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Abstract 

Granular activated carbons were produced from grape seed biochar by cyclic activation 

with ozone. In each cycle, char was first oxidized by exposure to ozone and then subjected 

to high temperature in inert atmosphere to desorb oxygen groups formed. The study 

assessed the influence of operating conditions in the development of porosity, from a 

starting biochar with narrow microporosity (SBET: 47 m2g-1, SDA: 505 m2g-1) prepared by 

flash pyrolysis of grape seed at 800ºC. The variables studied were the number of cycles 

applied and the oxidation and desorption temperatures (250-275 and 850-950 ºC, 

respectively). High oxidation temperatures led to higher burn-off, which was also found 

to increase with the number of activation cycles. The burn-off needed to achieve a high 

surface area was lower than in conventional physical activation. After 7-9 activation 

cycles, activated carbons with SBET higher than 1200 m2g-1 and SDA above 1500 m2g-1 

were obtained. The use of ozone resulted in mainly microporous activated carbons (0.37-
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0.52 cm3g-1) with very low contribution of mesopores (<0.04-0.07 cm3g-1). The mean 

micropore size increased with the number of activation cycles due to pore widening, while 

mesopore mean size decreased along the cycles. The activated carbons showed a unique 

granular morphology with a hollow core and a porous shell, which is maintained even 

after 10 activation cycles. 

1. Introduction 

Agricultural residues have been widely studied for biochar and activated carbon 

preparation due to their low cost and the interest in the valorization of regionally-abundant 

resources [1,2]. Works in literature have reported on the preparation of activated carbons 

from different agricultural wastes [3-7]. Special interest has been paid to nut shells and 

hulls [3,8-14] and fruit stones [15-18]. 

Grape seed, whose production reaches about 15% of solid wastes generated during wine 

manufacturing, shows an interesting potential in terms of availability, morphology and 

chemical composition [13,19,20]. Previous  works, focused on the use of grape seed as a 

starting material for activated carbon preparation using conventional activation, report 

BET specific surface area (SBET) values around 400-500 m2g-1 obtained at burn-offs 

around 75% by means of one-step pyrolysis/activation at 800ºC with steam [17]. 

Activation of grape seed with phosphoric acid at 500-550ºC resulted in SBET values of up 

to 1140 m2/g and important contribution of mesoporosity, while the initial granular 

morphology was preserved [21]. Physical activation with carbon dioxide resulted in 

mainly microporous materials (SBET 700 m2/g) with wide pore size distribution and low 

ash content [22]. 

In an earlier work by our group [18], grape seed biochar [20] was used as starting material 

in the preparation of activated carbon by cyclic activation using air (oxygen) as oxidizing 
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agent. Cyclic oxidation-desorption with oxygen has been proposed for a controlled 

activation, enabling the production of activated carbons with targeted porosity [18.23,24]. 

In the cyclic activation technique, each activation cycle is divided in two stages. Firstly, 

the starting material is subjected to low-temperature oxidation; secondly high-

temperature desorption of chemisorbed oxygen is performed under inert atmosphere. 

Successive cycles are applied until the intended increase and/or modification of porosity 

is reached.  

The application of activation cycles at different conditions leads to different porosity 

development patterns and surface chemical composition. The ability to tune the surface 

chemical composition is of great interest for numerous applications [25], but further 

research is needed to evaluate the feasibility of the preparation of activated carbons by 

cyclic activation, including the use of other gas-phase activating agents that can provide 

activated carbons with specific characteristics. 

Former studies in literature have studied the effect of ozone oxidation on the development 

of porosity in carbon materials. Itoh et al. [26] reported effective oxidation of carbon at 

temperatures of up to 300ºC; maximum carbon oxidation rate is observed at temperatures 

around 250ºC, from that temperature, oxidation was found to decrease due to thermal 

decomposition of ozone. Álvarez et al. [27] reported on the degradation of the porous 

structure of commercial activated carbons when subjected to oxidation with gas phase 

ozone, showing that the modification increases with dose of ozone. A loss of SBET and 

pore volume below 10% was observed when ozone-enriched air (40 mgL-1) was used at 

