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A B S T R A C T   

Many experimental studies have shown the feasibility of using biomass precursors to produce activated carbon, 
often improving the properties obtained from traditional materials. However, hardly any models focus on the 
development of porosity during the process. Among the so-called pore models, the random pore model (RPM) is 
the most popular and accurately predicts the evolution of the porous structure due to pore growth and coales
cence. However, in activation processes with a low degree of conversion, in which pore formation is the 
dominant mechanism, the RPM does not correctly predict the evolution of the specific surface area since it does 
not consider the appearance and creation of new porosity. In this work, a new model is proposed that predicts the 
specific surface area created due to the formation of new pores. Subsequently, it is combined with the deter
mination of the variation of the specific surface area predicted by the RPM due to the growth and coalescence of 
existing pores. The validation of the new pore evolution model with activated carbon samples obtained at 
different conversions shows that the model proposed adequately predicts the specific surface area and pore 
distribution evolution throughout the activation process.   

1. Introduction 

Renewable energy intermittency and the need for energy storage are 
crucial in the European Union’s roadmap towards a sustainable energy 
future by 2050 [1]. Solar and wind power generation fluctuates with 
weather patterns and other natural factors. This situation creates im
balances between electricity generation and demand, leading to grid 
instability and reliability issues. Developing advanced energy storage 
technologies capable of efficiently handling large-scale renewable en
ergy storage is necessary. This includes emerging technologies closely 
related to applications of activated carbon (AC) materials such as 
hydrogen solid-state storage systems, thermal energy storage on phase 
change materials and batteries, and supercapacitor energy storage sys
tems [2,3]. 

Hydrogen solid-state storage through adsorption on AC materials has 
been revealed to be an economical, safe, and promising alternative for 
energy storage systems. It can be effective across a wide range of tem
peratures and pressures, providing flexibility for different applications, 
and it is a reversible process with fast adsorption and desorption kinetics 
allowing for the efficient storage and release of hydrogen as needed on 

hydrogen-based energy systems such as fuel cells or hydrogen-powered 
vehicles [4–6]. 

Activated carbon can also enhance the overall thermal performance 
of energy storage systems based on phase change materials (PCM). By 
dispersing activated carbon particles throughout the PCM matrix, the 
high thermal conductivity of activated carbon facilitates the efficient 
transfer of heat within the PCM, improving its overall thermal perfor
mance and leading to faster charging and discharging rates. By varying 
the type, size, and concentration of activated carbon particles, the phase 
change temperature and latent heat of the PCM can be tailored to spe
cific applications, optimizing energy storage and release characteristics 
[7–10]. 

Finally, activated carbon can be used as an electrode material in 
energy storage devices such as batteries and supercapacitors. The high 
surface area of AC provides plenty of space for the adsorption and 
desorption of ions, allowing for efficient energy storage and rapid 
charging/discharging cycles. AC-based supercapacitors offer high power 
density, fast response times, and long cycle life, making them attractive 
for applications that require quick bursts of energy or frequent cycling 
[11–13]. 

Activated carbon, mainly manufactured from coal, can also be 
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obtained from other carbonaceous sources, including biomass. The 
renewable nature of biomass and, its high availability and low cost, 
make activated biocarbon a widely accessible material with great in
terest and potential for research and development. 

Many experimental studies have shown the feasibility of using 
biomass precursors to produce activated carbon, often improving the 
properties obtained from traditional materials [14]. However, there are 
hardly any models that focus on the development of the porosity during 
the process, so that is possible to predict the final properties that char
acterize the adsorption capacity of activated carbon from the properties 
of the precursor material and the conditions of the activation process. A 
model that predicts the evolution of the porous structure has a highly 
practical significance. First, it allows for predicting the conversion 
behavior and final properties of activated carbon obtained from biomass 
material, thus its possible end uses, saving many costs in direct experi
mentation. Consequently, it also allows extending this study to other 
biomass materials, promoting the search for new renewable precursors. 
Finally, a model from first principles can be integrated with models of 
full-scale reactors to become a valuable tool to optimize the process 
conditions in industrial plants for a particular feedstock, improving the 
fuel flexibility and the energy efficiency of the process. 

Traditionally, solid fuel reaction models, mainly corresponding to 
combustion and gasification processes, are focused on determining the 
degree of conversion, rather than the evolution in the morphology and 
intrinsic structure of the particle. 

In the heterogeneous gas-solid reactions that occur in the char’s 
gasification, the particle’s porous structure plays an essential role in its 
conversion. This is even more important in solids with a large specific 
surface area characterized by a high microporosity. In the early stages, 
at low conversions, the specific surface area of the particle increases due 
to the formation of new pores, mainly corresponding to closed pores 
blocked by condensable species deposited during carbonization and the 
growth of existing pores. This growth is not permanent, reaching a 
maximum from which the specific surface area and the reactivity of the 
char drastically decrease due to the coalescence of the pores. 

This behavior, experimentally evidenced, is not described in popular 
solid reaction models such as the volume reaction model (VRM), hybrid 
model (HB), or the shrinking core reaction model (SCRM), which pre
sent a monotonically decreasing reactivity compatible with a continuous 
decrease in the specific surface area of the particle with conversion. That 

is why, alternative models, commonly known as pore models, have been 
proposed since the mid-twentieth century. Pore models attempt to 
mathematically describe the porous structure of the particle and its 
evolution during conversion [15–27]. 

Among them, the random pore model (RPM) is the most widely used 
reaction model in the literature. On the one hand, it describes the porous 
structure through a pore size distribution and structure-related variables 
such as pore volume, specific surface area, and total length of the pores, 
taking into account the superposition of the pores. On the other hand, 
the model describes the porous structure evolution during the conver
sion due to the mechanisms of growth and coalescence of the pores by 
introducing a pore structural parameter ψ. 

