s differential isoconversional method. Also, the kinetics of the pyrolytic process 
was modelled in terms of Ea in order to maximize hydrogen production, which was quantified as a function of 
the operating conditions of the ultrasound-assisted CAE treatment.

Materials and methods
Characterization of the raw material
The lignocellulosic biomass used was from clone AF2 of Populus and collected from plantations on La Rabida 
Campus (University of Huelva, Spain). The collected material was cold ground to obtain chips approximately 
1–3 cm long and 0.5 cm wide.

The raw material was previously characterized by some members of our group in terms of moisture39, solubil-
ity in 1% soda40, solubility in hot water41, ethanol–acetone extractives42 and ash43. In addition, the material was 
subjected to acid hydrolysis in two steps involving treatment with 72% sulphuric acid at 30 °C for 1 h to cleave 
polysaccharides into oligomers and 4% sulphuric acid at 121 °C for 1 h to convert the oligomers into monomers. 
Monomeric sugars and Klason lignin were determined by HPLC according to44 and45, respectively. The results 
of the previous determinations are summarized in Table 1.

Table 1.   Percent composition of the raw material.

1% NaOH extractives 22.3 ± 1.95

Hot water extractives 4.22 ± 0.12

Ethanol–acetone extractives 2.8 ± 0.15

α-Cellulose (glucan) 40.3 ± 0.85

Klason lignin 25.1 ± 0.16

Xylan 19.3 ± 0.09

Arabinan 0

Acetyl groups 0.7 ± 0.02

Ash 1.14 ± 0.04
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Ultrasound‑assisted cold alkaline extraction
A CAE treatment was used to maximize extraction of hemicelluloses into the liquor and ensure that they would 
remain stable for potential subsequent processing. The treatment was conducted in a Power Sonic Series 500 bath, 
using a water modulus (i.e., a liquid/solid ratio) of 15 kg water/ kg raw material on a dry basis, an ultrasound 
power of 120 W, an alkali concentration of 80–120 g/L, a temperature of 20–40 °C (temperature was kept constant 
by cooling the bath) and a treatment time of 30–90 min. The process was followed by filtration to separate the 
liquor from the remaining solid phase.

The CAE liquor was neutralized with 37% v/v hydrochloric acid, and the hemicellulose fraction precipitated 
with ethanol. The solid phase was neutralized with acetic acid, rinsed in water, centrifuged and dried at room 
temperature to determine moisture as described in Section "Characterization of the raw material" and calculate 
CAE yield by weighing. The solid was additionally hydrolysed in two steps as described in Section "Characteriza-
tion of the raw material" in order to determine its composition.

The previous conditions were used in combination with a central composite factor design and response 
surface analysis46 to optimize the CAE treatment by examining the influence of the independent variables of 
the process (viz., alkali concentration, temperature and treatment time) on the composition of the post-CAE 
solid phase (viz., glucan, xylan and Klason lignin), the activation energy of the solid and its pyrolytic hydrogen 
production capacity.

The factor design used allowed second-order polynomials to be established whose coefficients were a measure 
of the statistical significance of the influence of each independent variable on the dependent variables. For easier 
comparison, the independent variables were normalized by using the following equation:

where X, X , Xmax and Xmin are the absolute, mean, maximum and minimum value, respectively, of the variable 
concerned. The design was applied at three different alkali concentrations (80, 100 and 120 g/L), temperatures 
(20, 30 and 40 °C) and treatment times (30, 60 and 90 min). It encompassed three groups of experimental points, 
namely: 2n points for the factor design proper, 2n axial points and nc central points. Therefore, the total number 
of experiments required, given by 2n + 2n + nc, was 16.

Experimental data were modelled by fitting the results for the dependent variables to the following polyno-
mial equation:

where X denotes independent variables and Y dependent variables, and the coefficients a0, bi, ci and dij were 
estimated individually for each independent variable.

