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Abstract 40 

 41 

This study is carried out for a comparative screening of three groups of biomasses; soft or non-42 

woody (peanut shell); intermediate woody (walnut shell) and hard woody (pine wood) for the 43 

development of adsorbents/activated carbons for post-combustion CO2 capture (over N2 44 

balance). Three different groups of biomass residues are selected to study the role and nature 45 

of the material in adsorption and selection of the raw material for CO2 adsorbents synthesis for 46 

future researches because of the hot issue of anthropogenic CO2 emissions. The adsorption 47 

isotherms studied by the thermal gravimetric analyser (TGA) revealed that CO2 adsorption 48 

capabilities are in the range of 2.53–3.92 mmol/g (over N2 balance) at 25 oC. The newly 49 

synthesised activated carbons (ACs) exhibited a fast rate of adsorption as 41–94% in the initial 50 

2 minutes. Porous surface development with catalytic KOH activation is seen clearly through 51 

SEM surface morphological analyses and mathematically confirmed from SBET  ranges from 52 

146.86 to 944.05 m2/g. FTIR and XRD peaks verify the generation of basic or inorganic O2-53 

rich moieties that help in acidic CO2 capture. It has also been observed from adsorption 54 

isotherms that the order of higher adsorption groups is as; peanut shell > pine wood > walnut 55 

shell, while the best activation mass ratio (sample/KOH) is 1:3. The synthesised low cost ACs 56 

with an amount of 1.93 US$ per kg production could help to overcome the environmental 57 

hazards and problems caused by CO2 and biomass waste.  58 

 59 

Keywords: CO2 capture; Biomass waste; Green activated carbons; Adsorption; KOH-60 

activation; Microporous materials and Global warming.  61 

 62 

1 Introduction  63 

Because of the human activities, there is a noticeable increase observed in the warming of 64 

earth’s atmosphere and expected to continue throughout the present century as of industrial 65 

development. This rapid progress of modern civilization is the primary cause of CO2 emissions 66 
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to the environment. Anthropogenic CO2 from greenhouse gases is a main contributor to the 67 

global warming that is mostly discharged from fossil fuels combustion. Currently, the use of 68 

fossil fuels as an energy source continues to increase especially in developing countries, this is 69 

due to the availability of fossil fuels at a reasonable cost [1, 2]. Literature confirmed the 70 

increment of > 30 billion tons of CO2 to the atmosphere per year [3]. CO2 emissions with this 71 

rate has upraised numerous alarms including urban smog, health issues as well as acid rain. 72 

Therefore, it is an urgent need of the hour to stabilise the level of this anthropogenic greenhouse 73 

pollutant (CO2) before the extensive destruction. Consequently, in the presence of continuous 74 

climate change, the European Commission has decided to lessen its carbon discharge by 20–75 

95% between 2020–2050 with reference to 1990 levels [4]. It is cleared in present energy setups 76 

of fossil fuels consumption, that the implementation of CO2 capture and its storage (CCS) 77 

technologies could display an essential role to achieve the necessary reduction in CO2 78 

emissions to avoid irreversible and eternal destruction to the atmosphere [5-7].   79 

 80 

At present, total three technologies have been introduced for CCS: pre-combustion capture, 81 

post-combustion capture and oxy-fuel combustion process. Post-combustion CSS technology 82 

can be simply retrofitted to the present-day power stations, petrochemical and gas industries, 83 

oil refineries and cement industries which worldwide accounts for nearly half of the CO2 84 

emissions [8, 9]. Various separation techniques are available for post-combustion capture 85 

which includes absorption, cryogenic separation, adsorption and membrane [10, 11]. The 86 

physical technique proved to be effective for the separation and purification of gas is 87 

adsorption. In adsorption technique, the solid sorbents used for capturing CO2 have potential 88 

advantages over other conventional capturing treatment techniques including greater capacity, 89 

ease of handling, selectivity and reduced energy for regeneration.  90 

 91 
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However, adsorption method is costly, therefore, utilizing cheap materials for adsorbent 92 

preparation makes the method worthwhile. These materials include forestry wastes, 93 

agricultural residues and sewage sludge, the first two precursors have more carbon and very 94 

less ash content [12]. Different fruit stones, the by-products collected from food processing 95 

units are special concern for obtaining carbon adsorbents with a better regular porous surface 96 

and appreciable hardness. Peach stones, apricot stones [13],  olive stones [14], cherry stones 97 

[15] and grapestones [16] have been used as raw materials for the fabrication of activated 98 

adsorbents with high porosity and surface areas. Coconut shells have also been used for the 99 

fabrication of microporous adsorbents [17].  100 

 101 

Activation of biomass is achieved by two methods; chemical activation and physical activation. 102 

The chemical activation method has some benefits over physical activation method. Firstly, it 103 

is a single step carbonization followed by activation with an activating agent and secondly, it 104 

is performed at a lower temperature as compared to physical activation [18]. The chemical 105 

activation procedure is associated with precursor material impregnation with activating agents 106 

(NaOH, KOH, ZnCl2 or salts) then carbonized under inert pressure and finally washed to 107 

remove chemicals so that porous structure is left behind. Carbon adsorbents have been used for 108 

the treatment of industrial wastewater, removal of organic and inorganic pollutants from flue 109 

gases. In addition to its applications, the activated carbon is used as an adsorbent for CO2 110 

removal [12]. CO2 adsorbents had been prepared from different starting materials other than 111 

biomass-based residues and by-products. A group of researchers prepared CO2 adsorbents by 112 

KOH activation of petroleum pitch precursor [19]. The fabricated material exhibited an 113 

outstanding adsorption potential for CO2 with values as high as 380 mg CO2 /g sorbent at 0 oC 114 

temperature and 1 bar pressure. Nitrogen enriched CO2 adsorbents have also been prepared 115 

from formaldehyde-urea resin by chemical activation with KOH [20]. For these nitrogen 116 
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enriched activated carbons (ACs), the CO2 adsorption limit is 1.40 mmol/g at 30 oC temperature 117 

under 12.5% CO2 flow. Recently, a study is carried out to analyse the effects of CO2 adsorption 118 

by ACs in terms of power loss and thermal efficiency. Upon comparison, it is concluded that 119 