Despite its popularity, it has been shown that the RPM fails to predict 
when the maximum reactivity is reached for conversions above 0.393, 
characteristic, for example, of catalytic gasification processes [28]. 
Consequently, several authors have presented modified versions of the 
RPM that allow a more accurate prediction in the last stages of con
version by varying the structural parameter ψ with reaction or by 
introducing additional experimentally adjusted parameters [29–33]. 
Also, at low conversion levels, which are characteristic of activation 
processes, there are hardly any models of the evolution of the porous 
structure. Almost as an exception, the recent work by Colomba et al. 
[34] presents a model that predicts yield and total surface area based on 
the assumption that activation deepens but does not widen the pores. 

In this context, to make up for the scarcity of models focused on the 
progress of the particle porosity, the main objective of this work is the 
development and validation of a reaction model, which allows predict
ing not only conversion but also the evolution of the porous structure 
(surface area, pore volume, and pore size distribution) of a biomass- 
derived carbonaceous material depending on its physicochemical 
properties and on the conditions in which the physical activation process 
takes place. 

To this purpose, different conversion models that describe the 
changes in the physicochemical properties of the char have been 
considered: VRM (volume reaction model), SCRM (shrinking core re
action model), HM (hybrid model), and RPM (random pore model). 
From the experimental validation of the conversion models, it is 
concluded that although RPM is the most accurate model predicting the 
solid conversion, the RPM fails to predict the evolution of the specific 
surface area during activation. Throughout this manuscript, the causes 

Nomenclature 

AN height of the Gaussian curve’s peak (m2/g nm) 
DR reaction surface fractal dimension 
D0 initial reaction surface fractal dimension 
Ea activation energy (kJ/mol) 
f(X) conversion model 
k kinetic rate constant (min− 1) 
k0 preexponential factor (min− 1) 
LE total length per unit volume (m/m3) 
m mass of char at time t (g) 
m0 initial mass of char (g) 
mash mass of ash (g) 
n order of reaction 
PCO2 partial pressure of reacting gas CO2 (kPa) 
Ru universal gas constant (kJ/mol K) 
rp pore radius (m) 
rpm mean pore radius (m) 
rpm0 initial mean pore radius (m) 
S surface area per unit weight (m2/g) 
S0 initial surface area per unit weight (m2/g) 
SE0 initial surface area per unit volume (m2/m3) 

T temperature (K) 
t time (min) 
V pore volume per unit weight (cm3/g) 
VE0 initial pore volume per unit volume (m3/m3) 
X conversion of carbon 

Greek symbols 
ΔSfp variation of specific surface area due to the formation of 

new pores (m2/g) 
ΔSrpm variation of specific surface area due to pore growth and 

coalescence (m2/g) 
β heating rate (K/min) 
μN mean of the Gaussian function (nm) 
ρs density of the particle (g/cm3) 
ρ0 initial density of the particle (g/cm3) 
ρash ash density (g/cm3) 
σ molecule radius around a cylindrical pore 
σN standard deviation of the Gaussian function (nm) 
φ ratio of formation of new pores to the total variation of the 

specific surface area 
ψ structural parameter  
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for this behavior are analyzed, showing for the first time that for CO2 
activation processes with a low conversion level and dominated by the 
formation of new micropores, RPM is not adequate to determine the 
evolution of the specific surface area. 

Therefore, a new model has been developed based on the specific 
surface area created due to the formation of new pores at the early stages 
of conversion. Then, it is combined with determining the variation of the 
specific surface area predicted by the RPM due to the growth and coa
lescence of existing pores. The new pore evolution model is validated 
with the values obtained experimentally on the activated biocarbon 
samples of a specific low-cost biomass (barley straw) at different con
version times in a laboratory quartz tubular reactor. The validation 
shows that the model proposed adequately predicts the evolution of the 
specific surface area throughout the activation process. 

Finally, the model is completed by determining the pore size distri
bution from the specific surface area calculated for a particular con
version. The case in which changes in the size of the pores are small in 
relation to the change of the specific surface area (so that changes in the 
distribution of pore sizes are neglected) is considered, along with the 
most general case in which pore growth and coalescence begin to be 
significant. 

2. Materials and methods 

The validation of the model has been carried out through an exper
imental campaign using barley straw as a precursor material for the 
production of activated carbon through a physical activation process in 
two stages: carbonization with nitrogen and activation with carbon di
oxide in an externally heated quartz tubular reactor. 

Barley, the main crop in Spain, is present throughout the whole 
territory and, as reported in previous studies [14], exhibits favorable 
characteristics for producing high-quality activated carbon at low cost. 
Moreover, discounting cattle feeding, livestock beds, and energy pro
duction, 15–50 % of the waste barley straw is unused. Therefore, its 
usage as an AC precursor would reduce the amount of waste, creating 
further value and ultimately bringing a circular economy around this 
biomass residue. Table 1 and Table 2 present, respectively, proximate 
and ultimate, and ash composition analysis of the studied biomass. It can 
be observed that barley straw presents a low ash and a high volatile 
content, which favors a more significant development and evolution of 
the porous structure. On the other hand, ash composition analysis shows 
a high presence of Si, K, Ca, and Mg. It is well known that alkaline and 
alkaline-earth metals act as catalysts for the C(s)-CO2 reaction, espe
cially at high conversion levels. In contrast, Si and Al are inhibitors, 
causing agglomeration at high temperatures and blocking this catalytic 
effect. Considering the high Si concentration in this specific biomass, it 
may be insignificant if there is a catalytic effect on the C(s)-CO2 
reactivity. 

