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Abstract 

This work addresses two environmental issues of major concern: hydrogen storage for 

hydrogen economy implementation and CO2 capture to reduce greenhouse gas emissions. For 

these purposes, two granular activated carbons were synthesized through chemical activation 

of olive stones by means of potassium derivatives (KOH and K2CO3).The storage or capture 

technique is pure physical adsorption on the porous framework of carbon materials. The 

porosity characterizations reveal typical ultramicroporous carbons with average pore sizes of 

about 0.53 and 0.69 nm for K2CO3 and KOH-activated carbons, respectively. The volumetric 

measurements of cryogenic hydrogen adsorption show monolayer process. At sub-

atmospheric pressures the narrower micropores show stronger binding energy to hydrogen 

molecules. Consequently, K2CO3-activated carbon outperforms the other sample at pressures 

lower or equal to 100 Torr. However, at higher pressures this porosity range saturates and 

KOH-activated carbon exhibits a H2 storage capacity of 3wt%, 70% of which is achievable at 

only 1 bar. This result is interesting especially for stationary applications wherein volume is 

not a limitation. CO2 shows a similar behavior than H2 when it was adsorbed purely at 0°C, 

and AC_KOH retains its excellence with a capacity of 5.6 mmol g-1at 1 bar. Finally, the two 

carbons were tested as CO2 adsorbents in conditions representative of post combustion 

capture applications (10% CO2 at atmospheric pressure and at 50°C). Both carbons show 
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fast adsorption-desorption kinetics, perfectly described by pseudo-first order model. At these 

conditions, it was proven that only narrow micropores are essential for CO2 adsorption.   

Keywords: H2 storage, CO2 capture, activated carbons, olive stones, adsorption, narrow 

micropores 

1. Introduction 

Nowadays, energy is basically generated from the combustion of the limited fossil fuels. 

Therefore, the volume of the emitted greenhouse gases is in continual increase. In 2014, the 

CO2 concentrations in ambient air approached 400 part per million (ppm) and it increased by 

120 ppm from the CO2 concentrations in the pre-industrial time [1]. In 2005, the Kyoto 

protocol has been enforced, and it has been reported that the CO2 emissions from 

industrialized countries must be reduced to lesser than 6% by 2012 [2]. Consequently, 

developing efficient technologies for CO2 emissions reduction, as well as moving to 

sustainable and abundant energy sources are urgent issues which stressed governments and 

nations.     

The present technology for CO2 capture which is broadly adopted in the industry nowadays is 

the post-combustion system, whereby the flue gas separation takes place after the combustion 

process of fossil fuel. The benefits of this process include ease in retrofitting the existing 

power plants and flexibility of the process, whereby the power plant is still capable to operate 

even if there are malfunctions in the capturing system [3]. The most likely location for the 

capture plant is between the flue gas desulfurization unit and the stack. At this point, flue 

gases are at near atmospheric pressure and CO2 represents between 3% and 20% by volume 

(depending on the fuel used, and if dry or wet basis conditions are considered). Chemical 

absorption with amine-based or ammonia-based absorbent receives the greatest attention due 

to its high process efficiency, and thus, is widely performed by industrialists. Despite the good 

performance of absorption technology in capturing CO2 it is not yet widely implemented at 

commercial scale on coal or gas-fired power plants. Heavy consumption of amine-based 
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solvent contributes towards equipment corrosion, and hence, requires special materials for 

equipment construction which can withstand corrosion of these chemicals [4]. In addition, a 

higher energy input is imposed during solvent regeneration process due to stronger chemical 

interaction between CO2 and basic amine solvent [5]. Solid sorbent based adsorption is 

proposed as an alternative to the current state of the art technology. The adsorption scheme is 

said to offer miscellaneous advantages including high adsorption capacity at ambient 

conditions, low regeneration cost, long-term stability, fast kinetics, evading moisture removal 

from flue gas, and ease of handling [6]. Moreover, adsorption aims to reduce the energy 

penalty of the capture process by eliminating the need of heating a vast amount of water (up 

to 70% by weight of the solvent). Adsorbents can be regenerated through a pressure swing or 

thermal swing process. The main requirements of CO2 adsorbents are: low cost, high 

resistance, sufficient adsorption capacity and selectivity under the operation conditions, and 

easy regeneration.  

The second mature strategy to reduce CO2 emissions is to adopt renewable energy carriers 

which emissions are environmentally-friendly. Among many options, hydrogen is widely 

considered as an ideal energy carrier. It stores an extremely high gravimetrical energy density 

(142 MJ/kg) which is at least three times greater than the equivalent value for liquid 

hydrocarbons (47 MJ/kg). Besides, the only exhaust product in both combustion and fuel cell 

engines is water vapor. Among the many hurdles that the implementation of hydrogen 

economy faces, there is the storage for its transportation and onboard use. The classical H2 

storage technologies show some important drawbacks such as low density and high pressure 

operations for compression, and boil-off excessive energy consumption for liquefaction[7].  