The independent terms selected were those having a statistically significant coefficient (p < 0.05). The condi-
tions imposed on the overall statistics were R2 > 0.9 and FSnedecor > 5. All statistical processing was done with the 
software Statistica v. 10.0 from Statsoft, Inc. (Tulsa, OK, USA).

Thermogravimetric analyses
The raw material and the different post-CAE solid phases were subjected to non-isothermal thermogravimetric 
analysis (TGA) on a TGA/DSC1 STARe System from Mettler Toledo. In each test, an amount of ca. 13 g of sample 
was heated from 25 to 800 °C at four different rates (5, 10, 15 and 20 °C/min), using nitrogen at a flow-rate of 
10 mL/min as inert gas. The experiments were performed in triplicate recorded the average values.

Friedman’s analytical method
Friedman’s method was used here to examine the kinetics of the pyrolysis reactions and determine their activa-
tion energy. The overall kinetics of the biomass pyrolysis process can be represented as follows:

where α is the conversion fraction [(W0–Wt)/(W0–W∞)], W denoting the mass of sample, and W0, Wt and W∞ its 
initial value, that at time t and that at the end of the process, respectively; f(α) the differential conversion func-
tion; T (K) temperature; and k(T) the rate constant in the Arrhenius equation [k(T) = A·exp(− Ea/RT), with A 
the pre-exponential factor, Ea the apparent activation energy and R the universal gas constant (8.314 J/mol·K)]. 
The reaction rate can be expressed as follows:

where δ is the linear heating rate (δ = dT/dt), which is constant.
For convenience, Eq. (4) can be expressed in integral form:
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where G(α) and p(x) are the integrals of the conversion function and temperature, respectively. The latter func-
tion cannot be solved exactly, so it has to be estimated or integrated numerically47.

Some empirical methods allow the kinetic parameters to be calculated from the data for the thermal analy-
sis. Such methods are of either the isoconversional or the fitting type. In this work, we used an isoconversional 
method to calculate the kinetic parameters for no specific form of the reaction model to enable the accurate 
determination of the activation energy48,49. The most widely used isoconversional method is Friedman’s differ-
ential method50. In natural logarithmic form, Eq. (4) becomes:

Friedman’s method assumes the extent of biomass decomposition to depend solely on the mass loss rate. 
Therefore, a plot of ln (dα/dt) against 1/T allows he activation energy to be calculated from the slope (− Ea/R) 
and conversion from the intercept [ln [A·f(α)].

Modeling and optimization of activation energy
The modeling and optimization of the Ea results, as a function of the independent operating variables of the CAE 
process with ultrasounds, has been conducted following the methodology outlined in section "Thermogravimet-
ric analysis (TGA) of the pyrolytic process".

The experimental design points for the central composite design are consistent with those utilized for mod-
eling and optimizing the composition of the solid phase.

The same procedures, including response surface analysis, normalization of independent variables, analy-
sis of coefficients, statistical assessment of model validity and/or uncertainty, and the selection of statistically 
significant coefficients, have been applied. It is noteworthy that the results of the dependent variable (Ea) were 
obtained in accordance with the description provided in sections "Thermogravimetric analyses" and "Friedman’s 
analytical method".

Quantifying hydrogen production in a pyrolytic reactor
The amount of hydrogen resulting from pyrolysis of the lignocellulosic biomass and the CAE solid phases was 
evaluated using a laboratory-scale reactor. The reactor consisted of a 140 cm length and 10 mm wide quartz tube, 
within which approximately 2 g of the sample was uniformly introduced and placed in a furnace at a constant 
temperature for 4 min, using nitrogen at a flow-rate of 150 mL/min as carrier gas. The operating variables of 
this laboratory-scale reactor are the furnace temperature, the residence time of the sample in the furnace, and 
the flow-rate of carrier gas. While it is at a laboratory scale, we believe the results would be scalable. The reac-
tor design is an original design from the research group, and efforts have been made to operate it in a manner 
resembling that of a semi-pilot reactor.