100ºC (12.7% burn-off). Belyaeva et al. [28] studied the modification of commercial 

granular activated carbons with 1.5% ozone in air at 25ºC. A short treatment time (1 h) 

led to a significant increase of SBET (from 683 to 885 m2g-1) and total pore volume because 

of the “etching” of the surface of meso and macropores, which resulted in the formation 
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of new micropores. A more prolonged oxidation gave rise to destructive processes on the 

surface of micro and mesopores favoring their further broadening, together with partial 

blocking of pore mouths by ozonation products. Rivera-Utrilla and Sánchez-Polo [29] 

also observed a decrease in the surface area of commercial activated carbons when treated 

with ozone in gas phase at 25ºC for 20-120 min due to the ozone attack and the increase 

of oxygenated groups, these last preventing the diffusion of nitrogen during BET test by 

obstructing micropore entrances. Some works [19,20,27-30] also showed that ozone 

oxidation of carbon materials brings about a noticeable increase of the surface oxygen 

content due to the formation of oxygen-containing functional groups.  

The results in literature show the ability of ozone to modify both the pore structure and 

chemical composition of carbon materials. The current work deals with the application of 

ozone in cyclic activation. The starting material is a biochar prepared by carbonization of 

grape seeds under optimized conditions [20] allowing to preserve the granular 

morphology of the seeds. This biochar shows a remarkable initial narrow microporosity 

that favors porosity development [18]. As in previous works in this research line, the aim 

is to learn on how to increase porosity at low burn-off values, thus preserving the initial 

morphology of the starting materials to achieve granular activated carbons with tailored 

porosity and surface chemical composition. The distinctive features of ozone as oxidant 

agent are also addressed.  

2. Experimental   

The starting char was prepared using residual grape seed generated in a local winery at 

the northwest of Spain. The crude material, water-washed and dried, was pre-treated by 

hexane extraction to remove oil, which is an important component of this kind of biomass 

[18]. In the current work 9% of the initial weight (dry basis) was removed as oil fraction. 
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The extracted grape seeds were subjected to flash pyrolysis at 800ºC, which was 

established as the optimum conditions in a previous work [18]. The biochar yield was 34 

mass% (dry extracted seeds basis). 

2.1. Samples characterization 

The textural properties of the samples were determined from the isotherms of N2 

adsorption/desorption at 77 K and adsorption of CO2 at 273 K, using a Micromeritics 

Tristar 2020 device. Prior to the analysis, the samples were degassed during 7 h at 150ºC 

using a VacPrep 061 degas accessory. BET, BJH and t-method were applied to calculate 

textural properties from N2 isotherms, while Dubinin-Astakhov model was applied to 

calculate SDA, micropore volume and micropore mean size from CO2 isotherms data [31]. 

In general terms, it can be considered that the specific surface area determined from CO2 

isotherms using Dubinin-Astakhov method (SDA) gives information about the narrowest 

porosity (narrow microporosity), while the specific surface area determined from N2 

isotherm using BET method (SBET) is mainly due to mesopores and wider micropores 

(around above 1nm in diameter). For that, the difference between SDA and SBET has been 

used throughout this paper as a useful indication of how much microporous is in a sample. 

The pore size distribution was characterized using the Non-Local Density Functional 

Theory (NLDFT) with pore geometry slit for both the CO2 and N2 isotherms [32].  

A Quantachrome Poremaster 33 mercury porosimeter was used to characterize the meso-

macroporous structure (50 – 100 nm interval) of the samples using the Washburn 

equation. The surface tension of mercury was taken as 4.8·10-3 N·cm-1 and the mercury 

contact angle as 141º. 

In cyclic activation, the type of surface oxygen groups generated during the oxidation 

stage is one of the variables affecting the development of porosity. In the current work, 
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the surface chemical groups of the activated carbons was characterized by Fourier 

Transform Infrared Spectroscopy (FTIR) using a Bruker IFS66v apparatus. The samples 

were mixed at 1 mass% with KBr for FTIR analysis. 

The preservation of the initial granular morphology of the grape seeds is one the main 

features of the cyclic activation method studied. Changes in morphology were evaluated 

using a Hitachi S-3000N Scanning Electron Microscope (SEM).   