The tests have been conducted in the experimental rig shown in 
Fig. 1. The central part of the rig is a horizontal tubular furnace heated 
by resistances (Nabertherm R 170/1000/12), inside which a cylindrical 
quartz reactor of 1730 mm long and 162 mm internal diameter is 
located. The installation is completed with the gas inlet line with two 

independent valves that regulate the gases used in the process: nitrogen 
and carbon dioxide, both coming from compressed gas cylinders. On the 
other hand, a condenser is installed in the gas exit line, allowing it to 
cool down and separate the water and tars formed. After this condenser, 
the gases pass through a coalescing filter where the possible humidity 
and the remaining tar mist are retained. Pressure and temperature 
measurements in both lines, flow rate meters, and a gas chromatograph 
(Varian 490-GC PRO) are also available. 

The tests in the reactor have been carried out for the optimized 
conditions of the activation process for barley (Table 3), varying in each 
test the activation time between 0 and 75 min to achieve different de
grees of conversion and the development of the porous internal 
structure. 

The general experimental procedure followed for running the tests is 
detailed below. In each test, approximately 170 g of precursor material 
is prepared on two quartz sample vessels, previously ground to a size 
range between 0.045 and 0.5 mm, and dried in a drying oven at 105 ◦C 
to eliminate the remaining moisture and thus avoid condensation during 
the experiments. Once the sample holders are introduced into the 
reactor, and before starting the heating program, a flow of nitrogen from 
the compressed gas cylinder is passed through the installation to elim
inate the presence of oxygen and ensure an inert atmosphere. Then, the 
pyrolysis and activation programs are completed according to the test 
conditions defined in Table 3. The switch of the nitrogen flow with that 
corresponding to the activating agent is carried out once the activation 
temperature is reached. Once the program is completed, the installation 
is cooled down in an inert nitrogen atmosphere. 

The validation of the model is performed on the activated carbon 
samples obtained from the experimental test campaign conducted in the 
tubular reactor in terms of weight loss due to activation, BET-specific 
surface area, total pore volume, and pore size distribution, depending 

Table 1 
Proximate and ultimate analysis (% wt. Dry basis).  

Moisture UNE EN 14774-2 9.0 
Volatiles UNE EN 15148 77.2 
Fixed Carbon by difference 17.3 
Ash UNE EN 14775 5.5 
C UNE EN 15104 45.4 
H UNE EN 15104 6.1 
O by difference 41.9 
N UNE EN 15104 0.7 
S UNE EN 15289 0.07 
Cl UNE EN 15289 0.3  

Table 2 
Major and minor elements in ash at 550 ◦C (% wt. Dry basis) (UNE EN 15290).  

Element % wt Element % wt 

Al 0.082 Na 0.50 
Ba 0.021 P 1.3 
Ca 7.2 S 1.1 
Fe 0.42 Si 21.0 
K 18 Sr 0.022 
Mg 2.0 Ti 0.046 
Mn 0.054 Zn 0.019  

Fig. 1. Test facility used for the model validation test campaign.  

Table 3 
Operation conditions during activation tests.  

Carbonization Activation 

N2 (cm3/ 
min) 

T 
(◦C) 

β (◦C/ 
min) 

t 
(min) 

CO2 

(cm3/ 
min) 

T 
(◦C) 

β (◦C/ 
min) 

t 
(min) 

2500 500 10 60 2500 800 10 0 to 
75  
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on the degree of conversion achieved. Accordingly, the corresponding 
measurements and characterization analysis of the activated carbon 
samples are conducted after the completion of the tests. 

The conversion term (Xact) refers to the reacted mass fraction 
calculated according to equation (1), which exclusively corresponds to 
the activation stage. 

Xact =
m0 − m

m0 − mash
(1)  

where m0 is the initial mass of the activation stage, m is the mass at the 
end of the test, and mash is the mass of the mineral matter content. 

To determine the BET surface area, total volume porosity, and 
microporosity of each activated carbon sample, the N2 adsorption 
isotherm at 77 K was determined by gas sorption analyzer ASAP 2020 
(Micromeritics). Adsorption data were obtained over the relative pres
sure, P/P0, ranging from 10− 3 to 0.99. The samples were degassed at 
200 ◦C under vacuum for 5 h. The surface area, SBET, was calculated 
using the BET (Brunauer, Emmett, and Teller) equation. The total pore 
volumes were estimated to be the liquid volume of adsorbate (N2) at a 
relative pressure of 0.99. The cross-sectional area of a nitrogen molecule 
was taken as 0.162 nm2. In addition, the t-plot method was applied to 
calculate the micropore surface area and volume. Pore size distributions 
and mean pore radius rpm were obtained using the DFT (Density Func
tional Theory) method. 

Additionally, helium pycnometry has been used to determine the 
true density ρs of the activated samples using the Micromeritics ACCU
PYC helium pycnometer at a temperature of 30 ◦C. Samples were pre
viously dried at 130 ◦C in a vacuum oven to eliminate moisture and 
other adsorbed gases. 

Table 4 shows the results of mass loss, conversion, BET surface area, 
and total pore and micropore volume obtained in the tests. 

It should be noted that time zero (t = 0 min) in the tests is when CO2 
starts to flow into the reactor, once the set point temperature for the 
activation stage (800 ◦C) has been reached. For the volumetric flow of 
the activating agent established in the tests (2500 cm3/min STP), a 
stabilization period of 15 min for filling and homogenizing the atmo
sphere in the reactor has been estimated, corresponding to tests 1 to 3. 
This is evidenced in Table 4, obtaining a decrease of the char sample 
mass due to the completion of the release of volatiles at 800 ◦C but a very 
low development of porosity and specific surface area in these tests. 
Consequently, for the validation of the reaction model, the start of the 
activation process, zero conversion reference, has been established as 
test 3. 