Hydrogen production was measured by collecting samples in Tedlar bags at the reactor outlet. Samples were 
collected at the highest degradation temperature in each test for 1 min. Four different samples were taken in 
each experiment to determine the maximum H2, which was produced between minutes 2 and 3. These samples 
were analyzed using a precalibrated MultiRAE IR PGM-54 gas analyser from RAE Systems (San José, CA, USA). 
All measurements were made in triplicate and averaged to calculate the volume of pyrolytic gas of the analyzed 
sample and disregarding the carrier gas.

Ethics approval and consent to participate
The authors declare that this is their original work, and the corresponding manuscript has not been published 
before and is only submitted to the Journal of Scientific Reports.

Results
Ultrasound‑assisted cold alkaline extraction of hemicellulose
Previous studies by our group51 revealed that using ultrasound in the CAE of clone AF2 of Populus resulted 
in increased extraction of all lignocellulosic fractions but especially those of hemicelluloses and polyphenols. 
Specifically, extraction of hemicelluloses, measured as xylan, from the raw material into the CAE liquor ranged 
from 39.8 to 56.7% in the absence of ultrasound and from 44.3 to 60.8% in its presence. Also, the hemicellulose 
content of the post-CAE solid phase decreased from 60.2–43.3% to 55.7–39.2% of the content in the starting 
material. On the other hand, the lignin content of the solid increased from 51.5 to 77.7% with sonication to 
71.6–98.9% without it. Finally, cellulose was scarcely extracted into the CAE liquor and remained in the solid 
phase by 80.4–96.2% with ultrasound and by 85.1–98.7% without it.

These results allowed polynomial models relating the dependent variables (glucan, xylan and Klason lignin 
in the post-CAE solid phase) to the independent variables (alkali concentration, temperature and treatment 
time) to be developed. Table 2 shows the equations for the models, which were used to predict the effect of each 
independent variable of the ultrasound-assisted CAE process on the cellulose, hemicellulose and polyphenol 
contents of the resulting solid phase. Such contents (specifically, those of glucan, xylan and Klason lignin) are 
referred to their initial levels in the starting, raw material.

As can be seen from Eq. (8) in Table 2, the alkali concentration was the most influential variable on the glu-
can content of the post-CAE solid phase. Cellulose extraction into the liquor was maximal at the greatest alkali 
concentration, temperature and time values studied. As noted earlier, however, glucan was scarcely extracted 
into the liquor (20.22% at most).
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Based on Eq. (9) in Table 2, medium alkali concentrations and temperatures in combination with long treat-
ment times should result in maximal hemicellulose extraction into the CAE liquor. Finally, Eq. (10) suggests 
that long CAE treatment times should result in increased delignification (i.e., in increased proportions of lignin 
in the CAE liquor). This prediction is consistent with the results of Methrath Liyakathali et al.52, who found the 
treatment time and sonication to influence the cleavage of lignin–cellulose bonds to an extent increasing with 
the former variable. Accordingly, lignin extraction into the CAE liquor was especially high in the upper range 
of treatment times (90 min).

The post-CAE solid phase was rich in cellulose, but poor in lignin by effect of the polyphenol fraction being 
largely extracted into the liquor. In theory, this must decrease the pyrolysis activation energy since the polyphenol 
fraction is that with the highest Ea value16. Also, it should result in increased hydrogen production relative to 
the starting material53. These two expectations warranted the present work, where we examined the pyrolytic 
process as described below.

Thermogravimetric analysis (TGA) of the pyrolytic process
The CAE treatment provided a highly valorizable liquor by effect of the extraction process being especially selec-
tive for hemicelluloses. Also, the treatment provided a solid phase enriched with a cellulose fraction potentially 
useful for purposes such as producing energy, hydrogen, biofuels, pulp, paper or polyphenol derivatives. In this 
work, we examined the potential of the process for obtaining energy and a high added value product: hydrogen. 
Removing most of the hemicellulose fraction and part of the polyphenol fraction decreased the activation energy 
of the pyrolysis process16,33, thereby presumably facilitating it. It should be noted that, as shown for treatments 
other than CAE, the operating conditions —or rather, their combination—influence the activation energy and 
kinetics of the thermal treatment54.

