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Abstract 

Microwave has become an attractive technology in the valorisation of renewable biomass and 

in the mitigation of challenges of climate change. In this work, the synergic effects of coupling 

microwave and mild conventional heating conditions has been investigated in preparing 

engineered ultra-micropore carbons from lignocellulosic biomass. The processing conditions 

were systematically investigated and correlated to the physicochemical properties of activated 

carbons produced and their performance in post-combustion CO2 capture. The highest CO2 

uptake (225 mg g-1) was achieved for the hybrid carbon produced at low temperature (600 °C) 

and modest microwave intensity. The synergic effect of hybrid heating was confirmed by the 

significant CO2 uptake increase up to 80 and 60 % for the activated carbons prepared by 

microwave and conventional heating, respectively. The enhanced adsorption was confirmed by 

cyclic regeneration up to 99 % after 16 adsorption-desorption cycles, showing a linear 

correlation between the surface area, micropore volume and CO2 uptake. The Pseudo-first 

order model accurately describes the adsorption phenomena, indicating that physisorption is 

the primary mechanism governing the process. The results acquired from this study highlight 

the process intensification in the synthesis of porous materials with comparable properties that 

are typically attained in conventional heating using energy intensive conditions. Additionally, 

this approach reveals the benefits of conventional treatment for increasing the material’s 

microwave susceptibility and as consequence to reduce the processing time by microwave 

heating. The synergic effects confirms the potential of hybrid heating for applications where 

fast and selective heating is paramount. 

 KEYWORDS: CO2 capture, simultaneous heating technologies, adsorption kinetics 

models, microwaves, Biomass re-utilisation, Activated carbon   
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1 Introduction 

Activated carbon (AC) is one of the most versatile and utilised material used as adsorbent in 

the removal of textile dyes, heavy metals, pharmaceuticals from water and CO2 capture. Its 

wide applicability is attributed to its low-cost nature, the flexible and tuneable physicochemical 

properties such as high porosity, large specific surface area, pH, heteroatoms content and its 

exceptional adsorptive capacities [1][2][3]. Its preparation using waste biomass has attracted 

considerable attention due to the establishment of new governmental policies around the 

utilisation of renewable resources to reduce the environmental impact and also to advance bio-

economic aspects  [4]. For many years, AC has been produced by using conventional heating 

methods from a series of biomasses such as agricultural wastes subjected to physical and 

chemical activation to increase their porosity [5]. Physical activation involves two steps where 

the precursor is carbonised, followed by activation with carbon dioxide or steam at high 

temperatures (> 850 °C). Chemical activation is a process at high temperatures which consists 

of the chemical impregnation of biochar in the presence of dehydrating reagents such as KOH, 

K2CO3, ZnCl2 and H3PO4 to promote pore formation by dehydration and oxidation mechanisms 

[6].  

In many aspects, the preparation of adsorbents by conventional heating has been successfully 

developed to an industrial scale. This process involves the use of slow heating rate to desired 

final temperatures and isothermal holding (1-5 h). One of the main concerns, however, related 

to the use of this technology is the long processing times required to achieve the degree of 

activation desired, resulting in greater energy consumption [7]. New technologies are now 

focused on the development of methodologies that deliver improvements on the textural and 

chemical properties of the adsorbents, using more efficient, faster, and inexpensive processes. 

In the last decade, microwave heating has been widely studied as a result of its advantages, 
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such as unique thermal heating gradients, volumetric heating, simple, fast and its 

environmentally friendly technology [8][9][10]. Particularly, it has been found that microwave 

technology has the potential to improve processing control due to the ability to instantaneously 

start, accelerate the heating rate and stop the process, which is of great importance at an 

industrial scale [11][12][13][14].  

The studied material’s moisture and ionic conduction are primarily responsible for their high 

microwave susceptibility at lower temperatures, followed by contributions from interfacial 

polarisation and Joule effects at higher temperatures [15] [16] [17]. A detailed explanation of 

these heating mechanisms can be found in [15]. Although several investigations have shown 

the potential of microwave heating for the generation of high porosity in carbonaceous 

materials, the synergic or antagonist effects of coupling conventional and microwave 

technologies have been barely described [16][17]. The combination of conventional heating 

and microwave irradiation can be beneficial for enhancing the already known qualities of AC, 

that have traditionally been obtained by chemical activation using a high impregnation ratio 

(3:1, 6:1 chemical agent:char) [18][19] and conventional heating at high temperatures (>800 

°C) and long processing times (>3 h). 

