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ABSTRACT 

Porous carbons are considered to be promising sorbents for carbon capture and sequestration. 

As precursors, the use of biomass materials has acquiring special interest due to its low cost 

and high availability. Among all the possibilities to convert low-value biomass into these 

interesting sorbents, hydrothermal carbonization has demonstrated several advantages such as 

lower energy consumption over pyrolysis. In this work, activated hydrochars using two-phase 

olive mill waste as precursor have been prepared through physical and chemical activation 

using CO2 and KOH, respectively. Additionally, with the aim to study the influence of the 

nitrogen on their adsorption capacity, N-doped adsorbents have been prepared through a one-

step hydrothermal carbonization. The behaviour of these adsorbents has been studied in terms 

of CO2 uptake capacity at an absolute pressure of 15 kPa and temperatures of 0, 25 and 75 ºC, 

apparent selectivity towards CO2 over N2, and isosteric heat of adsorption. Among all these 

samples, the physically activated hydrochar appears to be the best due to its higher CO2 

uptakes, adsorption rates and values of selectivity at 25 ºC. Therefore, considering these results, 

doping these materials with nitrogen does not appear to enhance their adsorption properties, 

contrary to what some authors have previously reported. 
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1. Introduction 

Although the growth of non-fossil fuel consumption is a reality, it seems that the 

dependence on fossil fuels for energy supply will be still very strong in the closest future. 

Therefore, there is still an urgent necessity to reduce the CO2 emissions. Among all the 

technologies studied, CO2 capture and geological storage is considered to be a major mitigation 

option for climate change. Of the different approaches available for capturing CO2, adsorption 

with solids has been pointed to be one of the most promising strategies due to the low cost of 

their synthesis and the low energy penalties these technologies present when comparing with 

other processes [1].  

Among all the solids adsorbents studied until now, carbonaceous adsorbents have 

shown several advantages towards other tested materials as zeolites, calcium oxides, 

hydrotalcites or metal-organic frameworks (MOFs) among others. Their higher resistance to 

moisture, higher thermal, mechanical and chemical stability and low energy requirements and 

price, make of these materials the most attractive adsorbents to capture CO2 [1]. 

Moreover, when waste biomass is used as precursor of these sorbents, its attractiveness 

for the CO2 capture process increases because of the relative ease and low cost of their synthesis 

[2]. Several have been the processes studied during the last years to convert this waste biomass 

on valuable carbon materials. Among all the possibilities to convert low-value biomass into 

these interesting sorbents, HTC (hydrothermal carbonization) has demonstrated several 

advantages such as lower energy consumption over pyrolysis. Feedstocks with a high moisture 

content yield low amounts of solid material after drying, which makes them insufficient sources 

for pyrolysis. Therefore, a greater variety of feedstocks could be considered for processing into 

hydrochar since drying the feedstock is not necessary for HTC. Another advantage is that HTC 

yields higher amounts of char and uses lower amounts of energy than pyrolysis [3]. 
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As several authors have previously reported, the physical properties of the sorbent 

depend mainly on the nature of the precursor. A wide number of biomass precursors have been 

studied until the date: rice husks [4], vine shoots [5], almond shells [6], coconut shells [7], 

among others. In all the cases, the raw material is converted into biochar or hydrochar (through 

pyrolysis and hydrothermal carbonization, respectively) and therefore, activated either 

physically or chemically with the aim to get the higher quantity of ultra-micropores (pore size 

< 0.7 nm) in their structure. Previous authors [4, 8] agreed that as highest was the amount of 

ultra-micropores in the studied activated carbons, highest was their CO2 adsorption capacity. 

These works concluded that the high selectivity CO2/N2 and the excellent cyclability that these 

materials showed were more related to the big amount of ultra-micropores presented in their 

structures than with their specific surface area. This theory was more recently confirmed by 

Manyà et al. [5] who found that among all the sorbents studied in their work, the highest ultra-

micropore volume was obtained for the activated carbon with a highest KOH/biochar ratio, 

which showed at the same time the major CO2 uptake capacity at the experimental conditions 

studied (0 ºC and 15 kPa). 

In this attempt to find the adsorbents with the best capacities, a controversy regarding 

the role of the nitrogen-functional groups when incorporating to the porous carbons has come 

on. While some authors [9–11] advocate for the positive effect that N-doping has on the 

materials, improving their CO2 capture capacity and heats of adsorption, others [12–14] have 

demonstrated that the presence of nitrogen in the porous structure does not influence on their 

CO2 uptake.  