ACs are more advantageous than the commercial adsorbents in rapports of cost and efficiency 120 

[21].     121 

 122 

In the present study, different groups of biomass residues have been selected to study the role 123 

and nature of material in post-combustion CO2 adsorption. The ACs have been prepared using 124 

biomass residues, therefore, this synthesis could be helpful in reducing landfill space to 125 

overcome the pollution and environmental issues caused by CO2 emissions.  The importance 126 

of this study over others is the diverse nature of biomass residues and their activation with a 127 

wide range of catalytic KOH. This research has identifies that which activation ratio is 128 

important in each group that is helpful for developing interesting surface chemistry, consistent 129 

morphology and porous surface structure with excellent surface parameters. The calculation of 130 

cost estimation for the production of per kg of ACs has also been performed, in order to verify 131 

the cheapness of these adsorbents. 132 

 133 

2 Experimental  134 

Total twelve ACs have been prepared. The thermal gravimetric analyser (TGA) was used to 135 

study the CO2 adsorption (over N2 balance) of synthesised ACs. TGA results helped in the 136 

selection of the best samples from each group for further testing.  137 

 Synthesis of activated carbons 138 

Biomass product; pine wood (PW) and by-products; peanut shell (PN) and walnut shell (NS) 139 

were selected as materials for the preparation of ACs. Pine wood was produced in Pakistan 140 

while the other two biomasses were obtained from a local market in the United Kingdom. First 141 
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raw materials (PW, PS and WS) were crushed, then sieved to a particles of size of 1 mm for 142 

further treatment. Potassium hydroxide (KOH) with 99% concentration (conc.) used as an 143 

activating agent was purchased from Sigma-Aldrich.  144 

 145 

Biomass-based activated carbons (ACs) were prepared using a single-step chemical activation 146 

process, which can successfully develop potassium moieties on raw materials. In this protocol, 147 

3 grams of prepared raw material (PW, PN and NS) samples were first mixed physically with 148 

KOH (99% conc.) at different mass ratios including; 1:1, 1:2, 1:3 and 1:4 of raw sample/ KOH 149 

(m/m). The physically mixed mixture (raw sample/KOH) was then heated in a horizontal tube 150 

furnace. The activation was carried out at 750 oC temperature with 5 °C/min heating rate in the 151 

presence of 1 L/min nitrogen flow [4].  152 

 153 

When the reaction was reached at to a specific temperature, the mixture was kept at this 154 

temperature for 1 hour, before it was cool down in nitrogen (N2) to ambient conditions. All the 155 

times, the neutral gas (N2) was flowing inside the reaction furnace at 1 L/min flow rate. To get 156 

final products of ACs mixtures were removed from the furnace and cool down to room 157 

temperature then washed until neutral with distilled water (usually 3 times washing through 158 

200 mL of water). The twelve synthesised activated carbons were labelled according to their 159 

precursor and mass ratio of activation agent are shown in Table 1. 160 

 161 

 CO2 adsorption  162 

CO2 capture/adsorption measurements of ACs samples were carried out using 163 

thermogravimetric analysis (TGA Q500, TA Instruments USA). For individual measurements 164 

of CO2 uptake, the sample was first dried at 120 °C in the presence of neutral N2 gas for 1/2 165 

hour to eliminate any possible physisorbed CO2 and/or the moisture content. Then the 166 
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temperature was lowered to 25 oC for adsorption and stabilized. The reaction environment 167 

inside the reaction sample chamber was switched to flue gas (15% CO2 in N2) from N2 at 100 168 

mL/min flow rate at the above set adsorption’s temperature for 1 hour. The weight of final 169 

sample was noted to estimate the CO2 uptake. CO2 adsorption measurements were performed 170 

to analyze the ACs/adsorbents’ surface affinity for CO2 [22]. 171 

 172 

 Characterisation  173 

Ultimate analysis of the biomass samples was performed using a Flash EA 1112 elemental 174 

analyzer. Proximate analysis was obtained using the same TGA Q-500 instrument by heating 175 

the sample (s) from 10 to 110 oC/min in N2 flow rate. These conditions were maintained for 10 176 

minutes to obtain the moisture content.  The temperature was then increased from 110 to 700 177 

oC at 20 oC/min flow rate (under N2) and kept for 30 minutes at these conditions to get the 178 

weight loss due to devolatilisation after this temperature was ramped at the same rate to 950 179 

oC/min. The reaction environment was then switched from N2 to air, inside the furnace 180 

compartment and kept it isothermal for 40 minutes to oxidise the char completely to obtain the 181 

fixed carbon and ash contents [23]. The results of different weight percentages of fixed carbon 182 

(FC), ash, volatile matter (VM), carbon (C), nitrogen (N), hydrogen (H) and oxygen (O) of raw 183 

precursors (PN, NS, and PW) are presented in Table 2.  184 

 185 

Micromeritics ASAP 2420 instrument was used for surface textural parameter measurements 186 

of the prepared ACs with N2 uptake of the ACs at 77 K. The ACs were degassed first at 120 187 

°C temperature for 16 hours before micromeritics measurements. The specific surface area 188 

(SBET) was calculated by standard Brunauer−Emmett−Teller (BET) method utilising the N2 189 

isotherm adsorption data within 0.01 to 0.1 relative pressure range. The adsorbed quantities of 190 
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N2 at P/P0 of ca. 0.99 were used for the calculation of total or cumulative pore volumes (Vtotal). 191 

Average pore diameter was determined using 4Vtotal/SBET [24]. 192 

 193 

The volume of micropore (Vmicro), was estimated by  t-plot method. Total mesopore volume 194 

