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Abstract

:

Walnut shell is a very potential biochar precursor because of its wide source, low cost, and easy structure modification. In this paper, the co-activation method of FeCl3, ZnCl2 and H2O(g) was adopted to prepare walnut shell-based biochar with high microporosity and the effect of pore structure on CO2 adsorption performance at different temperatures was investigated. The prepared biochar had a larger specific surface area (2647.8 m2 g−1), satisfactory micropore area (2008.7 m2 g−1) and high total pore volume (2.58 cm3 g−1). At 273 K and 298 K, its CO2 adsorption capacity was 4.79 mmol g−1 and 3.20 mmol g−1, respectively. Particularly, CO2 adsorbed uptake on biochar was strongly sensitive to their narrow micropore volume, instead of the total specific surface area, total pore volume, and micropore specific surface area. The optimal pore size beneficial for CO2 adsorption was 0.33–0.82 nm at 273 K, but the optimal pore size was 0.33–0.39 nm at 298 K. It provides theoretical guidance for future material preparation and selection, and FeCl3, ZnCl2 and H2O(g) may be effective biochar activators.
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1. Introduction


CO2 emissions are increasing year by year due to the advancement of industrialization and the massive consumption of fossil fuels, resulting in an increasingly severe greenhouse effect and frequent extreme weather events [1]. Countries have gradually begun to pay attention to CO2 emissions and jointly adopted the Paris Agreement in 2015, aiming to restrain carbon emissions of all countries and achieve global carbon neutrality at an early date. Although renewable energy is a very potential replacement for fossil energy, the disadvantages of low energy efficiency and uneven distribution in time and space greatly limit its large-scale application. Currently, CO2 capture and storage technologies (CCS) are probably the most valuable methods for reducing CO2 emissions [2]. Among them, CO2 capture by adsorption has the benefits of low energy usage, low cost, simple process route, convenient operation, and environmental friendliness, which has led to adsorption becoming the most promising way for wide application.



The development of high-efficiency and cost-effective adsorbents is the most important problem to be solved for CO2 adsorption and separation engineering. These days, common CO2 solid adsorbents include molecular sieve [3,4], carbon materials [5,6,7], metal oxide [8], metal–organic frameworks (MOFs) [9,10], etc. Among them, activated carbon with the advantages of the wide source of raw materials, excellent pore structure and easy preparation are the most prospective and efficient CO2 adsorbents.



Biochar derived from sources such as agricultural waste [11], nut shells [12,13], and minerals [3] not only has the same advantages as activated carbon, but also has the benefits of rich surface functional groups, improved resource reuse, and relief of pressure on waste disposal. However, the conventional biochar obtained by direct high-temperature pyrolysis of biomass has many deficiencies, so it needs to be modified to optimize the structure of biochar. Chemical and physical activation methods can be used to prepare biochar by changing the activator, activation conditions, and activator/precursor ratio to regulate the pore structure. H2O(g) is the green activator that can make biochar materials obtain new pore structures and expand pores. However, it is difficult to control the pore structure and activation efficiency of activated carbon when only steam is used for activation [13]. Metal salt activators (ZnCl2 [14], FeCl3 [15], MgCl2 [13]), have the advantages of low corrosiveness, environmental friendliness and reusability compared to disposable activators (KOH [12], HNO3 [16], H3PO4 [17]). Meanwhile, metal salts can enhance the graphitization and increase the porosity of biochar. Yan et al. [14] found that the ZnCl2-activated biochar had an abundant micropores structure and high specific surface area. Theydan et al. [18] concluded that after activation by FeCl3, the biochar material had a rich pore structure, the volume of micropores and mesopores increased, and the micropore size was about 0.8 nm. The synergistic effect of the activation of the two salts will be better than the activation of a single salt. Perondi et al. [15] co-activated biochar with ZnCl2 and FeCl3. They found that FeCl3 promoted graphene-like structure generation through the formation of a complex carburized phase during pyrolysis, and ZnCl2 promoted the carbon to form a micropores structure. Ultimately, ZnCl2 led to a 40% increase in total pore volume, and the carbon material was dominated by micropores and narrow mesopores.



