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Abstract

:

The rapid urbanization and industrialization in China have led to an urgent dilemma for controlling urban air pollution, including the intensified emission of gasoline vapor into the atmosphere. Herein, we selected highland barley straw as a raw material and KOH and tetramethylammonium hydroxide (TMAOH) as activators to synthesize nitrogen-doped layered porous carbon (K-thAC) by a three-step activation method. The obtained K-thAC materials had a high specific surface area, reaching 3119 m2/g. Dynamic adsorption experiments demonstrated a superior adsorption capacity of up to 501 mg/g (K-thAC-25) for gasoline vapor compared with other documented carbon adsorbents. Moreover, adjusting the ratio of raw materials with a series of active ingredients could further improve the pore properties of the obtained K-thACs and their adsorption performance for gasoline vapor. Furthermore, the K-thAC materials were also characterized by Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), synchronous thermogravimetry (STA), X-ray powder diffraction (XRD), energy dispersive spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS), and nitrogen adsorption tests. This study synthesized a novel plant-based material to treat gasoline vapor pollution efficiently.
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1. Introduction


Volatile organic compound (VOC) emissions into the atmosphere have direct neurotoxic and carcinogenic impacts on people’s health along with greenhouse effects, photochemical smog, and stratospheric ozone depletion [1,2,3]. Coal combustion, vehicle emissions, the coking industry, biomass combustion, and oil volatilization are the main anthropogenic sources of urban VOC emissions [4,5]. Gasoline vapor accounts for approximately 10% of the total VOC emissions in famous cities and regions around the world (Table S1). The main sources of gasoline vapor are the volatilization of gas stations and escape from vehicle fuel tanks [2]. In research on gasoline stations, 24% of air samples at station boundaries showed non-methane hydrocarbon (NMHC) concentrations over the national standard of 4 mg/m3 [2]. Notably, a benzene concentration of 1620 ppb has been reported [6], which is 10 times higher than at other common monitoring points. A large amount of gasoline vapor could cause serious damage to the health of gas station staff and urban residents. Health risk assessment results indicate that the residents living in areas with relatively high gasoline vapor concentrations have a higher increment lifetime cancer risk (ILCR) than residents in other low-concentration areas [7]. Accordingly, it is urgent to eliminate the emissions of gasoline in urban areas.



Presently, gasoline, known as a complex VOC, has mainly been treated by adsorption (including adsorption using organic solvents, adsorption onto porous materials, and condensation recovery methods) [8]. One of the most widely used methods is adsorption by porous materials owing to the highly efficient and relatively easy obtainment process, making it suitable for widespread use. Based on the comprehensive consideration of the average specific surface area, pore capacity, and VOC adsorption capacity, different adsorbent materials are ranked as follows: metal organic skeletons (MOFs) > activated carbons (ACs) > super cross-linked polymeric resins (HPRs) > molecular sieves [9]. MOFs usually require complex synthesis processes and high synthesis costs [10]. ACs have apparent manufacturing cost advantages compared to MOFs. To the best of our knowledge, ACs are regarded as one of the most widely used adsorbents due to their excellent properties, including large specific surface area, rich functional groups, good chemical stability, high mechanical strength, acid and alkali resistance, and good recyclability [11]. Nevertheless, it is still a great challenge to synthesize affordable, effective, and sustainable VOC-treatment adsorbents.



Highland barley is the main food crop in Tibet, representing the largest area under cultivation and field production. It is a rare crop that can grow at high altitudes of 4200–4500 m [12]. Highland barley cultivation results in the massive production of highland barley straw, which may be an important biological source for the production of ACs [13,14]. Barley straw has a similar I-shaped structure and cavity to bamboo, which makes carbonization more uniform during carbon production [15]. Moreover, the performance and specific applications of ACs are substantially dependent on the preparation conditions, porosity characteristics, surface chemistry, and modifications. The currently available activation methods for general ACs mainly include acid, alkali, salt, and steam activation. To the best of our knowledge, it is more appropriate to use alkaline materials to adsorb gasoline vapor, which is typically composed of C5 to C12 aliphatic hydrocarbons and cycloalkanes. Alkaline treatment could improve the VOC adsorption capacity due to the increase in specific surface area, pore volume, and hydrophobicity, as well as the reduction in the total oxygen functional groups. ACs surfaces treated with a strong alkaline are rough and purified, and different pore sizes are observed on the surface and inside the obtained particles. Notably, potassium ions are able to activate carbon to generate more mesopores and macropores within the range of 20–50 nm compared to sodium ions, and this could be beneficial for the diffusion of targeted gas molecules [16,17]. Olivine-residue-based AC modified with KOH revealed a specific surface area of 2387 m2/g at high temperature (850 °C) [18]. Similarly, KOH activators can synthesize porous ACs with specific surface areas of 2326.5 m2/g and 2290 m2/g, respectively [19,20]. Therefore, KOH is regarded as one of the most effective activating agents for the alkali modification of ACs.



Tetramethylammonium hydroxide (TMAOH), functioning as an organic strong-alkaline-based etching agent for ACs, could sufficiently remove the residual oxygenated acidic functional groups owing to its abundant electrons. TMAOH has been used to isolate high-molecular-weight and high-yield hemicellulose from poplar holocellulose at room temperature [21]. About 90% of the hemicellulose could be dissolved at room temperature within 1 h. Compared with NaOH solution fractionation, the hemicellulose separated by the TMAOH solvent possessed a more complete structure and higher purity. In addition, the retention of cellulose after TMAOH treatment rose to 90.2%, and the crystal structure of the cellulose in the residue remained essentially unchanged [21]. Accordingly, TMAOH is a key activator for purifying the surface of ACs and introducing functional groups. It could function as an efficient nitrogen doping agent. Accordingly, we herein innovatively selected TMAOH as a nitrogen-containing functional group introduction agent and attempted to explore its activation mechanism and advantages. This study provides a feasible method for preparing high-performance ACs with new precursors.




2. Results and Discussion


2.1. Effects of Activation Temperature, Time, and Activator Dosage


Based on the static adsorption rate, the optimal K-AC was selected by changing the activation temperature and reagent ratio. Compared to the 850 °C AC, the 750 °C AC showed less fully developed pores, some of which were still clogged by coal tar and other substances. As for the 900 °C AC, severe micropore corrosion caused a rise in macropores, a drop in specific surface area, and a reduction in adsorption capacity. Overall, the adsorption rate of the ACs increased with the increase in temperature and carbon/alkali ratio. However, a high temperature and high carbon alkali ratio led to a lower carbon yield. Therefore, in order to consider efficiency, energy consumption, and activator consumption, we constructed the following equation to measure the comprehensive performance of the AC:


   ω = 1000     k α   T     



(1)




where ω (s−1) represents the comprehensive performance, k (unitless) represents the static adsorption rate of the corresponding ACs at 120 min, α is the carbon/alkali ratio, T (s) is the corresponding activation temperature, and 1000 is a constant.