Because using all 16 points of the experimental design would have been impractical, we selected those cor-
responding to the lowest and highest extraction of hemicelluloses (viz., 80 g/L, 90 min, 20 °C and 100 g/L, 60 min, 
30 °C, respectively) and the lowest and highest extraction of Klason lignin (viz., 80 g/L, 30 min, 20 °C and 80 g/L, 
90 min, 40 °C, respectively) in addition to the raw material.

Figure 1 is a weight loss versus temperature plot. As can be seen, the initial temperature of the second step 
of process, known as “active pyrolysis”, was higher for the raw material (224 °C) than it was with the lowest and 
highest extraction of hemicelluloses (172 and 180 °C, respectively) and lignin (177 and 172 °C, respectively). The 
decreased temperatures for the post-CAE solid phases relative to the raw material can be ascribed to selective 
extraction of hemicelluloses and polyphenols into the CAE liquor. Also, residual lignin in the resulting solid 
contained fewer bonds and was thus less thermally stable. The affinity of alkaline treatments for soluble lignin 
and the cleavage of C–C bonds in polyphenols remaining in the solid fraction was previously observed by other 
authors54. The cleavage of bonds in the lignin fraction decreases its strength and degree of polymerization, thus 
facilitating hydrolysis of polysaccharides55.

Heating the post-CAE solid phase with the highest content in hemicelluloses at 5 °C/min led to an extended 
loss of fixed carbon that was not considered in calculating the activation energy. Nor was the result for the residue 
heated at 15 °C/min leading to the lowest extraction of lignin.

Derivative thermogravimetry (DTG)
Figure 2 shows the rate of weight loss (%/min) as a function of temperature (i.e., the DTG curves) for the raw 
material and the four post-CAE solid phases examined in the previous section. As can be seen, there were 
three distinct regions typical of biomass pyrolysis corresponding to water evaporation, active pyrolysis ad side 
reactions21. The main pyrolysis step spanned the range 200–400 °C and two sub-steps involving degradation of 
the cellulose and hemicellulose fractions. Whereas the raw material exhibited two well-defined peaks, the post-
CAE solid phases showed a poorly defined peak for hemicellulose degradation. This was a result of structural and 
compositional differences between the samples directly influencing hemicellulose and cellulose degradation56.

Thermal degradation in the active pyrolysis step started at 230 °C in the raw material and at around 190 °C 
in the post-CAE solid phases, possibly as a result of increased extraction of hemicelluloses and lignin from the 
latter. Thus, the CAE treatment caused a portion of the polyphenolic fraction to be extracted into the liquor and 

Table 2.   Equations of the polynomial models for the dependent variables in the ultrasound-assisted CAE 
treatment. Dependent variables: GL glucan (%), X xylan (%), KL Klason lignin (%). Independent variables: XA 
alkali concentration, XT temperature, Xt treatment time. The differences between the experimental values and 
those estimated with the equations never exceeded 10% of the former.

Equation Adjusted R2 Adjusted Snedecor’s F

GL =87.0− 2.50XA − 1.87XT + 5.98X
2

A

−4.03X
2

T − 4.39XAXt − 1.60XAXT + 1.19XtXT  (8)
0.98 59

X =40.2− 2.28XA − 2.24Xt − 1.12XT + 7.23X
2

A

+1.62X
2

T − 0.56XAXt + 1.37XAXT + 0.44XtXT  (9)
0.89 138

KL =66.6− 5.96Xt − 2.57XT − 5.33X
2

A + 4.58X
2

T

+1.04XAXt + 3.28XAXT − 2.34XtXT   (10)
0.98 114
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the rest, which remained in the solid, to break more easily as a consequence of its having a decreased number of 
C–C bonds —and being less thermally stable as a result57.