An alternative solution is therefore hydrogen storage in solid materials. Here three principle 

storage mechanisms can be distinguished: i) chemisorption and absorption of hydrogen atoms 

in metals ii) formation of compounds with ionic character, like complex hydrides and iii) 
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physisorption (or physical adsorption) of hydrogen molecules on porous materials.  

Adsorptive storage exhibits several advantages over chemical hydrogen storage as for 

example the complete reversibility and the fast kinetics. In addition a very small amount of 

energy (< 10 kJ mol–1) is involved both in the adsorption and in the release of H2. In contrast 

to hydrogen stored in metal hydrides and complex hydrides, no extra heat management 

systems are therefore required for on-board applications.  

 In sum, storing or capturing gas by means of adsorption seems to be very advantageous, 

thanks to its thermodynamic properties, and it could involve low cost and sustainable 

materials such as activated carbons. These materials represent the oldest carbon class; they 

can be generated from any carbon-rich material through physical or chemical activations. 

Further details about the preparation of carbon adsorbents can be found elsewhere[8]. Not 

only the activated carbons are low cost adsorbents, they also possess good chemical and 

thermo-mechanical stability, and allow easy regeneration strategies. In addition, unlike 

crystallographic microporous adsorbents (i.e., zeolites and MOFs), activated carbons can be 

produced from a wide variety of biomass residues at industrial scale and their pores and 

surface properties can easily be tailored by rather simpler processing. Therefore, in the last 

few years a huge number of papers dealing with CO2 capture [9]–[12]as well as H2 storage 

[13]–[17]in biomass-derived activated carbons has been published.   

This context represents the scope of the present study, in which activated carbon materials 

have been developed from olive stones. The latter is extracted from olive bagasse which is an 

abundant residue from the oleic industry in Tunisia: the mean annual olive oil production for 

the decade 2004–2014 was 180,000 ton and reached 299,000 ton in 2015 [18]. The raw 

granular was activated either directly, or after pyrolysis step, using potassium derivatives 

KOH and K2CO3. The carbon adsorbents were evaluated in terms of texture development and 

H2 and CO2 adsorption performance in a volumetric and a thermogravimetric apparatus. The 
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adsorption of a binary mixture of CO2 and N2 with composition 10% of CO2 which can be 

considered representative of post-combustion capture conditions was assessed at 25°C and 50 

°C. The effect of porosity, and in particular microporosity, on gas uptake is discussed.     

2. Materials and methods 

2.1 Preparation of activated carbons 

Two granular ACs were prepared through chemical activation; using KOH and K2CO3, of 

olive stones. Olive stones were freed from the olive bagasse which was collected from an 

olive oil factory located in the south of Tunisia. Firstly, the raw material was washed 

abundantly with hot distilled water to obtain grains of olive stones sized to about 1-3 mm.  

KOH activation: prior to activation olive stones were pyrolysed at 300 °C for 1h under 

nitrogen flow. Subsequently, the char was soaked in an aqueous solution of KOH at 85 °C 

without evaporation for 3 h. The impregnation ratio (g KOH/g olive stones) was fixed at 7. 

The resultant filtrate was carbonized under nitrogen flow rate of 300 cm3 min-1 and a heating 

rate of 10°C min-1 up to 350°C during 2h and then up to 850°C for 3h.  The activated sample 

was then washed several times with HCl solution (0.1 M) to remove any inorganic salts and 

then washed with distilled water on a Soxhlet apparatus until neutral pH. Finally, the carbon 

was dried in an oven at 120°C and denoted as AC_KOH. 

K2CO3 activation: The precursor was impregnated in K2CO3 solution with an 

impregnation ratio (gK2CO3/g precursor) of 1 and the mixture was kept under refluxed and 

boiling for 4 h. Then, the filtered material was carbonized at 900°C for 2 h under N2 (flow 

rate 100 ml.min-1; heating rate 5°C.min-1). The resultant AC was repeatedly washed with 0.1 

M HCl and hot distilled water and then dried. The carbon sample is labeled as AC_K2CO3. 

The carbonization step of the two samples was carried out on a tubular quartz tube kept inside 

a horizontal furnace. 

2.2 Textural characterization 
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The morphology of the two prepared carbons was assessed by scanning electron 

microscopy (SEM) in a  FEI Helios 600 Nanolab equipment.  

The porous texture of the adsorbents was characterized by physical adsorption of CO2 at 

0°C and up to 120 kPa using a commercial adsorption apparatus (TriStar 3000 from 

Micromeritics). Prior to the measurements the samples were evacuated overnight at 100°C. 