Vmeso obtained by subtracting the micropore volume from the total pore volume [25]. Then the 195 

micro porosity percentage of the selected ACs was calculated by Vmicro/Vtotal. Similarly, the 196 

mesoporosity percentage was calculated using Vmeso/Vtotal. Crystallographic analyses of the 197 

synthesised carbons before and after activation were inspected with the help of D8 Advance 198 

XRD diffractometer (Bruker Inc., Germany) and Cu Kα radiation source. While the values of 199 

voltage and current used for XRD experiments were 40 kV and 40 mA respectively. 200 

 201 

Organic moieties generated on the surface of ACs were characterised by Fourier Transform 202 

Infrared (FTIR) Spectroscopy (Bruker Vertex 70 spectrometer) [26]. For FTIR investigations 203 

sample pellets were prepared with potassium bromide salt. The spectras were noted in between 204 

400–4000 cm-1 wave number range. A mortar was used to ground 0.0015 g sample with 0.25 g 205 

of KBr. The obtained powder was then placed under a mechanical pressure of 10 kPa/mm2 in 206 

a circular die for 10 seconds. After this, the sample was transferred to an oven for drying at 100 207 

oC for 48 hours under vacuum to avoid any interface between the mix, CO2 molecules and 208 

water vapours. The temperature was reduced to room temperature under vacuum overnight. At 209 

the last, the sample was transferred to the analyser. 210 

 211 

Surface morphology of all the raw samples as well as the best performing ACs derived from 212 

these samples were obtained by using a scanning electron microscope (SEM) instrument (JEOL 213 

7100F FEG-SEM) at 15 kV. Between three and four repeat runs for each experiment were 214 

performed to ensure appropriate repeatability and validity of the results. 215 



9 

 

 216 

3 Results and discussion 217 

 Evaluation of CO2 capture performance 218 

The CO2 adsorption (over N2 balance) isotherms of twelve fabricated ACs (Table 1) are plotted 219 

in Fig. 1 to Fig. 3. Adsorption kinetics were determined from TGA as a function of time at 25 220 

oC temperature. These CO2 adsorption isotherms shown a remarkable CO2 uptake capacity of 221 

ACs ranging from 2.53 to 3.92 mmol/g. While the lower range of CO2 (over N2 balance) uptake 222 

(2.53 mmol/g) of this study is comparable to other ACs synthesised from phenolic resins [27] 223 

and rice husk waste [4]. The phenolic resin based carbons were activated with different ratio 224 

of HNO3 while rice husk carbons were activated with different KOH ratio. In both of these 225 

previous studies, CO2 adsorption was not more than 2 mmol/g. The synthesised ACs derived 226 

from three different biomass precursors (NS, PN and PW), each biomass sample was reacted 227 

with four different ratios of KOH. Therefore, four different ACs (NSK1, NSK2, NSK3 and 228 

NSK4) were synthesised from walnut shell biomass only. Treatment with KOH changes the 229 

textural properties and chemical nature of functional groups of precursors. Activation with 230 

different mass ratios of KOH strategy was applied in to prepare K-ACs with high porosity, 231 

surface area and increased amount of basic oxygen functionality, all these factors helped in 232 

higher CO2 uptake. This activation strategy with different KOH ratios was also proved to be 233 

beneficial from previous researches [28]. Higher amount of KOH helps in the generation of 234 

more porous structures followed by high CO2 uptakes, this can be confirmed from Fig. 1, as 235 

different KOH amount yields different CO2 uptake these results are in accordance with Singh, 236 

G., et al., [28]. 237 

  238 

The CO2 uptake of 3.23>2.90>2.71>2.57 mmol/g were noted for walnut shell derived different 239 

ACs NSK3>NSK4>NSK1>NSK2 respectively as shown in Fig. 1. These values are reported 240 
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by rounding off the digits up to two decimal places. Similarly, 3.92>3.18>3.06>2.54 and 241 

3.49>3.24>2.84>2.53 mmol/g uptakes were measured for peanut shell samples: 242 

PNK3>PNK1>PNK2>PNK4 (Fig. 2), and pine wood samples: PWK1>PWK2>PWK3>PWK4 243 

(Fig. 3) respectively. The best activated carbon from the walnut shell is NSK3, from peanut 244 

shell is PNK3 and from pine wood biomass is PWK1. 245 

 246 

Comparatively, from three groups, the most highly activated carbon is PNK3 and least one is 247 

PWK4. In the case of walnut shell ACs, 3.23 mmol/g of CO2 adsorption peak was noticed, 248 

while the overall CO2 adsorption is 60% in initial 4 minutes after that it was increased 249 

constantly with time for 1h. Similar trends were noticed for other carbons in the same time 250 

interval. Up to 16 minutes NSK4 showed a higher rate of uptake, but after that NSK3 exhibited 251 

a sudden increase in CO2 uptake and goes on increasing up to 60 minutes. The CO2 uptake 252 

capacity of different walnut shell ACs is different and increased little by increasing the mass 253 

ratio of KOH (KOH/sample) up to 3:1. Beyond this combination, further increase in the amount 254 

of activating agent did not increase the CO2 uptake of the activated carbon (Fig. 1). For NSK4 255 

the CO2 uptake is lowered to some extent as compared to NSK3 that could be because of the 256 

lower number of adsorption, active and suitable functional group sites.  257 

 258 

For peanut shell derived ACs, 3.92 mmol/g CO2 adsorption peak was noticed while the overall 259 

CO2 adsorption is equivalent to 80% in initial 3 to 4 minutes. After this initial 80% adsorption 260 

capacity, horizontal plateaus of adsorption isotherms were observed for PNK1 and PNK2 261 

indicating the saturation of available microspores (Fig. 2). A constant increase of adsorption 262 

with time was observed for PNK3 also illustrates from its blue isotherm (Fig. 2). However, for 263 

PNK4 a decrease in adsorption capacity was observed that was similar to NSK4 isotherm. 264 