These analyses were complemented with proximate and ultimate 
analysis, X-ray fluorescence and induced coupled-plasma optical emis
sion spectroscopy to determine the elements present in the sample, X-ray 
diffraction analysis to determine the crystallographic structure of sam
ples, SEM/EDX microscopy to examine the surface morphology and 
elemental composition of samples and ATR-FTIR spectroscopy, X-ray 
photoelectron spectroscopy and Boehm titration method to determine 
the surface functional groups on activated carbon. Results and 

discussion on these tests are out of the scope of model validation. 
Finally, to determine the kinetic parameters of the activation pro

cess, isothermal differential thermogravimetry tests have been carried 
out at five different temperatures (700, 750, 800, 850, and 900 ◦C) in a 
CO2 atmosphere using the thermal gravimetric analyzer Netzsch TG 
209F1 Libra following the procedure that reproduces the conditions of 
the activation tests in the laboratory: the sample (8–10 mg) is heated up 
at a rate of 10 ◦C/min to a temperature of 500 ◦C in an inert N2 atmo
sphere. Next, the temperature is maintained at 500 ◦C for 1 h to com
plete the carbonization stage. After this period, the sample continues to 
be heated at a rate of 10 ◦C/min to the setpoint temperature for the 
activation process, also in an inert N2 atmosphere. Finally, the reactive 
process with CO2 at constant temperature is completed until the total 
conversion of the sample. 

3. Model definition, validation, and discussion 

Based on the particular characteristics of the activation process to be 
modeled: atmospheric reactor, isothermal conditions at moderate tem
peratures (700–800 ◦C), CO2 atmosphere (100%), char particle size 
(<0.5 mm), and porosity and initial specific surface area of the char 
consistent with the preceding carbonization process, the following hy
potheses have been considered in the model.  

⁃ Char particles of spherical geometry, with an initial porous structure, 
developed during the preceding carbonization stage.  

⁃ The porous structure is consistent with the RPM [23–25]. It presents 
cylindrical pores with smooth walls and random intersections, which 
are isotropically distributed throughout the particle. The pores 
follow a size distribution f(rp), and the porous structure is charac
terized based on the main parameters: total pore length per volume 
unit LE0, total surface area per volume unit SE0, and total pore volume 
per unit of volume VE0.  

⁃ Negligible diffusional resistance. For the conditions of the CO2 
activation process in this work with temperatures below 800 ◦C and a 
mean particle size under 200 μm characteristic of the kinetic control 
regime (zone I), Thiele modulus values below 0.2 have been ob
tained, confirming that the influence of diffusion phenomena is 
negligible [35–39]. Consequently, the hypothesis of a purely kinetic 
regime is assumed in the modeling.  

⁃ A first-order reaction kinetics is assumed for the gasifying agent. In 
the kinetic regime, for a high and practically constant CO2 concen
tration, the influence of the partial pressure of CO2 does not have a 
significant effect. It can be integrated into the experimental deter
mination of the pre-exponential factor.  

⁃ The inhibitory effect of CO is not considered. This effect is only 
significant at very high temperatures, which is characteristic of 
entrained flow gasifiers (1200–1500 ◦C), and with high partial 
pressures of CO2, which gives rise to a higher concentration of CO in 
the products. Consequently, the classical global power-law mecha
nism is used instead of the Langmuir-Hishelwood mechanism [28, 
36]. 

⁃ The model does not establish different reactivities for the most su
perficial layer of the particle with the presence of non-graphitized 
carbon that includes hydrogen radicals and other functional groups 
and for the innermost structure where formations of graphitized 
carbon organized in several layers predominate. In this regard, the 
works of Bhatia and Gupta show that the effect of surface chemistry 
is not dominant in gasification processes [27]. 

⁃ Variations in the intrinsic reactivity with the conversion due to cat
alytic effects related to the presence of alkaline and alkaline-earth 
elements (AAEM) in this specific biomass are not considered. Po
tassium is the most active element for char gasification. However, at 
high temperatures, Si reacts with K to form silicates, acting as an 
inhibitor and blocking the catalytic effect of K [14,40]. A detailed 
discussion of the effect of chemical composition and particle size 

Table 4 
Activation test results: mass loss and physisorption analysis.  

Test tactivation 

(min) 
m0 (g) mf 

(g) 
Xact 

(%) 
SBET 

(m2/ 
g) 

VTpores 

(cm3/g) 
Vmicropore 

(cm3/g) 

1 0 170.24 45.87 0.00 4.5 0.0145 0.0003 
2 7.5 170.41 44.67 3.79 3.3 0.0068 0.0010 
3 15 170.48 43.63 6.52 11.6 0.0113 0.0045 
4 25 170.69 42.77 8.61 110 0.0545 0.0447 
5 35 170.54 41.35 12.56 174 0.0837 0.0710 
6 45 170.40 39.89 16.31 230 0.1070 0.0922 
7 55 170.25 39.82 17.18 244 0.1144 0.1002 
8 65 170.98 39.58 17.91 225 0.1071 0.0924 
9 75 170.43 37.03 23.86 290 0.1353 0.1182  
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distribution on barley straw char – CO2 gasification reaction, 
including a completed experimental campaign with isothermal and 
non-isothermal TGA tests at different heating rates and the deter
mination of different indexes that can be used to predict the influ
ence of AAEM on the char gasification reactivity such as the K/Si 
ratio or the alkali index (AI) has been made in the work by Gil et al. 
[40]. 

