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Abstract

:

An activated carbon (AC) with a high surface area of 4320.7 m2/g was synthesized via the chemical and thermal processing of walnut residues. The resulting activated charcoal was characterized by various techniques, including Brunauer–Emmett–Teller (BET) surface area analysis, scanning electron microscopy (SEM), and IR spectroscopy. The prepared activated carbon was studied for its capacity to adsorb CO2 gas. When exposed to CO2 for 60 min in a closed chamber at atmospheric pressure at 25 °C, the adsorption of a notable 301.1 mmol CO2 (13.25 g CO2) per gram of activated carbon was observed.
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1. Introduction


Carbon dioxide (CO2) is considered a major pollutant gas. CO2 emitted to the atmosphere due to the burning of fossil fuels is believed to facilitate an environmentally undesirable greenhouse effect, leading to global warming. Significant efforts are being undertaken by nations, companies, and organizations to reduce their CO2 emissions. Alternative energy sources that reduce CO2 emissions are significantly increasing. This study also examines the capture of CO2 from the air. The design of materials that can adsorb CO2 has been widely investigated in the last few decades [1].



Activated carbon (AC) is a black material that is solid, tasteless and has a high porosity. It is part of a large family of coal materials that do not have a specific chemical composition. Activated carbon can be prepared from several different materials (natural carbon raw materials such as walnut shells, wood, coal, and pistachio shells) using different chemical approaches. The composition of activated carbon involves functional groups that provide an active location in the adsorption phenomenon. Among these are carboxylates are carboxylic hydroxide, phenolic, carbonyl, and lactone groups.



In general, when treated with acidic chemical materials, activated carbon has acidic properties. These could be promising for the adsorption of basic gases, such as ammonia. Due to the presence of active oxygen on the surface of the activated carbon (for example, carboxyl, ketone, and phenol groups). In contrast, when activated carbon is treated with basic materials, it may adsorb acidic gases such as sulfur dioxide due to presence of carbonyl chromene groups, as shown in Figure 1.



Activated carbon is a porous carbonaceous material whose chemical and physical properties have led to its widespread use in environmental applications, including the treatment of wastewater (to remove color), removal of pollutant gases, desulfurization of petroleum, and adsorption of antibiotic drugs [2,3,4,5].



Activated carbon (AC) has also been studied as an adsorbent of carbon dioxide (CO2), with activated carbon derived from walnut residues (AC-W) proving particularly useful in this respect. The method of producing the AC-W may significantly affect its capacity to adsorb CO2. For example, Chomiak and colleagues demonstrated CO2 adsorption of up to 7.2 mmol CO2 per g AC-W at 1 bar and 18.2 mmol/g at 30 bar using AC-W prepared by soaking with KOH in the ratio 1:2 (C:KOH) at 800 °C [6]. Lewick and Seraft prepared AC-W by soaking for 1 h in the ratio 1:1 (C:KOH), followed by drying for 19 h. The resulting AC-W adsorbed 4.36 mmol of CO2/g. However, when soaked in the ratio 1:0.75 (C:KOH) for 24 h and then dried at 500 °C for 5 h, the AC-W was reportedly able to adsorb a remarkable 920.6 mmol/g AC-W at atmosphere pressure, which appears to stand as the highest recorded value to date [7]. The origin of these differences derives from the surface area and the activated functional groups in the AC, which may significantly affect its adsorptive capacity [2].



Activated carbon consists of an organized composition of fine pores of variable size (150 Å to 5 Å), consisting of irregular layers that are well separated (6.3 Å) [8,9,10]. The structure of activated carbon involves an arrangement of microscopic, mesoscopic, and macroscopic pores. Table 1 broadly lists the properties and the pore types. The activity of an activated carbon for CO2 adsorption depends on the nature of the material, including its pore structure, and the method of its preparation, which affects the surface of the activated carbon, especially its porosity. Surface areas of up to 3000 m2/g are most common [11,12].



