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A B S T R A C T

In this study, we investigated the catalytic gasification of cellulose-derived biocarbons (CDC) with CO₂ using Fe 
as the catalyst. Fe(%wt)/CDC samples were synthesized through controlled pyrolysis of cellulose impregnated 
with iron precursors and evaluated under varying reaction temperatures and CO₂ concentrations. Character
ization by XRD, TGA, Raman, TEM, and N₂ adsorption revealed that the initial Fe loading in cellulose not only 
determines the final carbon content in each Fe(%wt)/CDC sample but also plays a crucial role in regulating the 
textural and structural properties of the resulting carbonaceous materials, as well as the Fe nanoparticle size 
distribution. Specifically, higher Fe loading led to a decrease in surface area, reduction of microporosity, an 
increase of pore diameter, and to larger average Fe nanoparticle sizes. During gasification, Fe nanoparticles were 
oxidized by CO₂, resulting in a decline in catalytic activity and ultimately limiting the complete gasification of 
the carbonaceous material by the end of the reaction. These opposing effects explain the varying behaviour 
observed in the Fe(%wt)/CDC samples studied. Analysis of the initial gasification rates indicated that both, the 
apparent reaction order with respect to CO₂ and the activation energy, increased with reaction temperature and 
CO₂ partial pressure (pCO₂), respectively. These results were successfully interpreted using a Langmuir- 
Hinshelwood model, which accounts for the influence of CO₂ adsorption on the observed reaction rate. These 
findings underscore the potential of Fe(%wt)/CDC materials for CO₂ utilization and biomass valorisation, 
providing valuable insights for the development of efficient catalytic gasification processes.

1. Introduction

In the current context of climate change and increasing energy de
mands, it is imperative to develop technologies capable of capturing and 
transforming carbon dioxide (CO2). The effective implementation of 
these CO2 valorization technologies is essential to move towards more 
sustainable energy models. However, although the conversion of CO2 
into useful and versatile molecules is of vital importance, its high ther
modynamic stability means that any valorization route requires 
considerable energy consumption [1]. Among the methods employed, 
the Boudouard reaction in which solid carbon (charcoal) reacts with CO2 
to produce carbon monoxide (CO) stands out as one of the simplest and 
is a direct route for the conversion of CO2: 

C + CO2 ↔ 2 CO; ΔHr,298K= 172.46 kJ/mol                                         

This highly endothermic reaction requires temperatures above 700 
◦C for spontaneous CO production and can utilize CO2 from a variety of 

combustion plants, including off-gas/flue gas and syngas [2].
Therefore, research conducted on the use of residual biocarbons 

obtained through biomass pyrolysis, which do not show good properties 
as adsorbents or in other applications, it is presented as a good alter
native for its gasification with CO2 [3]. After the gasification, the bio
carbon is completely converted (except for the mineral fraction) into 
gaseous fuel products. Hence, the production of a cleaner gaseous fuel 
and the almost complete conversion of the initial biomass make the 
process of gasification of residual biocarbon a very attractive way of 
fully converting biomass into energy [4,5]. The gasification of 
biomass-derived biocarbon, instead of direct gasification of the raw 
biomass, has the relevant advantages of lower tar formation, thus 
reducing the problems caused by tar deposition in the equipment, 
greater energy efficiency, which partly compensates for the energy 
needed for biocarbon production, and the ease and reduction of logistics 
costs for transport and grinding. The CO obtained can be used in mul
tiple processes, such as carbonylation reagent in the synthesis of 
chemical products. In addition, it is useful for obtaining synthesis gas, 
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which is of great interest to produce products such as methanol, or liquid 
fuels through Fischer-Tropsch synthesis.

One of the disadvantages of CO2 gasification is its slow kinetics. This 
is why, catalytic gasification, specifically with transition metals such as 
iron, is one of the main routes used to improve the kinetics due to its 
efficiency, availability and low cost [6− 8].

Iron species with almost unlimited availability have been used as 
promising catalysts to improve the Boudouard reaction rate. In that 
sense, Ohtsuka [9] determined that Fe(NO3)3 presents a good catalytic 
activity attributed to obtaining smaller crystals of the active iron phases 
formed during devolatilization and gasification. On the other hand, Qi 
[10]; studied how iron modification affects the structure of a carbon and 
its gasification reactivity. They observed changes in the pores of the 
carbon and an increase in the formation of amorphous carbon, being 
α-Fe the main chemical form of iron in the charcoal samples after py
rolysis. Recently, Xu [8], report the advantages of using iron as a cata
lytic agent due to its low cost and high availability. However, catalyst 
deactivation of Fe catalytic phases remains as a major problem in the 
gasification process.

Therefore, this work proposes a kinetic study of CO2 catalytic gasi
fication with Fe, of biocarbons derived from cellulose taken as a refer
ence compound. One of the fundamental aspects to be able to develop 
this process is the in-depth knowledge of the effects of the incorporation 
of the metallic nanoparticles within the carbon structure and how it 
modifies the surface chemistry of the biocarbon, modifying its physi
cochemical properties. The final goal is to quantify the impact of the 
different operating variables, reaction temperature and gas-feed 
composition, on the rate of gasification and of Fe deactivation.