2.2. Cyclic activation 

The experimental procedures and devices used in this work for the cyclic activation of 

the biochar were those optimized in previous works [18,23,33]. The experimental set-up 

consisted on a vertical quartz-made electrical-heated reactor (45 cm length and 2.2 cm 

width). Ozone flow rate through the reactor during oxidation stage was 300 mgh-1, and it 

was supplied by an electrical ozone generator from GMBOzone, model GMB-PRO-003. 

The generated ozone flow was further diluted in 50 mLmin-1 of nitrogen. The desorption 

stage was carried out using only nitrogen and a flow rate of 100 mLmin-1. 

The activation conditions for the cycles were chosen according to a previous work [18]. 

The oxidation stage of each cycle was carried out at 250 and 275ºC for 2 h and the 

desorption step was performed at 850 and 950ºC under 100 mLmin-1 nitrogen flow rate 

during 2 h. A heating rate of 10 ºCmin-1 was use to switch from oxidation to desorption 

stage. The samples were labeled by the oxidation temperature, desorption temperature 

and the number of cycles applied, e.g. activated carbon 250-850C1 means 250 and 850ºC 

oxidation and desorption temperatures, respectively, and one activation cycle applied.  
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3. Results and Discussion 

In cyclic activation, the porosity is modified mostly by thermal desorption, as CO and 

CO2, of the surface functional groups generated during oxidation stage. As a general 

trend, a higher oxygen uptake results in a higher burn-off, causing higher porosity 

promotion per cycle, as it has been observed for air oxidation of biochars and waste tyre 

chars [18,33].  

As can be observed in Figure 1, the variation of burn-off versus the number of cycles 

shows a linear profile for all the temperature combinations tested, with increments of 4.9–

7.6 burn-off percentage points per cycle applied. Higher operation temperatures, both in 

oxidation and desorption stages, result in higher burn-off values. Thus, higher burn-off is 

achieved for the combination of temperatures 275/850 (oxidation/desorption, 

respectively).   

 

 

Figure 1. Evolution of burn-off with activation cycles.  

 

As shown in Figure 2, Type I isotherms (according IUPAC classification) were obtained 

for all the samples, which indicates the microporous structure of the activated carbons. 

Incipient H4-type hysteresis cycles that appear at relative pressure values above 0.3 

indicate low contribution of mesoporosity. The starting biochar is characterized by a 

narrow microporosity, according to the large different between SDA and SBET values 

calculated for it (505 m2g-1 and 47 m2g-1, respectively) [18]. Along the current work, the 

discussion is supported on both SBET and SDA values due to the heterogeneity of the 
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structure of the materials and their narrow microporosity, as it is the usual procedure in 

literature [31,34-39]. 

 

 

Figure 2. 77 K N2 adsorption-desorption isotherms for the starting biochar and five-cycle 

activated carbons. 

 

Figure 3 depicts the increase of surface area as consecutive activation cycles are applied. 

In general, a monotonic increase of SBET (Figure 3a) was observed upon the successive 

cycles. For the series leading to the highest burn-off (275-850ºC) a much higher increase  

of SBET was observed in the first cycle, which can be explained by both widening of 

previously existing narrow micropores and creation of new ones, since the SDA also 

increased significantly in that first cycle. From the second activating cycle, widening of 

narrow micropores prevails, as shown by the decrease of SDA accompanying the increase 

of SBET. That combination of an oxidation temperature of 275ºC with a desorption 

temperature of 850ºC led to the highest burn-off and also allowed to achieve the highest 

surface area, reaching maximum values of SBET of 1209 m2g-1 (9th cycle) and 1524 m2g-1 

for SDA (7th cycle). The difference between both surface area values indicates that narrow 

micropores can still be found in the samples due to their creation upon the successive 

cycles. This is a distinctive behavior of ozone as activating agent, as oxygen has been 

found to lead to the creation of new narrow micropores during cyclic activation in a much 

lower extent [18]. The lower generation of surface area during the last activation cycles 

can be partially ascribed to the formation of mesopores due to microporosity collapse by 

thermal stress, as proposed by Plyakov et al. [40]. Other authors [25,41] suggested that 

this phenomenon can be explained also by different effects of ozonation, such as 
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destruction of micropore walls  and partial blockage of micropores by surface oxygen 

groups fixed on the pore entrance.  

 

Figure 3. Evolution of SBET (a) and SDA (b) with activation cycles. 