Activated carbon is available in powder form or in granules. In fine powder form, it typically has a particle size of less than 100 µm, with an average diameter of 15–25 µm, a large outer surface and very fast adsorption velocity. Fine-powder activated carbons can be used to change the color of oils, fats, wine, sugars, and many other organic liquids. In granular form, activated carbon may have a particle size of >1 mm, a small diameter, a large inner surface area, and a relatively small outer surface. As a result, the ‘spread’ phenomenon within the pore is highly important in the adsorption process. Granules are usually used for wastewater treatment, gases, and harsh steam treatments [14,15,16].



The speed of the adsorption processes depends on physical and chemical factors. Physically, the particle size of the activated carbon plays a crucial role in the adsorption speed. Smaller particles increase adsorption speed due to more rapid ‘spread’ reaching the center [17,18]. Other physical factors affecting adsorption speed involve the resistance of the activated carbon to corrosion, pressure, depletion, and vibration. This mostly depends on the raw materials and their level of activation [19,20,21]. The most common chemical factor is the production of ash during the preparation of the activated carbon. Ash is the inorganic, amorphous and unusable part of activated carbon. It often contains calcium salts and mineral oxides; therefore, the lower the ash rate, the more strongly adsorbent the activated carbon [22].



In this study, we describe the preparation of an activated carbon with a high specific surface area of 4320.7 m2/g. The activated carbon was examined for CO2 gas absorption in a closed chamber system and found to adsorb around 300 mmol per gram of activated carbon over 60 min at atmospheric pressure.




2. Materials and Methods


2.1. Raw Materials


Walnut shells (25 g) were collected from the local area in Mosul, Iraq and used as the raw carbon material.




2.2. Equipment


X-ray photoelectron spectroscopy (XPS) was carried out using a model PHI660 (Rodgau, Germany) with monochromatic Mg Kα X-ray as a single-beam source. FTIR spectroscopy employed a Shimadzu model IRTracer-100. Sigma-Aldrich tables of IR absorptions were used for analysis. Scanning electron microscopy (SEM) was carried out using TESCAN (Brno, Czech Republic). The oven was a Carbolite model operated at 1100 °C.




2.3. Preparation of Activated Carbon


Activated carbon was prepared from Iraqi walnut shells. The preparative procedure involved two steps, namely pyrolysis followed by physical/chemical activation. In the pyrolysis step, the carbonaceous raw materials were typically heated to high temperatures in the range 400–600 °C in an isolated environment. This removed the heterogeneous elements (oxygen, hydrogen, nitrogen), which departed as gases, resulting in a solid carbon material with a high porosity [23]. In the physical activation step, an oxidizing agent such as air, water vapor, or carbon dioxide at high temperature (850–1100 °C) was introduced. Thereafter, the AC had a lower mass; the proportion indicated the activation rate [24]. Chemical activation occurs when the charred substance is treated, typically with phosphoric acid (H3PO4), zinc chlorine (ZnCl2), potassium hydroxide (KOH) or sulfuric acid (H2SO4). The substance is then exposed to a low temperature (compared with physical activation) in order to reorganize the structure of the activated carbon. After the reactions are complete, the AC material may usually be washed with distilled water to remove all traces of the remaining chemicals [24,25].



A quantity of walnut shells was collected and crushed into small fragments of about 1 cm size and washed with distilled water to remove all impurities. After first drying in air, and then in an oven at 60 °C for 24 h, the raw material was ground and filtered through a sieve with dimensions of 125–250 µm. The collected sample was washed with distilled water several times and then dried in a thermal drier at 70 °C for 5 h.



The resulting charcoal raw material (25 g) was placed in a crucible and soaked with concentrated KOH (dissolved in a minimum volume of water) in the ratio (w/w) (1 C:0.75 KOH). The crucible was placed in an oven (Carbolite-CWF 1100, Neuhausen, Germany) at 500 °C for 1 h, whereafter it was allowed to cool to room temperature. The overall procedure is depicted in Figure 2.




2.4. Measuring the Surface Area of Activated Carbon through Iodine Number


The iodine number was used to measure the surface area of the activated carbon, and it was 4126 m2g−1. When compared with the BET measurement, whose value was 4320 m2g−1, it was noted that the values were close to each other, and this supports the laboratory result obtained by manually measuring iodine number via calibration with thiosulfate.