2. Methodology

2.1. Preparation of catalytic biocarbons (Fe/CDC)

The biocarbon used in this study was a cellulose-derived biocarbon 
(CDC), synthesized through controlled thermal decomposition in a 
reducing atmosphere. Additionally, samples of "catalytic biocarbon" 
(defined as Fe(%wt)/CDC) were prepared using the same thermal 
decomposition conditions but previously impregnating the cellulose 
with the active metal (Fe) at different weight percentages (0.1, 0.5, and 
1.0 %, relative to the fresh cellulose weight), following a protocol pre
viously described [11]. For the synthesis, the cellulose initially was 
dried at 80 ◦C for 12 hours in an inert atmosphere. Subsequently, 
incipient wetness impregnation of the active metal was carried out using 
Fe(NO3)3⋅9 H2O as the precursor salt. In the next stage, thermal 
decomposition was performed in a reducing atmosphere with a total 
flow of 300 mL/min (50 % H2 / 50 % N2). The heating rate used was 
50 ◦C/min until reaching the synthesis temperature of 800 ◦C, which 
was maintained for 1 hour. Finally, the sample was cooled to room 
temperature in the same atmosphere and superficial passivation of the 
metallic phase was performed by introducing a flow of N2 at 
150 mL/min and CO2 at 50 mL/min.

2.2. Characterization techniques

The metallic content and thermal behaviour of the catalytic bio
carbons was evaluated through thermogravimetric analysis in an 
oxidizing atmosphere (TGA-Air). A TGA/STA 851e Mettler Toledo in
strument was used and the mass flows were controlled by T508606C1 
flow meters. The measurements were recorded using the STARe Soft
ware version 8.10, provided by the same supplier, which documented 
the obtained data. A sample amount between 2 and 6 mg was reached, 
with a heating rate of 10 ◦C/min until a maximum temperature of 900 
◦C, under a constant flow of 50 mL/min of synthetic air (21 % O2 / 79 % 
N2). Since the carbonaceous support burns in an oxidative atmosphere 
and does not show any final residues, the metal content of the samples 
was calculated based on the weight of the remaining ashes, assuming 

element in their oxidation state as Fe3O4.
X-ray diffraction (XRD) patterns of the materials fresh and after re

action were obtained using a D8 Advance diffractometer from Bruker 
Española S.A., with CuKα radiation (45 kV, 40 mA) at a wavelength of 
λ= 0.15418 nm. The scanned angle range (2θ) was from 10 to 90◦, with 
measurements taken every 0.013◦ and a duration of 48.19 s per mea
surement. The obtained data were analysed using the High Score Plus 
v3.0 software to determine the peak positions (2θ) and the full width at 
half maximum (FWHM) of each peak. The phase composition was 
identified using the ICDD database. The crystallite size of the metallic 
species was calculated using the Scherrer equation [12].

Transmission electron microscopy (TEM) micrographs of the bio
carbon and catalytic biocarbons were recorded using an FEI Tecnai T-20 
microscope, operated at 200 kV, on a copper TEM grid, and particle size 
distributions and mean particle diameters of the metallic species were 
calculated. In all cases, particle size distributions were calculated with a 
number greater than or equal to 300 particles observed in the TEM 
images. The diameter of each particle was measured using Scope Photo 
3.0 software. Finally, the corresponding histogram was obtained from 
the collected data using OriginPro 8 from OriginLab Corporation. 
Raman spectroscopy was used to evaluate the carbon structure of the 
fresh biocarbon and catalytic biocarbons. Spectra were acquired using a 
WiTec Alpha300 confocal Raman microscope with a 532 nm laser exci
tation beam. Raman spectra were collected from three different points 
on each sample within the Raman shift range of 500–2500 cm⁻¹ .

The textural properties of the samples were analysed through N2 
adsorption-desorption isotherms at 77 K using a Tristar 3000 from 
Micromeritics Instrument Corp. The surface area was calculated using the 
Brunauer-Emmett-Teller (BET) method. Additionally, the total pore 
volume and average pore diameter were obtained using the Horváth- 
Kawazoe method.

2.3. CO2 gasification tests

The gasification tests with CO2 were carried out in a thermogravi
metric system MK2-M5, (CI Precision Ltd, UK). This high-precision 
thermobalance, operating at atmospheric pressure, records data on 
weight sample as a function of time and temperature, allowing a direct 
measurement of the reaction rate under isothermal or dynamic experi
ments. The numerical derivative of weight vs. time data allow to obtain 
the gasification rate, rG=dWT/dt, for a given set of operating conditions. 
Dynamic experiments were carried out from room temperature until 950 
◦C, using a heating rate of 5 ◦C/min and a flowrate of 300 mL/min (N2/ 
CO2=66.7 %/33.3 %). These experiments allowed to determine the 
temperature of maximum gasification rate for each sample. On the other 
hand, for isothermal tests, a sample of 50 mg was placed in the ther
mobalance and the system was heated under a nitrogen atmosphere at a 
heating rate of 10 ◦C/min until the selected reaction temperature (700, 
725, 750, and 800 ◦C). Once reached, a CO2 flow was introduced for 
1 hour with a total flow of 300 mL/min, with CO2 ratios of 8.3 %, 
16.6 %, and 33.3 % relative to N2.