Likewise, for pine wood derived ACs, the peak value of 3.49 mmol/g for CO2 adsorption was 265 
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observed. The overall CO2 adsorption is equivalent to 91% in initial 2 to 3 min followed by 266 

somewhat horizontal plateaus of adsorption for PWK1 and PWK2 [4]. While for PWK3 and 267 

PWK4 relatively lower adsorptions were noticed that could be because of a decrease in porosity 268 

with an increase in KOH activation (Fig. 3). 269 

 270 

Physisorption carbons with porous surfaces have reasonably fast kinetics [29]; comprise 271 

diffusional transports in micro and macropores. That’s why this study is designed on the 272 

physisorption principle (CO2 uptake). All these CO2 adsorption kinetics results in association 273 

with different KOH mass ratios concluded that the best group for that has shown fast CO2 274 

uptake rates is PW derived ACs, while the group for higher CO2 adsorption capacity is PN 275 

derived ACs (Fig. 4). The adsorption amount reported with TGA is CO2 adsorption over N2 276 

balance rather than pure CO2 adsorption [4], because flue gas comprises of 15% CO2 with N2 277 

[30]. It is observed that CO2 adsorption capacities of ACs are higher than N2 but in parallel N2 278 

adsorbs little with CO2 in flue gas analysis. While the amount of N2 is reported usually less or 279 

equals to 0.5 mmol/g [31]. 280 

 Textural analysis of activated carbons   281 

N2 adsorptions were performed for six samples (Fig. 5) out of twelve among which three were 282 

those exhibited higher CO2 uptake (PNK3>PWK1>NSK3).  The other three selected ACs were 283 

those either the least adsorbed carbon (PNK4) from a particular group of ACs with higher KOH 284 

ratio or the carbon with relatively higher CO2 uptake but with least ratio of KOH (NSK1) from 285 

another group of ACs. The effect of porosity on the adsorption of N2 is shown in the form of 286 

N2 adsorption isotherms. Surface textural and pore structure calculations obtained from the 287 

BET measurements are incorporated in Table 3. It can be seen that Vtotal and SBET increased 288 

from 0.07 to 0.38 cm3/g and 112.33 to 944.05 m2/g respectively for different ACs fabricated at 289 
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750 oC and 0.15 bar pressure. It is cleared that the ACs derived from KOH activation protocol 290 

are microporous with the microporosity accounting for up to 95% of the total porosity. 291 

 292 

The N2 sorption (adsorption and desorption) isotherms of PNK3, PWK1, PNK4, NSK1 and 293 

PWK2 are found similar to Type I isotherm that is also verified from the International Union 294 

of Pure and Applied Chemistry (IUPAC) data sources [32]. While one of the selected samples, 295 

NSK3 has shown Type II isotherm. Literature confirms that N2 sorption Type I isotherms are 296 

obtained for those adsorbents having very small pores usually known as micropores. The 297 

presence of these micropores verifies from sharp N2 uptake capacity of PNK3, PWK1, PWK2 298 

and NSK1 adsorbents at low pressure <0.1 bar. Afterwards, the development of horizontal 299 

plateaus at higher pressures attributed to an extraordinary microporosity of these selected ACs 300 

ranges from 72 to 95%. These results provide the reasons for higher CO2 uptake and fast 301 

adsorption kinetics of the above mentioned ACs.  Comparatively at further higher pressures, 302 

variable minor to significant hysteresis loops are observed for PWK1, NSK3, PNK4, PWK2 303 

and NSK1. Hysteresis loop suggests the presence of mesoporous surface of adsorbent at these 304 

pressures generated by the gas condensation  [22]. While Type II N2 adsorption isotherm shown 305 

by the adsorbent NSK3 indicates mesoporous surface with 15% microporosity.  306 

  307 

Higher specific surface area and micropores volume of PNK3, higher adsorption capacities of 308 

NSK3 and PWK1 derived ACs support the variable amount strategy of KOH used for 309 

activation from minor (1:1) to significant (1:4) range is successful.  Increase in micropores 310 

volume and surface area is detected because of oxidation and gasification reactions proceed via 311 

decomposition of potassium carbonate (K2CO3) at a high temperature that is also supported 312 

with SEM images.  313 

 314 
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The lower SBET of two selected ACs; NSK3>PNK4 is 146.86>112.33 m2/g. This decreasing 315 

order of SBET is observed with an increasing ratio (1:3 to 1:4) of the activating agent in the 316 

synthesised ACs. This might be because of the over oxidation of carbons and development of 317 

insoluble potassium (K) residues. The relatively lower SBET obtained for activated carbons was 318 

because of K impregnation that led to fractional or even thorough occlusion of pores. 319 

Therefore, a peak concentration of potassium is observed, above that the additional residual 320 

potassium (PNK4) helps little to capture CO2. This discussion confirms that the overall best 321 

ratio among all 12 fabricated ACs derived from three different groups of precursors is 1:3 322 

(sample: KOH) because on further activation with KOH leads to over oxidation and formed 323 

macro-pores credited to adsorption of 2.54 mmol/g of CO2 uptake. From Table 3, it could be 324 

verified that the BET measurements for these adsorbents are consistent with their Type I (Fig. 325 

5f) and Type II (Fig. 5e) isotherms [33]. Fig. S1 shows an observed comparative analysis of 326 

N2 adsorbed volumes of the selected ACs. Furthermore, it is seen that the volume of N2-327 

adsorbed for PNK4 is very small owing to its relatively lower developed total pores Vtotal. 328 

 329 

The presence of different pore sizes in selected ACs from each group are comparatively 330 

illustrated in Fig. 6. In the case of PNK3, PWK1 and PWK2 three different pore sizes have 331 

been generated; micropores/mesopores (< 50 nm) and macropores (> 50 nm). While in the case 332 

of NSK1, NSK3 and PNK4 the most probably generated pores are < 50 nm in size. Among 333 

these, more are mesopores (2–50 nm) while some are micropores (< 2 nm). Fig. S2 investigates 334 

the bimodal pore structure and its development by KOH activation of the best performing ACs 335 

from different groups. Fig. S3 shows an observed dependence of CO2 uptake on the developed 336 

pore volume by KOH treatment.   337 

 338 
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 KOH intercalation mechanism 339 