To carry out the experiment in more detail, 1 gm of dry activated carbon was weighed and placed in a volumetric flask with a capacity of 100 mL, and then 10 mL of 5% HCl solution was added and boiled for 15 min (to remove any material that might interfere with the thiosulfate later during calibration). The solution was left to cool to laboratory temperature, and then 100 mL of 0.1 N iodine solution (prepared from dissolving 12.7 gm iodine with 19.1 gm potassium iodide in a liter of water) was added. Then, the resulting mixture was shaken via ultrasound for 30 s, filtered, and the first 20 mL of the filtrate was discarded. Then, 50 mL of the filtrate was taken and calibrated with thiosulfate (0.1 N sodium thiosulfate solution was prepared by dissolving 24.8 gm sodium thiosulfate with 0.1 gm sodium carbonate in a liter of distilled water) until it turned a pale yellow color. Then, a few drops of starch indicator was added, carburation continued until the color disappeared, and the number from the burette was recorded.




2.5. Measuring the Surface Area of Activated Carbon via Methylene Blue


The methylene number measured the surface area and was 83 mg/g, representing the adsorption rate of methylene dye per gram of coal. This result was confirmed after the disappearance of the methylene blue color and is a measure of the absorption capacity of activated carbon.



Next, 0.1 gm of dried activated carbon was taken and placed in a volumetric flask, and 50 mL of methyl blue dye was added at a concentration of 20 ppm (prepared by dissolving 0.02 gm of the dye in a liter of distilled water). The solution was shaken for two hours in an electric shaker until the color of the methyl blue dye disappeared. Another quantity of 50 mL of dye solution was added, and the addition process continued until the color stabilized.



The surface area from methylene blue was calculated using the following equation:


Z = y × V/1000



(1)




where Z is the surface area of AC, y = AC adsorbed by methylene blue (and equal 20-X), and X is the concentration of the total volume produced at color stability, which is represented by the graphic curve of concentration versus absorbance in the absorbance plot shown in Figure 3.




2.6. Humidity Measurement of Activated Carbon


A 1 gm sample of dry activated carbon was openly placed in a laboratory for 24 h and thus exposed to air and atmospheric humidity, after which the charcoal was weighed. The weight difference represents the amount of moisture gained by the coal, and the moisture ratio is then calculated via the following equation (ASTM D2247-15)):


% = (part/whole)100



(2)








2.7. Density Measurement of Activated Carbon


A volumetric vial of 5 mL capacity was weighed empty and then filled with activated carbon to mark the volumetric vial. Alternatively, it was filled with activated carbon, and then the volume of the vial was subtracted to calculate the density via the following equation (ASTM D854-02):


d = mass/volume



(3)








2.8. Ash Measurement


A ceramic lid containing 1 gm of activated carbon was placed in an electric oven and heated to a temperature of 1000 °C for an hour to burn the charcoal, after which the remaining carbon in the lid was weighed. Additionally, the difference between the two weights represents the percentage of ash, and the ratio was calculated using the following equation (ASTM D2866-94).




2.9. Thermal Gravimetric Analysis TGA of AC


The thermal stability of activated carbon was determined using METTLER TOLEDO device and its thermal analysis program: STARe Evaluation Software version 15.01 (2018).




2.10. Loss of Biomass


The loss rate of biomass during the preparative procedure can be calculated using the following equation:


  m a s s   l o s s =    W i  −  W f     W i    × 100  



(4)




where wi represents the primary weight (prior to the pyrolysis step) and wf is the final weight of the sample (after activation).




2.11. CO2 Adsorption Studies


As depicted in Figure 4, a simple device was developed to release CO2. Concentrated hydrochloric acid (10 mL) was added to calcium carbonate (4 g) to release CO2 gas. The gas was passed through a drying bed at 25 °C to remove moisture. The weight of generated CO2 was measured in an air-evacuated graduated cylinder placed on a sensitive balance. In a typical set of experiments, around 1.596 g of CO2 gas was produced on each occasion. This was then allowed to flow into a separate closed vessel containing 0.100 g of the activated carbon made from walnut shells (vessel dimensions: 8 cm × 8 cm × 8 cm). Contact between the activated carbon and CO2 gas at atmospheric pressure was allowed for various time intervals, after which the non-adsorbed CO2 was released. The weight of the activated carbon before and after CO2 adsorption was determined and compared.