Actually, the narrow character of the micropores impeded the diffusion of N2 at -196 °C in 

most cases. The use of CO2 as a probe molecule at 0 °C is recommended for the 

characterization of the narrow micropores to avoid underestimation of the pore volume by N2 

adsorption at -196 °C[19]. The ultramicropore volume (W0) and the micropore surface area 

(Smic) were determined by the Dubinin–Radushkevich (DR) equation [20] assuming a density 

of the adsorbed phase of 1.023 cm3 g-1, a cross sectional area of 0.187 nm2 and an affinity 

coefficient of 0.36. The average micropore width (L0) was calculated through the Stoeckli- 

Ballerini equation[21]. 

2.3 Hydrogen storage performance 

2.3.1 Hydrogen adsorption isotherm measurements 

Determination of H2 storage at liquid nitrogen temperature (-196°C) and up to 25 bar was 

carried out in a commercial Sieverts system (PCT Pro 2000 with microdoser, HyEnergy) at 

the Max Planck Institute for Intelligent Systems in Stuttgart. This apparatus measures 

automatically adsorption and desorption isotherms in a sample volume of ≈1.3 ml. Before 

each measurement, the sample (about 100 mg) was heated under vacuum at 250°C for 24 h. 

The excess adsorption in wt.% is calculated from: 

                                                   𝑛𝑒𝑥 = 100 ×
nexc×M

nexc×M+m
                                               (1) 

where M denotes the molar mass of hydrogen (M = 2.01588 g mol-1) and m denotes the 

sample mass. The measurement device automatically measures the free gas volume in the 

sample cell VHe with helium gas at room temperature in the pressure range between 1 and 5 
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bar. Therefore, the helium densities ρHe were calculated from VHe, the volume of the empty 

cell V0 and the sample mass m, by: 

                                                  𝜌𝐻𝑒  =
m

V0 −VHe
                                       (2) 

2.3.2 Isosteric heat of adsorption measurements 

In cryogenic hydrogen storage applications, the heat of adsorption is a very important 

characteristic and has to be identified because hydrogen uptake at the low pressure range is 

strongly governed by this value. The apparent isosteric enthalpy of adsorption of hydrogen 

into the carbon pores, ∆Hads, can be estimated for different surface coverage using Vant’ 

Hoff’s equation: 

                                     (
∂(lnP)

∂(
1

T
)

)
θ

=  
∆Hads

R
                                     (3) 

where P: pressure in bar; T in K; R: molar gas constant and θ is the surface coverage. For 

calculations we used adsorption isotherms at -196°C (liquid nitrogen) and -186°C (liquid 

argon) and up to 25 bar.  

2.4 CO2 sorption measurements under post-combustion conditions 

The adsorption behavior of the activated carbons in conditions representative of post-

combustion capture (at 25°C and 50°C and low partial pressure of CO2) was evaluated at 

atmospheric pressure in a thermogravimetric analyzer. 

After an initial conditioning step carried out in 100 cm3 min-1 of N2 at 100 °C for 1 h, the 

samples were cooled down to the adsorption temperature in N2 flow. The mass of the samples 

increases during the cooling stage due to adsorption of N2. Once the temperature of the 

sample stabilizes, so does the mass of the sample (the sample reaches thermal and adsorption 

equilibrium with the surrounding atmosphere). Buoyancy and dragging effects were 

appropriately corrected by running blank experiments. Assuming that the adsorption capacity 
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of N2 at 100 °C can be considered negligible, it is possible to estimate the adsorption capacity 

of pure N2 (qN2 ) at the adsorption temperature (50 °C) as follows: 

qN2
(w. t%) =

m50,N2−m100,N2

m100N2

× 100                         (4) 

where 𝑚100,𝑁2  is the mass of the sample measured at the end of the drying step at 100 °C in 

the N2 flow, and 𝑚50,𝑁2
 is the mass of sample at 50 °C at the end of the cooling step in the N2 

flow. After 1 h, the composition of the feed was switched from 100% N2 to a mixture 

consisting of 10% CO2 and 90% N2 and the temperature was kept constant. As a consequence, 

the mass of the sample increased due to the adsorption of CO2 from the gas mixture. The total 

mass uptake is expressed as weight percentage taking as reference the mass of the sample at 

the end of the drying step (as mentioned before, the adsorption capacity of N2 at 100 °C is 

assumed to be negligible): 

qN2+CO2
(w. t%) =

m50,(N2+CO2)−m100,N2

m100N2

× 100                       (5) 

where  qN2+CO2
is the total mass uptake, which includes the amount of CO2 and N2 adsorbed 

and m50,(N2+CO2) is the mass of the sample under flow of the 10% CO2–90% N2 mixture at 

the end of the adsorption step at 50 °C. Finally, the samples were regenerated by switching 

the composition of the gas back to 100% N2 at constant temperature. If mass transfer 

resistances are negligible, the equilibrium of adsorption will be attained immediately. 