Type I isotherms Fig. 5(a-d, f) are observed because KOH impregnation acts as a catalyst to 340 

speed up the gasification reaction as mentioned in equations (2, 3, 5 and 6) [32, 34]. Reaction 341 

intermediates, K2CO3 and K2O are formed at a temperature >700 oC. These polar/basic 342 

intermediates react with the carbon matrix to fabricate a framework with micropores. The 343 

carbon framework development from non-porous to porous upon treatment with KOH is also 344 

confirmed by SEM analyses.  345 

 346 

Polymeric components present in biomass undergo different chemical reactions including 347 

cracking, aromatisation, dehydration, dehydrogenation and depolymerisation during 348 

carbonisation process followed by treatment with KOH base [28]. The later reaction is applied 349 

to activate the carbon matrix through a series of reactions (1 to 8). The redox reaction of 350 

biomass carbon with KOH leads to oxidation of carbon matrix that yields potassium carbonate 351 

(K2CO3) and hydrogen (H2) gas (reactions 2 to 4). The oxidation process and resultantly the 352 

presence of oxidised species on the surface of ACs are in agreement with relevant FTIR peaks 353 

in the developed oxidised functional group region (1000–1860 cm-1). 354 

 355 

2KOH → K2O + H2O      (1) 356 

C + H2O → CO + H2      (2) 357 

CO+H2O →CO2+H2      (3) 358 

CO2+K2O →K2CO3       (4) 359 

K2CO3 →K2O+CO2      (5) 360 

CO2+C →2CO       (6) 361 

C+K2O →C-O-K+K      (7) 362 

C+K2O →2K+CO      (8) 363 
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 364 

Progressively, as temperature arose the chemicals/functional groups of biomass decompose 365 

and gasification occurs (reactions 5, 6 and 8), rest of the mass forms char through aromatisation 366 

reaction. The presence of aromatic groups after activation is observed from the FTIR peaks of 367 

activated carbons in the related fingerprint region (808–893 cm-1). Gasification/ or escape of 368 

volatile components cause the development of porous surface from non-porous carbon 369 

framework/matrix  [20].  370 

 371 

The biomass carbon reacts with the KOH until it is consumed completely and as a result 372 

converted into metallic K and other volatiles. K2CO3 formed, further reacts with carbon 373 

(biomass) to generate K2O, K and volatiles reactions (4 to 8). The development of high porosity 374 

is credited to the (reactions 2 to 8) of dehydration, polymerisation and evolution of gases. 375 

Potassium based compounds formed (reaction 7) during the activation process are well 376 

intercalated/ or impregnated into the carbon framework. While later the removal of these 377 

compounds (K species) using water treatment results in the fabrication of porous surfaces of 378 

ACs [32]. Therefore, it can be said that the possible effect of KOH treatment on the studied 379 

carbons was porosity generation with well observed gasification reactions.  380 

 381 

 Crystalline surface analysis 382 

The synthesised CO2 adsorbents have also been studied for their microcrystalline or amorphous 383 

nature by powdered XRD patterns (Fig. 7). These analyses were applied to a selected number 384 

of activated (NSK1, NSK3, PNK3, PNK4, PWK1 and PWK2) and corresponding non-385 

activated carbons (NS, PN and PW) to identify the changes on the surface of adsorbents before 386 

and after activation. The peak intensities in the case of activated carbons and non-activated 387 

carbons are in exact accordance with the KOH ratios. In case of all non-activated and some 388 
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activated carbons, one broad and two weak peaks have been noticed around 2θ = 22–25o, 43o 389 

and 45o. A broad peak of quite high intensity around 22–25o is observed for NS, PN and PW 390 

carbons that confirms the amorphous nature of non-activated carbons. This peak around 22–391 

25o is identical to (002) diffraction of graphite and confirms the hexagonal nature of NS, PN 392 

and PW carbons. While the two weak peaks around 2θ = 43o and 45o corresponded to the (101) 393 

and (100) diffraction planes of graphite are observed in relation to their partial microcrystalline 394 

nature [4].   395 

 396 

A clear shift in XRD peaks has been observed for activated carbons in comparison to non-397 

activated carbons of all groups. In case of walnut shell derived activated carbon NSK1 398 

relatively less intense peaks are detected around 25o, 43o and 45o. The peak (002) diffraction 399 

plane of graphite is absent in case of NSK3 in comparison to raw non-activated carbon NS. 400 

The absence of this characteristic peak might be due to the collapse of carbon matrix.  The 401 

encircled area sharp peaks of NSK3 may be attributed to the development of more chemical 402 

species in the interlayers of collapse hexagonal graphite (carbon). Likewise, in the case of 403 

peanut shell derived ACs, again interesting surface chemistry has been confirmed from XRD 404 

patterns. Broad peaks around the characteristic range of 22–25o and 43o in the case of non-405 

activated PN are developed into sharp ones for PNK3 because of increasing KOH ratio. It is 406 

also observed from XRD pattern that sample/KOH ratio of 1:4 is not helpful in the activation 407 

of carbons because in the case of PNK4, the peaks almost disappeared in comparison to PNK3 408 

and PN. The intensity of the observed peaks is also lowered in comparison to 1:3 and 1:2 ratios. 409 

This type of behaviour might be noted as of destructive interferences developed because of a 410 

relatively high amount of KOH [20]. This destructive interference of KOH might cause the 411 

degradation of porous structures.  Moreover, XRD profiles of pine wood groups are exactly 412 
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similar to the peanut shell group. The peak centred around 26o to 27o is noticed for the 413 

generation of inorganic crystalline compounds [35].  414 

 415 

 Surface chemistry analysis  416 

FTIR analyses were performed for six samples. Three were non-activated carbons: NS, PN and 417 