Table 1 shows the adsorption rate under different conditions and the ω values calculated by Equation (1). The ω values indicated that the most effective combination of activation temperature and carbon/alkali ratio was 850 °C and 1:5. Hence, the following experiments were carried out under the above conditions for K-thACs synthesis.




2.2. Dynamic Adsorption Test and Static Adsorption Test


We took a C/C0 ratio of 20% as the breakthrough point for adsorption. The breakthrough times of K-thAC-1, K-thAC-5, K-thAC-10, and K-thAC-25 were 550, 600, 800, and 850 s, as shown in Figure 1a, but the breakthrough time of K-AC was only 250 s. The results showed that K-thAC-25 had good adsorption performance for gasoline vapor, and the activation effect of TMAOH was obvious. Breakthrough measurement as a direct method is widely used to evaluate dynamic adsorption performance [22]. Thus, the adsorption breakthrough curves of the K-thACs reflected the adsorption performance of the ACs for gasoline vapor. The outlet gas concentration over time is shown in Figure 1a. In other studies, there has also been a small upward slope at the start of the adsorption breakthrough curve [23], which can be attributed to the influence of mass transfer resistance [24]. The curves have shown important slope changes indicating changes in the accessibility of the pores and interactions with the carbon surface [18].



Before the C/C0 reached 10%, the breakthrough curve was approximately a straight line. We herein speculated that the gasoline vapor was almost adsorbed by the carbon materials during this period. Within the 10% to 20% stage of the C/C0, the outlet concentration of gasoline vapor gradually increased after penetration. After the C/C0 reached 20%, the concentration of gasoline vapor at the outlet rose rapidly until a stable stage. Generally, the sorption capacity increased as the specific surface area and pore volume increased. The specific surface area had a significant effect on the breakthrough time and adsorption capacity. Additionally, the textural characteristics of the material, such as the pore volume, microporosity, and hierarchical porous structure, impacted the adsorption procedure. Compared to K-AC, the dynamic adsorption rate increased significantly after TMAOH activation. This indicated that the introduction of functional groups using TMAOH obviously improved the adsorption rate.



The graph in Figure 1b was calculated using Equation (13). Based on Figure 1b, we could see a significant increase in the adsorption capacity of the ACs after the use of TMAOH, with the total adsorption capacity being approximately twice that of K-AC; the total predicted sorption was 501 mg/g over 1200 s. Moreover, the total adsorption capacity slowly increased as the concentration of TMAOH increased. According to Figure 1a, the activation by TMAOH obviously prolonged the breakthrough time, and further increasing the TMAOH concentration positively affected the adsorption performance.



The static adsorption curve of gasoline vapor is shown in Figure 1c. All K-thACs basically reached the adsorption saturation state at 20 min. All K-thAC samples exhibited type IV isotherms. Due to the rich microporous structure of the K-thACs, the adsorption capacity for gasoline vapor rapidly increased at low concentrations. As the concentration further increased, the adsorption capacity for gasoline vapor gradually reached an adsorption equilibrium, and multi-layer adsorption could occur in the pores of the sample [25].




2.3. Characterization


The nitrogen adsorption/desorption isotherms and pore distribution of the various adsorbents are shown in Figure 2a. The structural parameters are shown in Table 2. According to the IUPAC classification, the isotherms are similar to the type I isotherms and have microporous carbon characteristics. In addition, H4 hysteresis loops could be observed, indicating the simultaneous existence of microporous and mesoporous structures [26]. The initial shape of the isotherms indicated monolayer coverage and, therefore, the presence of hysteresis loops at P/P0 > 0.4 indicated the presence of microporosity. The surface areas of K-AC, K-thAC-1, K-thAC-5, K-thAC-10, and K-thAC-25 were calculated as 1871.21, 2246.07, 3119.43, 2435.61, and 2243.78 m2/g, respectively. The comparison of surface area values indicated that the addition of TMAOH further developed the surface area and pore volume of the original carbon. However, the surface area did not increase with the increase in the concentration of TMAOH. Instead, the optimal specific surface area was obtained at a concentration of 5%. This phenomenon could be explained by the main role played by TMAOH at different concentrations [27,28]. At lower concentrations (<5%), the main role of TMAOH was as an etchant, further expanding the pore volume of carbon under mild conditions. At higher concentrations (>10%), the main function of TMAOH became the introduction of functional groups, which occupied the pore volume and began to reduce the surface area of the carbon. In addition, no structural damage or decrease in the total pore volume of the carbon skeleton caused by TMAOH was observed. The combination of a decrease in average pore size and a unique hysteresis loop may indicate the formation of irregularly shaped and widely distributed internal voids. This could be verified from the SEM images in Figure 2b.



Figure S1 in Supplementary Materials shows the pore distribution of K-thACs. The pore size distribution of the adsorbent was unimodal, concentrated at 2 nm, indicating that the adsorbent contained a large number of micropores. The dynamic diameter of the VOC molecules was also 2 nm, indicating that K-thACs may show a good adsorption effect on VOCs [29].



As shown in Figure 3a,b, the etching of K-AC by KOH and TMAOH resulted in a large number of pores with diameters below 200 nm on the AC, among which even smaller pores with a diameter of around 2 nm could be observed. The number of micropores with diameters below 2 nm is the most important factor affecting the adsorption performance of various adsorbents. When the micropore size of an AC is similar to the dynamic diameter of some VOCs, the micropores have greater adsorption energy [29]. Figure 3a shows that a large number of pore structures appeared in the AC at low magnification. In addition to using KOH, we also considered using TMAOH to further expand the pores. Due to the mild reaction temperature, mesopores and micropores were greatly developed. Research has shown that the mesopores on ACs also have an impact on the adsorption of VOCs. They promote adsorption by accelerating molecular diffusion, so an abundance of micropores helps increase the adsorption capacity [30]. Figure 3b shows the appearance of a thin-film-like substance on the surface of the AC after the adsorption of gasoline vapor, which was ascribed to the adsorbed gasoline vapor.



The functional groups on the surface of K-thAC-1 underwent considerable modifications following adsorption testing, as seen in the FTIR image of Figure 3c. For example, there was an enhanced R-C≡C-R functional group at 2110 cm−1 and a -C=C=C- accumulation double bond region at 1985 cm−1 [31]. The addition of several non-polar organic compounds by the substantial adsorption of gasoline vapor possibly caused an increase in the homogeneity of the electron clouds on the surface functional groups. The major peak of 1301 cm−1 could be assigned to the presence of the linkages of the triazine ring system in N-doped products corresponding to sp2 C-N and sp2 C=N [32]. After adsorption, this peak disappeared, indicating the role of TMAOH in introducing nitrogen-containing functional groups.