Walnut shells are excellent biochar precursors because of their high volatile content and pore structure that can be easily modified. In addition, walnuts are very popular nuts, with a global production of 3.7 million tons in 2019, of which China accounts for 1.06 million tons [19]. Additionally, 60% of the mass of walnut fruit is the walnut shells [20]. However, most walnut shells can only be discarded and finally disposed of by incineration, which greatly increases the burden on the environment. Based on the above reasons, this paper prepares a CO2 adsorbent with walnut shells as a precursor.



In this paper, biochar was prepared using the walnut shells as a precursor and ZnCl2, FeCl3, and H2O(g) as activators. In addition, the pore structures and carbon structure of biochar were characterized and analyzed, and CO2 adsorption performance was tested at 298 K and 273 K. Finally, the impact of pore structure on the CO2 adsorption capability for biochar was explored, and the optimal pore size ranges of biochar materials for adsorption at different temperatures were determined.




2. Experimental Section


2.1. Materials and Chemicals


Walnut shells were purchased from the local bazaar (Yinchuan, China), and their proximate analysis and ultimate analysis are shown in Table 1. ZnCl2·6H2O (AR) and FeCl3·6H2O (AR) were acquired from Sigma-Aldrich (St. Louis, MO, USA). Hydrochloric acid (AR, HCl, 36.0 wt.%) was purchased from Sinopharm Chemical Reagent Co. High purity CO2 (99.999%) and high purity N2 (99.999%) were bought from Ningxia Guangli Gas Company (Ningxia, China).




2.2. Synthesis of Micropores Biochar


The walnut shells should be rinsed with DI water and dried at 373 K. Crush the walnut shells and sieve them to make 50~100 mesh particles. Samples with mass ratios of 5:1:3, 5:1.5:1.5, 5:3:1, 5:3:0 and 5:0:3 were prepared for walnut shell, FeCl3·6H2O and ZnCl2·6H2O, respectively. The specific operation is as follows: weigh a certain mass of FeCl3·6H2O and ZnCl2·6H2O into 500 mL of DI water and mix until well dispersed; then add 5 g biomass to the metal salt solution for impregnation with heating at 423 K and stirring at 400 r/min until the solution is completely volatilized. The experimental setup for pyrolysis and activation is shown in Figure 1. The sample was first purged by passing 300 mL/min N2. Then, the sample was heated to 1173 K at a heating rate of 10 K/min in an inert atmosphere (N2 200 mL min−1) and kept for 100 min until the biomass was pyrolyzed. At the end of the experiment, water was turned off and the samples were removed after the device had cooled to room temperature. The pyrolyzed biochar samples were washed with 0.3 M HCl for 6 h to eliminate metal oxides and a tiny amount of ash, then washed with DI water continuously to neutralize. The final products were dried for 12 h at 373 K. Micropores biochar samples were obtained and named by the impregnated mass ratio, respectively. The prepared micropores biochar samples were named by the metal salt impregnation mass ratio (for example, a sample with 5 g walnut shell, 3 g FeCl3·6H2O and 1 g ZnCl2·6H2O was named WS-5-3-1).



The effect of H2O(g) on the pyrolysis process of walnut shells was investigated. The activation of WS-5-3-1 and WS-5-1.5-1.5 was carried out by adjusting the amount of H2O(g) (adjusting the flow rate of water entering the steam generator to 0.1, 0.15, 0.2, 0.25 mL min−1). The samples were named by the metal salt impregnation ratio and water intake (for instance, a sample with 5g walnut shell, 3g FeCl3·6H2O and 1g ZnCl2·6H2O and 0.25 mL min−1 H2O(g) flow rate was named as WS-5-3-1-0.25).