 

For a certain burn-off degree the generation of specific surface area depends on the 

activation conditions, especially during the earlier cycles. Thus, a higher effectiveness 

(surface area per burn-off unit) is observed when a desorption temperature of 950ºC was 

used. Similar combinations of SBET and burn-off values can be obtained for all activated 

carbon series in the 600-800 m2g-1 range, although the number of cycles needed to achieve 

such surface area development varies with the activation conditions.  

Figure 4 shows the evolution of the SBET/BO ratio versus number of cycles applied (a) 

and SBET achieved (b), which can be interpreted as the change in surface area per mass 

percentage unit lost as a result of burn-off. Higher values of SBET/BO ratio means that the 

porosity developed with smaller material loss. This figure confirms that the first activation 

cycles are more effective in terms of surface area generation per unit of burn-off. Such 

effectiveness decreases as more cycles are applied and a higher surface area is developed, 

even though the burn-off per cycle remains essentially constant, as shown in Figure 1. It 

must be taken into account that as the activated carbons develops SBET resulting from 

micropores, additional burn-off leads in some extent to the collapse of micropore walls 

and therefore the generation of SBET per unit of burn-off declines (Figure 4b). In Figure 4 

it can also be seen that the factor that mostly affects the SBET to burn-off ratio is the 

desorption temperature. Thus, a higher effectiveness in the development of porosity is 
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achieved through the combination of low oxidation and desorption temperatures, within 

the range tested.  

 

Figure 4. Variation of SBET/BO ratio with (a) activation  cycles and (b) SBET. 

 

The evolution of micro and mesopore volume with the number of cycles, plotted in Figure 

5, indicates that different patterns can be achieved in the development textural properties. 

In all cases a low mesopore volume was obtained (below 0.04-0.07 cm3g-1), whereas a 

marked increase of microporosity ocurred from the first activation cycle. It is relevant 

that the narrow (2-8 nm) and wide (8–50 nm) mesoporosity were only developed in some 

extent (> 0.005 cm3g-1) after the third-fourth cycle, which is consistent with the above 

mentioned destruction of micropores to form mesopores [42].  Mesopore generation 

became noticeable when micropore volume in the carbon was higher than 0.25 cm3g-1. 

After 10 activation cycles the material with the largest micropore volume (0.52 cm3g-1) 

showed a mesopore volume of almost 0.07 cm3g-1. The so well marked transition 

observed between micro and mesoporosity generation makes possible tayloring the type 

of porosity by an appropiate selection of the activation conditions and the number of 

cycles applied.  

The generation of micropores during ozone cyclic activation is related to a lower 

oxidation rate compared to conventional gasification, which enables diffusion of the 

oxidant creation of surface oxygen groups even within micropores and leads to controlled 

widening of micropores. Likewise, the oxidation is carried out at conditions that minimize 

simultaneous uncontrolled gasification. In conventional activation the high temperature 
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used results in higher gasification rate, with increased gasification at the particle surface 

or pore mouths, even under chemical control conditions. 

 

Figure 5. Micro and mesopore volume development with number of activation cycles. 

 

The widening of existing micropores is also revealed by the increase of micropore mean 

size with the activation cycles, as shown in Figure 6a. The highest micropore mean size 

was obtained for the combination of 275 and 850 ºC oxidation and desorption 

temperatures (respectively). Likewise, Figure 6b shows that higher micropore mean size 

values were obtained at higher values of burn-off. With regard to the evolution of the 

mesopore mean size, a decrease can be observed with both number of cycles and burn-

off (Figures 6c and 6d).  

 

Figure 6. Micropore and mesopore mean sizes vs number of cycles (a and c) and burn-

off (b and d). 