The crystallinity of the K-AC and K-thAC-1 samples was investigated using XRD. The XRD patterns (Figure 3d) showed that K-AC and K-thAC-1 had two insignificant broad peaks of different intensities around 2θ = 24° and 2θ = 43°. These two weak diffraction peaks could be attributed to the (002) and (100) planes in the graphitic carbon structure, respectively [33]. For the K-thACs, the intensity of the peak at 2θ = 24° decreased with the introduction of TMAOH. Notably, for K-thAC-1, the broad diffraction peak at 2θ = 43° almost disappeared, indicating that the graphitization of the carbon material decreased with the introduction of TMAOH. These results suggest that the carbon was more amorphous and more conducive to the adsorption of gasoline vapor after the use of TMAOH compared to the materials without TMAOH [17,34].



Figure 4 shows the proposed reaction routes between KOH and AC. KOH is a high-quality activator for alkanes and aromatic hydrocarbons that can significantly increase the specific surface area and pore size of ACs [34]. When combined with AC, its main chemical reaction mechanism is ascribed to the reduction of KOH through carbon in an inert gas and a high-temperature atmosphere to produce potassium, as shown in Process (1) in Figure 4, according to Equation (2).


6KOH + 2C→2K + 3H2 + 2K2CO3



(2)







At this point, metal potassium escapes in the form of gas and penetrates into the micropores of the AC [35]. During the reaction process, the entropy of the system increases, which drives the above reaction and other reaction processes corresponding to Process (2) in Figure 4 take place in the meantime, as shown in Equations (3)–(5).


2KOH→K2O + H2O



(3)






C + 2H2O→CO2 + H2



(4)






CO2 + K2O→K2CO3



(5)







The gases generated by these reactions further promote the growth of ACs pores. In the third step of Figure 4, some potassium ions re-enter the reaction process, promoting the reactions.



The presence of a large number of tiny peaks in the range of 3600–3800 cm−1 can be observed in Figure 5a. The peaks at 3650 cm−1 and 3714 cm−1 could be attributed to the vibrational stretching of the phenolic hydroxyl group (-OH). Moreover, the aforementioned -OH group, together with the carbon and nitrogen observed at 1542 cm−1 [36], could be inferred from the presence of a large number of pyridine groups on the surface of the AC. The carbon also exhibited C-H and C=O absorption peaks at around 1800 cm−1, implying the presence of a large number of quinone and ketone groups [31]. Figure 5b exhibits the promotion of the chemical structure modification of ACs by the activation of TMAOH. The enhancement of the R-C≡C-R functional group at 2110 cm−1 with the -C=C=C- cumulative double bond region was revealed at 1985 cm−1. In the range of 2600 to 3000 cm−1, there was an increase in the -CH2- functional group from chromene and other carbon-containing functional groups at 2990 cm−1 and 2873 cm−1 [31,37]. The weakening and disappearance of the ester bond at 1050 cm−1 could be attributed to the alkaline hydrolysis of the ester bond in the aqueous TMAOH solution, which is a polar functional group and is not conducive to hydrocarbon uptake. The peak at 1540 cm−1 was attributed to -C-NH- [38]. Figure 5c,d show that TMAOH encouraged the introduction of nitrogen-containing functional groups onto the surface of K-thAC-1.



Figure 5e,f show the comparison of the doped N-species in K-thAC-1 before and after adsorption by XPS. The high-resolution N 1s XPS spectra of the N-doped sample could be deconvoluted into three peaks at 399.4 eV, 402.5 eV, and 403.5 eV, which were associated with pyrodinic-N, pyrodonic-N, and graphitic-N, respectively [39,40]. For comparison, K-thAC-1 after adsorption showed significant alteration. In general, pyridinic-N was located at the edge of the graphitic carbon layer, which could efficiently improve the surface alkalinity of the ACs. This also indicated the effective activation via TMAOH. However, the graphitic-N was arranged inside the graphitic carbon layer bonds, contributing less to the interaction with VOCs. The results of the XPS spectra indicated that nitrogen was successfully incorporated into the AC.



In addition, as shown in Figure S2, the desorption temperature of the ACs for gasoline vapor increased from 67 °C to 200 °C compared to carbon without TMAOH activation. It could be inferred that after activation with TMAOH, the chemical interaction between surface functional groups and gasoline vapor molecules made it more difficult to remove the gasoline vapor. The removal of the surface gasoline vapor with the disintegration of the surface functional groups occurred only when the temperature was raised to 200 °C. This also demonstrated the efficiency of the activation technique using TMAOH.




2.4. Adsorption Mechanism


2.4.1. Adsorption Isotherm


Figure 6a,b show the adsorption isotherms fitted by the Langmuir isotherm and Freundlich isotherm. As shown in Table S2, both models effectively described the sorption process of gasoline vapor onto K-thACs. The different error values for the two methods were calculated using Equations (17)–(19). The reduced chi-square, R2, and adjusted R2 values for the Langmuir model were all closer to the real situation than those for the Freundlich model. Moreover, the Langmuir isotherm model predicted a maximum equilibrium sorption capacity of 501 mg/g for gasoline vapor from K-thACs. Furthermore, compared with similar studies, the K-thACs revealed a higher sorption capacity than most plant-based ACs, suggesting TMAOH possibly enhanced the sorption capacity.




2.4.2. Adsorption Kinetics Model


According to Fick’s second law, increasing the initial concentration of gasoline vapor could significantly increase the driving force at the interface between the gas molecules and the AC pores. This would promote the effectiveness of collision between the reaction sites on the K-thACs and targeted gas molecules. In order to clearly elucidate the adsorption kinetics, the experimental data were modeled by fitting them to primary and secondary kinetics models and an intraparticle diffusion model, as shown in Figure 6c,d.



Figure 6c indicates that the pseudo-first-order kinetic model could better explain the adsorption than the pseudo-second-order kinetic model (Figure S3). The different R2 values for the non-linear methods are shown in Table S4. Of the three different kinetic models, the pseudo-first-order kinetic model and the internal diffusion model had higher R2 values.



Figure 6d shows the multicollinearity of the gasoline vapor adsorption on the K-thACs for the second linear cross-section, not from the intercept C across the origin (the value of C is given in Table S4). This suggests that the intraparticle diffusion process is not the only rate-limiting step. Three processes, including film or surface diffusion, intraparticle diffusion, and adsorption–desorption equilibrium, determine the adsorption rate [41]. According to the intraparticle diffusion model, if the adsorption process involves intraparticle diffusion, the curve between qe and t0.5 should be linear. If the curve passes through the origin, intraparticle diffusion is the only speed-limiting step [41]. If qe is multilinear for t0.5, two or more steps control the adsorption process [42,43].