3. Results and Discussion


3.1. Characterization of the Activated Carbon


Activated carbon prepared (as described above) lost around 76% of its primary weight due to the formation of volatile gases during the thermal pyrolysis step. The output of the activated carbon from the raw material was therefore around 24%.



Figure 5 shows the infrared spectrum of the activated carbon before (Figure 5a) and after (Figure 5b) pyrolysis and activation. A clear decrease in the hydroxyl group (OH-) at 3352 cm−1 can be seen; this is due to the pyrolysis process, which results in water being lost from the raw material. The peaks at 2920 cm−1 and 2844 cm−1 in the raw walnut shells belong to the aliphatic bonds (C-H) in the CH2 and CH3 groups in the cellulose structure. As shown in Figure 5b, these peaks largely disappeared, indicating that the cellulose structure was significantly modified by the pyrolysis process. In addition, two other peaks that were removed were located between 1350 cm−1 and 1450 cm−1 and belong to the CH2 and CH3 aliphatic groups in the structure of crystalline cellulose. A large amount of hydrogen was therefore lost during preparation.



The peak at 1731 cm−1 corresponds to the expansion vibration of the carbonyl groups (C=O), which decreased slightly, indicating that many aliphatic and aromatic bonds were broken as a result of the chemical activation and the removal of the volatile substances. The peak at 1609 cm−1 indicates the expansion of the (C=C) aromatic group, which slightly increased in activated charcoal. Finally, the peak at about 1056 cm−1 was caused by the presence of C-OH or C-C. A peak at 1800 cm−1 in activated charcoal refers to C-H expansion in aromatic compounds.




3.2. AC Surface Structure


Scanning electron microscopy (SEM) was carried out to compare the samples before and after carbonization and activation in terms of surface area, as well as the number of pores and cracks. SEM images taken of the pure activated carbon show a large number of pores and cracks on the surface, indicating the presence of internal caves. High levels of pores and cracks enhance the surface area of the activated carbon, which may be expected to increase the adsorption of CO2 gas. Elemental analysis was performed using EDX data. The ratio of oxygen increased from 3.6 to 31.5% while carbon decreased from 91.5 to 65.45%. The results of BET measurements corresponded with the SEM images and confirmed the higher surface area.




3.3. Surface Area Measurement (BET)


The specific surface area was measured using Brunauer–Emmett–Teller (BET) nitrogen gas adsorption at 77 K with following formula:


   1  Q  (     P o   P  − 1  )    =   C − 1    Q m  C    (   P   P o     )  +  1   Q m  C    



(5)




where P and Po represent the gas pressure and saturation pressure, respectively; Qm is the quantity required to satisfy a single layer in cm3/g; and C is a constant. Figure 6 displays the BET adsorption isotherm obtained and Table 2 summarizes the obtained values.



The value of C, being greater than 200, is consistent with pure activated carbon. (Values of C in the range of 2–50 indicate that the product is either a metal or polymer or an organic substance).



The specific surface area sBET was calculated using the following equation:


  s B E T =    v m  N a    a m    m   22400    



(6)




where   s B E T   is the total surface area s per gram, m is the molecular weight of nitrogen, Na is Avogadro’s number (6.022 × 1023/mole), am is the surface area of one molecule of nitrogen, and 22,400 is the ideal gas volume.



By this measure, the specific surface area of the AC was 4320.7 m2/g. A surface area of this size suggests that activated carbon would be an excellent candidate for adsorptive applications, including the adsorption of CO2.



The surface area was also investigated via an iodine number, and then calculated via the ASTMD D4607−14 26 relationship [26].