3. Results and discussion

3.1. Chemical-physical characterization of catalytic biocarbons

TGA-Air profiles show CDC and Fe(%wt)/CDC (named on %Fe over 
CDC) (see Figure S1). The results showed three reaction zones. A weight 
loss of 3 % was observed for CDC, Fe(1.2 %wt)/CDC and Fe(4.7 %wt)/ 
CDC in the temperature range of Ta-350 ◦C (1st reaction zone), which is 
attributed to the dehydration of the CDC. In the case of Fe(10.4 %wt)/ 
CDC, a weight gain was observed in this zone due to the oxidation of Fe 
ions supported on the CDC, more pronounced in this case due to the 
greater amount of Fe contained in this material (Table 1). In the 2nd 
reaction zone, within the temperature range of 350–600◦C, the greatest 
weight loss occurred in all samples due to the combustion of the 
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carbonaceous supports. Finally, in the third reaction zone, from 600 to 
900 ◦C, complete combustion of the CDC was observed, with no residual 
ash, while in the case of the catalysts, a slight weight variation was 
noted, attributable to the oxidation of Fe present in the catalysts.

Table 1 compares the initial Fe contents, based on the initial amount 
of cellulose, with the final content obtained from the TGA-Air analyses. 
As expected, an increase in the final Fe content on the CDC compared to 
the initial theoretical amount can be observed, which is attributed to the 
formation of organic vapours and liquids that are removed during the 
thermal decomposition of cellulose.

Fig. 1 shows the XRD results obtained for the cellulose-derived bio
carbon (CDC) samples and the Fe(%wt)/CDC catalytic biocarbons. In the 
case of the CDC, diffraction peaks corresponding to the carbon pattern 
forming the carbonaceous material are observed, with two very broad 
peaks at a 2θ angle of 24◦ and 44◦ (Ref. Code: 01–081–9116) [13,14]. 
On the other hand, the diffractograms of the Fe(%wt)/CDC materials 
show a crystalline structure with peaks associated with the diffraction 
pattern of metallic iron, with characteristic peaks at 26◦ and 43◦

attributed to carbon with a certain degree of graphitization (Ref. Code: 
00–026–1077) and peaks attributed to Fe in 2θ value at 44◦ (Ref. Code: 
01–071–4648). In the case of Fe(10.4 %wt)/CDC, which has a higher 
iron content, additional peaks appear at 65◦ and 82◦. The patterns 
corresponding to the metallic species are identified in the form of 
metallic iron, and no peaks associated with its oxidized state are 
observed [6].

Additionally, the diffraction spectra obtained for the Fe(%wt)/CDC 
catalytic biocarbons show that as the amount of iron in the solid in
creases, the predominant diffraction peak intensifies and becomes 
sharper, indicating an increase in Fe crystallite size. The crystallite size, 
calculated from Scherrer equation, shows values of 12.3, 15.4 and 
28.2 nm for the catalytic biocarbons with iron contents of 1.2, 4.7, and 
10.4 %, respectively (Table1).

The structure of the catalytic biocarbons was also analysed using 

transmission electron microscopy. Fig. 2 shows the TEM images and the 
average particle size of the iron particles for the synthesized samples. 
CDC exhibits a smooth surface typical of carbonaceous materials. In the 
case of catalytic biocarbons, an increase in surface roughness is observed 
with the addition of iron. The metal is well dispersed over the carbo
naceous material and bimodal particle size distributions are observed in 
all cases. As the amount of Fe in the sample increases, the particle size 
distribution is broader for Fe(1.2 %wt)/CDC, which are observed in a 
range of ~9–19 nm and ~28 nm, for Fe(4.7 %wt)/CDC of ~9–28 nm 
and ~38 nm, and in the case of Fe(10.4 %wt)/CDC of ~9–29 nm and 
~63–67 nm, with the particle diameter distribution always being 
greater than 85 % for the smallest range in each material. Consequently, 
the average particle diameter also increases, being 15.46 nm for Fe 
(1.2 %wt)/CDC, 20.84 nm for Fe(4.7 %wt)/CDC and 28.71 nm for Fe 
(10.4 %wt)/CDC (Table 1). These results can be compared with the 
crystallite sizes obtained using the Scherrer equation applied to the XRD 
spectra, corroborating an increase in crystallite size with increasing Fe 
percentage in the sample.

The Raman spectra obtained for CDC and the prepared catalytic 
biocarbons show similarities between them, characteristics of materials 
based on carbonaceous compounds [15]. These materials are charac
terized by the clear presence of two peaks, one of them the D band, 
which is observed around 1350 cm− 1 and indicates the number of de
fects present in the carbonaceous structure, and the second, known as 
the G band, which is observed around 1600 cm− 1 and refers to the de
gree of graphitization of the carbonaceous material (Figure S2).

Using the intensities of the bands (ID, IG), information about the 
degree of disorder (IG/ID) can be obtained (Table 2). A decrease in the 
IG/ID ratio is observed when Fe is introduced in the sample, decreasing 
from 1.02 for CDC to 0.87 for Fe(10.4 %wt)/CDC. This fact indicates an 
increase in the number of defects present in the biomorphic carbon due 
to the addition of iron, as already mentioned in the TEM images. The 
disordered carbonaceous structure can help to improve the reactivity of 
gasification [16].