2.4.3. Adsorption Mechanism


Figure 7 illustrates how KOH and TMAOH combined to add various basic groups, such as quinone carbonyl and pyranone groups, to the carbon structure. This could be verified by the FTIR plot at 1800 cm−1. Due to the presence of a large number of π-bonds and π-π conjugates, these groups could provide a uniform density of electron clouds and reduce the polarity of the obtained AC. The electron-rich region was located in the graphene layer of the AC, which could be found in the EDS patterns shown in Figure 5d, and this region interacted with the π-electrons of the hydrocarbon and aromatic rings [44]. As can be observed from the gasoline adsorption in Figure 1, the change promoted the development of basic and carbonyl groups and significantly improved the adsorption of gasoline vapor.



After activation with TMAOH, the alkalinity on the AC surface apparently increased and further facilitated the insertion of groups like pyrrolidone, chromene, and quinone [31,36]. This resulted in a positively charged AC surface, and π-π bonds could be formed between functional groups, facilitating the adsorption of non-polar gasoline vapor [30]. The p-electron effects and π-π conjugation effects between ACs and gasoline molecules could form weak chemical bonds to initiate chemisorption [45].



The presence of nitrogen-containing functional groups in this study was verified by the EDS images and FTIR at 3500–3800 cm−1, respectively. During the adsorption process, TMAOH mainly played a role similar to that of NH3 on the carbon surface. The nitrogen-doping mechanism via NH3 activation is described by Equations (6)–(8) [16]. Sufficient -OH groups play key roles by reacting with NH3 molecules to produce nitrogen functional groups.


R-OH + NH3→R-NH2 + H2O



(6)






R-NH2 + R-OH→R-N=R + H2O



(7)






C + NH3→C-NH2 + C-NH + H2



(8)







Similarly to NH3 activation, the reactions of the K-thACs are depicted in Figure 7. Ammonia combines with oxygen-containing groups to form amide carbon, which can be converted into different types of nitrogen in the carbon structure [46]. The nitrogen atoms in NH3 replace the carbon or oxygen atoms of the intermediate products (C=O, C-O-C, C-OH) in the activation process under the conditions of room temperature and stirring reactions. Therefore, pyridinic nitrogen (-NH2), pyrrolic nitrogen (-NH), and graphitic nitrogen (-N=) can be formed, and nitrogen-doping activation can be expressed using Equations (9) and (10).


(CH3)4N(OH) + R=O+→R=N-R + C(CH3)4 + H2O



(9)






(CH3)4N(OH) + R-O-R→R-N(CH3)3 + R-O-CH3



(10)







In general, TMAOH could efficiently introduce reactive groups onto the AC surface under mild conditions. Moreover, the combination of KOH and the hydroxyl groups of TMAOH functioned to etch pores and introduced electron-rich groups extremely well. Additionally, employing TMAOH for nitrogen doping is more practical and less energy-intensive than other nitrogen doping techniques (such as microorganisms for natural nitrogen-doping protein production [19]).






3. Materials and Methods


3.1. Materials and Reagents


Highland barley was calcined and activated by a tube furnace (OTF-1200X, Hefei Kejing Material Technology Co., Ltd., Hefei, China). The functional groups on the carbon surface were excited with a digital constant-temperature magnetic stirrer (WS-2A, Changzhou Yuexin Instrument Manufacturing Co., Ltd., Changzhou, China). The adsorption breakthrough curves of the ACs were detected with gas chromatography (ZZ-2800, Jiangsu Zhuozheng Environmental Protection Technology Co., Ltd., Nantong, China). The outlet gas was collected at the same intervals using a gas collection bag and connected to a gas chromatograph for NMHC concentration measurement. We treated NMHC (non-methane hydrocarbon) as the main component of the VOCs in this experiment.



All reagents used in this work were of analytical or guaranteed reagent. Potassium hydroxide (CAS 1310-58-3, KOH) was purchased from Shanghai Titan Technology Co., Ltd., (Shanghai, China); TMAOH (CAS 75-59-2, C4H13NO, 20% aqueous solution) was purchased from Shanghai Yien Chemical Technology Co., Ltd. (Shanghai, China); and hydrochloric acid (CAS 7647-01-0, HCl) was purchased from China National Pharmaceutical Group Chemical Reagent Co., Ltd. (Shanghai, China) Highland barley was collected from the Qinghai–Tibet region. The barley used (scientific name: Hordeum vulgare L. var. nudum Hook. f.) was a genus of barley in the family Gramineae, an annual herb with smooth stalks, about 100 cm high, 4–6 mm in diameter, with 4–5 hollow nodes. It is a major food crop in Qinghai–Tibet and is easily available.




3.2. Synthesis of Materials


The preparation process of the K-thACs is shown in Figure 8. Based on the common two-step activation method [18], we used a three-step activation method to prepare the ACs to achieve a better adsorption effect.



The barley straw was washed three times with purified water until clean, then naturally dried and cut into 10–15 cm pieces. The barley straw was first carbonized in an argon atmosphere at 500 °C for 2 h. The powdered KOH and initial carbon from the previous step were homogeneously mixed in a 1:5 ratio in an argon atmosphere and activated at high temperatures (350 °C for 2 h, followed by 850 °C for 3 h). The AC was naturally cooled down in an argon environment neutralized with 0.5 N HCl and pure water and then oven-dried (110 °C for 12 h). The sample was designated as K-AC and stored in a sealed bag for use.




3.3. Chemical Surface Modification


The K-AC was mixed with TMAOH solution (1%, 5%, 10%, 25%) and stirred at a speed of 1200 r/min for 24 h to introduce surface functional groups. The mixture was filtered to separate the solid, and the K-thACs were neutralized and dried. These samples were labeled as K-thAC-1, K-thAC-5, K-thAC-10, and K-thAC-25.




3.4. Characterization of AC


A scanning electron microscope (Gemini SEM 300, ZEISS, Berlin, Germany) was used to take microscopic images of the surface of the ACs. A Fourier transform infrared spectrometer (Nicolet, IS10, Thermo Scientific, Waltham, MA, USA) was used to scan the spectrum at wavelengths from 500 to 4000 cm−1. Thermal desorption curves were plotted using a simultaneous thermogravimetric analyzer (STA 449 F3 Jupiter, NETZSCH, Berlin, Germany), and the total oxygen content and the number of different oxygen-containing groups were quantified by the analysis of the TPD profiles. The crystalline phase of the prepared adsorbent was studied by X-ray diffraction (D8 ADVANCE, BRUKER, Billerica, MA, USA). X-ray photoelectron spectroscopy (Nexsa, Thermo Scientific, Waltham, MA, USA) was used to qualitatively detect the presence of nitrogen-containing functional groups. The surface area determination and porosity analysis of the different types of carbon were carried out using an adsorption analyzer (3Flex, Micromeritics, Norcross, GA, USA).