As can also be seen from Fig. 2, the maximum loss temperature (Tmax) was 372 °C for the raw material and 
lower (302–320 °C) for the post-CAE solid phases. Tmax is known to be inversely related to reactivity58. Again, 
the post-CAE solid phases were less thermally stable than the raw material. Also, Tmax coincided with the main 
peak in the DTG curves, which was primarily associated with cellulose degradation55.

The maximum reaction rate at a heating rate of 20 °C/min was 22.59%/min for the raw material (40.3 wt% 
glucan), about 19.50%/min for the post-CAE solid phases resulting from the lowest extraction of hemicelluloses 
and highest extraction of lignin (38.3 and 39.0 wt% glucan, respectively), and in the region of 16.3%/min for 
those with the highest extraction of hemicelluloses and lowest extraction of lignin (35.0 and 35.7 wt% glucan, 

Figure 1.   TGA at different heating rates of the raw material and the four post-CAE solid phases.
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respectively). Therefore, it can be observed that the maximum reaction rate increases alongside the glucan 
content. It can be asserted that the primary degradation, which occurs in this peak of the DTG curves, largely 
corresponds to the degradation of the cellulose fraction.

Kinetic analysis of the pyrolytic process
The pyrolysis kinetics of the raw material and the post-CAE solid phases allowed the influence of the independ-
ent variables of the treatment on the thermochemistry of the process to be established. The activation energy Ea 
at a given degree of conversion α was calculated by applying Friedman’s isoconversional method to the results 
obtained at the heating rates 5, 10, 15 and 20 °C/min. Table 3 shows the Ea values thus obtained as the average of 
at least three determinations each. The relative standard deviation was less than 5% in all instances.

Figure 2.   DTG of the raw material and the four post-CAE solid phases.



8

Vol:.(1234567890)

Scientific Reports |         (2024) 14:1509  | https://doi.org/10.1038/s41598-024-52052-0

www.nature.com/scientificreports/

Ea for the raw material was 168, 177 and 179 kJ/mol at a degree of conversion of 0.25, 0.50 and 0.75, respec-
tively. As can be seen, the activation energy changed with α, both in the raw material and in the post-CAE solid 
phases. This was a result of the pyrolysis of such highly complex materials as lignocellulosic biomass being an 
intricate process involving a number of steps. Some authors have reported an average Ea value for the whole 
conversion range whereas others believe that the effective activation energy of lignocellulosic biomass depends 
on those of decomposition of each fraction59–61.

The data in Table 3 were subjected to multiple regression analysis on Ea as a function of the three independ-
ent variables (alkali concentration, temperature, and treatment time) at the different degrees of conversion 
considered. The equations for the models thus established are shown in Table 4. The coefficients of variation 
between the predicted and experimental results were all less than 10% and the quadratic regression coefficients, 
R2, greater than 0.95. Student’s-t values for the individual variables were all greater than 2, so the results were 
statistically significant at p < 0.05.

Figures 3, 4, 5 show the response surfaces for the models, which were used to identify the ranges of the 
independent variables leading to the lowest activation energy for the post-CAE solid phases relative to the raw 
material. Surfaces were plotted at two different levels of alkali concentration, which was the individual independ-
ent variable most strongly influencing Ea. For easier viewing and understanding, the activation energy for the 
initial, untreated biomass was plotted on a fixed plane so it would not change along the axes representing the 
CAE operating conditions.

Figure 3, which corresponds to Eq. (11), shows the variation of Ea for the post-CAE solid phases as a func-
tion of temperature and time at the highest and lowest alkali concentration studied. As can be seen, Ea was 
independent of both variables throughout their operation ranges. Also, at α = 0.25 it was lower for the post-CAE 
solid phases than it was for the raw material. Thus, Ea spanned the range 108.4–205.1 kJ/mol, which is similar 
to those for hemicelluloses reported by other authors. Some overall kinetic methods for hemicellulose pyrolysis 
have provided Ea values from 100 to 220 kJ/mol62.