The increasing carbon dioxide (CO2) concentration in the atmosphere has been recognised as 

the main contributor to global warming [20][21]. This in combination with the increasing 

global energy demand represents an urgent challenge in climate change mitigation [22][23]. In 

view of this, efforts associated with the transition to sustainable development and 

implementation of technologies for carbon capture at a large scale are mandatory. An ideal 

post-combustion CO2 adsorbent should meet the requirements of low cost, high selectivity, and 

availability, efficient CO2 adsorption, stability and reusability. To address these needs, in this 

study, we explored for the first time the synergic effects of hybrid heating combining 

simultaneously conventional and microwave technologies using mild processing conditions 
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such as low impregnation ratio, low processing temperatures and low energy, compared to 

conditions reported previously for the preparation of carbonaceous adsorbents. The 

performance of the obtained adsorbents were evaluated for post-combustion CO2 adsorption. 

The physicochemical qualities were assessed and compared to pristine (adsorbent prepared 

under conventional or microwave heating) carbons produced from a sustainable waste biomass 

feedstock. 

2 Materials and methods 

2.1 Materials 

Pecan nutshell, a lignocellulosic agricultural co-product collected from an agri-food company 

in México, was used as the raw material in this study. The activating agent used in this work, 

potassium hydroxide (KOH), was of analytical grade and purchased from Sigma-Aldrich and 

used without further purification. The precursor was firstly crushed and sieved to obtain a 

particle size ~ 0.7 mm, washed with deionised water and dried in an oven at 80 °C for 24 h, 

then physically mixed with KOH at mass ratio 1:1.  

2.2 Preparation of Activated Carbons 

The AC’s obtained in this work were prepared by three heating methods; conventional (C) in 

a Carbolite (CTF 12165/550) tubular furnace; microwave (MW) in a single-mode cavity (2 kW 

microwave Sairem® generator (2.45 GHz), an automatic tuner (S-TEAM STHD v1.5); and by 

hybrid (H) heating by coupling conventional and microwave heating. The precursor mixture 

with the activating agent (KOH) (8 g) was placed into an alumina vessel and introduced in the 

furnace using an inert atmosphere of N2 at 1 L min-1.  The sample was positioned 130 mm from 

the cavity short-circuit end (about ¾ of the guided wavelength), using an alumina firebrick 

locating plate to ensure the same positioning for all tests. A schematic representation of the 

hybrid heating system is shown in Fig. 1. 
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The experimental conditions used in the preparation of adsorbents are described in Table 1. 

Particularly, the effect of two levels for processing time in conventional and microwave 

heating, and the combination of selected factors for hybrid studies were investigated. The 

individual temperature (conventional) and power (microwave) conditions were selected 

according to our previous studies which confirmed these conditions are suitable for the 

preparation of carbon adsorbents using single-mode cavity and conventional furnace [24] [25]. 

A homer auto-tuner was used in a sample to setup stubs positions to optimally deliver the power 

to the samples.  A single-step tuning was executed at the beginning of each test resulting in  

high power absorption > 80% (See Fig. S1) for all tests.  

The produced AC’s were washed with 0.1 M HCl and deionised water until a neutral pH was 

obtained and dried at 105 °C in a convection oven for 24 h. 

All experiments were conducted in triplicate and the data presented were obtained from the 

mean calculated. In general, standard deviations were below 5 % of average values. 
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Fig. 1 System used in the synthesis of activated carbons 

Table 1. Experimental conditions for the preparation of activated carbons by conventional, 

microwave and hybrid heating. 

Sample name Heating method Experimental conditions 

H-C60-MW8 Hybrid 

Heating rate:10 °C/min, Setpoint temperature: 600 

°C, time: 60 min, microwave power: 300 W, time: 8 

min 

H-C60-MW4 Hybrid 

Heating rate:10 °C/min, Setpoint temperature: 600 

°C, time: 60 min, microwave power: 300 W, time: 4 

min 

H-C30-MW8 Hybrid 

Heating rate:10 °C/min, Setpoint temperature: 600 

°C, time: 30 min, microwave power: 300 W, time: 8 

min 
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H-C30-MW4 Hybrid 

Heating rate:10 °C/min, Setpoint temperature: 600 

°C, time: 30 min, microwave power: 300 W, time: 4 

min 

MW-8 Microwave Input microwave power: 300 W, time: 8 min 

MW-4 Microwave Input microwave power: 300 W, time: 4 min 

C-60 Conventional 
Heating rate:10 °C/min, Set point temperature: 600 

°C, time: 60 min 

C-30 Conventional 
Heating rate:10 °C /min, Setpoint temperature: 600 

°C, time: 60 min 

2.3 Physicochemical Characterisation of Activated Carbons 

The physicochemical characterisation of the obtained AC was conducted using several 