I.N = [A − (DF × C × B)]/m



(7)




where A = 1269.3 according to the molarity equation M = wt × 1000/M. Wt × V, C is the volume of the burette after discoloration, B is iodine concentration in (N) multiplied by the iodine atomic weight, and DF is 2.2, which represents the coefficient factor of 100 + 10 = 110, 50 mL of which was taken out for the carburation process. At the same time, m is the weight of AC.



As can be seen in Figure 7 and Figure 8, when the pressure against the amount of adsorbent N2 gas is plotted, the appearing isotherm confirms the adsorption of nitrogen by the activated carbon. At a low pressure, the linear curve gradually begins to increase due to the adoption of N2 via the activated carbon. This part of the curve represents monolayer adsorption and microfilming. The adsorption process continues until it reaches a maximum where it stabilizes due to saturation of the activated carbon sample with N2 gas. This proves that the sample of activated carbon has a high surface area. When the isotherm is reversed, in accordance with nitrogen being withdrawn, the new linear curve indicates that the mesopores behave according to the Kelvin equation, until stabilization is achieved when the mesopores are completely filled [27].




3.4. X-ray Photoelectron Spectroscopy (XPS)


The XPS photoelectron spectroscopy survey spectrum (Figure 9) displayed main peaks at 284.1, 284.9, 286.5, 288.0, 289.0, and 291.2 eV. The binding of C=C and C-C corresponding to sp3 and sp2 carbon hybrid) have strong beaks sites at 284.1 and 284.9, respectively, while other peaks for C-H, C-O, C=O, O-C=O and π–π interactions showed smaller peaks, meaning that around 80% of activated charcoal is caused by carbon–carbon contents [28,29,30,31].



The results of the CO2 adsorption investigated according to the description in Section 2.11. As can be shown in Table 3 CO2 adsorption ratios of 301.1 mmol CO2 per gram AC were highest adsorption value that reported, throughout first 60 min of detention time of CO2 gas in AC gaps and caves. Meanwhile, no increase in CO2 gas adsorption occurred when the other parameters, such as primary AC weight (0.100 g) and calcium carbonate (4 g), were fixed, which typically produced around 1.596 g of CO2 gas.



Figure 10 shows the thermal stability of activated carbon that was prepared. It can be confirmed that AC can be used in simple and medium thermal conditions, as well as in other applications that require a high temperature such as catalysts in industrial chemical reactions.



Finally, Table 4 shows the most common physical properties of the prepared AC like percentage of moisture, density and ash, methylene blue absorption and iodine number of the prepared activated carbon.





4. Conclusions


AC with a surface area of 4320.7 m2/g was prepared via a chemical and hydrothermal process. SEM images confirmed the porosity and roughness of its surface. An FTIR study of prepared AC reported decreases in the hydroxyl group (OH−) and the removal of aliphatic bonds of both (C-H) and CH2 and CH3 groups due to thermal and chemical AC modifications. When AC was exposed to CO2 for 60 min in a closed chamber at atmospheric pressure, the adsorption of a 301.1 mmol CO2 (13.25 g CO2) per gram of activated carbon was observed. This adsorption was a result of AC porosity and its surface roughness. While not surpassing the highest recorded adsorption ratio of 920.6 mmol/g, this is still notably high. In addition, the thermal stability of AC was stable at high temperatures, proving that AC could be useful for many industrial applications such as catalysts.







Author Contributions


Conceptualization, M.A. and A.S.A.; methodology, A.S.A.; software, A.A.S.; validation, M.A., A.S.A. and A.A.S.; formal analysis, M.A.; investigation, A.S.A.; resources, A.A.S.; data curation, M.A.; writing—original draft preparation, A.S.A.; writing—review and editing, G.F.S.; visualization, G.F.S.; supervision, G.F.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Data Availability Statement


Data are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Santamaría, L.; Korili, S.A.; Gil, A. Layered Double Hydroxides for CO2 adsorption at moderate temperatures: Synthesis and amelioration strategies. Chem. Eng. J. 2022, 455, 140551. [Google Scholar] [CrossRef]

	



Oba, O.A.; Aydinlik, N.P. Preparation of mesoporous activated carbon from novel African walnut shells (AWS) for deltamethrin removal: Kinetics and equilibrium studies. Appl. Water Sci. 2022, 12, 1–20. [Google Scholar] [CrossRef]