2.3. Characterization


The crystalline phase of samples was tested by X-ray diffractometer (XRD, Bruker, Germany) at Cu radiation, 40 kV, 40 mA, and 2θ range of 3°–85°. The degree of graphitization of the adsorbents was detected by Raman spectroscopy (DXR2xi Raman, Waltham, MA, USA). The adsorbent’s surface functional groups were examined by FTIR (TENSOR II, Bruker, Germany). Industrial analysis and elemental analysis of walnut shells by the elemental analyzer (Vario EL cube, Pavia, Italy). The 50–60 mmg sample was weighed in the sample tube and degassed at 573 K. The pore structure parameters of the adsorbent were characterized by N2 adsorption and desorption curves at 77 K measured by automatic physical–chemical adsorption instrument (Conta autosorb IQ, Boynton Beach, FL, USA). The 50–60 mmg sample was weighed in the sample tube and degassed at 573 K. SBET (specific surface area) was obtained by the BET method. VT (total pore volume) was calculated by adsorbed amount at P/P0 = 0.99. SMic (microporous surface area) and VMic (microporous pore volume) were acquired by the t-plot method. Additionally, the analysis software is NOVAWin (NOVAwin2 v.2.1, Boynton Beach, FL, USA).




2.4. CO2 Adsorption Performance Evaluation


CO2 adsorption test on biochar at 273 K and 298 K by automatic physical–chemical adsorption instrument (Conta autosorb IQ, Boynton Beach, FL, USA). The nonlocal density functional theory (NLDFT) model provided by the Autosorb instrument software (NOVAwin2 v.2.1) was applied to calculate the size distribution (NMPSD) and volume of micropores (<1.5 nm). After obtaining the CO2 adsorption isotherm on activated carbon at 273 K, we only need to select the NLDFT model and type at the CO2 saturation vapor pressure of 273 K. Then, the software can give the distribution of micropores and the accumulated volume of all pores in the range of 0.33–1.50 nm. Finally, in a certain range, we correlated the CO2 adsorption of all biochar with their micropore volumes and found the best linear relationship between them.





3. Biochar Characterization


Figure 2 shows the SEM images of biochar with different metal salt weight ratios and different amounts of H2O(g). As shown in Figure 2a, only a small number of macropores and low porosity existed on the surface of raw materials (the direct pyrolysis walnut shells). Figure 2c–f show the biochar prepared by co-activation using FeCl3 and ZnCl2, whose pore structure became developed, but the surface was still dominated by macropores. The main reasons for the pore formation are the volatilization of ZnCl2 during the pyrolysis, the reaction of FeCl3 with surface carbon, and the removal of ZnO and Fe3O4 particles by acid washing. The amount of FeCl3·6H2O had a more significant modulating effect on the surface morphology of biochar. As the FeCl3·6H2O dosage increased, the size of the pores on the biochar surface increased, and its ablation of carbon on the surface of biochar became more significant (Figure 2b,c), which was caused by the reaction between iron oxides and carbon. The number of pores on the biochar surface increased when the amount of ZnCl2·6H2O was increased (Figure 2c,d). When ZnCl2·6H2O and FeCl3·6H2O were used together, the pore size on the surface of biochar decreased, the reaction between Fe and its surrounding char reduced, and the degree of etching on the surface of biochar declined (Figure 2d,e).



When H2O(g) was added for activation, the apparent morphology of the biochar was altered. As illustrated in Figure 2f, the surface of WS-5-3-1-0.25 showed a larger number and a more uniform pore size structure. When FeCl3·6H2O and H2O(g) were used as activators, carbon deposition and growth appeared on the surface of biochar (Figure 2g). Activation with metal salts effectively stripped the lignin layer on the surface of walnut shells, allowing the internal structure to be revealed, which was honeycomb-like (Figure 2h,i).



Metal salts accelerate the rate of biomass pyrolysis, reduce the pyrolysis time of biomass, decrease the energy required for pyrolysis and can change the crystalline phase of carbon. The graphitization and orderliness analysis of the biochar were characterized by XRD, and the results are shown in Figure 3. The XRD patterns of biochar all show a strong peak at about 25°, which is the (002) peak of graphite, representing the degree of graphitization of biochar. Additionally, the peak at 44° is the (100) peak of carbon, which represents the orderliness of biochar [21,22]. Figure 3a shows the XRD patterns of the biochar prepared by adjusting the ratio of ZnCl2·6H2O and FeCl3·6H2O. With the ratio of metal salts, the half-peak widths, and peak intensities of the (100) and (002) crystal plane diffraction peaks of carbon do not change significantly, indicating that metal salts dosage has no significant effect on the graphitization and the ordering degree of biochar. Figure 3b and Figure S1 (Supplementary Material) show the XRD patterns of biochar prepared by co-activation with ZnCl2 and FeCl3 by adjusting the ratio of water vapor. When the amount of H2O(g) increases, the intensity of the (002) peak of carbon continuously decreases or even disappears. This is mainly attributed to the fact that the reaction between H2O(g) and carbon makes the pores of biochar more developed and destroys the structure of the graphite layer, thus the biochar structure behaves more disordered.