analytical methods. The textural properties of the activated carbons were calculated from the 

sorption isotherms of N2 at -196 °C using a Micromeritics ASAP 2420 apparatus. Briefly, the 

sample was degassed at 120 °C for 15 h to remove moisture and the surface area was calculated 

from the isotherm using the Brunauer–Emmett–Teller (BET) model in the P/P0 range 0.01-

0.04. The narrow micropore, total pore volume (up to 100 nm) and pore size distributions were 

determined by Non-Local Density Functional Theory (NLDFT) on carbon slit pores by 

combining a CO2 adsorption isotherm at 0 °C to a N2 adsorption isotherm beginning at 0.00001 

P/P0 using Microactive Software V5.0 [26].   

Mid-infrared spectra were acquired using an FTIR spectrometer (Thermo Nicolet-IS10 

Thermoscientific) equipped with an ATR accessory. XRD analysis was performed on a Bruker 

D8 Advance Da Vinci diffractometer, with 0.02° step size and step time of 10 sec in the 2θ 

range 10–80 °.  

2.4 CO2 uptake studies 

The CO2 adsorption experiments were carried out by volumetric and gravimetric analysis. The 

CO2 uptake isotherms were obtained at 0 and 25 °C on a Micromeritics ASAP 2420 volumetric 
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analyser. The stability and reusability of the adsorbents was determined by gravimetric analysis 

using a TGA Q500 TA Instrument at 25 °C. For this test, the sample was dried at 120 °C in N2 

(100 mL min-1, 1 bar) for 30 min to remove the moisture. At the adsorption temperature (25 

°C), the gas was switched to 100 % CO2 (100 mL min-1, 1 bar) and recorded vs time for 16 

adsorption-desorption cycles. For the regeneration cycles, the equilibrium time was 15 min, as 

defined by adsorption kinetics.  

2.5 CO2 adsorption kinetics modelling 

In order to describe the adsorption behaviour, kinetic modelling was carried out on the 

experimental CO2 adsorption kinetics for selected activated carbons (i.e. C-60, MW-8 and H-

C60-MW8) using five kinetic models: Pseudo-First order, Pseudo-Second order, Elovich, 

Avmari and Tobin.   

Pseudo-First order    
𝑑𝑞𝑡

𝑑𝑡
= 𝑘1[𝑞𝑒 − 𝑞𝑡]      (1) 

Pseudo-Second order    
𝑑𝑞𝑡

𝑑𝑡
= 𝑘2[𝑞𝑒 − 𝑞𝑡]2      (2) 

Elovich     
𝑑𝑞𝑡

𝑑𝑡
= 𝛼 exp(−𝛽𝑞𝑡)         (3) 

Avmari     𝑞𝑡 = 𝑞𝑒{1 − 𝑒𝑥𝑝[−(𝑘𝐴𝑡)𝑁𝐴] }    (4) 

Tobin     𝑞𝑡 =
𝑞𝑒𝑘𝑡𝑡𝑛𝑡

1+𝑞𝑒𝑘𝑡𝑡𝑛𝑡        (5) 

The parameters of  models isotherms were determined via the global optimisation approach 

using a stochastic method (i.e. simulated annealing) and following the objective function [27]: 

𝐹𝑜𝑏𝑗 =
𝑛𝑑𝑎𝑡

𝑖=1
∑ (

𝑞𝑡
𝑒𝑥𝑝

−𝑞𝑡
𝑐𝑎𝑙𝑐

𝑞𝑡
𝑒𝑥𝑝 )

𝑖

2
𝑛𝑑𝑎𝑡
𝑖=1       (6)  
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where qexp e and qcalc are the experimental and predicted adsorption capacities, respectively. 