However, this is rarely the case.  

Kinetic models 

For investigating kinetics of CO2 adsorption using AC-K2CO3 and AC-KOH, two commonly 

kinetic models, namely pseudo-first order of Largergren and pseudo-second order were 

applied. The pseudo-first order model considers that the adsorption rate is proportional to the 

number of free adsorption sites: 
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𝑑𝑞

𝑑𝑡
= K(𝑞𝑒 − q)                 (6) 

where k is the apparent adsorption rate constant, qe represents the amount adsorbed at 

equilibrium, and q the amount adsorbed at a given time. By integrating Eq. (6) with the 

following boundary conditions: for t = 0 q = 0 and for t =1 q = qe, we obtain the following 

expression for the uptake curve [22]: 

q =  𝑞𝑒(1 − 𝑒−k𝑡)                     (7) 

However, the pseudo-second order model allows a greater dependence on loading than the 

pseudo-first order model. This model is useful for describing solid diffusion rate controlled 

processes that are not properly described by the other model approximation. 

𝑑𝑞

𝑞𝑡
=  k(𝑞𝑒 − q)2                          (8) 

The corresponding integrated equation with the aforementioned boundary conditions is: 

                                           q =  
𝑞𝑒

2k𝑡

1+𝑞𝑒k𝑡
                   (9) 

 

The apparent rate constants of the lumped models were fitted to minimize the sum of square 

residuals between the experimental mass uptake and that given by the model: 

𝐺𝑜𝑜𝑑𝑛𝑒𝑠𝑠 𝑜𝑓 𝑓𝑖𝑡 = √
∑ (𝑞𝑒𝑥𝑝−𝑞𝑚𝑜𝑑𝑒𝑙)𝑖

2𝑁
𝑖=1

𝑁−1
               (10) 

where N represents the number of experimental data points fitted for each sample (from the 

beginning of the mass uptake up to the equilibrium (q/qe = 1)). 

3. Results and discussion 

3.1 Characterization of the activated carbons 

SEM micrographs of two carbon materials are shown in fig. 1. The two samples exhibit a 

sponge-like structure with a “fluffy” appearance. The strongly nucleophilic hydroxyl ion has 

caused the fragmentation and partial dissolution of the lignocellulosic framework which has 

led to the swelling of internal channels [23]. However, the comparison of the two images 
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demonstrates that the sponge like structure is localized at the external surface of AC_K2CO3 

unlike that in the case of KOH-activated carbon. This could be attributed to incomplete 

reaction between the olive stones and K2CO3. Partial evaporation of K2CO3 occurs when the 

carbonization is performed at 900 °C, which is above the melting point of K2CO3, 891°C.  

Table 1 summarizes the textural properties in the microporosity domain of the activated 

carbons obtained in this study. One can note that the two samples have high internally 

developed surface areas with narrow mean pore size (L0<0.7 nm). However, the AC_K2CO3 

sample resembles a biochar because of its relatively low micropore volume and very narrow 

micropore size. This is consistent with the SEM observations. In contrast, the AC_KOH 

sample has more opened porosity thus a higher micropore surface area and a higher micropore 

volume was shown by this carbon. This is probably related to the carbon synthesis procedures 

as well as to the used impregnation ratio. Actually, in the AC_K2CO3 sample the impregnated 

precursor was the olive stones, while for the AC_KOH sample it was the biochar, which 

already has a rudimentary developed porosity. On the other hand, Marsh et al. [24] and Otowa 

et al. [25] confirmed that the potassium metals liberated at the reaction temperature may 

intercalate and expand the carbon layers. Hence, higher impregnation ratio produces an 

enlargement on the carbon’s porosity.  

Table 1. Textural characteristics of the microporosity of the prepared activated carbons 

Carbons 
Smic 

(m2.g-1) 

L0 

(nm) 
W0 (cm3.g-1) 

𝜌𝐻𝑒(g cm-3) 

 

AC_K2CO3 989 0.53 0.26 1.60 

AC_KOH 1173 0.69 0.41 1.75 
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Table 2. Recent physically-activated carbon production for CO2 capture (year 2009-2015) 

  

Referring to the recent work published on physically-activated carbon production for CO2 

capture, summarized in Table 2, it is shown that KOH activation of biomass (Table 1) is more 

efficient in the creation of microporosity. Besides, KOH as activating agent imposes lower 

energy requirement as compared to the two step physical activation, aside from lower 

environmental impact when compared to other chemical agents such as ZnCl2 and H3PO4. As 

mentioned above, during KOH activation intercalation of metallic potassium (K) into the 

carbon structure would widen the space between the carbon layers. Therefore, the pore 

volume of the synthesized activated carbon is enhanced. Upon the washing process, the 

metallic potassium would be detached from the carbon matrix and leave a free interlayer 

space that contributes to porosity[32]. KOH bBeing a strong base, Sudaryanto et al. [33] 