Among these last, Adeniran et al. [13] demonstrated that after comparing some carbons 

doped with N with other undoped, all of them prepared with similar pore size distribution, no 

any beneficial regarding the CO2 uptake was observed. Similar conclusions had been 

previously obtained by Sevilla et al. [12] and Kumar et al. [14]. While Sevilla et al. [12] found 
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that the presence of N did not have any appreciable effect on CO2 adsorption, the second [14] 

appreciated a marginal improvement of the N-doped adsorbents comparing with the undoped 

ones being the real effect observed on the CO2/N2 selectivity, which increased in the case of 

the nitrogen-enriched materials. Both works agree that the CO2 uptake of these carbons 

depends, independently of the presence of N, on the pore distribution and more in particular on 

the proportion of ultra-micropores present in their structures. 

However, on the other hand, there are some authors [9–11] who reported that the 

incorporation of nitrogen-functional groups into  the carbon structure enhances the interaction 

with CO2 of these materials. Among others works, Xu et al. [15] measured capacities up to 

5.86 mmol g–1 at 101.3 kPa and 0 °C for a nitrogen-doped carbon prepared from tree leaves 

and activated at 600 ºC. Similar values were achieved by Yue et al. [9] who synthetized porous 

nitrogen-doped carbons by carbonization of coconut shell followed by urea modification and 

K2CO3 activation. In this last case, the adsorbents showed CO2 uptakes of 3.71 mmol g-1 at 

101.3 kPa and 25 ºC and 5.12 mmol g-1 at 0 ºC. 

Therefore, one of the objectives of this work is to elucidate both, the effect of N-doping 

as well as the effect of the pore size distribution on the CO2 capture capacity of these porous 

adsorbents. 

The growth that the industry of oil production has suffered in the last decades, not only 

in the Mediterranean countries but also in other countries as Serbia and Montenegro, 

Macedonia, Cyprus, Turkey, Israel, Jordan, the USA, Australia, the Middle East and specially 

in China [17] has exacerbated the environmental problems due to the production of high 

amounts of by-products: olive pomace (OP) and olive mill wastewater (OMW) [18]. In Spain, 

the introduction of the two-phase centrifugation system for oil extraction during the decade of 

90´s reduced the production of wastewater generation, still produced approximately four 

million tons per year of a solid olive-mill by-product called “alperujo” or two-phase olive mill 
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waste (TPOMW). Characterization experiments of these samples have shown that this product 

has a high moisture content, slightly acidic pH values and a very high content of organic matter 

(lignin, hemicellulose and cellulose) [19]. Although several attempts to reuse the TPOMW 

disposal have been made as its use for the co-generation of electrical power, the necessity to 

find less expensive uses has led to research into new ways. One possibility is to use it for the 

preparation of soil organics fertilizers and amendments; however, its direct application to the 

soil has been demonstrated to effect negatively the soil structural stability, seed germination, 

plant growth and microbial activity [19]. Another potential application which is being under 

study is its use to develop sorbents for CO2 capture. As it was introduced above, the use of 

biomass as a precursor of these sorbents presents several advantages and in this work, activated 

carbons using TPOMW as precursor have been prepared. Considering the already summarized 

advantages that hydrochar presents when comparing with biochar, hydrochars from this 

biomass were produced and then, activated following different processes. The final objective 

is to study the CO2 capture capacity of these sorbents under postcombustion conditions. Both, 

physical activation with CO2 and chemical activation with KOH processes were used to study 

their effect on the properties of the prepared hydrochars and its behaviour as CO2 adsorbents. 

Besides, N-doped adsorbents have been prepared through a one-step hydrothermal 

carbonization to study the effect of nitrogen-doping in terms of CO2 uptake. These doped 

carbons were also physically activated with the same method used with the other hydrochars. 

In this work, the CO2 adsorption capacities of the developed sorbents were measured at 

0, 25 and 75 ºC and at CO2 pressure of 15 kPa (the normal value in postcombustion conditions). 

On the other side, the CO2/N2 selectivities were measured at 25 ºC and 101.3 kPa in a 

thermogravimetric analyser under pure CO2 or N2 environment. 
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2. Materials and methods 

2.1.Materials 

The material used in this study was prepared by hydrothermal carbonization of the two-

phase olive mill waste supplied by the company Ecostean, an olive oil manufacturer from 

Huesca (Spain). Results from proximate and elemental analyses as well as ash composition for 

the olive mill waste are given in the Supplementary Data. The pyrolysis device and the 

experimental procedure have been described in detail elsewhere [20, 21]. The HTC 

experiments were carried out in a 100 mL Parr reactor (reactor series 4590) able to work up to 

a pressure of 35 MPa and a temperature of 350 ºC. The reaction temperature was controlled 

using a Parr proportional-integral-derivative (PID) controller (Model 4858). 

2.2. Activation 

The hydrochar materials produced were activated by both physical and chemical 

methods. For physical activation, 10 g of hydrochar was heated at 10 °C min–1 to 700 or 850 

°C under a steady flow of CO2 (100 mL min–1 STP) in a vertical fixed-bed quartz reactor (25 

mm ID) at atmospheric pressure. Physically hydrochars were obtained at two different holding 

times at these temperatures (1 and 3 h) and denoted as AC_HTC_CO2_Y_X, where Y 

corresponds to the activation temperature and X corresponds to the holding time in hours. 