The mean absolute percentage deviation (Eabs) between calculated and experimental CO2 

adsorption capacities was calculated as follow:  

𝐸𝑎𝑏𝑠 =
100

𝑛𝑑𝑎𝑡
∑ |

𝑞𝑡
𝑒𝑥𝑝

−𝑞𝑡
𝑐𝑎𝑙𝑐

𝑞𝑡
𝑒𝑥𝑝 |

𝑖

𝑛𝑑𝑎𝑡
𝑖=1        (7) 

3 Results and Discussion 

3.1 Textural properties 

Some of the critical factors that influence the performance of AC for CO2 capture are the 

surface area, pore size and pore distribution. Fig. 2 shows the adsorption-desorption nitrogen 

isotherms for the AC’s, which are type 1a) according to the IUPAC classification. The 

pronounced increase of absorbed volume at a relative pressure (P/P0<0.1) is indicative of large 

volume of narrow micropores [26]. The summary of textural properties is shown in Table 2. In 

general, it can be observed that the specific surface area increased substantially in the hybrid 

activated carbons, confirming the complete gasification and formation of the porous structure 

as a result of the coupled heating technologies. In general, the surface area increased in the 

following order: Conventional AC< Microwave AC< Hybrid AC. In this sense, it is important 

to note that the processing time positively affected the development of the porous structure. 

For example, the sample prepared conventionally in 60 min (C-60) showed an increase of 23% 

in the surface area compared to the respective at 30 min (C-30). For the samples prepared by 

microwave heating, a similar positive effect was observed for the sample prepared at 8 min 

(MW-8), with an increment up to 32% in the surface area compared to the sample prepared at 

4 min (MW-4). A comparative SBET area was reported in the literature (536 m2 g-1) for activated 

carbon prepared at 600 °C for 60 min in conventional heating and rice husk as a biomass 

precursor [28].  
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Fig.2. N2 adsorption-desorption isotherms of hybrid, microwave, and conventional activated 

carbons 

The synergic effects of coupling conventional and microwave heating are evident for all the 

hybrid samples compared to the pristine carbons by conventional or microwave heating. A 

direct correlation was established between the processing time for both heating technologies 

and the development of the porous matrix in the material. Interestingly, it was found that the 

hybrid sample prepared at 60 min of conventional heating and 8 min of microwave (H-C60-

MW8) had the highest surface area (887 m2 g-1), which is up to 146, 109, 100 and 58% higher 
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than the specific surface area shown for C30, MW-4, C-60 and MW-8, respectively. In this 

sense, it is worth highlighting that for the hybrid ACs the combination of microwave and 

conventional heating at longer processing times is highly beneficial. 

Table 2. Textural parameters of AC prepared in this work 

Sample aSBET (m2/g) bVp (cm3/g) cVmic<2nm (cm3/g) dV<0.8nm (cm3/g) 

H-C60-MW8 887 ± 0.33 0.344 0.320 0.287 

H-C60-MW4 638 ± 0.46 0.270 0.240 0.180 

H-C30-MW8 649 ± 1.20 0.263 0.240 0.187 

H-C30-MW4 584 ± 0.96 0.239 0.213 0.096 

MW-8 562 ± 0.67 0.255 0.212 0.133 

MW-4 425 ± 0.22 0.190 0.161 0.101 

C-60 444 ± 1.10 0.184 0.164 0.097 

C-30 361 ± 1.57 0.166 0.127 0.048 

a Specific surface area calculated by the BET model.  
b Total pore volume (up to 100 nm)  
c Micropore volume obtained at 2 nm.  
d Ultra-micropore volume at 0.8 nm   

 

Fig. 3 illustrates the pore size distribution for the activated carbons prepared in this work. It 

can be seen that total pore volume depends on the heating mechanism and the processing time. 

The total pore fraction increases in the following order: H-C60-MW8> H-C60-MW4> H-C30-

MW8> MW-8> H-C30-MW4> MW-4> C-60> C-30. The pores with diameters in the range of 

ultra-micropores (<0.8 nm) appeared to increase in the carbons prepared by a combination of 

both conventional and microwave heating. In sample H-C60-MW8, up to 84 % of the total pore 

volume corresponds to pores of a diameter smaller than 0.8 nm. A significant enhancement in 

the micro and ultra-microporosity was observed in all hybrid carbons compared to the carbons 

using pristine heating technologies. For example, samples C-60 and MW-8 showed a 
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micropore volume of 0.184 and 0.212 cm3 g-1, respectively. By combining conventional and 

microwave heating, the micropore volume increased up to 0.344 cm3 g-1 (H-C60-MW8) which 

represents an increase of 35 and 82%, respectively.  