	



Tian, X.; Ma, H.; Li, Z.; Yan, S.; Ma, L.; Yu, F.; Wang, G.; Guo, X.; Ma, Y.; Wong, C.J. Flute type micropores activated carbon from cotton stalk for high performance supercapacitors. J. Power Sources 2017, 359, 88–96. [Google Scholar] [CrossRef]

	



Doke, K.M.; Khan, E.M. Equilibrium, kinetic and diffusion mechanism of Cr (VI) adsorption onto activated carbon derived from wood apple shell. Arab. J. Chem. 2017, 10, S252–S260. [Google Scholar] [CrossRef]

	



Marsh, H.; Reinoso, F.R. Activated Carbon; Elsevier: Amsterdam, The Netherlands, 2006; pp. 182–183. [Google Scholar]

	



Oginni, O.; Singh, K.; Oporto, G.; Dawson-Andoh, B.; McDonald, L.; Sabolsky, E. Influence of one-step and two-step KOH activation on activated carbon characteristics. Bioresour. Technol. Rep. 2019, 7, 100266. [Google Scholar] [CrossRef]

	



Chomiak, K.; Gryglewicz, S.; Kierzek, K.; Machnikowski, J. Optimizing the properties of granular walnut-shell based KOH activated carbons for carbon dioxide adsorption. J. CO2 Util. 2017, 21, 436–443. [Google Scholar] [CrossRef]

	



Lewicka, K. Activated carbons prepared from hazelnut shells, walnut shells and peanut shells for high CO2 adsorption. Pol. J. Chem. Technol. 2017, 19, 38–43. [Google Scholar] [CrossRef]

	



Wei, H.; Wang, H.; Li, A.; Li, H.; Cui, D.; Dong, M.; Lin, J.; Fan, J.; Zhang, J.; Hou, H.J. Compounds, Advanced porous hierarchical activated carbon derived from agricultural wastes toward high performance supercapacitors. J. Alloys Compd. 2020, 820, 153111. [Google Scholar] [CrossRef]

	



Tadda, M.; Ahsan, A.; Shitu, A.; ElSergany, M.; Arunkumar, T.; Jose, B.; Razzaque, M.A.; Nik, N.J. Research, Journal of Advanced Civil Engineering Practice and Research. J. Adv. Civ. Eng. Pract. Res. 2016, 2, 7–13. [Google Scholar]

	



Rahma, N.A.; Kurniasari, A.; Pambudi, Y.D.S.; Bintang, H.M.; Zulfia, A.; Hudaya, C. Characteristics of Corncob-Originated Activated Carbon Using Two Different Chemical Agent. In Proceedings of the IOP Conference Series: Materials Science and Engineering, Kazimierz Dolny, Poland, 21–23 November 2019. [Google Scholar]

	



Jabbar, S.F. Preparation of activated carbon by chemical activation using, Z. Spina-Christi fruits nuclei as raw material. Univ. Thi-Qar J. Sci. 2014, 4, 97–100. [Google Scholar]

	



Ao, W.; Fu, J.; Mao, X.; Kang, Q.; Ran, C.; Liu, Y.; Zhang, H.; Gao, Z.; Li, J.; Liu, G.J.R.; et al. Microwave assisted preparation of activated carbon from biomass: A review. Renew. Sustain. Energy Rev. 2018, 92, 958–979. [Google Scholar] [CrossRef]

	



Baby, R.; Saifullah, B.; Hussein, M.Z. Carbon Nanomaterials for the Treatment of Heavy Metal-Contaminated Water and Environmental Remediation. Nanoscale Res. Lett. 2019, 14, 341. [Google Scholar] [CrossRef] [PubMed]

	



Reza, M.S.; Yun, C.S.; Afroze, S.; Radenahmad, N.; Bakar, M.S.A.; Saidur, R.; Taweekun, J.; Azad, A.; Sciences, A. Preparation of activated carbon from biomass and its’ applications in water and gas purification, a review. Arab. J. Basic Appl. Sci. 2020, 27, 208–238. [Google Scholar] [CrossRef]