PW and three activated carbons: NSK3, PNK3 and PWK1. In the case of walnut shell based 418 

non-activated carbon NS; the presence of peaks at 3664 (O-H str), 3263 (N-H str), 2467 (O-H 419 

str), 1857 (C=O str), 1660 (C=O str), 1463, 1326 (O-H def) and 690 (CH def) cm-1 correspond 420 

to OH, NH or might be chelate, carboxylic acid, carbonyl group of quinone, α-β unsaturated 421 

ketone, methyl, alcohol and alkenyl groups respectively (Fig. 8). However, NSK3 spectra 422 

confirms its activation and graphitisation that is also verified with the similar results obtained 423 

from XRD profiles of this material. The peaks of NSK3 at 3664 (O-H str), 3263 (N-H str), 424 

2397, 1774 (C=O str), 1620 (C=O str), 1458 (C=C), 1344 (O-H def), 1120 (C-O str), 808 (CH 425 

def)  and 617 (CH def) cm-1 indicate the generation of OH, NH/ or might be chelate, carboxylic 426 

acid, ester, carbonyl group with benzene, double bond of aromatic ring, alcohol, ether, p-427 

substituted aromatic ring and alkenyl groups respectively (Fig. 8). Like in NSK3, almost 428 

similar type of functional groups were developed on the surface of PNK3 after activation that 429 

might be because of the same mass ratio of the activating agent. 430 

 431 

The presence of peaks at 3691 (O-H str), 2891 (CH str), 2380, 1832 (C=O), 1645 (C=O str), 432 

1450 (def), 1249 (C-O str) and 640 (def) cm-1 correspond to OH, aldehyde, carboxylic acid, 433 

carbonyl of anhydride, carbonyl of diaryl ketone, methyl, diaryl ether and CH groups 434 

respectively in the case of PN non-activated carbon (Fig. 9). This precursor on activation with 435 

KOH in 1:3 ratio fabricated PNK3, its FTIR spectra confirms its activation. Furthermore, these 436 

FTIR results are also supported with SEM results of the respective AC. The peaks of PNK3 at 437 
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3514 (O-H str), 2437, 1853 (C=O str), 1714 (C=O str), 1575 (N-H def), 1398 (O-H def), 1002 438 

(C-O str), 873 (CH def) and 723 (rocking v) cm-1 correspond to dimer or chelate, carboxylic 439 

acid, carbonyl of anhydride, carbonyl of diaryl ketone, aromatic amine, phenol, ether, 440 

substituted aromatic ring and CH groups respectively (Fig. 9). 441 

 442 

Likewise, for PW precursor the bands at 2314, 1799 (C=O str), 1672 (C=O str), 1471 (def) and 443 

779 (CH def) cm-1 correspond to carboxylic acid, carbonyl of acid halide, carbonyl of diaryl 444 

ketone, CH3, m-disubstituted aromatic group, while PWK1 with 1:1 KOH/sample ratio 445 

indicated bands at 3683 (O-H str), 2351, 2250 (str), 1814 (C=O), 1635 (N-H def), 1469, 1315 446 

(C-O),1112 (C-O str), 893, 798 and 657 cm-1 attribute to free OH, carboxylic acid, alkenyl, 447 

carbonyl of acid halide, secondary amine, alcohol, C-O of anhydride, ether, two bands for weak 448 

and strong m-disubstituted aromatic ring and CH groups respectively (Fig. 10). The presence 449 

of dimers, chelates and disubstituted aromatic ring in the case of PNK3, NSK3 and PWK1, 450 

confirms the aromatisation reactions with KOH impregnation. The developed basic groups of 451 

ACs help in the adsorption of acidic CO2 because of electrostatic interactions developed 452 

between them at a higher temperature (reaction 7).  453 

 Surface morphology analysis 454 

The morphological analyses were carried out for non-activated (NS, PN and PW) precursors 455 

and the best performed ACs including; NSK3 from NS, PNK3 from PN and PWK1 from PW. 456 

These ACs not only showed higher CO2 uptake in their groups but also confirmed with FTIR 457 

spectra, their modified surface chemistries in comparison to their non-activated forms as a 458 

result of activation. Walnut shell based non-activated precursors NS shows non-porous and flat 459 

morphology in comparison to their activated form NSK3 as illustrated in (Fig. 11). SEM 460 

images of NSK3, clearly show changed surface morphology than precursor not showing more 461 
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microspores. Additionally, the pore diameter of NSK3 is seen much larger than other porous 462 

ACs; PNK3 (Fig. 12d) and PWK1 (Fig. 13b).  463 

 464 

Moreover, it could reasonably be said that the decomposition of carbon matrix/walls of NSK3 465 

connecting porous structure via high content of KOH took place. Carbon walls oxidised at high 466 

temperature 750 oC, generated K residues that change its morphology completely. Therefore, 467 

it could be concluded that NSK3 revealed a carbon matrix collapse with a higher mass ratio of 468 

KOH. Sometimes, if the higher CO2 capture of activated carbons (K-ACs) cannot be 469 

compatible with surface textural features then porosity decreases with activation.  Then in such 470 

cases, the higher CO2 uptake of K-ACs attributes to modified surface chemistries [28]. In the 471 

case of NSK3 potassium intercalation instead of relatively lower microporosity plays a key role 472 

in CO2 capacities. Therefore, it could be said that the polarized surface functional groups are 473 

helpful to enhance surface interaction with quadrupole moment of CO2 and consequently 474 

instigated higher CO2 uptake [28].  475 

 476 

The SEM images of non-activated peanut shell derived precursor PN showed a flat non-porous 477 

surface and developed into a highly porous surface (PNK3) on treatment with an activating 478 

agent as illustrated in Fig. 12. Removal of gases during the process of activation according to 479 

redox stoichiometric equations ((5) to (6) and (8)) were credited to a flat, regular and 87% 480 

microporosity of PNK3 [20]. These pores justify more diffusion/ or adsorption of CO2 from 481 

bulk to the adsorbent (PNK3) surface. Porosity generation phenomenon was also observed 482 

similar to the peanut shell in pine wood group. There is a clear difference between the 483 

morphological surfaces of PW, PWK1, non-activated and activated forms of pine wood 484 

precursor and carbon respectively as shown in Fig. 13.  485 
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 Fast adsorption potential  486 