3.5. Adsorption Studies


3.5.1. Static Adsorption Test


The static adsorption of gasoline vapor was carried out using a glass bottle filled with gasoline vapor at ambient temperature (22–27 °C), with gasoline placed at the bottom of the device (Figure 9a). For each experiment, K-AC (0.1 g) prepared under different conditions was placed on the sample table in the middle of the device. The samples were taken out and weighed every 15 min.



Equation (11) was used to calculate the static adsorption rate of the AC:


   K 1   =     m 1       −   m   0     m 0     



(11)




where K1 represents the static adsorption rate, m1 (g) represents the carbon weight at the corresponding time, and m0 (g) represents the carbon weight at the start of the experiment.




3.5.2. Dynamic Adsorption Test


The adsorption ability of K-AC and TMAOH-treated ACs (K-thAC-1, K-thAC-5, K-thAC-10, and K-thAC-25) for static gasoline vapor were studied (Figure 2b). The adsorption of gasoline vapor was carried out at ambient temperature (22–27 °C) using a dry argon gas flow containing gasoline vapor, which was bubbled through a bubbler containing gasoline. For each experiment, the original AC (K-AC) and modified AC (K-thACs) (0.2 g) were placed inside glass tubes with an inner diameter of 1.5 cm. The gasoline vapor flowed through the adsorption tube. All flows were controlled by a mass flow controller (MFC) at a total flow rate of 40 mL min−1. The adsorption efficiency was calculated by Equation (12):


   k 2   =   C   C 0     



(12)




where k2 represents the dynamic adsorption ratio, C (mg/m3) represents the instantaneous adsorption rate at the corresponding time, and C0 (mg/m3) represents the maximum adsorption amount.



The amount of gasoline vapor absorbed at equilibrium, Qt (mg/g), was determined by Equation (13):


   q e   =       40   ∑ n  25      ( t   n       −   t     n − 1       ) × C   n     1,000,000     



(13)




where tn represents the corresponding time (min) at a certain point, Cn represents the detection concentration (mg/m3) at the corresponding time, 40 is the carrier gas flow rate (mL/min), and 106 is the unit conversion constant.




3.5.3. Kinetics and Equilibrium Studies


In order to understand the kinetics of the adsorption of gasoline vapor by K-thACs, the experimental data were fitted to the nonlinear pseudo-first-order, pseudo-second-order, and intraparticle diffusion models. The pseudo-first-order model was determined by Equation (14):


     q = q   e     ( 1   −   e       − k   3  t   )  



(14)




where qe is the quantity of gasoline vapor adsorbed (mg/g) at equilibrium, and k3 is the adsorption rate constant (1/min). The values of k3 were obtained from the slopes of the linear plots of ln (qe − qt) vs. t.



The pseudo-second-order equilibrium adsorption model was given by Equation (15):


   q =     k 4    tq  e 2       1 + k   4   q e  t    



(15)




where k4 (g/mg min) is the second-order adsorption rate constant, and qe and k4 could then be determined from the slope and the intercept of plot t/qt vs. t.



The intraparticle diffusion model was given by Equation (16):


     q = q   e     ( 1   −   e       − k   5  t   )  



(16)




where qt is the quantity of gasoline vapor adsorbed (mg/g) at time t (min); k5 represents the adsorption rate (mg/g·min0.5); t is the adsorption time; and C is the intercept, representing whether the adsorption process is jointly controlled by the other adsorption stages.



Meanwhile, the theoretical models of Langmuir and Freundlich were also applied to fit the experimental isotherm data. Eventually, the best-fitting model was selected to explain the adsorption kinetics, considering the coefficient of determination (R2). In addition to the error function of R2, the reduced chi-square values (reduced chi-square) and the adjusted coefficient of determination R2 (adjusted R2), which were also investigated to determine the best-fitting model, are shown in Equations (17)–(19) [47].


   χ  red  2   =   χ K   



(17)






   R 2   =     ∑   i = 1   n       ( q     e , cal       −         q     e , exp     ¯  )  2     ∑   i = 1   n       ( q     e , cal     −       q   e , exp     ¯  )  2     + ( q     e , cal         −   q     e , exp     ) 2     



(18)






     Adjusted   R   2   =   {   1   −     [       ( 1   −   R   2   ) ( n   −   1 )     ( n   −   k   −   1 )     ]   }   



(19)




where χ is cardinality, k is freedom, qe,exp (mg/g) is the experimental equilibrium adsorption capacity, qe,cal (mg/g) is the calculated adsorption capacity obtained from the models, qe,exp (mg/g) is the average value of qe,exp, n is the number of observations in the experimental data, and k is the number of independent variables.






4. Conclusions


In this study, we successfully synthesized a series of nitrogen-doped porous carbons (K-thACs) using different ratios of raw materials and active agents (KOH and TMAOH). The main conclusions are summarized as follows:




	(1)

	
The K-thACs had a maximum adsorption capacity of 501 mg/g for gasoline vapor, mainly owing to the specific surface area of 3119 m2/g. Moreover, the K-thACs showed great advantages compared with most industrial ACs materials for gasoline vapor adsorption.




	(2)

	
The mechanism of the adsorption of gasoline vapor by K-thACs could be attributed to the substitution of intermediate carbon or oxygen atoms by nitrogen atoms in TMAOH, which is similar to NH3 doping.




	(3)

	
The porous structure of the K-thACs could be effectively etched owing to the basicity of TMAOH under mild conditions. This study provided proof of the superiority of TMAOH as a nitrogen-doping agent.














Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/molecules28155868/s1, Figure S1: Pore distribution maps of K-AC, K-thAC-1, K-thAC-5, K-thAC-10 and K-thAC-25; Figure S2: Comparison of TG curves before and after adsorption between K-AC and K-thAC-1; Figure S3: The pseudo-second-order adsorption kinetic curve. Table S1: Content of gasoline related vapors in VOCs source analysis in different countries; Table S2: Parameters of adsorption kinetics of gasoline vapor onto K-thACs; Table S3: The pseudo-first-order and pseudo-second-order kinetic parameters of gasoline vapor adsorption on K-thACs; Table S4: Modeled adsorption parameters for intraparticle diffusion of gasoline vapor on K-thACs. References [48,49,50,51,52,53,54] are cited in the supplementary materials.





Author Contributions


Conceptualization, J.Y. and Y.J.; data curation, J.Y. and C.W.; formal analysis, X.J., Y.G., and C.W.; funding acquisition, J.Y. and Y.J.; investigation, C.W., Y.G., and J.T.; methodology, J.Y. and C.W.; project administration, J.Y. and Y.J.; resources, J.Y.; supervision, J.Y. and Y.J. validation, J.Y., C.W., and Y.J.; writing—original draft preparation, J.Y. and C.W.; writing—review and editing, Y.G., J.Y., and Y.J. All authors have read and agreed to the published version of the manuscript.