Based on these hypotheses, the global intrinsic reaction rate of the 
CO2 activation process is expressed as follows: 

dX
dt

= k(T)G(PCO2 )f (X) (2)  

in which X is the conversion corresponding to the activation process 
calculated according to equation (1). The effects of the reaction tem
perature and partial pressure of the reacting gas (CO2) in the gas phase 
are introduced through an apparent reaction rate constant that includes 
both effects (equation (3)). 

k(T)G(PCO2 )= k(T,PCO2 )= k0e− Ea/RuT (3) 

Finally, f(X) is the function that describes the changes in the physi
cochemical properties of the char with conversion. The choice of the 
conversion model f(X) is essential to define the conversion process 
appropriately. The complexity of the activation process determines this 
choice since it is affected by the heterogeneous nature of the char 
structure and the conditions in which the process takes place. Conse
quently, numerous theoretical and semi-empirical models f(X) have 
been developed to describe this evolution. To determine which model 
best represents the activation process in this work, a comparative study 
of the conversion curves obtained by the most representative conversion 
models in the literature has been carried out: VRM, SCRM, HM and RPM 
[28]. 

The VRM and the SCRM are the classical theoretical models in which 
reactivity decreases monotonically with conversion. The standard semi- 
empirical n-order HM has also been analyzed, where the value of the 
reaction order n was fitted by an error minimization procedure over the 
TGA conversion curves, thus improving the precision in cases where 
neither VRM nor SCRM describe the process accurately. Finally, among 
the so-called pore models, the RPM, unlike the previous ones, represents 
the change in the structure of the char during the growth of the mi
cropores in the initial stages of the activation, which contributes to the 
increase in specific surface area and thus of reactivity, and the pro
gressive destruction of the pores due to their coalescence by collapse as 
conversion progresses. In this work, the structural parameter ψ has been 
determined by regression to the experimental conversion results 
obtaining a value of 1.75 [41]. Such a low value indicates that pore 
growth will be insignificant during the reaction, with pore coalescence 
as the dominant mechanism [42]. 

Modified versions of the RPM were not considered since the varia
tions introduced in these models are intended to change the conversion 
curve when there is a maximum reactivity for conversions above 0.393, 
a characteristic value of catalytic gasification processes [28]. In typical 
activation processes, the final conversion is low (<0.5), and the 
maximum reactivity is reached below the 0.393 threshold so that the 
predictions of the classic RPM are sufficiently accurate, as shown in the 
validation. 

The kinetic parameters have been determined from the isothermal 
thermogravimetric tests mentioned above, following a non- 
isoconversional strategy for each model f(X). The integral form of the 
reaction rate for each model is rearranged into a linear form passing 
through the origin as shown in Table 5 [43,44]. Then, the slopes of these 
curves are used to determine the kinetic rate constant k at different 
temperatures. 

Finally, once the kinetic rate constant k for each model at different 
temperatures has been determined, the apparent activation energy and 

the pre-exponential factor are obtained from their dependence on tem
perature using the linear plot of the Arrhenius equation: 

lnk= ln k0 −
Ea

RuT
(4)  

in which –Ea/R is the slope and lnk0 is the intercept. 
In all cases, a high value of the square of the correlation coefficient 

(R2 > 0.98) in the linear fit of the Arrhenius plot (Table 6) was obtained. 
The slope of the curves was constant, confirming the assumption of the 
pure kinetic regime. Furthermore, it was observed that the reactivity 
increases at higher temperatures. 

Concerning kinetic parameters, the pre-exponential factor refers to 
the mass loss rate, and the activation energy determines the lowest 
temperature at which the reaction begins. Consequently, low kinetic 
parameters indicate high reactivity and mass loss. Kinetic parameters for 
RPM were found to be lower than those for the other models (Ea,VRM k0, 

VRM > Ea,SCRM k0,SCRM > Ea,HM k0,HM > Ea,RPM k0,RPM). These results are 
consistent with those obtained by other authors [42–44]. 

Once kinetic parameters were determined, models were validated by 
comparing the experimental conversion results with the predicted 
values by the different models. The average relative error over the 
complete conversion curve was 9.27% (VRM), 10.10% (SCRM), 8.32% 
(HM), and 4.29% (RPM). 

Therefore, the most accurate results have been obtained for the RPM. 
Moreover, it is the only model that describes the porous structure and 
allows determining the specific surface area and its evolution during the 
conversion process according to equation (5) [25]. 

S
S0

=(1 − X)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − ψ ln(1 − X)

√
(5) 

To validate the model in terms of the specific surface area, the values 
obtained with the RPM were compared with the BET-specific surface 
area determined experimentally on the activated carbon samples ob
tained at different conversion times in the horizontal quartz tubular 
reactor tests. These results, which will be presented later (dashed line in 
Fig. 5), show that the RPM fails to predict the development of the spe
cific surface area during activation, even if it determines a slight 
decrease in it with the conversion. 

To better understand this result, Fig. 2 shows the influence of the 
structural parameter on the evolution of the specific surface area. A high 
value of ψ gives rise to a large surface area evolution due to pore growth. 
In contrast, a low value of ψ is related to a slight pore growth, being pore 
coalescence the primary mechanism and, consequently, the specific 
surface area decreases with conversion [42]. 

The low value obtained for the structural parameter (1.75) in this 
work is characteristic of particles with an extensive initial porosity. 
However, as shown in Table 4, the initial porosity and specific surface 

Table 5 
The linearized form of the reaction rate equation for each conversion model f(X).  

Model The linearized form of the reaction rate equation 

VRM k t = − ln(1 − X)
SCRM k t = 3(1 − (1 − X)1/3

)

HB 
k t =

1 − (1 − X)(1− n)

(1 − n)
RPM k t =

2
ψ (

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − ψ ln(1 − X)

√
− 1)

Table 6 
Kinetic parameters for each model considered in this work.  