In Fig. 3 (c-d), it can be observed that in both pristine heating samples, the pore size distribution 

is well defined, showing a peak in the ultra-micropore region around 0.37 and 0.48 nm for 

conventional and microwave activated carbons. In hybrid activated carbons at 8 min (Fig. 3 a-

b)), new peaks were identified at 0.36 and 0.51 nm. An additional peak at 0.55 nm was reported 

in sample H-C60-MW8. The enhanced micropore formation in the hybrid carbon could be 

related to complete gasification of the sample by potassium decomposition at higher 

temperatures. The general mechanism for pore formation starts at low temperatures, where the 

potassium hydroxide leads to the oxidation of the carbon, resulting in the formation of 

potassium carbonate that is then further reduced to hydrogen and metallic potassium. The 

potassium gasification induces swelling and disintegration of the carbon structure, resulting in 

the framework expansion and pore formation [24][29]. The reactions involved in the activation 

process are described below: 

2𝐾𝑂𝐻 → 𝐾2𝑂 + 𝐻2𝑂                                                   (8) 

𝐾2𝑂 + 𝐶𝑂2 → 𝐾2𝐶𝑂3                                                  (9) 

𝐾2𝐶𝑂3 + 𝐶 → 𝐾2𝑂 + 2𝐶𝑂                                                (10) 

𝐾2𝑂 + 𝐻2 → 2𝐾 + 𝐻2𝑂                                                (11) 

𝐾2𝑂 + 𝐶 → 2𝐾 + 𝐶𝑂                                                (12) 

𝐶 + 𝐻2𝑂 → 𝐻2 + 𝐶𝑂                                                (13) 

𝐶𝑂 + 𝐻2𝑂 → 𝐻2 + 𝐶𝑂2                                                (14) 
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Fig. 3. Pore size distribution of activated carbon prepared in hybrid, conventional and 

microwave heating 

3.2 CO2 adsorption results 

The CO2 uptake onto the hybrid, conventional and microwave synthesized AC’s in this study 

are shown in Table 3 & Fig.4. The highest CO2 uptake was reported for the hybrid AC’s 

followed by the microwave and conventional at 8 and 30 min, respectively. The CO2 adsorption 

isotherms at 0 °C illustrated in Fig. 4 depict the adsorptive properties of AC’s as a function of 

the processing time. In conventional heating, the maximum adsorption capacity was 125 mg g-
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1 for the sample C-60, compared to 110 mg g-1 for C-30. In microwave heating, an adsorbed 

amount of 143 mg g-1 was reported by the sample prepared at 8 min (MW-8), up to 25% higher 

than the sample MW-4 (114 mg g-1). It is important to note that by comparing only microwave 

and conventional heating, the results indicate microwave heating is a promising technology for 

the synthesis of ACs for gas purification, due to the reduced processing times and end-qualities 

achieved. 

Table 3. CO2 uptake reported at 25 °C and 1 bar for AC prepared in this work 

Sample CO2 uptake (mg g-1) at 25 °C, 1 bar, 100% CO2 

H-C60-MW8 146 ±0.44 

H-C60-MW4 137 ±0.63 

H-C30-MW8 128 ±0.72 

H-C30-MW4 117 ±0.54 

MW-8 97 ±0.76 

MW-4 76 ±0.75 

C-60 94 ±0.57 

C-30 79 ±0.84 
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Fig.4. CO2 adsorption profiles at 0 °C for conventional, microwave and hybrid activated 

carbons. Conditions: Volumetric method,100% CO2. 

Fig. 4 evidenced the synergic effect of combining microwave with conventional heating to 

increase the performance of activated carbons. In this sense, the sample H-C60-MW8 reported 

a maximum adsorption capacity up to 225 mg g-1. The hybrid sample prepared at 4 min (H-

C60-MW4) showed a CO2 uptake of 184 mg g-1. This represents an increment up to 80 and 

58% compared to the pristine activated carbons C-60 and MW-8, respectively. The maximum 

adsorption capacity reported in this study (225 and 164 mg g-1 at 0 and 25 °C, respectively. 1:1 
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KOH:biomass impregation ratio) is comparable or higher than other porous materials prepared 

at higher temperatures >800 °C and higher impregnation ratio such as N-enriched porous 

carbon materials (140 mg g-1) [30], activated carbon from palm empty fruit bunch  (140 mg g-