Finally, N2 adsorption-desorption isotherms at 77 K were obtained 
from CDC and Fe(%wt)/CDC catalytic biocarbons, with the aim to 
evaluate the influence of the iron modification on the textural properties 
(see Fig. 3). Using the IUPAC classification [17], the isotherms obtained 
present a combination of Type II and Type IV, associated with materials 
with meso- and micro-porous solid characteristics. A low-pressure hys
teresis caused by the lack of equilibrium can also be observed.

Table 1 
Fe content and average particle diameter of Fe nanoparticles.

Samples %Fe 
Cellulose

%Fe 
CDC

dp, nm 
(XRD)

dp, nm 
(TEM)

Fe(1.2 %wt)/CDC 0.1 1.2 12.3 15.5 ± 7.3
Fe(4.7 %wt)/CDC 0.5 4.7 15.4 20.8 ± 11.3
Fe(10.4 %wt)/CDC 1 10.4 28.2 28.7 ± 22.6

Fig. 1. XRD patterns of CDC and Fe(%wt)/CDC samples.
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Table 2 shows a summary of the textural properties of CDC and 
catalytic biocarbons. After the modification process with the Fe metal 
salt and thermal decomposition, both the surface area and the pore 
volume decrease as the metal percentage on the cellulose increases, from 
452 to 267 m2/g and 0.29–0.24 cm3/g for CDC and Fe(10.4 %wt)/CDC 
respectively. Similar results were obtained by Qi [10] with the increase 
of iron loading.

In the case of the pore size, the observed effect is the opposite, 
showing an increase from the CDC, with 15.87 Å, to 35.75 Å for Fe 
(10.4 %wt)/CDC. As a result, the percentage of micropores decreased 
from 86.7, 52.8, 47.6–33.7 % from CDC to Fe(10.4 %wt)/CDC as the 
metal percentage increases. As expected, the iron introduced into the 
sample also affects the biocarbon synthesis process, producing a greater 
decomposition of cellulose, which translates into larger pore sizes and 
lower percentage of microporosity of the obtained biocarbon. Further
more, the presence of Fe in the material can decrease the total surface 

area by blocking the micropores. These changes in the textural proper
ties of the obtained catalytic biocarbons will affect the reactivity of CO2 
gasification, influencing factors such as the diffusivity of reactants and 
products throughout the reaction. In the work carried out by Koido [18], 
five types of carbons obtained from biomass were studied and the 
importance of pore size was highlighted, indicating that carbons with 
pore diameters < 24 Å are not suitable for CO2 gasification applications 
because CO2 cannot diffuse sufficiently into the pores.

3.2. Non-isothermal gasification tests

The results obtained from the weight sample measurements of CDC 
and Fe(%wt)/CDC catalytic biocarbons were plotted during non- 
isothermal gasification. Fig. 4 shows the values of sample mass (%) 
and reaction rate (DTG) during CDC and catalytic biocarbon gasifica
tion. As can be observed, the modification of the cellulose with iron 
improves the gasification process of the biocarbon formed, producing 
the diminution of the reaction temperature of the material. In the case of 
CDC, hardly any decrease in the weight of the material can be observed 
at 950 ºC, confirming the high-energy requirement of the carbon gasi
fication [14,18].

However, in the case of catalytic biocarbons, the materials are 
gasified with similar results at 750 ºC. At the end of the experiment, all 
the samples are completely converted, reaching a final weight that 
corresponds to that of the Fe oxide, which depends on the amount of 
final Fe in the biocarbons (Table 1) and corroborates that at the end of 
the process the Fe remains in its oxidized state as Fe3O4.

The DTG curves confirm that the reaction rate increases as the 

Fig. 2. TEM images of CDC and Fe(%wt)/CDC samples.

Table 2 
Textural and structural properties of CDC and Fe(%wt)/CDC samples.

Samples SBET 

(m2/g)
Pore Volume 
(cm3/g)

Pore Size 
(Å)

% µpore 
volume

IG/ 
ID

CDC 417 0.19 15.87 87 1.02
Fe(1.2 %wt)/ 

CDC
452 0.29 24.43 53 0.92

Fe(4.7 %wt)/ 
CDC

391 0.29 28.32 48 0.85

Fe(10.4 % 
wt)/CDC

267 0.24 35.75 34 0.87
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percentage of iron in the biocarbon increases. Comparing the rates of the 
catalytic biocarbon, it can be seen that the reaction rate follows the 
following sequence: Fe(10.4 %wt)/CDC > Fe(4.7 %wt)/CDC > Fe 
(1.2 %wt)/CDC > CDC.

Another important factor that can influence the gasification process 
is the textural characteristics. In this case, as shown in Table 2, the in
crease in the amount of Fe increases the pore size of the biocarbon 
formed and decreases the percentage of microporosity and accordingly 
the volume of micropores, which facilitates the diffusion of both the 
reactants and the reaction products, thus enhancing de the gasification 
process.

In summary, the addition of Fe influences both the biocarbon for
mation process and its gasification. The higher percentage of Fe 
impregnated in the cellulose favours its gasification, increasing the 
number of defects and the average size of the pores created. These two 
factors, together with the higher percentage of metal, can also favour the 
CO2 gasification of the biocarbon. On the other hand, high percentages 
of Fe diminish the surface area, leading to a higher particle size formed. 

Therefore, the best balance between these factors will produce the most 
effective catalytic biocarbon using the least amount of Fe possible. 
Analysing the results, regarding the temperature, rate and time required 
for the gasification of the biocarbon, the modification of the biocarbon 
with a percentage of iron of 1.2 and 4.7 % can be considered appro
priate, achieving similar yields with lower quantities of necessary metal.