Raman spectroscopy was used to further analyze the degree of carbon defects in the biochar structure, and the characterization results are shown in Figure 4 and Figure S2. All biochar samples have typical characteristic peaks D at 1358 cm−1 and G peaks at 1596 cm−1, which correspond to disordered carbon atom structures with defects and graphene layers with sp2 hybridization of carbon atoms, respectively [23,24]. In general, the higher the intensity ratio of D and G peaks (ID: IG), the higher the disorder of carbon in the biochar [25]. Additionally, the ratio of FeCl3·6H2O and ZnCl2·6H2O has a more obvious effect on the intensity ratio of D and G peaks. It was found that the intensity ratios were between 0.99–1.02, when the ratios of metal salts were changed, and the ratios of metal salts slightly changed the degree of ordering of biochar. When H2O(g) was added during the activation process, the biochar had sharp D-peaks, G-peaks, and 2D-peaks. The appearance of the 2D-peaks represents an increase in the number of carbon layers in the biochar. After calculation, the ID: IG increased to between 1.01–1.06. The increase in the intensity ratio between the D and G peaks of the biochar prepared by comparing the adjusted amount of H2O(g) indicates that the intensity of the G peak in the biochar is enhanced, which is mainly attributed to the increasing of graphite layers in the biochar after adding H2O(g). Increasing the structural defects of carbon materials is beneficial to enhancing the CO2 adsorption performance [26].



The functional groups on the surface of biochar were characterized using FTIR as shown in Figure 5. All samples showed the stretching vibrational peaks of -OH/-NH at wave numbers of 3426 cm−1. All samples also showed the stretching vibrational peaks of C=O and the bending vibrational peaks of -NH bonds at wave numbers of 1630 cm−1, which indicated the presence of oxygen-containing functional groups and amino functional groups [27,28]. In addition, the stretching vibrational peaks of -OH functional group at 3426 cm−1 may originate from H2O in air. WS-5-1-3 and WS-5-3-1-0.2 showed a C-H stretching vibrational peak at 2974 cm−1. Meanwhile, WS-5-3-1-0.2 showed the stretching vibrational peaks of C-O at 1087 and 1043 cm−1, respectively. The presence of -OH/-NH basic groups in biochar contributes to the enhancement of CO2 adsorption [4,5]. Furthermore, the type and number of functional groups on the surface of biochar were low, which was mainly due to the catalytic decomposition and volatilization of organic matter on the surface of biochar activated by metal salts and H2O(g) at 900 °C.



The pore size distribution of biochar refers to the graded pores present in the biochar, and the percentage of different size pores is obtained by number or volume. In this study, the static capacity method was used to obtain the pore size distribution in biochar by testing the partial pressure and the adsorption capacity of the corresponding pore levels. Figure 6 shows the N2 adsorption–desorption isotherms and pore size distribution of the biochar prepared by using different ratios of metal salts and H2O(g) activation. Figure 6a illustrates that the isothermal adsorption curves of the biochar samples prepared by activation of FeCl3·6H2O and ZnCl2·6H2O were all class I adsorption curves [29,30]. The biochar obtained by direct pyrolysis without activator was a class IV isothermal adsorption curve, and the N2 adsorption region was mainly concentrated in the smaller pore size range, thus still dominated by microporosity. In Figure 6b, the pore size of biochar samples is mainly micropores. Among them, when the proportion of ZnCl2·6H2O was high, it helps the formation of micropores with about 0.5 nm in the biochar. When the proportion of FeCl3·6H2O was higher, the effect on the pore size of biochar was not prominent. When FeCl3·6H2O and ZnCl2·6H2O were used together, the proportion of pores between 1–2 nm in biochar can be increased. Compared with the raw materials, the pore structure of the co-activated biochar is more developed. As shown in Figure 6c, when H2O(g) and metal salts were used as activators at the same time, the isothermal adsorption curves of biochar showed a class IV isothermal adsorption curve with a hysteresis loop, indicating that some mesopores existed in biochar, but most of the pores in the carbon are still dominated by micropores, so the prepared biochar is still micropores biochar.