Model VRM SCRM HM RPM 

k0 (min¡1) 1.075 E+07 4.181 E+06 2.127 E+06 8.194 E+05 
Ea (kJ/mol) 175.2 168.1 161.8 153.8 
R2 0.992 0.987 0.997 0.993  
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area obtained in the physisorption tests are very low: 0.0113 cm3/g and 
11.59 m2/g, respectively. Consequently, although the initial char sam
ples present a very low porosity, the structural parameter obtained 
experimentally and used in the model calculations is characteristic of a 
very porous structure, predicting a decrease in the specific surface area. 
At this point, it is worth wondering why an initial char sample with a low 
porosity presents a small value of the structural parameter characteristic 
of high porosity structures. 

On the one hand, during carbonization, part of the higher molecular 
weight species ends up re-polymerizing and condensing on the particle’s 
surface, blocking the initial porous structure developed during this py
rolysis stage. In this way, the microporosity obtained in the phys
isorption test is quite scarce and very narrow (<1 nm), which prevents 
N2 diffusion. This explains that although, the BET surface area of the 
char is initially low, a developed but closed porous structure turns up as 
the conversion progresses when the species that block the pores are 
released. This result is, therefore, consistent with obtaining a low 
structural parameter in the fit of the complete conversion curve and also 
with the fact that the specific surface area grows during the initial 
conversion stages, a characteristic of the activated carbon production 
process. 

On the other hand, activation with CO2 forms two types of new 
micropores in the structure: those that previously existed but were 
initially blocked by condensable species and other micropores origi
nating from the gasification reaction. Regardless of the source of this 
new porosity, the RPM only considers the growth and coalescence of the 
initially existing pores in the char. That is, it does not consider the for
mation of new pores. 

To sum up, when the RPM is used to determine the evolution of the 
specific surface in this work, the initial specific surface value is incon
sistent with the value of the structural parameter used in the calcula
tions, and the creation of new porosity is not considered. 

With the purpose of a deeper understanding of these aspects and 
experimentally confirming these conclusions, an analysis of the evolu
tion of the internal structure of the char during the conversion has been 
carried out based on the results of the porosity, specific surface area, and 
distribution of pore sizes of the activated samples obtained in the tests. 

First, Fig. 3 shows the relationship between conversion and specific 
surface area during the activation process. The specific surface area 
increases faster in the first conversion stages (approximately linearly 
until conversion of 0.1), and this growth rate is later attenuated. This 
result can be interpreted as that, in the beginning, the predominant and 
almost exclusive mechanism is the formation of new pores due to the 
release of the species blocking the incipient porosity developed in the 
previous carbonization process. This is consistent with other works, 

which state that during activation, carbon dioxide would preferentially 
react with the heavy tars that plugged the pores in the later pyrolysis 
stages [34]. As the conversion progresses, and with an increasingly 
released porosity, the effect of pore growth starts to appear. This is 
represented by the decrease in the curve slope in Fig. 3. However, in the 
conversion range in which the activation process occurs, this decrease is 
insignificant, showing that the formation of new pores is the dominant 
mechanism against pore growth and coalescence. 

Additionally, Fig. 4 shows the evolution of the pore size distribution 
obtained by DFT from the physisorption tests carried out on the samples 
obtained at different conversion times: T3 (0 min), T4 (10 min), T5 (20 
min), T6 (30 min), T7 (40 min), T8 (50 min) and T9 (60 min). Two 
distinct regions corresponding to microporosity (~2 nm) and narrow 
microporosity (<0.5 nm) can be observed. In both cases, as the con
version progresses, there is an increase in the specific surface area (the 
curves grow vertically). However, the pore size distribution remains 
practically constant with conversion, which means, there is no signifi
cant distribution shift towards larger pore sizes with conversion (shift of 
the curves to the right). This result confirms that the dominant mecha
nism is the formation of new pores versus the growth of existing pores. In 
addition, by presenting such a uniform pore size distribution, it seems 
reasonable to assume that the porosity that appears is mainly due to the 
release of species that initially keep the porosity blocked versus the strict 
formation of new micropores, which would shift the pore size distribu
tion to the left. 

It is concluded, therefore, that RPM is adequate to predict the con
version of the char particle in the activation process but not to determine 
the evolution of the specific surface area, dominated by the appearance 

Fig. 2. Influence of the structural parameter in the evolution of the specific 
surface area. 

Fig. 3. Evolution of the specific surface area with conversion.  

Fig. 4. Evolution of pore size distribution with conversion.  
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of new pores at the early stages of conversion. 
Two modeling alternatives that allow reproducing the evolution of 

the specific surface area with conversion are considered. The first one 
consists of using a structural parameter that changes with conversion. It 
would take high values in the first stages, consistent with an initial low 
porous char for which the increase in the specific surface due to the 
growth of the pores dominates, and then progressively decreases with 
conversion. Examples of this modeling alternative are the proposals of 
Morimoto et al., 2006 [30] and Fei et al., 2011 [45]. Morimoto et al. 
already attribute the variation of the structural parameter to the 
widening of micropores that had not been detected from the BET 
physisorption tests and to the opening of closed pores that had been 
blocked by the condensation of species on the surface during pyrolysis. It 
is then necessary to determine the structural parameter experimentally 
along the conversion curve (equation (6)), with the added problem that 
at low conversions, due to the low accessible porosity, the 
adsorption-desorption curves may not reach equilibrium. 