1) [18], metal-treated wood (83 mg g-1) [31], date seeds (129 mg g-1) [32] and pine nutshell 

activated carbon (220 mg g-1) [33], pollen derived carbons (77 & 247 mg g-1 at 1:1 & 3:1 KOH: 

pollen carbon ratio, respectively) [34] and date stone activated carbon (281 mg g-1 using an 

activation temperature of 800 °C and 6:1 KOH:char ratio) [35]. The CO2 uptake achieved by 

the materials prepared in this study showed three key benefits in hybrid heating technology: 

a) It is possible to eliminate one step in the preparation of activated carbons. Direct KOH-

biomass impregnation showed the potential for the development of pore structure without 

the need of pre-carbonise the biomass.  

b) The CO2 adsorptive capacities of AC indicated that by using low impregnation ratio (1:1) 

is possible to achieve comparable CO2 uptakes in AC prepared at high impregnation ratio 

(6:1). This represent and economic and environmental improvement for the minimisation 

of chemicals and waste generated. 

c) By coupling microwave and conventional heating, is possible to reduce the processing 

times from 4-6 h to 1.2 h. 

3.2.1 Correlation between physicochemical properties and the CO2 uptake 

Fig. 5 shows the comparison between the hybrid activated carbons with the pristine 

conventional technologies. The synergic effect is notable in specific surface area (SBET) and 

the adsorbed amount of CO2. Fig. 5 a) illustrates the significant improvement in both parameters 

when the sample is prepared by a combination of microwave heating for 8 min in conventional 

heating (C-60). This effect could be explained due to the longer microwave processing time (8 

min). The sample achieved higher temperatures that ultimately lead to the competition of redox 
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reactions and generation of the porous structure [36]. It has been demonstrated that KOH/char 

ratio play a significant role in the development of a larger surface area, using ratios up to 5. 

Nevertheless, this study selected a low ratio of impregnation (KOH/biomass ratio of 1:1) to 

highlight only the benefits of coupling the two heating mechanisms and reduce the costs 

involved in the preparation of the adsorbent. Similar beneficial effects of hybrid heating were 

observed at lower microwave processing times (Fig. 5 c)).  

 

Fig. 5. Hybrid heating effect on the textural properties and CO2 capture. Microwave time 

effect on conventional heating (a-b) and conventional time in microwave treatment (c-d) 

H-C60-MW8 H-C60-MW4 C-60

0

200

400

600

800

1000

H-C30-MW8 H-C30-MW4 C-30

0

200

400

600

800

1000

H-C60-MW4 H-C30-MW4 MW-4

0

200

400

600

800

1000

H-C60-MW8 H-C30-MW8 MW-8

0

200

400

600

800

1000
d)c)

b)

m
g

 C
O

2
/g

 -
--

--
- 

m
2
/g

  
  

  
 

Sample

 S
BET

 area

 CO
2
 uptake

a)

m
g

 C
O

2
/g

 -
--

--
- 

m
2
/g

  
  

  
 

Sample

 S
BET

 area

 CO
2
 uptake

m
g

 C
O

2
/g

 -
--

--
- 

m
2
/g

  
  

  
 

Sample

 S
BET

 area

 CO
2
 uptake

m
g

 C
O

2
/g

 -
--

--
- 

m
2
/g

  
  

  
 

Sample

 S
BET

 area

 CO
2
 uptake



19 
 

The correlation between the micro & ultra-micropore volume, specific surface area, and total 

pore volume with the CO2 uptake is shown in Fig. 6. The results indicate a strong linear 

correlation with high regression coefficient (R2 >0.96) for the adsorbed amount with the 

specific surface area. From the total volume of pores, the best linear correlation exists between 

the micropore volume (<2 nm) with R2 >0.95. In recent studies, it has been reported that at low 

pressures, the micropore volume, particularly the ultra-micropores (<0.8 nm), are responsible 

for the enhancement of the CO2 uptake [33][37], while pores with widths larger than three 

times the molecular diameter of the gas are negligible [38]. These results confirm that efficient 

CO2 adsorption can be achieved for materials that pose a large amount of narrow micropores.  
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Fig. 6. Correlation between the textural properties of activated carbons and CO2 adsorption 