For chemical activation with KOH, 10 g of hydrochar was physically mixed with KOH 

(particle size lower than 1.5 mm) in a mortar at two KOH/hydrochar mass ratios (2/1 and 5/1). 

The resulting mixtures were then heated under N2 (100 mL min–1 STP) to 600 or 700 °C 

(holding time at the final temperature = 30 min) in the same fixed-bed quartz reactor mentioned 

above at an average heating rate of 10 °C min–1. Chemically hydrochars are denoted as 

AC_HTC_KOH_X_Y, where X is the mass of KOH per mass unit of hydrochar and Y 

corresponds to the final temperature reached during heating in °C. 
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For the synthesis of N-doped carbon materials, two-phase olive mill waste, ZnCL2, 

Pyrrole-2-carboxaldehyde at three mass percentages (37.5, 56.25 and 6.25 %) and 1.5 ml of 

H2O were thoroughly mixed. The mixture was then transferred to a glass vessel that was 

introduced in a Teflon-lined autoclave and kept at 200 °C under autogenous pressure for 24 

hours. After hydrothermal synthesis, the solid was directly dried at 110 °C in an oven, without 

any previous washing. Finally, a physical activation following the procedure described above 

was carried out, where the hydrochar was heated at 10 °C min–1 to 700 °C under a steady flow 

of CO2 or N2. These one-pot hydrochars are denoted as AC_HTC_ZN_X_Y_Z, where X is the 

temperature reached during heating, Y is the gas used for the activation and Z corresponds to 

the holding time. Fig 1. summarizes the different production pathways described above for the 

different materials studied in this work. 

 

 

 

 

Fig 1.  Graphical scheme of the production pathways for all the two phase olive mill 
waste-derived absorbents studied in this work. 
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2.3.Characterization 

N2 adsorption/desorption isotherms at –196 °C were obtained using an ASAP 2020 gas 

sorption analyzer from Micromeritics (Norcross, GA, USA). Samples were previously 

degassed under dynamic vacuum conditions to constant weight at a temperature of 150 °C. 

Apparent specific surface areas (SBET) were calculated using the Brunauer–Emmet–Teller 

(BET) model at small relative pressures (p/p0 = 0.01–0.15). Total pore volume (Vt) was 

determined from the specific volume of N2 adsorbed at a relative pressure of 0.99. The t-plot 

method (carbon black STSA thickness equation) was used to estimate the micropore volume 

(Vmic, for pore sizes lower than 2 nm). Ultra-micropore size distributions and the ultra-

micropore volume (Vultra, for pore sizes lower than 0.7 nm) of carbons were estimated from 

their CO2 adsorption isotherms at 0 °C, which were measured using the same analyzer 

described above under the same degassing conditions. For this purpose, a Density Functional 

Theory (DFT) method assuming slit-pore geometry was employed. Given that some adsorbents 

could contain mainly ultra-micropores (especially the non-activated biochars), SBET values 

were also estimated for a proper linear region from the CO2 adsorption data at 0 °C. Recently, 

Kim et al. [22] have reported that the BET specific surface areas from CO2 at 0 °C can be 

considered as reasonable proxies for highly ultra-microporous materials. Finally, the micropore 

volumes (VDA) assuming the Dubinin-Astakhov model were estimated from the CO2 adsorption 

data. All the necessary calculations from both N2 and CO2 adsorption isotherms were 

performed using the MicroActive software (v. 4.03) supplied by Micromeritics Instrument 

Corp. 
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2.4. CO2 uptake and selectivity 

The CO2 adsorption capacities at 25 and 75 °C were measured using the ASAP 2020 

gas sorption analyzer. Samples (around 120–200 mg) were degassed under the same conditions 

above-mentioned. 

To estimate the apparent selectivity towards CO2 over N2, adsorption experiments at 

atmospheric pressure (under pure CO2 or N2) were conducted in a thermogravimetric analyzer 

(TGA) composed of a MK2 microbalance (precision of 0.1 µg) from CI Precision (UK). 

Samples (with an initial mass of around 15 mg) were firstly degassed under a steady flow of 

He (100 mL min–1 STP) at 150 °C for 1 h. After cooling to 25°C, carrier gas was switched from 

He to CO2 or N2 (100 mL min–1 STP). 

 

3. Results and discussion 

3.1.Porous properties and CO2 adsorption capacity at 0°C 

Isotherms of adsorption of N2 at –196 °C and CO2 at 0 °C (see Fig. 2) were used to 

determine specific surface area, pore volume and textural characteristics of the pores. All the 

data are summarized in Table 1. From these results, it is observed that for the physically 

activated samples, as higher are the temperature and time of activation, bigger are the values 

of SBET determined from the N2 adsorption isotherms. Hence, that the highest value of  SBET  is 

obtained for the AC_HTC_CO2_850_3 sample (1135 m2 g–1), which is much higher than the 

determined by previous authors for physically activated samples although within the common 

range reported in the literature for biomass-derived activated carbons [5, 6, 8, 23–25]. 