Precursors Details of preparation 
Max surface 

area (m2/g) 

W0 

(cm3/g) 

Reference 

 

Olives stones 

Two step activation 

 Carbonization at 6000C  in N2 flow 

 Activation with 10cm3  mm-1 of  CO2 at 

800°C and up to 50% of burn off degree 

 

SBET= 1079 0.24 
[11] 

 

Almond shell 

Two step activation 

 Carbonization at 6000C in N2 flow 

 Activation with 10cm3  mm-1 of  CO2  at 

700°C and up to 50% of burn off-degree 

SBET=1090 0.12 [10] 

Coffee residue 

Two step activation 

 Carbonization at 600°C in N2 flow 

 Activation with 10cm3  mm-1 of  CO2  at 

700°C. 

SBET=593 0.25 [26] 

Macademia 

nut shell 

Two step activation 

 Carbonization at 600°C in N2 flow 

 Activation with 500cm3  mm-1 of  CO2  at 

900°C. 

SBET= 573 - [27] 

Cotton stalk 

Two step activation 

 Carbonization at 600°C in N2 flow 

 Activation on CO2  flow at 800°C. 

SBET=610 - [28] 

Coconut shell 
Single step activation with 150 cm3  mm-1 CO2 flow 

at 900°C 
SBET=371 - [29] 

Olive stones 
Single step activation with 100 cm3  mm-1 of O2 

flow (3% ) at 650°C 
Smic=697 0.27 [30] 

Almond shell 
Single step activation with 100 cm3  mm-1 of O2 

flow (3% ) at 650°C 
Smic=557 0.21 [30] 

Coffee residue Single step CO2 activation SBET=522 0.23 [31] 
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proposed that it can act as catalyst to promote the oxidation process, in which the carbons are 

oxidized, and to widen the pore width. However, Wang et al.[34] suggested that the 

development of greater microporosity and surface area under KOH activation may be 

attributed to the collaborative effects of chemical activation that entails redox reaction of 

KOH to carbonate, in-situ physical activation that involves carbon gasification with CO2, and 

expansion of carbon lattices due to the intercalation of the potassium compounds. Hence, the 

following reactions may take place during the activation processes at high temperature:   

2 KOH            K2O + H2O (dehydration)                                   (1) 

C + H2O           H2 + CO     (water-gas reaction)                         (2) 

CO + H2O          H2 + CO2   (water-gas shift reaction)                (3) 

K2O + CO2           K2CO3   (carbonate formation)                       (4) 

K2O + H2             2K + H2O (reduction by hydrogen)                 (5) 

K2O + C            2K + CO (reduction by carbon)                         (6) 

 

3.2 Cryogenic hydrogen storage 

 The excess H2 adsorption isotherms of the ACs up to 25 bar are displayed in Fig. 2(a). At -

196°C all investigated carbon materials show a type I adsorption isotherm with an initial steep 

increase of the hydrogen uptake at low pressures and an almost horizontal plateau at higher 

pressures. This type of isotherm is characteristic for monolayer adsorption on microporous 

solids [35]. No multilayers of hydrogen are formed at -196°C, because the interaction strength 

between single layers is too weak at temperature higher than the critical temperature of H2 (-

240°C). 

At very low pressure the K2CO3-activated carbon exhibits higher H2 uptake compared to 

the other carbon (see fig.2(b)), revealing stronger binding energy between hydrogen 

molecules and this carbon. The only exceptional feature of this sample is its ultramicroporous 

character (it has the lowest median pore size 0.53 nm). This clearly points out that the pore 
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size is also a key factor that governs cryogenic H2 adsorption at certain pressure conditions. In 

the narrow pores, the overlap of van der Waals potentials due to the atoms of adjacent walls 

favors stronger physisorption. Nevertheless, as this range of pore is saturated under a pressure 

of ca. 100 Torr, the sample ceases to show high hydrogen uptake capacity above this pressure 

range. This result is consistent with the micropore filling model. This means no contribution 

from capillary condensation could be occurred at these operation conditions 

At 25 bar, the cryogenic H2 uptake of AC_KOH reaches about 3 wt.%, which is an 

interesting result. Table 3 represents a collection of some publications which studied the H2 

storage capacity of synthetic nanoporous materials. The overview of the Table 3 reveals that 

the two prepared carbons have outperformed a large number of nanoporous materials such as 

Zeolites, polymers and MOFs. For instance, the saturation of zeolites was reached at pressures 

lower than 15 bar with capacities lower than our achievements. Moreover, our ACs can store 

over 25% more H2 than advanced MOFs, over 29% more than nanoporous polymers and over 

30% more than the Prussian blue. Since polymers and MOFs have specific surface area 

comparable to or higher than that of ACs, the observed uptake variations could be explained 

by the presence of a narrow distribution of small pores in the prepared ACs.  