3.2.2 Physicochemical characterisation 

In order to evaluate the creation or loss of surface functional groups of precursor and activated 

carbons, FT-IR analysis was conducted. The results are presented in Fig. 7 a). As expected, the 

peaks of modes of vibration of functional groups in the precursor disappeared gradually for 

activated carbons C-60, MW-8 and H-C60-MW8, respectively. The peaks shown in the 

precursor are characteristic of lignocellulosic biomasses; the peak at 3367 cm-1 corresponds to 

the stretching vibration O-H of hydroxyl groups, while the peaks between 2927 and 2864 cm-

1 are assigned to asymmetric C-H and symmetric C-H stretching vibration of alkyl groups as 

methyl. The peak at 1735 cm-1 could be related to carboxylic acid, while the peaks between 

1508 and 1623 cm-1 can be attributed to the C=C stretching vibration of aromatic structures in 

the activated carbons [39]. The peaks at 1184, 879 & 819 cm-1 in C-60 are assigned to the C-

O stretching vibration of unsaturated ethers. The distinctive band at ~1570 cm-1 can be assigned 

to the C=C stretching vibration in alkenes [40]. 

The XRD diffractograms are shown in Fig. 7 b) and are characteristic of ACs displaying two 

prominent diffused peaks at 2 ~23 & 43 °, which corresponds to the diffuse (002) and 

diffraction (100) of graphitic carbonaceous materials. The board peak at 23 ° represents the 

amorphous nature, while the band at 43 ° indicates the interlayer spacing of the aromatic layers 

[41].  By comparing the XRD patterns of H-C60-MW8 with C-60, it is evident the diffraction 

peak at (002) is less broad suggesting a higher degree of graphitisation that could be a result of 

a complete reaction of the KOH and the biomass at higher carbonisation temperatures. The 

pattern indicates that the orientation of graphitic layers in the adsorbent is intimately associated 

with the expansion and distribution of carbon lattices resulting in the development of the high 

surface area and micropore structure [42].  
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Fig.7. FT-IR spectra (a) & XRD patterns (b) of selected activated carbons prepared in this 

work  
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3.3 CO2 adsorption Kinetics and model fitting 

The assessment of the adsorption kinetics is fundamental to evaluate the adsorption suitability 

in industrial applications. The best combination is an adsorbent having high uptake capacity 

with a fast adsorption rate. In this sense, the adsorption kinetics for H-C60-MW8, MW-8 and 

C-60 at 25 °C and 1 bar are shown in Fig. 8 a). In general, it can be observed that the CO2 was 

quickly absorbed in less than 2.5 min for all carbons. However, the adsorption equilibrium is 

first reached by the hybrid activated carbon (H-C60-MW8). This can result from its highest 

and homogenised surface area that could improve the mass transfer and CO2 diffusion from the 

surface to the ultra-microporous matrix structure. Pseudo-first order, pseudo-second order, 

Elovich, Avrami and Tobin kinetics models were used to investigate the mechanism of the 

adsorption. The model and parameter fittings are shown in Fig. 8 and Table 4. It can be seen 

that the CO2 adsorption on H-C60-MW8 and MW-8 was best fitted by the pseudo-first order 

kinetic model, while C-60 showed better fitting to the pseudo-second order model because of 

the highest correlation coefficients, R2 and low error values. The pseudo-first order model 

describes the interaction of the sorbate with the adsorbent, where the adsorption rate is 

proportional to the number of vacant sites. This adsorption model only considers the interaction 

between the sites and sorbate, discarding the interaction between the adsorbed molecules. The 

concentration of actives sites is considered constant, and the maximum adsorption corresponds 

to a single saturated monolayer of sorbate on the surface of the adsorbent [43]. The maximum 

predicted CO2 uptake presented in Table 4 confirms the applicability of the pseudo-first order 

model to represent the CO2 uptake for post-combustion conditions. Compared to the 

experimental uptake, the small differences have been reported before and could be related to 

the external resistance at the beginning of the adsorption [44]. 
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Fig. 8. Experimental and modelled adsorption kinetics. Thermogravimetric CO2 adsorption at 

1 bar and 25 °C. 