Funding


This work was funded by the National Key Research and Development Program of China (No. 2019YFE0111100), the Central Scientific Research Projects for Public Welfare Research Institutes (No. GYZX210301; No. GYZX230302), the Jiangsu Provincial Double-Innovation Doctor Program, and Nantong University Large Instrument Open Fund Project (KFJN2257); Jiangsu Funding Program for Excellent Postdoctoral Talent (No.: 2023ZB740).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available upon request from the corresponding author.




Acknowledgments


We wish to thank Tao Huang for the assistance and cooperation of the characterization of materials.




Conflicts of Interest


The authors declare no conflict of interest.




Sample Availability


Not applicable.




References


	



Wang, Z.; Wu, J.; He, T.; Wu, J. Corn stalks char from fast pyrolysis as precursor material for preparation of activated carbon in fluidized bed reactor. Bioresour. Technol. 2014, 167, 551–554. [Google Scholar] [CrossRef]

	



Zeng, L.; Yang, B.; Xiao, S.; Yan, M.; Cai, Y.; Liu, B.; Zheng, X.; Wu, Y. Species profiles, in-situ photochemistry and health risk of volatile organic compounds in the gasoline service station in China. Sci. Total Environ. 2022, 842, 156813. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Shao, M.; Zhang, J.; Fu, L.; Lu, S. Distributions and source apportionment of ambient volatile organic compounds in Beijing city, China. J. Environ. Sci. Health A Tox. Hazard. Subst. Environ. Eng. 2005, 40, 1843–1860. [Google Scholar] [CrossRef] [PubMed]

	



Yenisoy-Karakas, S.; Dorter, M.; Odabasi, M. Intraday and interday variations of 69 volatile organic compounds (BVOCs and AVOCs) and their source profiles at a semi-urban site. Sci. Total Environ. 2020, 723, 138028. [Google Scholar] [CrossRef]

	



Srivastava, A.; Joseph, A.E.; More, A.; Patil, S. Emissions of VOCs at urban petrol retail distribution centres in India (Delhi and Mumbai). Environ. Monit. Assess. 2005, 109, 227–242. [Google Scholar] [CrossRef] [PubMed]

	



Rodolfo Sosa, E.; Humberto Bravo, A.; Violeta Mugica, A.; Pablo Sanchez, A.; Emma Bueno, L.; Krupa, S. Levels and source apportionment of volatile organic compounds in southwestern area of Mexico City. Environ. Pollut. 2009, 157, 1038–1044. [Google Scholar] [CrossRef] [PubMed]

	



Yan, D.; Wu, S.; Zhou, S.; Tong, G.; Li, F.; Wang, Y.; Li, B. Characteristics, sources and health risk assessment of airborne particulate PAHs in Chinese cities: A review. Environ. Pollut. 2019, 248, 804–814. [Google Scholar] [CrossRef]

	



Xie, Z. Hazard of Industrial VOC and Treatment Technology. Chem. Eng. Manag. 2021, 35, 31–32. [Google Scholar] [CrossRef]

	



Li, X.; Zhang, L.; Yang, Z.; Wang, P.; Yan, Y.; Ran, J. Adsorption materials for volatile organic compounds (VOCs) and the key factors for VOCs adsorption process: A review. Sep. Purif. Technol. 2020, 235, 116213. [Google Scholar] [CrossRef]

	



Nazir, G.; Rehman, A.; Park, S.-J. Role of heteroatoms (nitrogen and sulfur)-dual doped corn-starch based porous carbons for selective CO2 adsorption and separation. J. CO2 Util. 2021, 51, 101641. [Google Scholar] [CrossRef]

	



Rakic, V.; Rac, V.; Krmar, M.; Otman, O.; Auroux, A. The adsorption of pharmaceutically active compounds from aqueous solutions onto activated carbons. J. Hazard. Mater. 2015, 282, 141–149. [Google Scholar] [CrossRef]

	



Liu, Z.-F.; Yao, Z.-J.; Yu, C.-Q.; Zhong, Z.-M. Assessing Crop Water Demand and Deficit for the Growth of Spring Highland Barley in Tibet, China. J. Integr. Agric. 2013, 12, 541–551. [Google Scholar] [CrossRef]

	



Li, L.; Liu, S.; Liu, J. Surface modification of coconut shell based activated carbon for the improvement of hydrophobic VOC removal. J. Hazard. Mater. 2011, 192, 683–690. [Google Scholar] [CrossRef]

	



Nasri, N.S.; Hamza, U.D.; Ismail, S.N.; Ahmed, M.M.; Mohsin, R. Assessment of porous carbons derived from sustainable palm solid waste for carbon dioxide capture. J. Clean. Prod. 2014, 71, 148–157. [Google Scholar] [CrossRef]

	



Hu, L.; Peng, Y.; Wu, F.; Peng, S.; Li, J.; Liu, Z. Tubular activated carbons made from cotton stalk for dynamic adsorption of airborne toluene. J. Taiwan Inst. Chem. Eng. 2017, 80, 399–405. [Google Scholar] [CrossRef]

	



Lu, S.; Huang, X.; Tang, M.; Peng, Y.; Wang, S.; Makwarimba, C.P. Synthesis of N-doped hierarchical porous carbon with excellent toluene adsorption properties and its activation mechanism. Environ. Pollut. 2021, 284, 117113. [Google Scholar] [CrossRef] [PubMed]

	



Mao, H.; Zhou, D.; Hashisho, Z.; Wang, S.; Chen, H.; Wang, H. Preparation of Pinewood- and Wheat Straw-based Activated Carbon via a Microwave-assisted Potassium Hydroxide Treatment and an Analysis of the Effects of the Microwave Activation Conditions. BioResources 2015, 10, 809–821. [Google Scholar] [CrossRef]

	



Vivo-Vilches, J.F.; Bailon-Garcia, E.; Perez-Cadenas, A.F.; Carrasco-Marin, F.; Maldonado-Hodar, F.J. Tailoring activated carbons for the development of specific adsorbents of gasoline vapors. J. Hazard. Mater. 2013, 263 Pt 2, 533–540. [Google Scholar] [CrossRef]

	



Yu, H.; Lin, F.; Li, K.; Wang, W.; Yan, B.; Song, Y.; Chen, G. Triple combination of natural microbial action, etching, and gas foaming to synthesize hierarchical porous carbon for efficient adsorption of VOCs. Environ. Res. 2021, 202, 111687. [Google Scholar] [CrossRef]

	