Regarding the chemically activated samples, the AC_HTC_KOH_5_700 sample is the one 

which shows the biggest SBET, obtaining, also in this case, higher values of SBET as the 

temperature of activation increased. Contrary to what happened with the physically activated 

samples, all the chemically activated carbons, excluding the AC_HTC_KOH_2_600 which 
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presents the lowest value of SBET among all the samples studied in this work (3.7 m2 g–1), show 

values of SBET within the common range reported for chemically activated carbons with KOH 

[5, 23–25]. This last sample, as it happens with the physically activated AC_HTC_CO2_700_1 

(SBET of 26.1 m2g–1), presents very low values of SBET because both samples possess mostly 

ultra-micropores and at cryogenic temperatures, the diffusion rate of the N2 molecules into this 

size of micropores is very low [22]. Therefore, it is not possible to determine the total pore 

volume (Vt) and the micropore volume (Vmic) for both carbons using the t-plot method and this 

is the reason why these values for these materials are showed as NA in Table 1. Finally, for the 

one-pot synthetized samples, it could be observed that the three of them present values of SBET 

very similar to the values reported by previous authors for N-doped carbons [11, 13, 16, 26] 

being  the one activated in a N2 atmosphere which presents the highest value (937 m2 g–1). 

Besides, as it was previously found by other authors [11, 16], these last samples present a higher 

percentage of mesopores when comparing with the rest of materials. According to these 

researchers, the presence of nitrogen inhibits the formation of micropores in favour of 

mesopores and this would explain the lower CO2 uptakes showed by the N-enriched carbons. 
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Table 1. Textural properties and CO2 uptake (at 0°C) of the two-phase olive mill waste 
derived carbons. 

Sample 
 Apparent specific surface area 

(m2g-1) 
Specific pore volume 

(cm3 g-1) 
CO2 uptake at 0ºC 

(mmol g-1) 

SBET a  SBET b SL
b Vt Vmic Vmeso Vultra 15 kPa 101.3 kPa 

AC_HTC_CO2_700_1 26.1 220 176 NA NA NA 0.096 1.050 1.409 

AC_HTC_CO2_700_3 97.1 224 158 0.027 0.0253 NA 0.078 0.904 1.260 

AC_HTC_CO2_850_1 576 372 386 0.228 0.1878 0.002 0.134 1.375 2.595 

AC_HTC_CO2_850_3 1135 424 435 0.476 0.373 0.014 0.153 1.542 2.945 

AC_HTC_KOH_2_600 3.7 189 173 NA NA NA 0.068 0.758 1.262 

AC_HTC_KOH_2_700 888 460 482 0.392 0.294 0.027 0.159 1.350 2.984 

AC_HTC_KOH_5_600 627 361 311 0.277 0.1985 0.020 0.136 1.487 2.342 

AC_HTC_KOH_5_700 1036 555 588 0.449 0.3455 0.024 0.192 1.550 3.521 

AC_HTC_ZN_700_CO2_1 883 485 520 0.513 0.243 0.204 0.198 1.089 2.759 

AC_HTC_ZN_700_CO2_3 760 371 422 0.405 0.216 0.133 0.133 0.856 2.210 

AC_HTC_ZN_700_N2 937 375 404 0.518 0.263 0.185 0.127 0.978 2.290 

 
 

a calculated from N2 adsorption data a –196°C. 
b calculated from CO2 adsorption data a 0°C.  
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Fig 2. CO2 adsorption isotherms (at 0ºC) for (a) HTCs physically activated, (b) HTCs 
chemically activated with KOH using the dry mixture method and (c) one-pot synthetized 
samples. 
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Manyá et al.[5] observed for the materials they studied, no any linear correlation between SBET 

and Vultra was found for any of the groups of hydrochars investigated in this work. 

The values of the ultra-micropore volume estimated using a DFT-based model for all 

the samples studied in this work are also summarized in Table 1. As it can be seen, this value 

is especially high for the AC_HTC_KOH_5_700 (0,192 cm3 g–1) and AC_HTC 

_ZN_700_CO2_1 (0,198 cm3 g–1) samples. Some previous works [2, 4, 5, 8, 27] reported high 

values of ultra-micropore volume (also estimated using DFT or NLDFT methods) for the ACs 

studied (up to 0.148 cm3g–1) but it was not until recently that Xu et al.[11] and Liu et al. [27] 

found values so elevated as the showed by these two hydrochars investigated in this work. Xu 

et al. [11] obtained, using a DFT-based model, values of Vultra between 0.171 and 0.209       

cm3g-1 for camphor leaves chemically activated with KOH at different temperatures. All the 

activated carbons studied by Xu et al. [11] showed a very strong peak at 0.6 nm, which would 

explain the higher CO2 uptake showed by these materials comparing with the works previously 

mentioned and the hydrochars studied here. On the other hand, Liu et al. [27] studied dried rice 

husk samples pre-oxidized and impregnated with KOH, which were compacted at different 

pressures. From the results obtained, the authors highlighted the Vultra value obtained for the 