Figure 6d shows that when H2O(g) was added, the pore size of biochar shifted from 0.5 nm to the range of 1~4 nm, indicating that H2O(g) has a more obvious effect on micropores expansion. The amount of H2O(g) was adjusted for WS-5-1.5-1.5 and WS-5-3-1 to observe the pore structure changes of biochar (Figure S3). The micro-pores distributed around 0.5 nm decreased significantly with the increase of H2O(g) dosage, while the pores between 1 and 4 nm increased significantly, but the changes of pores >4 nm were not obvious. Therefore, it can be concluded that H2O(g) can be used to regulate the pore size distribution ratio between 0.5 and 4 nm in biochar.



Table 2 shows that the biochar prepared with different metal ratios has larger specific surface area and micropores surface area. Raw materials had a poor specific surface area (667.42 m2/g), and total pore volume (0.33 m3/g) because direct-pyrolysis walnut shells had undeveloped porosity, but the specific surface area and pore volume were significantly enhanced after modification with metal salts and water. WS-5-3-1 had the largest specific surface area and total pore volume of 1370.4 m2 g−1 and 0.63 cm3 g−1, respectively. The specific surface area and pore volume of biochar prepared by co-activation with two metal salts were found to be larger than those prepared by activation with a single metal salt. The specific surface area of biochar increased substantially when FeCl3 and ZnCl2 and H2O(g) were co-activated. The amount of H2O(g) had a more significant effect on the specific surface area and pore volume of biochar. This is because the addition of H2O(g) increases the number of layers of biochar, resulting in an improvement in specific surface area. It was found that WS-5-1.5-1.5-1.5 had the maximum specific surface area (2647.8 m2 g−1) and maximum micropore-specific surface area (2008.7 m2 g−1). WS-5-1.5-1.5-2.0 had the largest pore volume of 2.58 cm3 g−1. However, as the dosage of H2O(g) continued to increase, the specific surface area and pore volume of biochar decreased, due to the excessive reaction between H2O(g) and biochar resulting in the pore size of biochar being larger and the pores merged. The average pore size increased with the increase in H2O(g) dosage (Table S1). The use of metal salts and H2O(g) was able to prepare micropores biochar with excellent structure, but the excessive use of H2O(g) was not conducive to increasing the surface area and porosity of biochar.




4. CO2 Adsorption Performance


As shown in Table 2, WS-5-3-1-0.25 had the best CO2 adsorption capacity of 4.79 mmol g−1 at 273 K and WS-5-1.5-1.5 had the best CO2 adsorption capacity of 3.20 mmol g−1 at 298 K. Compared with the CO2 adsorption capacity of biochar adsorbents in the past literatures (Table 3), it is found that WS-5-1.5-1.5 and WS-5-5-3-1-0.25 have excellent CO2 adsorption capacity. The CO2 adsorption capacity of WS-5-3-1 (4.61 mmol g−1) at 273K is lower than that of WS-5-3-0.25 (4.79 mmol g−1), but the CO2 adsorption capacity of WS-5-3-1 (3.02 mmol g−1) at 298 K is higher than that of WS-5-3-0.25 (2.58 mmol g−1). This observation indicates that the addition of an appropriate amount of H2O(g) changes the pore structure of the biochar, which promotes the CO2 adsorption at 273 K, but inhibits the CO2 adsorption at 298 K. All the adsorption of biochar decreased after the increase of temperature. A more interesting phenomenon is that the samples with high adsorption at 298 K are not so high at 273 K. For example, WS-5-3-1-0.25 had the highest adsorption capacity at 273 K, but the adsorption capacity at 298 K was only 2.58 mmol g−1. To investigate this observation, a comparison of specific surface area, pore volume, micropores specific surface area and micropores pore volume on CO2 adsorption from Table 2 revealed that these factors did not directly correlate with CO2 adsorption. Deng et al. found that CO2 adsorption is an exothermic process, and the temperature has a great influence on the amount of CO2 adsorption. Additionally, the sensitivity of different carbon materials to the temperature at atmospheric pressure is different, which depends on the number of narrow micropores in the adsorbent [31,32,33,34]. The effect of this narrow micropore size pore effect on CO2 adsorbent was further investigated.