	



El-Shafey, E.; Ali, S.N.; Al-Busafi, S.; Al-Lawati, H.A.J. Preparation and characterization of surface functionalized activated carbons from date palm leaflets and application for methylene blue removal. J. Environ. Chem. Eng. 2016, 4, 2713–2724. [Google Scholar] [CrossRef]

	



Dwiyaniti, M.; Barruna, A.E.; Naufal, R.M.; Subiyanto, I.; Setiabudy, R.; Hudaya, C. Extremely high surface area of activated carbon originated from sugarcane bagasse. In Proceedings of the IOP Conference Series: Materials Science and Engineering, Chennai, India, 16–17 September 2020. [Google Scholar]

	



Lahreche, S.; Moulefera, I.; El Kebir, A.; Sabantina, L.; Kaid, M.H.; Benyoucef, A.J.F. Application of Activated Carbon Adsorbents Prepared from Prickly Pear Fruit Seeds and a Conductive Polymer Matrix to Remove Congo Red from Aqueous Solutions. Fabers 2022, 10, 7. [Google Scholar] [CrossRef]

	



Ding, Y.; Qi, J.; Hou, R.; Liu, B.; Yao, S.; Lang, J.; Chen, J.; Yang, B.J.E. Fuels, Preparation of High-Performance Hierarchical Porous Activated Carbon via a Multistep Physical Activation Method for Supercapacitors. Energy Fuels 2022, 36, 5456–5464. [Google Scholar] [CrossRef]

	



Liu, X.; Li, Q.; Zhang, G.; Zheng, Y.; Zhao, Y. Preparation of activated carbon from Guhanshan coal and its effect on methane adsorption thermodynamics at different temperatures. Powder Technol. 2022, 395, 424–442. [Google Scholar] [CrossRef]

	



Xue, H.; Wang, X.; Xu, Q.; Dhaouadi, F.; Sellaoui, L.; Seliem, M.K.; Lamine, A.B.; Belmabrouk, H.; Bajahzar, A. Adsorption of methylene blue from aqueous solution on activated carbons and composite prepared from an agricultural waste biomass: A comparative study by experimental and advanced modeling analysis. Chem. Eng. J. 2022, 430, 132801. [Google Scholar] [CrossRef]

	



Hu, X.; Kong, L.; Zhu, F.; Peng, X.J.W. The Recycling of Acid Wastewater with High Concentrations of Organic Matter: Recovery of H2SO4 and Preparation of Activated Carbon. Water 2022, 14, 183. [Google Scholar] [CrossRef]

	



González-García, P.J.R.; Reviews, S.E. Activated carbon from lignocellulosics precursors: A review of the synthesis methods, characterization techniques and applications. Renew. Sustain. Energy Rev. 2018, 82, 1393–1414. [Google Scholar] [CrossRef]

	



Sahira, J.; Mandira, A.; Prasad, P.B.; Ram, P.R. Effects of activating agents on the activated carbons prepared from Lapsi seed stone. Res. J. Chem. Sci. 2013, 3, 19–24. [Google Scholar]

	



Naji, S.Z.; Tye, C. A review of the synthesis of activated carbon for biodiesel production: Precursor, preparation, and modification. Energy Convers. Manag. X 2022, 13, 100152. [Google Scholar] [CrossRef]

	



ASTM D4607-14; Standard Test Method for Determination of Iodine Number of Activated Carbon. ASTM International: West Conshohocken, PA, USA, 2014.