R7_2T_10PEI carbon sample, which had the highest ultra-microporosity (0.175 cm3/g) with a 

mono-modal pore size distribution centred at 0.37 nm (a value a bit higher than the dynamic 

diameter of CO2 molecules, 0.34 nm). Nevertheless, in spite of possessing similar values of 

Vultra than the reported by Liu et al. [27] and Xu et al. [11], the two samples studied here do not 

present  CO2 uptakes so high as the values reported by these two authors in their works. This 

could be explained, as it was mentioned above, because of the high percentage of mesoporous 

presented by these materials. The ultra-micropore size distributions determined from the CO2 

adsorption using the DFT-based model are shown in Fig. 3 for the samples investigated in this 

work. Comparing the values obtained for all the samples studied, it could be observed that the 
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sample with the highest ultra-micropores volume is the one synthesized using one-step 

hydrothermal process AC_HTC_ZN_700_CO2_1. However, this value does not correspond to 

the highest CO2 adsorption capacity at 0 °C and 15 kPa (see Table 1) as it would be expected, 

according to previous authors [5, 8], who found a proportional relation between both 

parameters. In this sense, as it was stated in the introduction section, there is a controversy 

regarding the effect of nitrogen-doping on the CO2 capture capacity of these materials. While 

several authors reported a negligible effect of nitrogen over the CO2 capture capacity of the 

carbons [12–14], others [9–11] found a positive effect on the CO2 uptakes and heat of 

adsorption of the materials.  

 

  

 

 

  

 

0.2 0.4 0.6 0.8 1.0
-0.01

0.00

0.01

0.02

0.03

0.04

0.05

In
cr

em
en

ta
l p

or
e 

vo
lu

m
e 

(c
m

3 g-1
)

Pore width (nm)

a)



16 
 

 

 

 

 

Fig 3. Utra-micropore size distributions for (a) HTCs physically activated (b) HTCs 
chemically activated with KOH using the dry mixture method and (c) one-pot synthetized 
samples. 
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conclusions reported by the first authors mentioned above [12–14] and are in contrast to the 

works [10, 15, 26] which claim on the benefits of nitrogen functionalities on carbon. Based on 

this lack of agreement, further investigations would be necessary to elucidate the role of 

nitrogen-doping on CO2 adsorption of these porous carbons. In this sense, according to Kumar 

et al. [14], studying the effect of N over the CO2 uptake only through experimental work is 

very difficult due to the variety of parameters involved and that have not been considered in 

the works published up to date. Two of these factors are the presence of additional functional 

groups and the pore architecture, among others. 

On the other hand, still from the results shown in Table 1, it can be observed that are 

the chemically activated samples which present the highest CO2 adsorption capacities. In 

particular, it is the sample AC_HTC_KOH_5_700 which presents the highest uptake (0.155 

mmol g–1 at 15 kPa and 0 ºC) among all the samples studied. When comparing the value showed 

by the AC_HTC_KOH_5_700 sample with the obtained for the other chemically activated 

samples using the same method but different rates and temperatures, it is observed that the 

results obtained confirm the conclusion reported by Manyá et al. [5], who said that higher 

KOH/biochar ratios can promote the formation of pores with sizes above 0.7 nm. Moreover, 

according with this previous work [5], samples activated with a ratio of 5 show higher values 

of Vmic than the same samples activated with a ratio of 2 at similar temperature. 

Regarding the undoped samples, it is observed that the CO2 capture capacities (at 0 °C 

and 15 kPa) of all the hydrochars studied in this work are quite similar and agree with the 

values obtained by previous studies for similar materials [4, 6–8, 24, 25, 28–30]. Among all 

the values shown in Table 1, it must be highlighted the values obtained for the physically 

hydrochar activated at 850 °C during 3 h (1.54 mmol g–1) and the one obtained for the already 

mentioned AC_HTC_KOH_5_700 sample (1.55 mmol g–1). A bit lower are the values obtained 

for the chemically activated sample at similar temperature but with a ratio of 2 (1.35 mmol g-
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1) and with a similar ratio but activated at 600°C (1.49 mmol g-1), although still satisfactory 

when are compared with results obtained by previous authors [5, 11, 12, 25, 28–31]. Therefore, 

it could be said that in the case of the chemically activated hydrochars, it is true that as higher 

is the Vultra, higher is the CO2 capture capacity [5]. More specifically, when comparing these 

produced adsorbents with other activated carbon of hydrothermally carbonized biomass, 

studied previously by other authors [8, 12, 25, 29], it can be observed that both the CO2 uptake 

and Vultra are in a similar range of values and even a bit better that these others. 