ψX =
1

ρS− X(VN2− X + VCO2− X + VC− X)
(6)  

in which ρS is the bulk density of the solid, VN2 and VCO2 are the pore 
volume per unit weight obtained by CO2 and N2 adsorptions, respec
tively, and VC is the pore volume per unit weight corresponding to closed 
pores. 

Fei et al. also observe that the changes in the size of the pores in 
relation to the change in the specific surface area were small and 
introduce this behavior through the dependence of the structural 
parameter on the evolution of the specific surface area and conversion 
(equation (7)). In this case, the authors use the fractal theory to find 
characteristic fractal dimensions of the particle that represent its specific 
surface area. Therefore, additional complexity is introduced into the 
model. 

ψX =ψ0

(
S0

S

)(

1 −
ρ0 − ρash

ρ0
X
)

=ψ0σ(DR − D0)

(

1 −
ρ0 − ρash

ρ0
X
)

(7) 

In equation (7), ψ0 is the initial structure parameter, S and S0 are the 
initial and actual reaction surface area of overlapped system per unit 
volume, respectively, ρ0 the initial density of the solid, ρash the final 
density of the solid, X conversion, σ the solid molecule radius around the 
cylindrical pore, and DR the surface fractal dimension of the particle. 

The second modeling alternative, developed in this work, consists of 
predicting the developed surface due to the formation of new pores and 
subsequently combining it with determining the variation of the specific 
surface area predicted by the RPM due to the growth and coalescence of 
existing pores. 

For the development of this new model, the following hypotheses 
have been considered.  

⁃ Char particles of spherical geometry with a particle density ρs and an 
initial surface area per unit volume S0 determined experimentally 
over the pyrolyzed samples at 800 ◦C corresponding to the zero 
conversion reference (Test 3).  

⁃ When the formation of new pores is the dominant mechanism (versus 
pore growth and coalescence), the mass loss corresponds entirely to 
the appearance of new pores. 

Cylindrical pores are assumed, characterized by the mean pore 
radius rpm of the pore size distribution (or two mean pore radii charac
teristic of the microporosity rpm1 and narrow microporosity rpm2 regions, 
or more generally by a pore size distribution f(rp)). According to phys
isorption tests conducted on the activated carbon samples at different 
levels of conversion, which show that the mean pore size diameter does 
not change appreciably with time (Fig. 4), mean pore radius rpm (or rpm1 
and rpm2) is assumed to be constant over the activation stage. Similar 
results were found by Coloma et al. [34], considering in their model that 
activation deepens but does not widen the pores. The rpm value used in 
the calculations corresponds to the activated sample at 800 ◦C (zero 
conversion reference – Test 3). 

Based on these assumptions, the expression that allows determining 
the surface developed due to the formation of new pores ΔSfp is obtained 
as follows (equation (8)): 

ΔSfp =
2X

ρs rpm (1 − X)
(8) 

If the variation of the specific surface area due to pore growth or their 
coalescence begins to be significant, the final specific surface is deter
mined considering both effects (equation (9)): 

S= S0 + φΔSfp + ΔSRPM (9)  

in which φ is the relative contribution of the formation of new pores to 
the total variation of the specific surface area, ΔSfp is the surface area 
change due to the formation of new pores determined from equation (8), 
and ΔSRPM the variation of the specific surface area due to the pore 
growth and coalescence, obtained according to equation (5). The 
parameter φ, which expresses the instantaneous weight of the formation 
of new pores in the evolution of the specific surface area, is determined 
at each time by comparing the actual variation of the specific surface 
area dS/dX due to the formation of new pores dSfp/dX with the actual 
variation due to the growth of existing pores dSRPM/dX obtained by the 
RPM, determined using the actual surface area at the evaluation instant. 

The model has been validated with the BET surface area results ob
tained for the activated carbon samples produced at different activation 
times in the experimental test campaign. Fig. 5 shows how, unlike RPM, 
including the formation of new pores mechanism, the new model pro
posed in this work reasonably predicts the evolution of the specific 
surface throughout the conversion process. To show more clearly the 
effect that the introduction of the pore formation mechanism has on the 
prediction, Fig. 6 shows the relative influence of pore formation on the 
total surface area developed on the particle. In the range of conditions in 
which the activation process takes place, the formation of new pores 
represents more than 90% (φ > 0.9) of the new specific surface area 
developed during the process (Fig. 6). These results clearly explain why 
the new proposed model adequately predicts the evolution of the spe
cific surface area while the RPM that only accounts for the growth and 
coalescence of the existing pores does not (Fig. 5). 

For all the activation tests carried out in the reactor, an average 
relative error of 14.8% has been reported. 

The model is completed by determining the pore size distribution 
from the specific surface area calculated at a certain conversion level. 
The pore size distribution presents two maxima: one corresponding to a 

Fig. 5. Variation of surface area with activation time: experimental test results 
compared to the model approaches: RPM and Pore Evolution Model. 
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mean pore radius around 2 nm and a second maximum in the narrow 
microporosity region with a pore radius below 1 nm. 

In the microporosity region (maximum around 2 nm), the experi
mental values fit accurately (error <3.4%) to a Gaussian distribution 
centered on the maximum characteristic value of that region. Mean
while, in the narrow microporosity region (<1 nm), where the avail
ability of experimental data on the variation of the specific surface is 
much more limited, the available data have also been fitted to a normal 
distribution centered on the mean pore radius so that it reproduces the 
accumulated porosity in that region. 

In this way, the characteristic parameters of the corresponding sta
tistical distributions have been obtained from the experimental 
adsorption data on the activated carbon samples at different conversions 
(Table 7). 

Finally, from these data and assuming that the mean pore radius in 
each distribution does not change significantly with conversion, it is 
possible to find the characteristic parameters of each distribution cor
responding to a given specific surface by regression. 