3.3. Influence of operating conditions: reaction temperature and CO2 
concentration

Fig. 5 show the influence of gasification temperature and CO2 con
centration on the evolution of mass of biocarbon (expressed as m/m0) 
during gasification for the three Fe(%wt)/CDC samples. As regards the 
effect of temperature, their impact of the gasification rate, calculated 
from the slope of the curves in Fig. 5, depends on the Fe content and on 
the CO2 concentration. Thus, for the sample with the lower Fe content, 
Fe(1.2 %wt)/CDC, the gasification rate presents an initial period of in
duction, characterized by a very low initial reaction rate. The duration 

Fig. 3. N2 adsorption isotherms of CDC and Fe(%wt)/CDC samples.

Fig. 4. TGA and DTG results from CDC and Fe(%wt)/CDC. Conditions: β= 5 ºC/min, Tend= 950 ◦C, QTotal: 300 mL/min, CO2/N2: 33.3 %/66.7 %.
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of this is induction period decreases with the temperature but increases 
with the concentration of CO2. However, for the samples with higher Fe 
loadings, 4.7 % and 10.4 %, this induction period is not observed, and 
the reaction rate decreases monotonically from the beginning of the 
reaction. The appearance on this zone of very low rate is consequence of 
the textural properties developed in the carbonaceous material during 
their synthesis. As it has been shown in Tables 1 and 2, the textural and 
structural properties of the carbonaceous material obtained, strongly 
depend on the Fe content used on the preparation of the sample. Thus, as 
the Fe loading decreases from 10.4 %wt to 1.2 %wt, the pore size de
creases (from 3.6 nm to 2.4 nm) and the micropore volume (and their % 
with respect to the total pore volume) increases from 34 % to 53 %. In 
the case of CDC sample, the absence of Fe during their preparation 

produces a material with very low pore diameter (1.6 nm) and very high 
% of micropores (87 %). Therefore, the sample Fe(1.2 %wt)/CDC with 
low value of pore diameter will present severe restrictions to the internal 
diffusion of CO2 through their porous structure and consequently very 
low reaction rate. As the reaction progresses, the pore diameter in
creases and diffusion restrictions decrease, with an observed increase in 
the reaction rate. These effects are clearly observed at temperatures 
below 750 ºC. At higher temperature, 800 ºC, the rapid gasification of 
the carbonaceous structure quickly opens the porous structure, and the 
diffusional restrictions are diminished accordingly. Diffusional re
strictions are typically more severe at high reaction temperatures, as is 
the case in conventional catalysts where the support texture remains 
unaltered during the reaction. However, in this case, the rapid 

Fig. 5. Influence of CO2 concentration and reaction temperature on mass decrease during gasification of Fe(%wt)/CDC samples.
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gasification of the pore walls in the carbonaceous support, catalysed by 
the Fe nanoparticles dispersed within it, leads to a rapid increase in the 
effective pore diameter. This fact enhances CO₂ diffusion and substan
tially mitigates diffusion restrictions, even at high temperatures of 
gasification. For the other samples, Fe(4.7 %wt)/CDC and Fe(10.4 % 
wt)/CDC, the initial porous structure of the carbonaceous materials is 
sufficiently open, resulting in significantly lower diffusion restrictions 
for reactants and products from the onset of the reaction. In all cases, 
regardless of the CO₂ concentration, the gasification rate increases with 
temperature, as previously reported by Xie [13].

Interestingly, the duration of the induction period (see Fig. 5, sample 
Fe(1.2 %wt)/CDC) increases with CO₂ concentration, particularly at 
lower reaction temperatures. This behaviour is attributed to the activity 
loss of the Fe nanoparticles due to surface oxidation. As the CO₂ con
centration rises, the deactivation rate accelerates, leading to a longer 
induction period. This rapid deactivation also results in incomplete 
carbon conversion by the end of the reaction, leaving a portion of the 
sample ungasified. This phenomenon is observed in all cases but is more 
pronounced at higher CO₂ concentrations. Additionally, the oxidation 
rate, and consequently the deactivation rate, increases with gasification 
temperature [15]. Thus, the complex temporal evolution of the gasifi
cation rates arises from the interplay of several competing factors, 
including CO₂ diffusion (determined by the initial texture of the carbo
naceous material), the intrinsic reaction rate, and the oxida
tion/deactivation rate of the Fe nanoparticles. Both the reaction and 
deactivation rates are influenced by the reaction temperature and CO₂ 
concentration. These combined effects explain the crossing of the curves 
observed in Fig. 5, which is particularly evident for the Fe(4.7 % 
wt)/CDC sample with intermediate iron content.