3.2.Temperature-dependent adsorption of CO2 

Fig 4. shows the CO2 isotherms at 25 and 75 °C for the physically activated sample at 

850 °C during 3 h (i.e., AC_HTC_CO2_850_3) and the chemically activated hydrochars at 

700°C (AC_HTC_KOH_2_700) and at 600°C (AC_HTC_KOH_5_600). Additionally, one of 

the N-doped samples (AC_HTC_ZN_700_CO2_3) was selected with the aim to compare, in 

more detail, its CO2 capture capacity with both the physical and chemical activated carbons 

and determine the role of N-doping for CO2 adsorption. At 25 °C, the highest CO2 adsorption 

capacity at 15 kPa was 1.19 mmol g-1 for the AC_HTC_CO2_850_3 sample, which is in the 

lower range of those reported by previous authors at similar conditions of pressure and 

temperature (see Table 2) For adsorption at 75ºC, this physically activated sample is also the 

best material in terms of CO2 uptake with a value of 0.55 mmol g-1. Adsorption capacities up 

to 0.5 mmol g-1 have been previously reported by several authors at these conditions but not 

for physically activated carbons. Only Manyà et al. [5] reported a value of 0.465 mmol g-1 for 

a carbon physically activated with CO2 at 800ºC. In this last work, the best behaviour showed 

by the physically activated carbon was attributed to the higher mesopore volumes that this 

sample possess when comparing with the chemically activated carbons, which can enhance the 

diffusion into micropores and ultra-micropores by shortening diffusion paths. However, the 

results obtained in this work show a lower mesopore volume for the AC_HTC_CO2_850_3 
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sample than for the chemically activated carbons and the N-doped samples also studied here. 

Therefore, in this case, the mesopores volume is not the responsible of the highest adsorption 

shown by this sample at these conditions.  

Regarding the two chemically activated samples, the CO2 uptake obtained for the 

AC_HTC_KOH_5_600 sample at 25ºC is only a bit lower (1.15 mmol g-1) than the measured 

for the physically activated one analysed above. Nonetheless, the other chemically activated 

carbon studied, the AC_HTC_KOH_2_700, exhibited a value of CO2 uptake below 1 (0.88 

mmol g-1) very far from the data obtained by other authors for chemically activated samples 

with KOH from different precursors [4, 6, 7, 24, 25, 29, 32–37]. Regarding the adsorption 

capacities at 75ºC, few data are available in bibliography for similar materials at that 

temperature. At similar conditions, the highest value of CO2 uptake was found by Hao et al. 

[28] who reported a value of 0.5 mmol g-1 for a chemically activated carbon (with KOH at a 

mass ratio KOH/precursor of 2 and at 700ºC) from hydrothermally activated carbon. More 

recently, Manyà et al. [5] reported values within the range 032-0.39 mmol g-1 for several 

chemically activated carbons. Within this range is the value measured for the 

AC_HTC_KOH_5_600 sample (0.35 mmol g-1) while the AC_HTC_KOH_2_700 sample 

exhibited a value of 0.25 mmol g-1, far from the uptakes reported by these previous works.  

 Finally,  the N-doped sample studied in this section showed a CO2 capture capacity of 

0.55 mmol g-1, much lower than  the obtained for the previous samples and very far from the 

values reported for N-doped porous carbons by recent works and summarized by Rouzitalab et 

al. [31] in their paper.  Even worse is its performance at 75ºC with an adsorption capacity of 

just 0.12 mmol g-1. This confirms, one more time, the negative role of the nitrogen in these 

adsorbents, which despite their high volume of ultra-micropores, they do not present high CO2 

capture capacities.  
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Fig 4.  CO2 adsorption isotherms at 25 °C (figure a) and 75 °C (figure b) for the selected 

samples: AC_HTC_CO2_850_3, AC_HTC_KOH_2_700, AC_HTC_KOH_5_600 and 
AC_HTC_ZN_700_CO2_3. 
 

3.3.Apparent selectivity towards CO2 

From the experiments carried out in the TGA described in the experimental section, 

information related to the apparent adsorption rate and kinetic selectivity was obtained.  These 

experiments were developed following the same procedure that Manyà et al.[5] described in 
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their work, being therefore the apparent CO2-over-N2 selectivity similarly calculated following 

the equation:                                                                                                

σ









=

2

2

N

CO

x
x

S                                                                                 (1) 

where 
2COx  and  

2Nx  are the uptake capacities (in mmol g–1) at 101.3 kPa after 1 min of CO2 

and N2, respectively and σ represents the ratio of the CO2 uptake at 15 kPa to that at 101.3 kPa 

from the corresponding adsorption isotherm. However, most of the values of selectivity found 

in the literature for others adsorbents (see Table 2) were predicted for CO2-N2 binary mixtures 

according to the ideal adsorption solution theory (IAST). Therefore, a comparison between the 

values obtained in this work from the single adsorption isotherms and these others would not 

be appropriate, given that as González et al. [6] and more recently, Manyà et al. [5] highlighted 

in their works, the N2 adsorbed from a gas mixture could be up to half the quantity adsorbed in 

a single-component adsorption. 