Zhang, W.; Cheng, H.; Niu, Q.; Fu, M.; Huang, H.; Ye, D. Microbial Targeted Degradation Pretreatment: A Novel Approach to Preparation of Activated Carbon with Specific Hierarchical Porous Structures, High Surface Areas, and Satisfactory Toluene Adsorption Performance. Environ. Sci. Technol. 2019, 53, 7632–7640. [Google Scholar] [CrossRef]

	



Tian, R.; Zhu, B.; Liu, Q.; Hu, Y.; Yang, Z.; Rao, J.; Wu, Y.; Lu, B.; Bian, J.; Peng, F. Rapid and massive fractionation of hemicelluloses for purifying cellulose at room temperature by tetramethylammonium hydroxide. Bioresour. Technol. 2023, 369, 128490. [Google Scholar] [CrossRef] [PubMed]

	



Lillo-Ródenas, M.A.; Cazorla-Amorós, D.; Linares-Solano, A. Behaviour of activated carbons with different pore size distributions and surface oxygen groups for benzene and toluene adsorption at low concentrations. Carbon 2005, 43, 1758–1767. [Google Scholar] [CrossRef]

	



Aguayo-Villarreal, I.A.; Montes-Morán, M.A.; Hernández-Montoya, V.; Bonilla-Petriciolet, A.; Concheso, A.; Rojas-Mayorga, C.K.; González, J. Importance of iron oxides on the carbons surface vs the specific surface for VOC’s adsorption. Ecol. Eng. 2017, 106, 400–408. [Google Scholar] [CrossRef]

	



Yang, Y.; Sun, C.; Lin, B.; Huang, Q. Surface modified and activated waste bone char for rapid and efficient VOCs adsorption. Chemosphere 2020, 256, 127054. [Google Scholar] [CrossRef]

	



Ma, X.; Cao, M.; Hu, C. MgO modified nanoporous carbon composites for methanol separation. RSC Adv. 2013, 3, 10396–10402. [Google Scholar] [CrossRef]

	



Yorgun, S.; Yıldız, D. Preparation and characterization of activated carbons from Paulownia wood by chemical activation with H3PO4. J. Taiwan Inst. Chem. Eng. 2015, 53, 122–131. [Google Scholar] [CrossRef]

	



Mohammed, J.; Nasri, N.S.; Ahmad Zaini, M.A.; Hamza, U.D.; Ani, F.N. Adsorption of benzene and toluene onto KOH activated coconut shell based carbon treated with NH3. Int. Biodeterior. Biodegrad. 2015, 102, 245–255. [Google Scholar] [CrossRef]

	



Zhou, K.; Ma, W.; Zeng, Z.; Ma, X.; Xu, X.; Guo, Y.; Li, H.; Li, L. Experimental and DFT study on the adsorption of VOCs on activated carbon/metal oxides composites. Chem. Eng. J. 2019, 372, 1122–1133. [Google Scholar] [CrossRef]

	



Zhao, X.; Zeng, X.; Qin, Y.; Li, X.; Zhu, T.; Tang, X. An experimental and theoretical study of the adsorption removal of toluene and chlorobenzene on coconut shell derived carbon. Chemosphere 2018, 206, 285–292. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, L.; Shen, D.; Luo, K.H. A critical review on VOCs adsorption by different porous materials: Species, mechanisms and modification methods. J. Hazard. Mater. 2020, 389, 122102. [Google Scholar] [CrossRef]

	



Zhang, X.; Gao, B.; Creamer, A.E.; Cao, C.; Li, Y. Adsorption of VOCs onto engineered carbon materials: A review. J. Hazard. Mater. 2017, 338, 102–123. [Google Scholar] [CrossRef]

	



Kim, O.H.; Cho, Y.H.; Chung, D.Y.; Kim, M.J.; Yoo, J.M.; Park, J.E.; Choe, H.; Sung, Y.E. Facile and gram-scale synthesis of metal-free catalysts: Toward realistic applications for fuel cells. Sci. Rep. 2015, 5, 8376. [Google Scholar] [CrossRef]

	



Yu, L.; Wang, L.; Xu, W.; Chen, L.; Fu, M.; Wu, J.; Ye, D. Adsorption of VOCs on reduced graphene oxide. J. Environ. Sci. 2018, 67, 171–178. [Google Scholar] [CrossRef] [PubMed]

	



Xia, M.; Zhu, J.; Wei, B.; Hu, H.; Jin, L. Catalytic upgrading of ex-situ heavy coal tar over modified activated carbon. Fuel 2022, 312, 122912. [Google Scholar] [CrossRef]

	



Shen, Y.; Zhang, N. Facile synthesis of porous carbons from silica-rich rice husk char for volatile organic compounds (VOCs) sorption. Bioresour. Technol. 2019, 282, 294–300. [Google Scholar] [CrossRef]

	



Shaarani, F.W.; Hameed, B.H. Ammonia-modified activated carbon for the adsorption of 2,4-dichlorophenol. Chem. Eng. J. 2011, 169, 180–185. [Google Scholar] [CrossRef]

	



Tazibet, S.; Boucheffa, Y.; Lodewyckx, P. Heat treatment effect on the textural, hydrophobic and adsorptive properties of activated carbons obtained from olive waste. Microporous Mesoporous Mater. 2013, 170, 293–298. [Google Scholar] [CrossRef]

	



Eren, O.; Ucar, N.; Onen, A.; Kizildag, N.; Karacan, I. Synergistic effect of polyaniline, nanosilver, and carbon nanotube mixtures on the structure and properties of polyacrylonitrile composite nanofiber. J. Compos. Mater. 2015, 50, 2073–2086. [Google Scholar] [CrossRef]

	



Kamran, U.; Park, S.J. Acetic acid-mediated cellulose-based carbons: Influence of activation conditions on textural features and carbon dioxide uptakes. J. Colloid Interface Sci. 2021, 594, 745–758. [Google Scholar] [CrossRef]

	



Wen, J.; Liu, Z.; Xi, H.; Huang, B. Synthesis of hierarchical porous carbon with high surface area by chemical activation of (NH4)2C2O4 modified hydrochar for chlorobenzene adsorption. J. Environ. Sci. 2023, 126, 123–137. [Google Scholar] [CrossRef]

	



Boparai, H.K.; Joseph, M.; O’Carroll, D.M. Kinetics and thermodynamics of cadmium ion removal by adsorption onto nano zerovalent iron particles. J. Hazard. Mater. 2011, 186, 458–465. [Google Scholar] [CrossRef] [PubMed]

	



Wu, F.-C.; Tseng, R.-L.; Juang, R.-S. Initial behavior of intraparticle diffusion model used in the description of adsorption kinetics. Chem. Eng. J. 2009, 153, 1–8. [Google Scholar] [CrossRef]

	