	



Barrett, E.P.; Joyner, L.G.; Halenda, P.P. The determination of pore volume area distributions in porous substances, I. Computations from nitrogen isotherms. J. Am. Chem. Soc. 1951, 73, 373–380. [Google Scholar] [CrossRef]

	



Samiyammal, P.; Kokila, A.; Pragasan, L.A.; Rajagopal, R.; Sathya, R.; Ragupathy, S.; Krishnakumar, M.; Reddy, V.R. Adsorption of brilliant green dye onto activated carbon prepared from cashew nut shell by KOH activation: Studies on equilibrium isotherm. Environ. Res. 2022, 212, 113497. [Google Scholar] [CrossRef] [PubMed]

	



Jimenez-Cervantes Amieva, E.; Fuentes-Ramirez, R.; Martinez-Hernandez, A.L.; Millan-Chiu, B.; Lopez-Marin, L.M.; Castaño, V.M.; Velasco-Santos, C. Graphene oxide and reduced graphene oxide modification with polypeptide chains from chicken feather keratin. J. Alloys Compd. 2015, 643, S137–S143. [Google Scholar] [CrossRef]

	



Ossonon, B.D.; Belanger, D. Synthesis and characterization of sulfophenyl-functionalized reduced graphene oxide sheets. RSC Adv. 2017, 7, 27224–27234. [Google Scholar] [CrossRef]

	



Yang, Y.; Luo, L.; Xiao, M.; Li, H.; Pan, X.; Jiang, F. One-step hydrothermal synthesis of surface fluorinated TiO2/reduced graphene oxide nanocomposites for photocatalytic degradation of estrogens. Mater. Sci. Semicond. Process. 2015, 40, 183–193. [Google Scholar] [CrossRef]








[image: Jcs 07 00179 g001 550] 





Figure 1. Some of the active groups that may be present on an activated carbon surface. 
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Figure 2. Process steps to prepare the activated carbon. 
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Figure 3. Standard curve of absorbance to calculate the surface area of AC via the methylene blue dye method. 
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Figure 4. Schematic depicting the device that was developed to study adsorption and release of CO2 by the activated carbon. 
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Figure 5. Infrared spectrum of (a) walnut shells (raw carbon material) before pyrolysis and activation and (b) activated carbon after pyrolysis and activation. 
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Figure 6. Scanning electron micrograph (SEM) of: (a) raw materials (walnut shells) and (b) the activated carbon. 
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Figure 7. BET adsorption isotherm of N2 gas on the activated carbon (ADS = adsorption, DES = desorption, STP is standard temperature and pressure 1 atm, 0 °C). 
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Figure 8. Isotherm curve, amount of adsorbent in (na mmol/gm) versus layer thickness (nm) of activated carbon (AC). 
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Figure 9. XPS spectrum of the activated carbon. 
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Figure 10. Thermogravimetric stability curve (TGA) and the differential curve (DTA) of activated carbon. 
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Table 1. Classification and characteristics of activated carbon pores [5,13].
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	Volume—Mass (g/mL)
	Specific Surface (m2/g)
	Diameter

(nm)
	Pore Types





	Micropores
	0.2–0.6
	600–1500
	<2
	Fine pores



	Mesopores
	0.02–0.1
	20–70
	2–50
	Medium pores



	Macropores
	0.2–0.8
	0.5–2
	>50
	Large pores
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Table 2. Obtained BET values.
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	as

(m2)
	m

(g)
	am

(nm2)
	vm

(cm3 at STP, g−1)
	C
	sBET

(m2/g)





	142.15
	0.0329
	0.162
	29.16
	212.69
	4320.7







as = surface area of the sample, m = the weight the sample in g, am = the surface area of one molecule of N2, vm = the volume of adsorbed gas at STP.













[image: Table] 





Table 3. Results of studies on the adsorption of CO2 by AC.
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	Weight of AC

(g)
	Weight of Produced CO2 (g)
	Time (min)
	Weight of AC and CO2 (g)
	Weight of Adsorbed CO2 (g)
	CO2 Adsorption Ratio (mmol/g)





	0.100
	around 1.596
	15
	0.889
	0.789
	179.3



	0.100
	around 1.596
	30
	1.078
	0.978
	222.2



	0.100
	around 1.596
	60
	1.425
	1.325
	301.1



	0.100
	around 1.596
	90
	1.418
	1.273
	289.3
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Table 4. Some physical properties of the prepared AC.
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	Moisture%
	Ash%
	Density (g/cm3)
	Methylene Blue (mg/g)
	Iodine Number (m2/g)





	12
	6
	0.16
	83
	4126
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