 

The pore size distribution (PSD) is a vital issue regarding the characterization of porous 

carbons. One of the most used methods is based on the NLDFT [31]. NLDFT method 

was applied to calculate the micropore size distribution from CO2 isotherms and the micro 

and mesopore size distribution from N2 isotherms. Figure 7 shows the results for some 

selected samples with similar specific surface area (SBET = 750-850 m2g-1) and burn-off 

(40% aprox.). As can be observed from CO2 DFT distribution, the microporosity for all 

of these selected samples shows the same multi-modal microporosity distribution with 

three peaks at 0.45, 0.55 and 0.88nm. This profile was also observed in the initial biochar 
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[20], although the microporosity below 0.6–0.7 nm was higher for the biochar than for 

the activated samples. Some differences among samples can be observed for N2 NLDFT 

distribution in the 1-3 nm pore size interval. The development of porosity in this range is 

negligible for the biochar, while the activated carbons show an important contribution of 

narrow mesoporosity centered at 2.2 nm. Among the activated samples, the differences 

are much less marked, but the pore volume in this range is slightly higher for the samples 

activated using 850ºC as desorption temperature. No significant contribution of porosity 

is observed between 4 and 20 nm, except an minor contribution at 8–10 nm for the initial 

biochar. 

 

Figure 7. Pore size distribution by DFT method from CO2 and N2 isotherms for selected 

samples. 

 

Figure 8 shows the results of macropore volume determination by mercury intrusion 

porosimetry for the activated carbons subjected to 1, 4, 7 and 10 activation cycles.  The 

general trend of macropore volume is to increase with the activation cycles and hence 

with the burn-off. Very low differences can be observed in relation to operating 

conditions. The main increase of macroporosity is obtained from the cycle number 4.  

 

Figure 8. Macropore volume (0.05-4µm pore size) from mercury intrusion porosimetry 

for all series evaluated versus (a) number of cycles and (b) burn-off. 

 

The whole meso and macropore size distributions obtained by mercury porosimetry 

(0.01-4µm), shown in Figure 9, indicate that similar distributions are obtained for all 
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samples. However, higher pore volumes were generated for an oxidation temperature of 

275ºC combined with a desorption temperature of 950ºC, particularly in the case of 

macropores. 

 

Figure 9. Macropore and mesopore size distribution between 0.01 and 4µm for samples 

after 10 activation cycles. 

 

Figure 10 shows the FTIR spectra of the char and the activated carbons after the fifth 

cycle of oxidation-desorption. FTIR analysis cannot be considered as quantitative 

characterization, but it is widely accepted for semi-quantitative evaluation of the changes 

in carbon surface chemistry. The results obtained are quite similar to those obtained in 

previous works using air as oxidation agent [18], indicating that surface functional groups 

formation occurs by similar mechanisms for both oxygen and ozone. All spectra show 

similar profiles but different intensities. The spectra exhibit three main broad bands 

centered at 1070, 1500 and 3400 cm-1. In general, a higher absorption intensity can be 

observed for the samples prepared at a desorption temperature of 850ºC, except for the 

band around 1070 cm-1, whose intensity is higher for samples oxidized at 275ºC. In this 

wavenumber range the presence of oxygen groups is shown by the overlapping of bands 

in the 1300 to 900 cm-1 range, where γ(O—H) vibrations in ring ethers and primary C—

O single bond stretching vibration from γ and δ lactone groups, aromatic and aliphatic 

ether, and epoxide structures occur [27].  

The overlapping of absorption bands in the 1400-1700 cm-1 range are mainly due to the 

olefinic γ(C=C) vibrations, ν(C=C) stretching vibration and skeletal C=C vibrations in 

aromatic rings of some surface oxygen groups such as lactones and quinones. For the 
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samples obtained at a oxidation temperature of 275ºC is particularly significant the higher 

absorption of the peak c.a. 1625 cm-1, which can be associated to olefinic ν(C=C) 

vibrations and aromatic skeletal stretching. For all the samples, the peak observed at 

3600-3650 cm-1 is due to the stretching of O-H bonds of water that constitutes the 

moisture taken for the KBr during sample preparation for FTIR analysis. At around 1600 

cm-1 can be observed a much less intense adsorption corresponding to the bending of 

these bonds. Moreover, in this region can be found the adsorption of  ν(O—H) and γ(O—

H) vibrations in phenolic hydroxyl groups associated by hydrogen bonds [26]. It is 

remarkable that even when the highest desorption temperature is used, not all functional 

groups are desorbed from the carbon surface; some of them can be considered as heat 

resistant and hence not relevant to porosity development. However, as they scale-up on 

the carbon surface the reactivity of the surface may be lower. 

 

Figure 10. FTIR spectra of grape seed char and samples after 5 activation cycles. 