For the most general case, in which the variation of the surface area 
due to the growth and coalescence of the existing pores is also consid

ered, the parameter φ introduces to what extent each mechanism affects 
the variation of the final pore size distribution. Therefore, to include the 
effect of the variation of the specific surface area due to pore growth and 
coalescence on the pore size distribution, the variation of the surface 
area according to the RPM is used. Considering that the RPM hypothe
sizes that the porous structure is described by cylindrical pores whose 
total length per unit volume LE does not change (and what changes is the 
radius, represented by the distribution function), it is inferred that the 
variation of mean pore radius of the distribution is proportional to the 
variation of the surface area as shown in equation (10). 

S
S0

=
rpm

rpm0
(10) 

Therefore, the new pore size distribution, shifted by an abscissa 
δ=rpm-rpm0, is obtained due to the combined mechanisms of pore for
mation, growth, and coalescence. 

4. Conclusions 

A new reaction model of the physical activation process for the 
production of activated biocarbon has been developed, which allows 
predicting -the evolution of the porous structure (surface area, pore 
volume, and pore size distribution) of a biomass-derived carbonaceous 
material depending on its physicochemical properties and on conversion 
for any particular conditions in which the activation process takes place. 

For the CO2 activation process conditions in this work with tem
peratures below 900 ◦C and particle sizes below 500 μm, Thiele modulus 
values below 0.2 have been obtained, establishing the hypothesis of a 
purely kinetic regime in the modeling. Regarding modeling the gasifi
cation reaction’s kinetics, Arrhenius-type expressions to express the 
dependence on temperature and a global power law mechanism on the 
carbon dioxide concentration have been considered. 

Finally, to describe the changes in the physicochemical properties of 
char during conversion, four of the most widespread theoretical and 
semi-empirical models in the literature have been evaluated: VRM 
(volume reaction model), SCRM (shrinking core reaction model), HM 
(hybrid model) and RPM (random pore model). The determination of 
the kinetic parameters in each model has been carried out through 
isothermal TGA tests at five different temperatures (700–900 ◦C) over 
the conversion range 0.2–0.8, obtaining a high correlation in the linear 
fit of the Arrhenius plot (R2 > 0.98) in all cases. In validating the con
version results predicted by the different models with the experimental 
tests carried out in a tubular heated reactor, the RPM has been revealed 
as the most accurate model with a global relative error of 4.29%. In 
comparison, the other three models present a slightly higher relative 
error: HM (8.32 %), VRM (9.27%), and SCRM (10.10%). 

However, the validation of RPM in terms of the specific surface area 
has shown that it does not correctly predict its evolution, showing, for 
example, for the conditions analyzed in this work, a decrease in the 
specific surface area with conversion instead of the remarkable increase 
in porosity obtained in the activation tests. The causes have been 
analyzed, and it is concluded that, firstly, the initial value of the specific 
surface area is not consistent with the value of the structural parameter 
used in the calculations and, secondly, the RPM does not take into ac
count the creation of new porosity, closed or blocked by condensed 
species or directly due to the appearance of new pores, which in acti
vation processes is the dominant pore evolution mechanism. 

Consequently, a new model has been developed that predicts the 
specific surface area created due to the formation of new pores. Subse
quently, it is combined with determining the variation of the specific 
surface area indicated by RPM due to the growth and coalescence of 
existing pores. The validation of the model with the BET surface area 
results obtained for the activated carbon samples produced at different 
activation times shows that the new pore evolution model proposed in 
this work adequately predicts the specific surface area throughout the 
activation process (relative error of 14.8%). This model, which has been 

Fig. 6. The relative influence of pore formation and growth/coales
cence mechanisms. 

Table 7 
Characteristic parameters of the Gaussian distributions for the pore sizes dis
tribution obtained in the activation tests (T3 – T9).   

Narrow microporosity region (<1 
nm) 

Microporosity region (~2 nm) 

AN 

(m2g− 1nm− 1) 
μN 

(nm) 
σN 

(nm) 
AN 

(m2g− 1nm− 1) 
μN 

(nm) 
σN 

(nm) 

T3 (t =
0 
min) 

19.8 1.38 0.22 5.84 2.53 0.23 

T4 (t =
10 
min) 

189.9 0.97 0.19 56.3 1.97 0.18 

T5 (t =
20 
min) 

298.0 0.97 0.19 88.2 1.97 0.18 

T6 (t =
30 
min) 

394.1 0.97 0.19 116.4 1.97 0.18 

T7 (t =
40 
min) 

417.5 0.97 0.19 123.5 1.97 0.18 

T8 (t =
50 
min) 

385.8 0.97 0.19 114.0 1.97 0.18 

T9 (t =
60 
min) 

496.7 0.97 0.19 146.9 1.97 0.18  
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validated for barley straw, can be adapted for other types of biomass in 
the future. 

The model is completed by determining the pore size distribution 
from the specific surface area calculated at a certain conversion level. 
The experimental values accurately fit a Gaussian distribution in the 
microporosity zone (maximum around 2 nm). In comparison, in the 
narrow microporosity zone (<1 nm), where the availability of experi
mental data on the variation of the specific surface area is much more 
limited, the available data have also been fitted to a normal distribution 
centered on the mean pore radius so that it reproduces the accumulated 
porosity in that region. 

The developed model allows modeling the evolution of the porous 
structure of a biomass material, in terms of the quantity and distribution 
of pore sizes during the activation process, which mainly determines the 
adsorption capacity of an AC, obtaining a potent tool for analyzing and 
optimizing the operation variables of industrial reactors as well as the 
possibility of extending the study to other precursor materials. 
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