Similar results were obtained by Micco [19], who studied the effect 
of CO2 concentration (8–60 %) on the gasification of products derived 
from coal pyrolysis at 850 and 950 ◦C. Their results showed that at 850 
◦C, the reaction rate increased with a CO2 concentration of 30 %. 
However, at 950 ◦C, the CO2 concentration had no discernible effect on 
the reaction rate, suggesting a diminished sensitivity to the reagent at 
higher temperatures. Kibria [20] investigated coal gasification at higher 
temperatures (1000–1600 ◦C) and observed that increasing the CO2 
concentration accelerated the gasification rate, achieving complete 
carbon conversion more rapidly. Nevertheless, at elevated temperatures, 
the influence of CO2 concentration on the gasification rate became 
negligible, indicating that the temperature dominates the process 

kinetics in this range. More recently, Ma [21] explored the effect of CO2 
concentration on gasification efficiency through gradient experiments 
(30 %, 50 %, 70 %, and 90 %). Their findings indicate that the CO2 
concentration significantly impacts gasification efficiency: reducing the 
CO2 partial pressure decreases the maximum CO release rate but does 
not significantly alter the overall reaction rate. This behaviour was also 
attributed to incomplete gasification of the biocarbon under certain 
conditions. These results underscore the complex interplay between 
temperature, CO2 concentration, and the nature of the carbon substrate 
and their impact on the gasification kinetics. The complete description 
and modelling of these coupled phenomena is being investigated and 
will be presented in a future work [22].

3.4. Characterization of catalytic biocarbons after gasification

In order to analyse the transformation of the metallic iron species 
after the gasification of the catalytic biocarbons with CO2, XRD analyses 
were carried out for the Fe(%wt)/CDC catalytic biocarbons collected 
from the experiments carried out at 700 ◦C and 33.3 % CO2 concen
tration (Fig. 6).

The results show the peak at 26º, corresponding to residual carbon, 
and the appearance of some peaks at 30◦, 35◦, 57◦, 63◦ and 80◦. These 
peaks are observed with greater intensity in the Fe(10.4 %wt)/CDC, 
which contains a higher percentage of iron prone to oxidation, and 
correspond to the metallic species in the form of Fe3O4, associated with 
its oxidized state (Ref. Code: 01–084–2782). Similar results were ob
tained by Nordgreen [23].

The crystallite sizes after gasification were calculated from the 
Scherrer equation, showing values of 46.8, 35 and 35.9 nm for the cat
alytic biocarbons with iron contents of 1.2, 4.7 and 10.4 %, respectively. 
This fact is related to the agglomeration of metallic species as the re
action progresses, which also produces the deactivation of the catalytic 
biocarbon.

This transformation of the metallic species was also observed by 
Zhang [6]. The authors studied the process at different gasification 
times, observing that the FeO peaks became increasingly more pro
nounced, while the metallic Fe peaks became less prominent, finally 
obtaining Fe3O4 in the coal sample after 2 h of gasification at 800 ◦C.

These results support the hypothesis made for the analysis of the 
results, which considers a competition between the gasification reaction 
of the biocarbon and the deactivation of the metallic phase of the 

Fig. 6. XRD patterns of Fe(%wt)/CDC catalytic biocarbons after reaction. Conditions: T = 700 ºC, QTotal: 300 mL/min, CO2/ N2: 33.3 %/66.7 %.
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catalytic biocarbon. The search for the best balance between these two 
processes is the optimal way to operate. To achieve this, the study of the 
reaction kinetics of both reactions is of great importance.

3.5. Kinetic modelling of the initial gasification rate, rG0

As previously mentioned, during the reaction, the carbonaceous 
material undergoes gasification, resulting in a reduction of the sample 
mass, while iron (Fe) undergoes oxidation. Consequently, the total 
weight recorded by the thermobalance (WT) corresponds to the sum of 
the remaining carbon (WC) and the weight of the iron oxide formed 
during the reaction (WOx), expressed as WT = WC + WOx. Since the 
initial mass of Fe in each sample is known, the maximum amount of 
oxide formed at the end of the reaction can be estimated under the 
assumption that the oxide phase corresponds to FeO⋅Fe₂O₃, as confirmed 
by the XRD results shown in Fig. 6.

To isolate the effect of Fe deactivation during gasification, the initial 
gasification rate, rG0, was determined numerically by evaluating the 
initial slope of the weight vs. time data for all experiments. Under these 
conditions, at the onset of the reaction, it is assumed that Fe nano
particles retain their initial catalytic activity. Therefore, for a given Fe(% 
wt)/CDC sample, the initial gasification rate depends solely on tem
perature and CO₂ partial pressure. The kinetics of rG0 was analysed using 
both the Power-Law and Langmuir-Hinshelwood models. The Power- 
Law (P-L) equation is expressed as: 

rG0 = −
WC

dt

⃒
⃒
⃒
⃒
0
= kp⋅pm

CO2
(1) 

Where m is the apparent order of reaction with respect to CO2, and it 
should be expected that it does not vary with the temperature. kp is the 
kinetic constant, which follows an Arrhenius dependence with the 
temperature: 

kp = kp0 ⋅exp
(

−
Ep

RT

)

(2) 

kp0 is the pre-exponential factor and Ep is the apparent activation energy 
of the reaction calculated with this model. In the case of the Langmuir- 
Hinshelwood (L-H) model, the expression used for rG0 is: 

rG0 = −
WC

dt

⃒
⃒
⃒
⃒
0
=

k⋅KCO2⋅pCO2

1 + KCO2⋅pCO2

(3) 

k is the kinetic constant and the term KCO2 is the adsorption constant of 
CO2. These parameters vary with temperature according to the Arrhe
nius and Van’t Hoff equations respectively: 

k = k0⋅exp
(

−
Ea

RT

)

; KCO2 = KCO2 ,0⋅exp
(

QCO2

RT

)

(4) 

k0 and KCO2,0 are the pre-exponential factors, Ea is the apparent acti
vation energy of the reaction calculated with the LH model and QCO2 is 
the heat of adsorption of CO2 on the sample.