The N content of the walnut shell was only 0.26% as shown in Table 1, N-containing functional groups have less effect on adsorption, which indicates that the pore-filling plays a dominant role in CO2 adsorption. The narrow micropore size distribution (NMPSD) of biocarbon (<1 nm) was precisely obtained using the CO2 adsorption isotherm at 273 K. Combining Figure 7 with the CO2 adsorption capacity of the samples, it is found that the amount of CO2 adsorption at 273 K is closely related to the pore volume between 0.35–0.82 nm. As shown in Figure 7d, WS-5-3-1-0.25 has the largest micropore volume in the pore size range of 0.35–0.82 nm among the four samples, and its CO2 adsorption capacity at 273 K is also the best among the four samples. On the contrary, WS-5-3-1-0.15 and WS-5-3-1-0.2 have smaller micropore volumes in the pore size range of 0.35–0.82 nm, making their CO2 adsorption capacity at 273 K unsatisfactory. However, when the temperature was increased to 298 K, the CO2 adsorption amount of all samples showed a significant decrease. Additionally, the CO2 adsorption at 298 K for the samples fed with water decreased more than that for the samples not fed with water at 298 K. This is because the large pore volume between 0.35–0.82 nm is higher for the samples fed with water than for the samples not fed with water, and the large pores are ineffective for CO2 adsorption.



Figure 7 shows the presence of four peaks at 0.35, 0.48, 0.55 and 0.82 nm for all NMPSD curves, representing different narrow micropore volumes (V0.35, V0.48, V0.55, and V0.82, respectively). Biochar activated by water produces a new peak at 0.44 nm (pore volume at 0.44 nm is denoted by V0.44). This is due to the pore-expanding effect of H2O(g), which enlarges part of the 0.35 nm pore to 0.44 nm. After water activation, V0.82 increases significantly (Figure S4). This indicates that the addition of H2O(g) increased the pore size of the micropores. Figure 7a shows that the volume of narrow micropores within 0.35–0.82 nm of biochar after single salt activation is smaller than that of double salt activation, which results in better CO2 adsorption performance of the double salt activated biochar. Figure 7a,b show that V0.35 decreased by half after the sample was passed through water, but V0.82 and V0.47 also increased substantially, and the amount of CO2 adsorbed lost more, which indicates that the amount of CO2 adsorbed at 298 K may be correlated with V0.35. Figure 7c shows that the narrow micropore volume of WS-1.5-1.5-2.5 is much smaller than that of the other samples, which is because the passage of excess H2O(g) would block the narrow micropores of the biochar material, thus leading to a substantial decrease in the narrow micropore volume. In summary, different ratios of metal salts and water activation have a strong correlation with the NMPSD of biochar materials and CO2 adsorption at different temperatures.



It was found that the correlation between narrow micropores and CO2 adsorption for biochar materials changed with the adsorption temperature. To quantitatively confirm the exact micropore range for CO2 adsorption at different temperatures, the relationship between different narrow micropore (0.33–0.99 nm) volumes and CO2 adsorption capacity at 273 K and 298 K was established (Figure 8 and Figure 9). At 273 K, the correlation coefficient (R2) showed a trend of increasing and then decreasing with the increase of the upper limit of the pore size range (Figure 8). Additionally, the highest R2 = 0.99 was shown in the pore size range of 0.33–0.82 nm (Figure 8d), which indicates that the pore size of 0.33–0.82 nm plays a major role in the adsorption of CO2 at 273K. This result is in line with the literature, implying that this result might be applied to any carbon materials [40,41,42]. Figure 8a–c demonstrate a surge in R2 values when the upper pore size increases from 0.46 nm to 0.72 nm, which indicates an important effect on CO2 adsorption when the pore size range is 0.46–0.72 nm. This is because micropores between 0.46–0.72 nm can provide more rooms for carbon dioxide to adjust its position in the pore wall [43,44]. Figure 8d–f demonstrate that R2 gradually decreases when the upper limit of pore size is higher than 0.82 nm, indicating that the contribution of >0.82 nm pore size to CO2 adsorption gradually decreases.