 

In Figure 11 the results of SBET vs. burn-off obtained in this work are compared to those 

found in literature for the activation of biomass agricultural by-products such as apricot 

and cherry stones [13], olive stones [1], pecan shells [3], coconut shells [6] and other 

biomass wastes activated with steam [1,4,5,8,9,13,14] and CO2 [1,6,9-12,14,43] by 

conventional physical activation. It can be observed that the activated carbons obtained 

from grape seeds biochar by ozone cyclic activation show comparatively high SBET/BO 

ratios. 
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Figure 11. Comparison of SBET vs. burn-off values obtained by ozone cyclic activation 

and by other methods from literature.  

 

The SEM images of the starting biochar and the activated samples (Figure 12) indicate 

that no important morphological changes were induced by the ozone treatment and the 

desorption at high temperature. The initial seeds shape is kept along the activation 

process, even after 10 cycles due to the controlled burn-off.  

 

Figure 12. SEM micrographs of (a) char from grape seeds and activated carbons (b) 275-

850 C5 and (c) 275-850 C10. 

 

As can be seen in Figure 13 the pyrolysis led to a volatilization of the endosperm material 

leaving a low density structure in the inner portion of the char granules. Such low density 

layer is also found in the activated sample. It can also be seen that most of the mass of the 

activated carbon granules is allocated in the periphery. This structure can be of interest 

regarding potential applications implying mass transfer phenomena since the material 

combines granular morphology and a short diffusion path, with a thickness of the outer 

layer around 200 µm. 

 

Figure 13. SEM images of different sections of samples: cross section (a) and wall detail 

(b) of activated sample after 10 activation cycles at 275/850 oxidation/desorption 

temperatures; cross section (c) and outer layer detail (d) of initial grape seed biochar.  

 

4. Conclusions 
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The use of ozone as oxidation agent in the cyclic activation of biochar from waste grape 

seed has been assessed. The method offers good control of the activation conditions and 

generation of surface area at low burn-off, thus keeping the initial granular shape of the 

biochar particles.  

The variation of burn-off with number of cycles shows a linear trend. The highest values 

of burn-off were obtained for the activated carbons prepared at 275ºC and 850ºC 

oxidation and desorption temperature, respectively. These conditions also led to the 

highest values of SBET. A steady increase of SDA was observed, which indicates the 

creation of new micropores during al the activation procedure. Some development of of 

macroporosity was also observed during the activation. 

Ozone cyclic activation led to essentially microporous activated carbons, with very low 

contribution of mesopores. The content of surface oxygen groups in the activated carbons 

increased with the number of activation cycles, indicating that the desorption stage does 

not remove all the oxygen incorporated during the oxidation. 
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Figure 1. Evolution of burn-off with activation cycles.  
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Figure 2. 77 K N2 adsorption-desorption isotherms for the starting biochar and five-cycle 

activated carbons. 
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Figure 3. Evolution of SBET (a) and SDA (b) with activation cycles. 
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Figure 4. Variation of SBET/BO ratio with (a) activation  cycles and (b) SBET. 
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Figure 5. Micro and mesopore volume development with number of activation cycles. 
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Figure 6. Micropore and mesopore mean sizes vs number of cycles (a and c) and burn-

off (b and d). 
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Figure 7. Pore size distribution by DFT method from CO2 and N2 isotherms for selected 

samples. 

  



28 

 

 

 

 

Figure 8. Macropore volume (0.05-4µm pore size) from mercury intrusion porosimetry 

for all series evaluated versus (a) number of cycles and (b) burn-off. 
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Figure 9. Macropore and mesopore size distribution between 0.01 and 4µm for samples 

after 10 activation cycles. 
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Figure 10. FTIR spectra of grape seed char and samples after 5 activation cycles. 
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Figure 11. Comparison of SBET vs. burn-off values obtained by ozone cyclic activation 

and by other methods from literature.  
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Figure 12. SEM micrographs of (a) char from grape seeds and activated carbons (b) 275-

850 C5 and (c) 275-850 C10. 
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Figure 13. SEM images of different sections of samples: cross section (a) and wall detail 

(b) of activated sample after 10 activation cycles at 275/850 oxidation/desorption 

temperatures; cross section (c) and outer layer detail (d) of initial grape seed biochar.  
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