 

 

Table 3. Comparison of the H2 adsorption at -196°C for non-carbonaceous adsorbents 

extensively studied for H2 storage 

Materials 
SBET 

(m2.g-1) 
T(K) P(bar) 

H2 

uptakes 

(wt%) 

References 

Zeolites 

(NaA) 
725 -196°C 15 1.54 [36] 

Zeolites 

(CaX) 
669 -196°C 15 2.19 [37] 

Prussian Blue 870 -196°C 1 1.4 

 

[38] 
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Polymers of intrinsic 

microporosity (PIM) 
830 -196°C 1 1.43 [39] 

Hypercrosslinked 

polystyrene gel 
1930 -196°C 1.2 1.55 [40] 

Zr-MOF 1367 -196°C 1 1.5 [41] 

MOF (Mil-101) 1715 -196°C 1 1.65 [42] 

Zr-fumarate MOF 849 -196°C 1 1.38 [43] 

Fly ash derived Zeolites X 404 -196°C 1 0.7 [44] 

AC_KOH Smic=1173 

 

-196°C  

-196°C 

 

 

1 

25 

 

 

2 

2.96 

 

This study 

AC_K2CO3 Smic=989 
-196°C -

196°C 

1 

25 

1.40 

1.92 
This study 

  

For many years, the investigators have stressed the effect of the surface area and the 

micropore volume on the cryogenic hydrogen uptake [45]–[47]. Therefore, this study is a real 

confirmation that surface area is not the only parameter that needs to be regarded. In addition, 

this study justifies previous works which proved the existence of an optimum pore size for H2 

adsorption [48]–[51]. These optimum values can hold two layers of adsorbed hydrogen into 

slit pores. From application point of view it is possible to store hydrogen at -196°C for 

stationary and some non-stationary applications. That said, nitrogen used as a coolant for the 

AC tanks is clean, safe, cheap, and its technology well established and commonly used[52]. 

Zini et al. [53], [54] have already implemented and validated model that describe solar and 

wind-hydrogen hybrid systems with activated carbon storage.  

In fig.3 the isosteric enthalpy of adsorption is shown in dependence of the surface 

coverage, which is the hydrogen uptake normalized to the uptake at 25 bar and -196°C. The 

ultramicroporous carbon AC_K2CO3 has the highest enthalpy of adsorption with average 5.27 

kJ.mol-1 up to a surface coverage of 70 %. Subsequently is the carbon AC_KOH with average 
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4.94 kJ.mol-1. Both enthalpies can be regarded as constant within the experimental uncertainty 

which is approximately 0.5 kJ.mol-1. It seems that the H2 adsorption enthalpy correlates well 

with the pore diameter of the tested carbon; the smaller the pore is the higher is the binding 

energy to hydrogen molecules.   

3.3 CO2 capture performance  

3.3.1 CO2 adsorption at O°C 

Fig.4 shows CO2 adsorption isotherms of the two prepared activated carbons at 0 °C up to 

atmospheric pressure by the volumetric method. It is important to note that the saturation 

pressure at 0 °C is approximately 35 bar, so the measured range up to 1 bar corresponds to 

relative pressures (P/P0) of up to 0.03. In general, the CO2 isotherms can be classified as Type 

I, i.e., they are representative of strong adsorbate-adsorbent interactions. However, the CO2 

adsoption isotherm of AC_KOH tends to be more rectilinear as compared to that of the 

AC_K2CO3 activated carbon. This is due to the widening of the micropores s after the two 

step-KOH activation of olive stones, as shown in Table 1. However, at very low pressures the 

AC_K2CO3 showed the highest CO2 uptake (see fig.4(b)). Presser et al. [55] studied the effect 

of carbon pore size on the CO2 uptake of carbide derived carbon. Their findings reported that 

at 0.1 bar pores smaller or equal to 0.5 nm contribute the most to the CO2 uptake. While, at 1 

bar pores smaller than 0.8 nm are preferred. This study clearly confirms their findings, as in 

sample AC_K2CO3 the creation of microporosity narrower than 0.5 nm is maximum.  

Interestingly, the activated carbon AC_KOH exhibits a high CO2 capture capacity of 5.6 

mmol g-1 at 0°C and 1 bar. This value may not be the highest published in the literature but it 

is within the greatest for biomass-derived carbons.   