At 298 K, R2 decreases with an increasing upper limit of pore size (Figure 9). The highest R2 was found in the pore size range of 0.33–0.39 nm (Figure 9a). This indicates that the pore size range of 0.33–0.39 nm at 298 K plays a major role in the adsorption of CO2. The addition of H2O(g) increases the pore size of the biochar, which adversely affects the adsorption of CO2 at 298 K. It can see that the R2 at 273 K (R2 = 0.99) is much larger than that at 298 K (R2 = 0.85). Firstly, this may be explained by the fact that most of the pore sizes are larger than 0.39 nm and these pores are less useful for CO2 adsorption at 298K. Additionally, these larger size micropores are too large to achieve a dense accumulation of CO2 molecules at 298 K, making the data points deviate from the linear regression severely [36]. Second, because larger pores in biochar contribute less to CO2 adsorption via the pore-filling mechanism at 298 K, the impact of CO2 molecules via surface physisorption on adsorbents could become considerable [31]. The effective adsorption pore size was greatly reduced when the adsorption temperature of 273 K was increased to 298 K, however, which could be the reason for the nearly 50% reduction in total adsorption.




5. Conclusions


In this paper, a new environmentally friendly and low-cost CO2 adsorbent with walnut shell as a precursor and FeCl2, ZnCl2 and H2O(g) as an activator was proposed. By controlling the number of metal salts and H2O(g), the adsorbent with excellent pore structure and superior specific surface area was obtained. The specific surface area of WS-1.5-1.5-0.15 was 2647.78 m2 g−1, and the micropore volume was up to 2008.72 m2 g−1. The total pore volume of WS-1.5-1.5-2.0 was up to 2.58 cm3 g−1. It makes this adsorbent modification method a guide in the fields of supercapacitors and adsorption of pollutants.



The adsorption of CO2 at 273 K and 298 K was found to be 4.79 mmol g−1 and 3.20 mmol g−1, respectively, and there was no correlation between the adsorption of CO2 and the specific surface area, total pore volume, and specific surface area of micropores. The adsorption of CO2 at different temperatures was related to the distribution of narrow micropores in the adsorbent. The optimum CO2 adsorption pore size was 0.33–0.82 nm for walnut shell-based biochar at 273 K and 0.33–0.39 nm for walnut shell-based biochar at 298 K.
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Figure 1. Schematic diagram of activation experimental device. 
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Figure 2. SEM images of (a) raw materials, (b) WS-5-3-0, (c) WS-5-3-1, (d) WS-5-1.5-1.5, (e) WS-5-1-3, (f) WS-3-1-0.1, and (g–i) WS-5-3-1-0.2. 
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Figure 3. The XRD spectra of biochar prepared by (a) different ratios of metal salts and (b) different ratios of metal salts and 0.1 mL min−1 H2O(g) activation. 
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Figure 4. The Raman spectra of biochar prepared by (a) different ratios of metal salts and (b) different ratios of metal salts and 0.1 mL min−1 H2O(g) activation. 
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Figure 5. FT−IR spectra of biochar. 
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Figure 6. N2 adsorption–desorption isotherms of (a) different ratios of metal salts activation and (c) different ratios of metal salts and 0.1 mL min−1 H2O(g) activation. Pore size distribution of (b) different ratios of metal salts activation and (d) different ratios of metal salts and 0.1 mL min−1 H2O(g) activation. 
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Figure 7. NMPSD plot of (a) biochar with different amounts of metal salts activation, (b) biochar with different amounts of metal salts and 0.1 mL min−1 H2O(g) activation, (c) WS-5-1.5-1.5 with different amounts of H2O(g) activation, and (d) WS-5-3-1 with different amount of H2O(g) activation. The pore sizes were from 0.3 nm to 1.0 nm. 
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Figure 8. Relationship between CO2 adsorption at 273 K and the volume of micropores in the range of (a) 0.33−0.39 nm, (b) 0.33−0.46 nm, (c) 0.33−0.72 nm, (d) 0.33−0.82 nm, (e) 0.33−0.90 nm, and (f) 0.33−0.99 nm. 
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Figure 9. Relationship between CO2 adsorption at 298 K and the volume of micropores in the range of (a) 0.33−0.39 nm, (b) 0.33−0.46 nm, (c) 0.33−0.72 nm, (d) 0.33−0.82 nm, (e) 0.33−0.90 nm, and (f) 0.33−0.99 nm. 
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Table 1. Industrial analysis and elemental analysis of walnut shell.
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Samples