CO2 adsorption (over N2 balance) measurements for the first 120 seconds have been reported 487 

for activated carbons. The CO2 uptake measurements of adsorbents in the first 120 seconds in 488 

comparison to 1 hour verified that the developed ACs are very responsive and free from time 489 

dependent factor to much extent. From Table 4, it could be observed that almost all adsorbents 490 

with one or two exceptions showed an average >60% uptake of CO2 from total in the first 120 491 

seconds. In the case of walnut shell derived ACs (Fig. S4(a)) the CO2 uptake in first 120 sec is 492 

50% in average, which is 20% lower than peanut shell derived ACs (Fig. S4(b)) and 30% lower 493 

than pine wood derived ACs (Fig. S4(c)). The possible reason behind this could be the different 494 

composition and diverse nature of the material. Moreover, PNK2 and PWK2 have presented 495 

an ideal case by adsorbing more than 90% of CO2 from the total in first 120 seconds. Under 496 

the current scenario of environmental pollution [36, 37],  there  is  a need  to  develop  renewable 497 

fuels [38] and  sustainable technologies [39, 40]  to  reduce CO2 emissions and control global 498 

warming [41]. Hence, biomass based carbon adsorbents are excellent renewable materials that 499 

could be used to capture CO2 from coal fired power plants. 500 

 501 

 Cost estimation 502 

From cost estimation analysis with respect to per kg production, it is observed that the 503 

synthesised ACs are cheaper and comparable to the others commercially available. An amount 504 

of 1.93 US$ is calculated for the production of per kg of AC as shown in Table 5, while the 505 

amount of commercially available AC is in the range of 2–5 US$ per kg [42]. In literature, the 506 

synthesised ACs from the peels of Artocarpus integer fruit following the steam activation 507 

method were estimated to be cost-effective adsorbents (1.67 US$ per kg) [42], but these 508 

carbons were not evaluated for their CO2 uptake potentials. Furthermore, the cost estimation 509 
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analysis was carried out by following the summation of sample per kg cost of different 510 

components [42]. 511 

4 Conclusions  512 

Detailed screening and development of adsorbents/ACs from diverse biomass residues that are 513 

cheap, low cost, sustainable, green agricultural waste, easily available and CO2 neutral 514 

materials is carried out. This synthesis of ACs from biomass precursors will not only overcome 515 

the global warming issue but would also minimise the problems of land space covered by the 516 

selected biomass residues.  517 

 TGA and BET analyses demonstrate that the adsorption capacities of different ACs are 518 

as; 3.23>2.90>2.71>2.57, 3.92>3.18>3.06>2.54 and 3.49>3.24>2.84>2.53 mmol/g for 519 

NSK3>NSK4>NSK1>NSK2, PNK3>PNK1>PNK2>PNK4 and 520 

PWK1>PWK2>PWK3>PWK4 respectively. Among all these the highest CO2 (3.92 521 

mmol/g) is noticed with PNK3 AC that is peanut shell derived.  522 

 N2 adsorption isotherms show Type I isotherm for NSK1, PNK3, PNK4, PWK1 and 523 

PWK2 and Type II isotherm for NSK3.  524 

 Bimodal pore structure analyses verify the Type I and Type II N2 sorption isotherms 525 

results. 526 

 Peaks in the region < 50 nm confirm that mostly adsorbents’ surface comprised of micro 527 

and mesopores.  528 

 The catalytic KOH mechanistic approach and the resultant aromatization and 529 

gasification reactions are in accordance with FTIR peaks in region (808–893 cm-1) and 530 

verified from SEM images. 531 

 Characteristic XRD peaks of 2θ = 22-25o and 43o in case of non-activated precursors 532 

are developed into sharp ones for ACs.  533 
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 Cost estimation calculation showed the developed ACs are cheaper in comparison to 534 

commercially available ones. 535 

 Future research could be directed towards soft woody biomass residues because they 536 

yield relatively more porous adsorbents upon activation with KOH than hard woody 537 

biomass.  538 
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List of Tables 653 

Table 1. Newly synthesised green activated carbons (ACs) with raw material and different 654 

ratio of the activating agent. 655 

Sample ID Composition  Mass ratio 

(sample: KOH) 

Activation temperature  

(oC) 

aNSK1 Walnut shell + potassium 1:1 750 

aNSK2 Walnut shell + potassium 1:2 750 

aNSK3 Walnut shell + potassium 1:3 750 

aNSK4 Walnut shell + potassium 1:4 750 

bPNK1 Peanut shell + potassium 1:1 750 

bPNK2 Peanut shell + potassium 1:2 750 

bPNK3 Peanut shell + potassium 1:3 750 

bPNK4 Peanut shell + potassium 1:4 750 

cPWK1 Pine wood + potassium 1:1 750 

cPWK2 Pine wood + potassium 1:2 750 

cPWK3 Pine wood + potassium 1:3 750 

cPWK4 Pine wood + potassium 1:4 750 

        *** Note: aNSK1, walnut shell sample activated with potassium in different m/m ratio; bPNK1, peanut shell 656 
sample activated with potassium in different m/m ratio; cPWK1, pine wood sample activated with potassium in 657 
different m/m ratio. 658 
  659 
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Table 2. Chemical analyses of raw biomass material samples. 660 

M, VM, and FC value on dry basis except as denoted in the table. 661 
a. Calculated by the difference. 662 
b. On dry basis except moisture which is on as received basis. 663 
c. As received basis. 664 