Eqs. 1 and 3 can be used to determine the dependence of the reaction 
rate with respect to the CO2 concentration for a given temperature. Both 
equations yield similar fittings since they each contain two parameters: 
kp and m for the P-L model, and k and KCO₂ for the L-H model. However, 
the physical meaning of these parameters is different, and the depen
dence with respect to the temperature allows to discriminate with is the 
most appropriated [24].

Table 3 summarizes the kinetic parameter values obtained using Eqs. 
(1) and (3) and for each sample, the effect of CO₂ was evaluated for all 
the temperatures studied.

For the Fe(1.2 %wt)/CDC sample, the values obtained at lower 
temperatures below 800 ºC exhibit anomalies (negative values) due to 
the effects of the severe diffusional limitations present under these 
conditions (see Fig. 5).

However, at 800 ◦C, the m/m0 vs. time curves for this sample closely 
resemble those obtained for the other two samples, Fe(4.7 %wt)/CDC 
and Fe(10.4 %wt)/CDC.

For the samples with higher Fe content (4.7 %wt and 10.4 %wt), the 
parameters, kp (P-L model), and k and KCO2 (L-H model) vary with 
temperature according to Eqs. (2) and (4) respectively.

On the other side, Fig. 7a and 7b presents, for Fe(4.7 %wt)/CDC 
sample, the effects of reaction temperature and CO2 concentration on 
the initial rate of gasification, rG0.

Fig. 7a corresponds to the Arrhenius plot of rG0 values, for the three 
CO₂ concentrations studied. These results indicate that, as expected, the 
gasification rate increases with pCO2, and more noticeable, that the 
apparent activation energy increases from 28.4 kJ/mol at 0.083 atm 
CO₂ to 60.7 kJ/mol at 0.333 atm CO₂, see insert on Fig. 7a.

In addition, Fig. 7b show the effect of the CO2 concentration at each 
temperature studied. The results presented in this indicate that the 
apparent reaction order for CO2, mapp, increases with the temperature 
from 0.549 at 700 ºC to 0.807 at 800 ºC, see insert on Fig. 7b.

These results can be explained by considering that the Langmuir- 
Hinshelwood model can be interpreted as a modified Power-Law 
model, where the apparent reaction order of CO₂ varies between 0 and 
1. In fact, it can be derived that the apparent reaction order of CO₂, mL-H, 
is given by the following expression [25],[26]: 

mapp =
d ln(rG0 )

d ln(pCO2 )
=

1
1 + KCO2⋅pCO2

(5) 

Similarly, to Eq. 5, it can be deduced the expression for the apparent 
activation energy, as a function of the operating variables [25,26]: 

Eapp = − R⋅T2⋅
d ln(rG0 )

dT
= Ea −

QCO2

1 + KCO2⋅pCO2

= Ea − QCO2 ⋅mapp (6) 

From the Eqs. (5) and (6), it is evident that both, mapp and Eapp, 
depend on temperature and CO₂ concentration. Thus, when the 
adsorption term is significantly greater than 1 (i.e. low temperature 
and/or high pCO2), the apparent reaction order approaches zero, and the 
apparent activation energy approaches to that predicted by the LH- 
model (Ea). Conversely, when the adsorption term is much smaller 
than 1 (i.e. high temperature or low pCO2), the apparent reaction order 
approaches 1 and the apparent activation energy vary linearly according 
to Eq. 6. The obtained values are in the interval with Ea values reported 
for similar materials [15,27]. Therefore, the values obtained for the 
apparent orders and activation energy depends on the operating con
dition used during the gasification tests.

To clarify the combined effect of CO₂ concentration and temperature 
on the gasification rate, the intrinsic scientific parameters of each model 
can be directly estimated through non-linear multivariable regression, 
which provides a statistically more rigorous analysis. This estimation 

Table 3 
Kinetic parameters of the Power-Law and Langmuir-Hinshelwood models. In
fluence of the pCO2 at the different temperatures studied.

Temperature 
(ºC)

P-L Model LH Model

kp order CO2 

(m)
k KCO2

Fe(1.2 %wt)/ 
CDC

700 0.012 − 2.19 0.058 − 8.894
725 0.008 − 2.00 0.116 − 67.46
750 0.029 − 1.56 0.205 − 24.21
800 21.68 0.85 31.01 1.118

Fe(4.7 %wt)/ 
CDC

700 7.881 0.55 6.584 5.237
725 10.453 0.56 8.694 5.119
750 12.49 0.61 11.45 3.676
800 21.17 0.81 26.49 1.434

Fe(10.4 %wt)/ 
CDC

700 4.833 0.31 3.709 20.61
725 10.48 0.58 9.087 4.392
750 15.55 0.73 15.23 2.419
800 5.587 0.85 31.87 1.240
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process employs the Model Selection Criterion (MSC) as the objective 
function [28], defined as: 

MSC = ln
(

1
1 − R2

)

−
2⋅n

n − p
(7) 

Where n is the number of experimental points and p the number of pa
rameters of each model. The value or the coefficient of determination, 
R2, is approximated as: 

R2 =
SST − SSR

SST
(8) 