	
Industrial Analysis (wt %, ad)

	
Elemental Analysis (wt %, ad)




	
M

	
A

	
V

	
FC

	
C

	
H

	
N

	
S

	
O a






	
walnut shells

	
6.21

	
1.86

	
81.23

	
10.69

	
49.94

	
5.86

	
0.26

	
0.04

	
43.96








Note: a denotes calculation by differential subtraction. M: moisture; A: ash; V: vola-tile; FC: fixed-carbon.
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Table 2. The effect of the activation ratio of biomass, metal salts and H2O(g) on the surface properties of biochar, and CO2 adsorption capacities of adsorbents at different temperatures.
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	Samples
	SBET/(m2 g−1) a
	VTotal(cm3 g−1) b
	Smic/(m2g−1) c
	Vmic(cm3 g−1) d
	CO2 Capacities

at 273 K (mmol g−1)
	CO2 Capacities

at 298 K (mmol g−1)





	Raw materials
	667.4
	0.33
	-
	-
	-
	-



	WS-5-1-3
	1370.4
	0.63
	1307.7
	0.54
	4.17
	2.81



	WS-5-1.5-1.5
	1267.5
	0.54
	1235.0
	0.49
	4.42
	3.20



	WS-5-3-1
	1111.4
	0.49
	1073.2
	0.43
	4.61
	3.02



	WS-5-3-0
	836.6
	0.43
	762.7
	0.31
	4.07
	2.95



	WS-5-0-3
	960.9
	0.45
	909.7
	0.37
	4.24
	2.81



	WS-5-1-3-0.1
	1693.7
	0.94
	1500.3
	0.64
	3.85
	2.40



	WS-5-1.5-1.5-0.1
	2584.9
	1.28
	2434.5
	1.01
	4.56
	2.72



	WS-5-3-1-0.1
	1548.5
	0.85
	1368.7
	0.58
	4.44
	2.77



	WS-5-3-0-0.1
	1388.4
	0.64
	1315.6
	0.53
	4.72
	2.63



	WS-5-0-3-0.1
	1793.7
	1.03
	1566.2
	0.67
	4.27
	2.76



	WS-5-3-1-0.15
	2074.6
	1.17
	1307.7
	0.54
	4.12
	2.59



	WS-5-3-1-0.2
	1683.1
	0.87
	1235.0
	0.49
	4.20
	2.41



	WS-5-3-1-0.25
	2316.8
	1.46
	1073.2
	0.43
	4.79
	2.58



	WS-5-1.5-1.5-0.15
	2647.8
	1.32
	2008.7
	0.54
	4.57
	2.89



	WS-5-1.5.-1.5-0.2
	2261.5
	2.58
	1581.7
	0.40
	4.26
	2.71



	WS-5-1.5-1.5-0.25
	1862.9
	1.13
	1588.6
	0.69
	3.03
	2.44







Note: a denotes specific surface area; b indicates total pore volume; c represents micropore specific surface area; and d means micropore pore volume.
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Table 3. Comparison with CO2 adsorption from past research work.
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	Adsorbents
	Activating Agents
	CO2 Capacities

at 273 K (mmol g−1)
	CO2 Capacities

at 298 K (mmol g−1)
	Reference





	WS-5-3-1-0.25
	ZnCl2, FeCl3, H2O
	4.79
	2.58
	This work



	WS-5-1.5-1.5
	ZnCl2, FeCl3
	4.42
	3.20
	This work



	WFW40-K
	KOH, CO2
	–
	3.23
	[35]



	CCAc
	KOH
	4.5
	–
	[36]



	Urea/PC
	Urea
	7.03
	4.97
	[37]



	Rambutan peel
	Mg(NO3)2, MgCl2
	–
	1.75
	[38]



	Pure leucaena
	–
	–
	1.20
	[39]
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