Table 3.   Activation energy as calculated with Friedman’s isoconversional method at different degrees of 
conversion for the post-CAE solid phases. Independent variables: XA alkali concentration, XT temperature, Xt 
treatment time.

Operating 
conditions (XA, 
Xt, XT)

Ea (kJ/mol)

α = 0.25 α = 0.50 α = 0.75

0 0 0 145.7 179.5 285.9

1 1 1 215.4 227.1 139.1

1 1 − 1 152.9 195.3 135.1

1 − 1 1 127.6 158.8 195.4

1 − 1 − 1 131.9 164.4 265.4

− 1 1 1 177.6 153.6 253.3

− 1 1 − 1 165.8 211.9 262.7

− 1 − 1 1 154.8 190.5 167.3

− 1 − 1 − 1 186.8 262.2 255.4

1 0 0 141.1 170.9 282.9

− 1 0 0 174.5 209.6 312.8

0 1 0 133.8 166.1 198.3

0 − 1 0 108.2 145.1 222.9

0 0 1 156.5 183.2 212.3

0 0 − 1 152.9 185.8 290.3

Table 4.   Equations of the polynomial models for the activation energy. Independent variables: XA alkali 
concentration, XT temperature, Xt treatment time.

Equation α

Ea =137.91− 9.18XA + 13.73Xt + 21.81X
2

A − 14.95X
2

t

+18.74X
2

T + 13.50XAXt + 12.04XAXT + 11.57XtXT  (11)
0.25

Ea =173.91− 16.18XA + 8.3Xt + 18.68X
2

A − 16.01X
2

t

+12.92X
2

T + 29.62XAXt + 25.57XAXT  (12)
0.50

Ea =276.27− 18.69XA − 16.48Xt − 28.84XT + 23.98X
2

A

−63.23X
2

t − 22.54X
2

T − 40.84XAXt + 23.22XtXT   (13)
0.75
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It should be noted that Ea was lowest for the post-CAE solid phases resulting from treatments at high alkali 
concentrations and short times, the temperature having little effect on the results.

Figure 4 shows the variation of Ea with the treatment temperature and time at the highest and lowest alkali 
concentration —the most influential variable— at α = 0.5. As can be seen, Ea ranged from 109.7 to 254.3 226 kJ/
mol and was largely due to degradation of the cellulose fraction. The average activation energy for cellulose is 
189.2 kJ/mol63.

As can be seen from Fig. 5, a combination of the highest alkali concentration, lowest temperature and short-
est treatment time led to the lowest Ea values relative to the raw material. On the other hand, Ea remained fairly 
constant at the lowest alkali level. There was strong correlation between the activation energy and the amount of 
glucan remaining in the post-CAE solid phase. In fact, as can be seen in Fig. 5, constructed at the highest alkali 
concentration, Ea decreased with increasing proportion of glucan in the solid as a result of the cellulose fraction 
having a lower activation energy than the polyphenolic fraction.

Figure 3.   Activation energy contrast in post-CAE solid phases and raw material at α = 0.25, varying conditions.

Figure 4.   Activation energy constrast in post-CAE solid phases and raw material at α = 0.50, varying 
conditions.
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As can be seen in Fig. 6, at α = 0.75 the activation energy for the post-CAE solid phases was higher than it was 
for the raw material under virtually any operating conditions and ranged from 132.9 to 328.5 kJ/mol. Cai et al.60 
reported Ea values of 237.1–266.6 kJ/mol for lignin, whereas Murugan et al.64 found the isothermal activation 
energy for the polyphenolic fraction to be 284 kJ/mol.