  665 

Biomass 

samples 

Ultimate analysisa   Proximate analysisc 

C (%) H (%) N (%) Ob (%) S (%) H/C O/C M (%) VM (%) FC (%) Ash (%) 

Walnut shell   45.67 6.27 0.40 47.39 0.28 0.14 1.04 7.66 68.56 21.96 1.82 

Peanut shell 46.34 6.42 1.95 45.07 0.23 0.14 0.97 6.45  71.87 17.50 4.18 

Pine wood 44.78 6.17 0.42 48.38 0.26  0.14 1.08  6.97 72.54 17.07 3.47 
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 666 

Table 3. Surface and pore structure statistics of ACs measured from N2 sorption. 667 

Sample SBET 

 

(m2/g) 

Vtotal 

 

(cm3/g) 

Average 

pore 

diameter 

(nm) 

Vmicro 

 

(cm3/g) 

Vmeso = 

 

Vtotal -Vmicro 

 

(cm3/g) 

Microporosity 

 

=  Vmicro/ Vtotal 

 

(%) 

 

 

Mesoporosity 

 

= Vmeso/ Vtotal 

 

(%) 

 

 

PNK3 900.76 

 

0.38 

 

1.69 0.33 

 

0.05 87 13 

PNK4 

 

112.33 

 

0.07 

 

2.49 0.04 0.03 57 43 

NSK1 

 

603.25 

 

0.22 

 

1.46 0.21 

 

0.01 95 5 

NSK3 

 

 

146.86 

 

0.26 

 

7.08 0.04 

 

0.22 15 85 

PWK1 

 

944.05 

 

0.35 

 

1.48 0.33 

 

0.02 94 6 

PWK2 

 

581.07 

 

0.29 

 

1.99 0.21 

 

0.08 72 28 

 668 

  669 
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 670 

Table 4. CO2 uptake rate of synthesised adsorbents. 671 

ACs Uptake in 1 hour Uptake in first 120 sec % CO2 uptake in first 

120 sec 

NSK1 2.71 1.55 57.30 

NSK2 2.57 1.35 52.67 

NSK3 3.23 1.34 41.64 

NSK4 2.90 1.48 50.91 

PNK1 3.18 2.80 88.05 

PNK2 3.06 2.77 90.38 

PNK3 3.92 2.38 60.76 

PNK4 2.54 1.04 41.11 

PWK1 3.49 3.01 86.21 

PWK2 3.24 3.06 94.49 

PWK3 2.84 2.00 70.49 

PWK4 2.53 1.76 69.66 

** CO2 adsorption (over N2 balance) 672 

  673 
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 674 

Table 5. Production cost estimated for ACs with KOH activation. 675 

  676 

 677 

 678 

 679 

 680 

 681 

 682 

  683 

Components US$/ kg 

KOH 0.38 

Distilled water 0.50 

Nitrogen gas 0.20 

Power consumption 0.80 

Transportation 0.05 

Total  1.93 
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List of Figures 684 

 685 

 686 

 687 

Fig. 1. CO2 uptake isotherms of walnut shell (NS) derived ACs at 25 oC.  688 
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 693 

 694 

Fig. 2. CO2 uptake isotherms of peanut shell (PN) derived ACs at 25 oC. 695 
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 706 

Fig. 3. CO2 uptake isotherms of pine wood (PW) derived ACs at 25 oC. 707 
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 712 
 713 

 714 

 715 

 716 

Fig. 4. The role of KOH in CO2 uptake for adsorbents synthesised from different biomasses. 717 
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 720 

721 

 722 

Fig. 5. N2 adsorptions isotherms of selected ACs; peanut shell group (a and f), pine wood group (b and c) and 723 

walnut shell group (d and e). 724 
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 726 

 727 

 728 

Fig. 6. Pore size distribution for selected samples from different groups of biomass.  729 
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 730 

 731 

 732 

Fig. 7. XRD profile of walnut shell, peanut shell and pine wood derived non-activated precursor and activated 733 

carbons. 734 
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 740 

Fig. 8. FTIR spectra of walnut shell derived non-activated precursor and activated carbon. 741 
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 745 

 746 

Fig. 9. FTIR spectra of peanut shell derived non-activated precursor and activated carbon. 747 
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 749 

  750 

Fig. 10. FTIR spectra of pine wood derived non-activated precursor and activated carbon. 751 
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 753 

 754 
Fig. 11. SEM analysis of walnut shell derived non-activated; NS (a, c, e and g), and activated carbons; NSK3 755 

(b, d, f and h).  756 
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 758 

 759 
Fig. 12. SEM analysis of peanut shell derived non-activated; PN (a, c and e), and activated carbons; PNK3 (b, 760 

d and f). 761 
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 765 

Fig. 13. SEM analysis of pine wood derived non-activated; PW (a, c and d), and activated carbons; PWK1 (b 766 

and e). 767 
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(Supplementary Material) 769 

Development of biomass derived highly porous superfast 770 

adsorbents for post-combustion CO2 capture 771 
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 788 

Fig. S1. Comparison of N2 adsorption volumes of selected ACs.  789 
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 795 

 796 

Fig. S2. Comparison of bimodal pore structure of selected ACs. 797 

  798 

PNK3 PNK4 NSK1 NSK3 PWK1 PWK2
0.0

0.1

0.2

0.3

0.4

0.5

 Vtotal

 Vmicro

 Vmeso

 

 

P
o

re
 V

o
lu

m
e
 (

c
m

3
/g

)

ACs Samples



46 

 

 799 

 800 

 801 

Fig. S3. Dependence of adsorbent’s CO2 uptake on pore volume. 802 
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 806 

Fig. S4. CO2 adsorption rate in first 120 sec in comparison with 1 hour; (a) Walnut shell ACs, (b) Peanut shell 807 

ACs and (c) Pine wood ACs. 808 
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