Where the terms SST, SSR are the sum of squared totals and squared 
residuals, respectively: 

SST =
∑

n

(
rG0 ,exp − rG0 ,exp

)2
; SSR =

∑

n

(
rG0 ,exp − rG0 ,cal

)2 (9) 

The term rG0 ,exp is the average value of the experimental data: 

Fig. 7. a). Arrhenius plot of the initial gasification rate for the Fe(4.7 %)/CDC sample. Influence of the partial pressure of CO2 on the apparent activation energy; b). 
Effect of CO2 concentration on the initial gasification rate. Influence of reaction temperature or the apparent kinetic order.
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rG0 ,exp =

∑

n
rG0 ,exp

n
(10) 

The Power Law model has three intrinsic parameters (kp0, Ep, and m), 
while the Langmuir-Hinshelwood model includes four (k0, Ea, KCO2,0 and 
QCO2). As a result, the L-H model is expected to provide a better fit to the 
data, reflected in a lower sum of squared residuals (SSR). However, the 
Model Selection Criterion (MSC) enables discrimination between models 
with different numbers of parameters, as it not only considers the co
efficient of determination (R²) but also penalizes models with a higher 
number of parameters. Consequently, the model with the highest MSC 
value is selected as the most appropriate. Regardless, all estimated 
parameter values must be physically meaningful and satisfy all kinetic 
and thermodynamic constraints [29].

In Table 4 are summarized the values of the intrinsic kinetic pa
rameters obtained with both models for the Fe(4.7 %wt)/CDC sample. 
In the table are also include the estimation of the standard error of each 
parameter and the confidence interval at 95 % of confidence.

As observed, all values are statistically significant, as no negative 
values are obtained for the lower limits, indicating the high quality of 
both fittings. The coefficients of determination (R2) and the Model Se
lection Criterion (MSC) values are 0.9649 and 2.6825 for the P-L model, 
and 0.9933 and 4.0122 for the L-H model, respectively. These results 
confirm that the Langmuir-Hinshelwood model is the more appropriate 
choice for describing the initial gasification rate.

The intrinsic parameter values presented in Table 4 provide an 
explanation for the results previously shown in Table 3 and Fig. 6 and 7. 
Thus, as can be seen in Table 4, the value of the activation energy, Ea, 
calculated for the L-H model, 120.3 kJ/mol, is much higher that the 
corresponding value of the P-L model, Ep = 49.1 kJ/mol, indicating the 
in fact the P-L model is an average approximation of the L-W, and the 
kinetic parameter are less consistent. Furthermore, these findings can be 
used to model the curves in Fig. 5 and, ultimately, the overall gasifica
tion process.

4. Conclusions

The incorporation of iron into catalytic biocarbons significantly in
fluences their physicochemical and catalytic properties. As the iron 
content increases, the textural properties of the materials are modified, 
leading to a reduction in surface area and pore volume, as well as an 
increase in pore size. This structural evolution enhances CO₂ diffusion, 
thereby improving the reactivity of the biocarbon in the gasification 
process. Additionally, higher Fe loading results in the formation of larger 
Fe particles within the catalytic biocarbon. These factors, along with the 
operating conditions, collectively impact the gasification performance.

The presence of Fe in the biocarbon notably lowers the gasification 
temperature, demonstrating the catalytic effectiveness of iron in the 
process. The gasification rate increases with temperature, particularly 
between 750 ºC and 800 ºC, where a higher degree of biocarbon con
version is observed. At lower temperatures (700 ºC), an induction period 
is evident, slowing down the reaction, especially in materials with lower 
iron content, where the microporosity of the carbonaceous support is 
more pronounced. Furthermore, CO₂ concentration has a significant 
impact on gasification, particularly at lower temperatures, where higher 
CO₂ levels inhibit the process due to the oxidation of metallic species. 
However, at elevated temperatures (800 ºC), this inhibitory effect is less 
pronounced, allowing for a more efficient gasification process within a 
shorter time frame.

Characterization by XRD, TGA, Raman, TEM, and N₂ adsorption 
revealed that the initial Fe loading in cellulose not only determines the 
final carbon content in each Fe(%wt)/CDC sample but also plays a 
crucial role in shaping the textural and structural properties of the 
resulting carbonaceous materials, as well as the Fe nanoparticle size 
distribution. Specifically, increasing the Fe content leads to a decrease in 
surface area, a reduction in microporosity, an increase in pore diameter, 
and the formation of larger Fe nanoparticles. However, during gasifi
cation, Fe nanoparticles are oxidized by CO₂, resulting in a decline in 
catalytic activity and ultimately limiting the complete gasification of the 
carbonaceous material. These competing effects account for the varying 
behaviours observed in the Fe(%wt)/CDC samples studied.

Analysis of the initial gasification rates indicated that both the 
apparent reaction order with respect to CO₂ and the activation energy 
increased with reaction temperature and CO₂ partial pressure (pCO₂), 
respectively. These results were successfully interpreted using a 
Langmuir-Hinshelwood model, which accounts for the influence of CO₂ 
adsorption on the observed reaction rate.

Overall, Fe(%wt)/CDC catalytic biocarbons show great potential for 
biomass gasification processes. Optimizing temperature and CO₂ con
centration conditions can enhance process efficiency and reduce energy 
consumption, making these materials promising candidates for sus
tainable carbon conversion technologies.
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