Table 2. Some CO2 uptakes at 25 °C and 15 kPa and CO2/N2 selectivities reported in 
literature for activated porous carbons derived from different precursors. 

 

Precursor (activation method) Highest CO2 uptake reported 
(mmol.g-1)        Selectivity nCO2/nN2 * Ref. 

Rice husk char (chemical activation 
with KOH) 1.51 19.9  [4] 

Vine shoot-derived biochar (physical 
activation with CO2) 

1.35 42.3  [5] 

Almond shells (single-step activation 
with CO2) 

1.08 33  [6] 

Coconut shell (chemical activation with 
KOH) 1.4 8.5  [7] 

HTC from grass cuttings (physical 
activation with CO2) 

1.1 14.5 [8] 

Camphor tree leaves (chemical 
activation with KOH) 1.1 27.5  [11] 

Coconut shells (chemical activation with 
KOH) 1.4 19  [24] 

HTC chars from empty fruit brunch 
(chemical activation with KOH) 1.2 11.2  [25] 

Dried rice husk samples (chemical 
activation with KOH) 1.9 115 [27] 

Eucalyptus Lignin (chemical activation 
with KOH) 1.8 (at 0ºC) 15  [28] 
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Precursor (activation method) Highest CO2 uptake reported 
(mmol.g-1)        Selectivity nCO2/nN2 * Ref. 

HTC chars from Jujun grass (chemical 
activation with KOH) 1.5 Not available [29] 

Chemically synthetized polyindole 
Nanospheres (chemical activation with 
KOH) 

1.6 
 

81 
 

[33] 

Pyrolyzed coconut shells (chemical 
activation with KOH) 1.45 22  [34] 

Melamine-doped phenolic-resins 
(chemical activation with KOH) 1.31 27.5 [35] 

Pyrolized 1,3-bis (cynomethyl 
imidazolium) chloride (chemical 
activation with KOH) 

1.70 62 [36] 

Pyrolyzed pine nut shells (single-step 
activation with KOH) 2 8.4  [37] 

Pomegranate peles (chemical activation 
with KOH) 1.25 15.1  [38] 

*These values are apparent selectivities calculated similarly to the showed in this work or 
predicted for CO2-N2 binary mixtures according to the IAST model. 

 

Table 3 summarizes the values obtained for the apparent CO2-over-N2 selectivities at 

25 ºC and an adsorption time of 1min for all the samples studied. The corresponding dynamic 

adsorption curves at that temperature are showed in the Supplementary Data. Comparing the 

values obtained for the different adsorbents, there are three samples which stand out for their 

extraordinary high value: AC_HTC_CO2_700_1, AC_HTC_KOH_5_600 and 

AC_HTC_ZN_700_N2 being especially remarkable, the apparent selectivities of the first two, 

both over 300 for the dynamic adsorption at 101.3 kPa and 25ºC. No similar values have been 

found in the literature for any adsorbent (see Table 2) but it must be reminded that these are 

only estimates of selectivity, as the ideal would be to measure the values in dynamic conditions, 

as for example through adsorption/desorption cycles in a fixed bed column. Among the works 

[5, 6, 32] which reported values of CO2-over-N2 selectivities measured in similar conditions to 

this work (dynamic adsorption in fix bed adsorption unit) the value of 212 for  the sample 

R6_2T, obtained by Liu et al. [27] is the closest one to the results obtained in this study but 

still far of the values of 331.9 and 315 found for the samples AC_HTC_CO2_700_1 and 

AC_HTC_KOH_5_600, respectively. It must be highlighted that although these two samples 
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present the highest selectivities among all the carbons studied in this work, they are not the best 

adsorbents in terms of CO2 uptake, as it would be expected. In any case, these selectivities 

should be determined in dynamic conditions to get more accurate values. 

Table 3. Apparent CO2-over-N2 selectivities and CO2 uptakes at 25°C and an absolute 
pressure of 101.3 kPa deduced from the TGA adsorption tests. 