Table 4. CO2 uptake at 1 bar and 0°C of various carbon materials in comparison with 

AC_KOH and AC_K2CO3 

Materials Precursor Activation SBET CO2 uptake Reference 
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(m2.g-1) (mmol g-1) 

Purified SWNTs - - 1587 5.1 [56] 

Activated carbon fibers - - - 3.21 [57] 

Activated carbon fibers - - 1247 3.19 [58] 

Biochar Coffee residue CO2 522 3.7 [31] 

Biochar Olive stones O2 - 3.2 [30] 

Activated carbon Palm stones H3PO4 1320 3.1 [59] 

Activated carbon Palm wastes CaCl2 1445 5.7 [60] 

Activated carbon Coconut shells CO2 1327 5.6 [61] 

Activated carbon Algae KOH 418 2.4 [62] 

Activated carbon Sawdust KOH 1250 6.1 [63] 

Activated carbon Celtuce leaves KOH 3404 6.0 [64] 

Activated carbon 

Empty fruit bunch 

 (EFB) of oil palm trees 

KOH 2510 5.2 [65] 

Activated carbon Fungi KOH 1479 5.5 [34] 

Activated carbon Olive stones KOH - 5.6 This study 

Activated carbon Olive stones K2CO3 - 3.8 This study 

 

Table 4 shows a comparison of CO2 adsorption capacities at 1 bar for the ACs developed in 

this work, with those reported in the literature for carbon derived materials from different 

precursors. One can note that the CO2 adsorption capacities achieved in this study are much 

higher than those reported for nanostructured carbon materials. Besides, these materials are 

not yet produced in an industrial continuous process and a mass production of the carbon 

nanotubes and nanofibers is not yet possible. It is clearly seen that the nature of the precursor 

as well as the activation process are determining parameters for the CO2 adsorption behavior 

of the ACs. However, there is no dependency between the created surface area and the CO2 

uptake of carbons as it was reported for hydrogen storage. Hence, only tailoring the pore 

system is crucial for the design of effective CO2 adsorbents. 
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3.3.2 CO2 adsorption under the real post-combustion operation conditions: high temperature 

and low CO2 partial pressure 

The actual temperature of flue gas streams in post-combustion capture technology, 

considering the presence of a desulfurization unit, is often around 50°C. Therefore, an 

extensive work which focused on CO2 at 0°C does not reflect the real condition of flue gas 

stream in power plant. In addition, applicability of the activated carbons in capturing CO2 at 

higher temperatures can reduce the operational cost of cooling the flue gas to lower 

temperature, and makes the process more economically attractive [66]. Moreover, in post-

combustion technology the flue gas is usually simplified as CO2/N2 binary mixture due to the 

lower presence of other components (excluding water vapor). Consequently, the challenge in 

post-combustion CO2 adsorption is related to higher CO2/N2 adsorption selectivity. Therefore, 

in this section the two prepared olive stone-derived activated carbons will be exposed to a10% 

CO2 flow at 25 and 50°C and atmospheric pressure. To the best of our knowledge, the only 

previous work dealing with this very specific conditions was the investigation reported by 

Plaza et al. [67], which will serve as reference in the discussion.  

In Fig.5 the adsorption capacity of the samples at equilibrium, both in 100% N2 and in a 

mixture of 10%CO2 (balance N2), are compared on a mass basis. At both temperatures, 25 and 

50ºC, AC_K2CO3 shows the lowest N2 uptake, affirming the ultramicroporous character of 

this sample. However, under the post-combustion mixture, the mass uptakes of the two 

carbons are quite similar at 25 °C, while at 50°C the greatest mass uptake is attained by 

AC_K2CO3 (fig.5(b)); it has lower micropore volume but significantly narrower micropore 

size (see Table 1). Hence, narrow micropores seem the key factor which governs the 

adsorption CO2 in post combustion condition (low partial pressure of CO2) [68], [69]. At 

increased temperature, CO2 molecules have higher mobility and there is instability of the 

adsorbed CO2 molecules. This is attributed to the high surface adsorption energy and 
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molecular diffusion [70]. Accordingly, desorption of CO2 adsorbed will take place. In this 

study it seems that CO2 desorption was impeded by the narrower pore size of AC_K2CO3 and 

so its mass uptake from the post-combustion mixture was higher than that of AC_KOH. The 

reduction on CO2 adsorption by rising temperature proves that CO2 adsorption on activated 

carbons is an exothermic and physisorption based process that is favored at low temperatures.  

It is worth mentioning that the values reported in this work are higher than those achieved by 

Plaza et al. [67]. These investigators have prepared kind of pine sawdust-derived activated 

carbon pellets. The activation was either single step CO2 activation, or air oxidation followed 

by CO2 activation at 800°C for 2h. The pelletized samples were nominated as IH2, IH3 and 

IH4. The highest uptake from the post-combustion mixture at 50°C was lower than 2.2 wt%, 

attained by IH3.   