Hydrogen production
The thermogravimetric and kinetic study of the pyrolytic process was followed by assessment of the hydrogen 
production potential of the post-CAE solid phases on the laboratory-scale reactor described in Section "Modeling 
and optimization of activation energy".

The TGA curves previously obtained were used to identify the best temperature for hydrogen production. 
Table 5 shows the selected temperature and the maximum quantity of hydrogen generated for each post-CAE 
solid phase.

The data in Table 5 underwent multiple regression analysis as a function of the three independent var-
iables (alkali concentration, temperature and treatment time). Similar to Ea, the proportions, in volume, of 
maximum hydrogen obtained with each post-CAE solid phase were considered. The resulting equation was: 
H2 = 11.85 + 2.32XA—1.83XT + 2.94XA

2—2.24XT
2—1.65XAXT—1.26XtXT with a quadratic regression coefficient 

of 0.98 and a coefficient of variation less than 10%. All independent variables had Student’s t-values greater than 
2, so they were deemed statistically significant.

Figure 7 shows the response surface for hydrogen production. As can be seen, the post-CAE solid phases, but 
particularly those obtained at the highest alkali concentration, produced greater amounts of hydrogen than did 
the raw material. On the other hand, as was apparent from Eq. (14), hydrogen production was scarcely affected 

Figure 5.   Activation energy change with post-CAE solid phases’ glucan content at α = 0.5.

Figure 6.   Activation energy contrast in post-CAE solid phases and raw material at α = 0.75, varying conditions.
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by the treatment time. Finally, the effect of temperature was found to depend on the alkali concentration; thus, 
at the highest alkali levels, hydrogen production peaked with medium or high temperatures.

The maximum proportion of hydrogen obtained, in volume, from the post-CAE solid phases ranged from 
9.15 to 19.51%, so it was up to 15.57% greater than that provided by the raw material. These results are consist-
ent with previously reported values for species such as Eucalyptus urograndis, where authohydrolysis provided 
amounts of hydrogen up to 8% greater than the raw material33. Similary, the application of acid hydrolysis to 
Leucaena leucocephala resulted in increased hydrogen production53. In general, slow pyrolysis, like the process 
studied in this work, exhibits a range of hydrogen yields between 9 and 44%65.

Conclusions
As shown here, ultrasound-assisted cold alkaline extraction provides liquors with increased proportions of 
hemicelluloses and lignin relative to the absence of ultrasound.

Table 5.   Hydrogen production from the post-CAE solid phases. Independent variables: XA alkali 
concentration, XT temperature, Xt treatment time.

Operating conditions (XA, 
Xt, XT) Temperature (ºC) Hydrogen (vol. %)

0 0 0 309 13.26

1 1 1 305 6.44

1 1 − 1 309 19.07

1 − 1 1 313 13.69

1 − 1 − 1 310 12.76

− 1 1 1 315 10.98

− 1 1 − 1 323 8.31

− 1 − 1 1 315 7.90

− 1 − 1 − 1 303 6.63

1 0 0 315 8.65

− 1 0 0 323 12.94

0 1 0 317 8.84

0 − 1 0 315 10.17

0 0 1 318 8.86

0 0 − 1 316 11.33

Raw material 372 4.04

Figure 7.   Hydrogen production variation in post-CAE solid phases and raw material at α = 0.50, diverse 
conditions.
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The composition of the raw material and the post-CAE solid phases affect their thermal degradation. In 
addition, the post-CAE solid phases were more reactive in the thermochemical process than was clone AF2 
clone of Populus.

The activation energy of the post-CAE solid phases is generally lower than that of the raw material, with alkali 
concentration proving to be the most influential independent variable in this regard. In turn, Ea decreased with 
increasing proportion of glucan in the residues.

The ultrasound-assisted CAE process enhances hydrogen production, making this sequential process with 
CAE and pyrolysis approach a favorable choice for this feedstock valorization.

Data availability
All data generated or analyzed during this work are included in this published article.
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