Table 4. Kinetic data obtained by non-linear fitting analysis for selected activated carbons. 
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R2 0.999 0.999 0.928 

E, % 1.73±7.2 1.66±7.40 2.87±5.97 

0 5 10 15 20

40

80

120

160

0 5 10 15 20

0
80

100

120

140

160

0 5 10 15 20

0

40

50

60

70

80

0 5 10 15 20

0

40

50

60

70

80

 C-60

 MW-8

 H-C60-MW8

C
O

2
 u

p
ta

k
e 

(m
g
/g

)

time (min)

a)

 First Order

 Second Order

 Elovich

 Avrami

 Tobin

 Experimental

C
O

2
 u

p
ta

k
e 

(m
g
/g

)

time (min)

b)

H-C60-MW8

 First Order

 Second Order

 Elovich

 Avrami

 Tobin

 Experimental

c) 

C-60

C
O

2
 u

p
ta

k
e 

(m
g
/g

)

time (min)

 First Order

 Second Order

 Elovich

 Avrami

 Tobin

 Experimental

C
O

2
 u

p
ta

k
e 

(m
g
/g

)

time(min)

d)

MW-8



24 
 

Pseudo-Second order 

qe, mg∙g-1 148.35 74.85 69.89 

k2, g∙ mg-1∙ min-1 0.022 0.034 0.050 

R2 0.935 0.946 0.977 

E, % 3.09±12.19 3.163±12.71 1.45±6.28 

Tobin 

qe, mg∙ g
-1 143.85 72.30 69.26 

kt, 4.964 3.315 3.816 

nT 1.855 1.702 1.128 

R2 0.993 0.986 0.979 

E, % 1.15±7.35 1.83±7.33 1.55±6.13 

Avrami 

qe, mg∙ g
-1 143.03 71.65 68.28 

kA, min-1 1.674 1.409 2.042 

NA 1.125 1.045 0.593 

R2 0.985 0.969 0.957 

E, % 1.60±6.77 2.63±7.10 2.11±5.77 

Elovich 

mg∙ g-1∙ min-1 55070.0 8092.1 27850.0 

g∙ mg-1 0.075 0.131 0.159 

R2 0.650 0.713 0.789 

E, % 8.25±30.22 8.69±31.27 4.94±16.72 

 

3.4 Adsorbent stability and recyclability 

Adsorbent stability and recyclability were evaluated after several adsorption-desorption cycles 

at 1 bar and 25 °C using 100 % CO2 in a thermogravimetric analyser. Fig. 9 showed the 

adsorbent H-C60-MW8 has an extraordinary recyclability nature, preserving up to 99% of the 

CO2 uptake after 16 cycles. This result is in agreement with the fast adsorption equilibrium, 

and complete desorption can be attained in less than 15 min. The high stability and recyclability 

suggest that the mechanism governing the CO2 uptake is physisorption. 
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Fig. 9. Cyclic CO2 adsorption performance of H-C60-MW8 activated carbon. 

Thermogravimetric CO2 adsorption at 1 bar and 25°C. 

The CO2 adsorption profiles at 0 °C in a fresh and after 16 adsorption-desorption cycles on a 

H-C60-MW8 sample are shown in Fig. S2 (Supplementary information). It can be observed 

that, after 16 cycles, the sample has similar CO2 uptake performance compared to the fresh 

activated carbon. This could be explained as result the textual properties, where it is evident 

that the sample maintain similar textural parameters. (See Fig. S3 and Table S2) 

(Supplementary information).  
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the sample H-C60-MW6 absorbed 58.3, 47.4 and 25.3 mg g−1 at 25, 35 and 65 °C, respectively. 

The values are comparable to the values reported previously in literature [45]. 

4 Conclusions 

In the present study, hybrid activated carbons were prepared for the first time by coupling both 

conventional and microwave heating, and compared systematically to the individual heating 

technologies. The results confirmed synergic effects and the significant reduction of processing 

time to produce unique and competitive carbon adsorbents with a large volume of micropores 

and enhanced CO2 uptake properties for post-combustion applications. The outstanding 

improvement in textural properties of H-C60-MW8 (SBET area 100 & 57% higher than C-60 

and MW-8) and CO2 uptake (80 & 57% higher than C-60 and MW-8) proved the potential of 

using hybrid heating technologies, and establishes the basis for the future research and 

optimisation in the synthesis of engineered porous materials. The hybrid activated carbon 

prepared at a low impregnation ratio and by the combination of mild temperature and 

microwave conditions, showed excellent CO2 uptake capacities and the potential for the 

optimisation of the parameters for the large-scale synthesis in environmental applications. 
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