 Fig.6(a) and fig.7(a) show the results of the full adsorption experiments for the two carbons 

in terms of total mass uptake vs. time at 25 and 50 °C, respectively. Samples are regenerated 

by simple switching the feed gas back to 100% N2 at constant temperature. The two samples 

present fast adsorption-desorption kinetics, which is crucial for the use of adsorbents in a 

post-combustion CO2 capture process. To evaluate the kinetics of adsorption, the dynamic 

mass uptake of the samples from the gas mixture was represented taking as a reference the 

mass of sample at the end of the conditioning step in N2 (see Fig. 6(b) and Fig.7(b)). This 

incremental mass uptake corresponds to the adsorption of CO2 from the mixture. However, 

the amount of CO2 adsorbed at equilibrium is expected to be somewhat higher than this 

incremental uptake, due to the displacement of part of the N2 initially adsorbed (the partial 

pressure of N2 decreases, and CO2 is expected to be preferentially adsorbed over N2 due to its 

higher quadrupole moment). The pseudo-first order model suitably describes the mass uptake 

of the activated carbons at 25 and 50°C. The apparent rate constants that led to the best-fit of 

the experimental uptake curves are shown in Table 5. The apparent rate constants of 
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AC_K2CO3 are slightly lower than those of AC_KOH. This is probably due to a greater 

diffusion resistance in the narrower porosity of AC_K2CO3. 

At both temperatures, AC_K2CO3 shows the highest CO2 uptake. This result clearly 

highlights the effect of the carbon pore size on CO2 adsorption under post-combustion 

conditions. Even though AC_KOH has more developed microporosity it could not outperform 

the other sample. On the other hand, our results significantly improve the achievements of 

Plaza et al. [67].  

Table 5. Apparent rate constant for the adsorption of CO2 on AC_KOH and AC_K2CO3 

Kinetic 

models 

Parameter 25°C 50°C 

AC_K2CO3 AC_KOH AC_K2CO3 AC_KOH 

Pseudo-first-

order 

LDF 

k(s-1) 0.538 0.807 0.705 1.012 

qe (wt.%) 2.832 2.621 1.669 1.416 

R2 0.990 0.970 0.977 0.946 

Pseudo-

second-order 

QDF 

k(s-1) 0.346 0.594 0.804 1.424 

qe (wt.%) 2.946 2.696 1.723 1.449 

R2 0.923 0.863 0.879 0.813 

 

4. Conclusions 

This study compares the effect of KOH and K2CO3 activation on the hydrogen uptake and 

CO2 capture of activated carbons derived from olive pomace. KOH activation of the biochar 

leads to more opened porosity and higher surface area as compared to K2CO3 activation of the 

raw precursor. In general, potassium derivatives activation could be seen as an efficient 

technique to tune carbon’s porosity.. Cryogenic hydrogen adsorption seems to follow the 

micropore filling model. The narrow pores saturate before the wider ones. Therefore, 

AC_KOH shows the highest H2 storage capacity (~3𝑤𝑡%). It was shown that at pressures 

higher than 1 bar, H2 adsorbents must have heterogeneous pore size distribution and high 

surface area to facilitate H2 accessibility. Similar behavior was shown by pure CO2 at 0°C, 

thus sample AC-KOH has shown outperformance with a capacity of 5.6 mmol g-1 at 1bar.  

The post-combustion CO2 capture conditions were defined by low CO2 partial pressure 
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(~10%, N2 balance) and temperature of 50ºC. The thermogravimetric experiments clearly 

proved that ultramicropores (L0≤  0.5 nm) are of utmost importance to ensure high CO2 

uptakes. Hence, AC_K2CO3 exhibited an exceptional capacity of about 1.67 wt% at 50°C. 

Finally, one can conclude that H2 and CO2 adsorbent design should pass inevitably through 

pore structure tailoring.         
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                                  (a)                                                                       (b) 

Figure 1.  SEM micrographs of AC_KOH (a) and AC_K2CO3 (b) 
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(a) 

 

(b) 

Figure 2. Excess hydrogen adsorption isotherms at -196°C and up to 25 bar (a) and at 

subatmopheric pressure (b) 
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Figure 3. Isosteric heat of adsorption of H2 in activated carbons versus the carbon surface coverage  
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Figure 4. CO2 adsorption on olive stones-based activated carbons at 0°C 
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                                               (a)                                                               (b) 

Figure5. Equilibrium adsorption capacity of the two prepared carbons in a mixture consisting 

of 10% CO2 (balance N2) expressed on a mass basis, at atmospheric pressure: (a) at 25°C, (b) 

at 50°C. 

 

     

                                       (a)                                                                                     (b) 

Figure 6 The adsorption performance of the two prepared activated carbon at 25°C: (a) total 

mass uptake vs.time (full experiment); (b) incremental mass uptake of 10% CO2 (balance N2). 
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                                        (a)                                                                 (b) 

Figure 7 The adsorption performance of the two prepared activated carbon at 50°C: (a) total 

mass uptake vs.time (full experiment) ; (b) incremental mass uptake of 10% CO2 (balance 

N2). 

 

 

 

 