Kavitha, D.; Namasivayam, C. Experimental and kinetic studies on methylene blue adsorption by coir pith carbon. Bioresour. Technol. 2007, 98, 14–21. [Google Scholar] [CrossRef]

	



Fu, Y.; Shen, Y.; Zhang, Z.; Ge, X.; Chen, M. Activated bio-chars derived from rice husk via one- and two-step KOH-catalyzed pyrolysis for phenol adsorption. Sci. Total Environ. 2019, 646, 1567–1577. [Google Scholar] [CrossRef]

	



Lei, B.; Xie, H.; Chen, S.; Liu, B.; Zhou, G. Control of pore structure and surface chemistry of activated carbon derived from waste Zanthoxylum bungeanum branches for toluene removal in air. Environ. Sci. Pollut. Res. Int. 2020, 27, 27072–27092. [Google Scholar] [CrossRef]

	



Rahbar-Shamskar, K.; Aberoomand Azar, P.; Rashidi, A.; Baniyaghoob, S.; Yousefi, M. Synthesis of micro/mesoporous carbon adsorbents by in-situ fast pyrolysis of reed for recovering gasoline vapor. J. Clean. Prod. 2020, 259, 120832. [Google Scholar] [CrossRef]

	



Zhang, Y.; Lin, S.; Qiao, J.; Kołodyńska, D.; Ju, Y.; Zhang, M.; Cai, M.; Deng, D.; Dionysiou, D.D. Malic acid-enhanced chitosan hydrogel beads (mCHBs) for the removal of Cr(VI) and Cu(II) from aqueous solution. Chem. Eng. J. 2018, 353, 225–236. [Google Scholar] [CrossRef]

	



Xuan, L.; Ma, Y.; Xing, Y.; Meng, Q.; Song, J.; Chen, T.; Wang, H.; Wang, P.; Zhang, Y.; Gao, P. Source, temporal variation and health risk of volatile organic compounds (VOCs) from urban traffic in harbin, China. Environ. Pollut. 2021, 270, 116074. [Google Scholar] [CrossRef]

	



Li, Y.; Yan, Y.; Hu, D.; Li, Z.; Hao, A.; Li, R.; Wang, C.; Xu, Y.; Cao, J.; Liu, Z.; et al. Source apportionment of atmospheric volatile aromatic compounds (BTEX) by stable carbon isotope analysis: A case study during heating period in Taiyuan, northern China. Atmos. Environ. 2020, 225, 117369. [Google Scholar] [CrossRef]

	



Yun, L.; Li, C.L.; Zhang, M.D.; He, L.; Guo, J.F. Pollution Characteristics and Source Analysis of Atmospheric VOCs in the Coastal Background of the Pearl River Delta. Environ. Sci. 2021, 9, 4191–4201. [Google Scholar] [CrossRef]

	



Na, K.; Pyo Kim, Y. Chemical mass balance receptor model applied to ambient C2–C9 VOC concentration in Seoul, Korea: Effect of chemical reaction losses. Atmos. Environ. 2007, 41, 6715–6728. [Google Scholar] [CrossRef]

	



Yamada, H. Contribution of evaporative emissions from gasoline vehicles toward total VOC emissions in Japan. Sci. Total Environ. 2013, 449, 143–149. [Google Scholar] [CrossRef]

	



Gentner, D.R.; Harley, R.A.; Miller, A.M.; Goldstein, A.H. Diurnal and Seasonal Variability of Gasoline-Related Volatile Organic Compound Emissions in Riverside, California. Environ. Sci. Technol. 2009, 43, 4247–4252. [Google Scholar] [CrossRef]

	



Morino, Y.; Ohara, T.; Yokouchi, Y.; Ooki, A. Comprehensive source apportionment of volatile organic compounds using observational data, two receptor models, and an emission inventory in Tokyo metropolitan area. J. Geophys. Res. 2011, 116. [Google Scholar] [CrossRef]








[image: Molecules 28 05868 g001 550] 





Figure 1. (a) Dynamic adsorption breakthrough curve; (b) Total adsorption capacity of K-thACs; (c) Static adsorption curve. 
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Figure 2. (a) Nitrogen adsorption/desorption isotherm; (b) I-shaped structure. 
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Figure 3. (a) The SEM images of K-thAC-10; (b) A white film was attached to the carbon pores after adsorption; (c) The FTIR images of K-thAC-1 after adsorption; (d) The XRD images of K-AC and K-thAC-1. 
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Figure 4. Main reactions during the KOH activation process. 
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Figure 5. (a,b) The FTIR images of K-AC, K-thAC-1, K-thAC-5, K-thAC-10, and K-thAC-25; (c,d) The EDS images of K-AC and K-thAC-1 and the corresponding N elements; (e,f) The XPS images of nitrogen elements in K-AC and K-thAC-1. 
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Figure 6. (a) Langmuir adsorption isotherm; (b) Freundlich adsorption isotherm; (c) Pseudo-first-order model; (d) Intraparticle diffusion model. 
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Figure 7. The main chemical changes on the carbon surface. 






Figure 7. The main chemical changes on the carbon surface.



[image: Molecules 28 05868 g007]







[image: Molecules 28 05868 g008 550] 





Figure 8. Illustration of the proposed synthesis procedure for K-thACs. 
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Figure 9. (a) Static adsorption experimental device; (b) Dynamic adsorption experimental device. 
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Table 1. Static adsorption rate of ACs under different temperature and activator ratio conditions.
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T (s)

	
α

	
k

	
Carbon Yield

	
   ω    (s−1)






	
750

	
1:2

	
0.2370

	
0.4956

	
0.16




	
1:5

	
0.5997

	
0.4746

	
0.16




	
1:7

	
0.7069

	
0.1993

	
0.13




	
850

	
1:2

	
0.2899

	
0.4229

	
0.17




	
1:5

	
0.9366

	
0.5043

	
0.22




	
1:7

	
1.1968

	
0.0698

	
0.20




	
900

	
1:2

	
0.2192

	
0.6268

	
0.12




	
1:5

	
0.7288

	
0.2225

	
0.16




	
1:7

	
0.9741

	
0.0521

	
0.15
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Table 2. Specific surface area and porosity data of K-AC, K-thAC-1, K-thAC-5, K-thAC-10, and K-thAC-25.
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	Samples
	SBET (m2/g)
	Pore Volume

(cm3/g)
	Average Pore

Size (nm)
	Median Pore Width (nm)





	K-AC
	1871.21
	1.219472
	2.6068
	0.4271



	K-thAC-1
	2246.07
	1.527990
	2.7212
	0.4367



	K-thAC-5
	3119.43
	2.273983
	2.9159
	0.4400



	K-thAC-10
	2435.61
	1.725368
	2.8336
	0.4389



	K-thAC-25
	2243.78
	1.577563
	2.8123
	0.4354
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