 
Sample CO2 uptake after 1 min 

(mmol g-1) 
Percentage of CO2 adsorbed 

(%)d 
Apparent selectivity 

(molar basis) 

AC_HTC_CO2_700_1 0,79 51,2 331,9 

AC_HTC_CO2_700_3 0,46 34,2 67,1 

AC_HTC_CO2_850_1 0,84 73,2 56,5 

AC_HTC_CO2_850_3 0,41 57,8 24,2 

AC_HTC_KOH_2_600 0,17 29,8 13,0 

AC_HTC_KOH_2_700 0,59 37,7 25,7 

AC_HTC_KOH_5_600 1,09 62,3 315,0 

AC_HTC_KOH_5_700 0,12 4,8 44,6 

AC_HTC_ZN_700_N2 0,71 55,9 131,3 

AC_HTC_ZN_700_CO2_1 0,38 49,2 49,0 

AC_HTC_ZN_700_CO2_3 0,86 50,2 25,5 

 
d Ratio [(uptake of CO2 after 1 min)/ (uptake of CO2 after 10 min)] in % 

 

Comparing the results of the TGA experiments developed for all the HTC studied in 

this work at 25 ºC (Supplementary Data), it could be observed that as it was already reported 

by Manyà et al. [5] in their work, the physically activated carbons present higher CO2 

adsorption rates, not only than the chemically activated but also than the N-doped sorbents. 

This fact could be justified by the hierarchical pore structure showed by the physically activated 

samples which lead to higher diffusion rates, as Manyà et al. [5] pointed out in their work.  In 

the case of the N-doped samples, it has been already indicated that despite their high Vultra and 

Vmeso, their affinity for CO2 is very low and hence, their lower CO2 uptakes.  

3.4.Heat of adsorption 

One of the critical factors to understand and design any adsorption process is the heat 

of adsorption, which as previous authors have reported [39], it measures the interaction 
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between the adsorbate molecules and the surface of the adsorbent. The common way to 

estimate the isosteric heat of adsorption is through the Clausius- Clapeyron equation (eq. 2). In 

this work, the values of Qst were estimated by applying this equation to the CO2 adsorption 

isotherms obtained at 0, 25 and 75ºC: 

q
1T

lnp
R

stQ










−∂

∂
=

−
                                                                                                                           (2) 

where q is a specific surface loading (mol kg−1). The isosteric heat was obtained following the 

calculations explained previously by Manyà et al.[5] in their work. Figure 5 shows the isosteric 

heat of adsorption of the physically activated sample AC_HTC_CO2_850_3, the chemically 

activated samples AC_HTC_KOH_2_700 and AC_HTC_KOH_5_600 and the N-doped 

sample AC_HTC_CO2_700_3. The values obtained for the first two samples are similar to 

those reported by previous works [1, 5, 7-9, 11, 13, 16, 24, 28, 32, 34] while the other 

chemically activated adsorbent and the N-doped one, present much lower values, being 

specially low the Qst calculated for the last one, which is below 4 kJ mol-1. No similar values 

have been previously reported for other carbons and in fact, there is no clear relationship 

between N and the initial Qst given that according to some authors [16, 40], it should be 

expected that the values of Qst for the N-doped samples were superior than those shown by the 

other carbons demonstrating that the N functional groups play an important role in the initial 

interaction between CO2 and the carbon surface. But on the other hand, the results obtained by 

Adeniran et al. [13] suggest that the presence of nitrogen does not have any effect on the Qst. 

Regarding the variation in Qst with the amount adsorbed, in Fig. 5 it could be observed a soft 

decrease in the Qst with the CO2 uptake for the studied samples, except the N-doped one, which 

isosteric heat slightly increases with the CO2 absorbed. For the first, the decrease in Qst with 

the increase of the CO2 absorbed is related with the heterogeneity of the carbon [5, 16, 24, 32] 

being the N-doped sample more homogeneous as its isosteric heat remains almost constant. 
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Moreover, from the results obtained, it could be observed that as low is the CO2 absorbed by 

the carbons, lower is low heat of adsorption presented.   

 

Fig 5. Isosteric heat of CO2 adsorption as a function of the amount absorbed. 
 

4. Conclusions 

Hydrochars using olive mill waste as precursor have been prepared via three different 

methods: physical activation with CO2, chemical activation using KOH and through a one-step 

hydrothermal carbonization to obtain N-doped adsorbents. In this way, carbons with closely 

matched porosity but either N-free or N-doped have been compared in terms of CO2 uptake to 

clarify the effect of N-doping and pore size distribution. Concretely, when compared the 

adsorption capacity at 25 ºC and at an absolute pressure of 15 kPa, the physically activated 

sample AC_HTC_CO2_850_3 and the chemically activated AC_HTC_KOH_5_600 present 

similar behaviours. Nevertheless, when its performance in experimental conditions closer to 

postcombustion, that is, at higher temperature (75 ºC) is analysed, it seems that the physical 

activated carbon is the most promising option among all the samples studied. However, it 

would be also necessary to develop TGA experiments at this last temperature to get information 

about the apparent adsorption and kinetic selectivity which would allow to support this 
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affirmation. Regarding the N-doped samples prepared, the results obtained confirm the 

negative role of the nitrogen in these adsorbents, which despite their high volume of 

ultramicropores, they presented CO2 capture capacities much lower than the N-free carbons 

studied in this work. In this sense, there is not an agreement between researchers and further 

investigations would be necessary to elucidate the role of N doping on CO2 adsorption of these 

porous carbons. 
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