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The waste ion-exchange resin–based activated carbon (WIRAC) was utilized for CO2 adsorption. The effect of adsorption temperature, gas flow, CO2 concentration, and adsorbent filling content on CO2 adsorption properties of WIRAC and the effect of desorption temperature and sweep gas flow on CO2 desorption performances of WIRAC were researched. In the adsorption process, with the increase of adsorption temperature, the CO2 adsorption capacity and adsorption rate decrease; as the gas flow increases, the CO2 adsorption capacity decreases, but the adsorption rate increases; with the increase of CO2 concentration and adsorbent filling content, the CO2 adsorption capacity and adsorption rate both increase. In the desorption process, the higher the desorption temperature and the smaller the sweep gas flow, the higher the CO2 purity of product gas and the longer the desorption time. In order to make sure the adsorbent be used efficiently and the higher CO2 concentration of product gas, the adsorption and desorption conditions selected should be a suitable choice.
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INTRODUCTION
Since the 20th century, the rising required energy and ecological and environmental problems caused by the pollution and overuse of resources have significantly threatened the existence and development of human beings with the rapid development of the global economy. The emission of large amounts of CO2 with a lot of energy consumption leads to global warming. In order to slow down global warming, carbon capture and storage (CCS) technology has been conceived to reduce the emission of CO2. Among all CO2 capture technologies, because of lots of adsorbents, low cost of equipment and operation, convenient automatic operation, and high-purity product, adsorption has been judged to be a good carbon capture technology (Wang et al., 2011; Wei et al., 2016). High cost is the biggest obstacle to promote CCS technology better and faster. The capture cost of CCS is approximately 75% of the total cost (Plasynski et al., 2009; Wei et al., 2018); hence, the important thing is reducing the cost of CO2 capture. There are three methods to reduce the cost in the adsorption process: reduce the adsorbent cost, increase the adsorption capacity of the adsorbent, and improve the adsorption–desorption process cycle (Wei et al., 2018). Wang (Wang et al., 2011) and Samanta (Samanta et al., 2012) reviewed different adsorbents in CO2 capture and discussed their new trends. Adsorbents utilized for CO2 adsorption are porous carbonaceous materials (Wang et al., 2012; Wang et al., 2016; Botomé et al., 2017; Álvarez-Gutiérrez et al., 2017), mesoporous silicon (Watabe and Yogo, 2013; Jiao et al., 2016; Kishor and Ghoshal, 2016; Sanz-Pérez et al., 2017), zeolite (Krishna and van Baten, 2012; Cheung et al., 2013; Zhang et al., 2016), metal-organic frameworks (MOFs) (Bao et al., 2011; Krishna and van Baten, 2012; Chen et al., 2017; Delgado et al., 2017), metallic oxide (Kierzkowska et al., 2013; Ozcan et al., 2013), and so on.
In order to reduce the cost of adsorbent, using the wastes as a raw material to produce adsorbents is one of the research hotspots (Hoseinzadeh Hesas et al., 2013; Wee, 2013). Because of the higher carbon content and less ash content, waste ion-exchange resin has been found to be a suitable precursor to produce activated carbon (Wei et al., 2016). And the waste ion-exchange resin–based activated carbon (WIRAC) has been produced to be utilized for sewage treatment (Bratek et al., 2002; Gun’ko et al., 2005), naphthalene adsorption (Shi et al., 2013), and high-performance supercapacitors (Zhang et al., 2013), but to the best of our knowledge, there is no one using the WIRAC to separate CO2 from flue gas. In our previous work (Wei et al., 2016), we have researched the effect of preparation parameters on the pore structure of WIRAC and the preliminary adsorption properties of WIRAC by TGA. But the CO2 adsorption by TGA is only a preliminary research, which is far from industrial application.
Hence, in this paper, the CO2 adsorption and desorption properties on a fixed bed have been further studied. In the adsorption process, the effect of adsorption temperature, gas flow, CO2 concentration, and adsorbent filling content on CO2 breakthrough and adsorption capacity of WIRAC was researched. In the desorption process, the effect of desorption temperature and sweep gas flow on CO2 desorption properties of WIRAC was studied.
EXPERIMENTAL
Materials
The waste ion-exchange resin (a kind of cation exchange resin named “D001” according to the ministerial standard of petroleum chemical industry of the People’s Republic of China (1978)) has been used to produce activated carbon (AC) in our previous research (Wei et al., 2016). And the preparation parameters of WIRAC are that the activation agent is KOH, the activation temperature is 900°C, the activation time is 2 h, the impregnation ration (the mass ratio of KOH and char) is 1.5, and the atmosphere is inert (N2).
The Characterization of WIRAC
The N2 adsorption–desorption isotherm of WIRAC was tested by TriStar II 3020. The BET equation was used to calculate the specific surface area (SBET). The micropore area (Smic) and micropore volume (Vmic) were calculated by the D-R equation. The external surface area (Sext) was obtained by subtracting Smic from SBET.
CO2 Adsorption and Desorption on Fixed Bed
The CO2 adsorption and desorption performances of WIRAC were tested by a fixed bed, and the experimental system can be seen in Figure 1. The experimental system includes three sections: gas distribution system, reaction system, and detection system. The gas distribution system is mainly composed of N2, CO2, mass flow meters, valves, and a mixing tank. The reaction system is mainly composed of a tubular furnace, adsorber, and temperature controller. The detection system is mainly composed of a CO2 analysis instrument and data recording system. The exhaust gas generated from the experiment is expelled from the exhaust system.
[image: Figure 1]FIGURE 1 | Schematic of the CO2 adsorption and desorption experimental system: 1) N2; 2) CO2; 3) mass flow meters; 4) valve; 5) mixing tank; 6) tubular furnace; 7) adsorber; 8) temperature controller; 9) CO2 analysis instrument; 10) data recording system; 11) exhaust system.
The Calculation of CO2 Adsorption Capacity
The CO2 adsorption capacity on a fixed bed can be calculated by
[image: image]
where q is the CO2 adsorption capacity of per gram adsorbent, mmol/g; M is the mass of the adsorbent, g; Q is the flow of the inlet gas, cm3/min; c0 and c are the CO2 concentrations of the inlet gas and outlet gas, respectively, vol%; t is the adsorption time, min; T0 is 273 K; T is the adsorption temperature, K; and Vm is the molar volume of the gas, 22.4 ml/mmol.
The regeneration degree is defined as follows:
[image: image]
where mreg is the CO2 adsorption capacity of the regenerated WIRAC and m1 is the CO2 adsorption capacity of the fresh WIRAC.
RESULTS AND DISCUSSION
The Characterization of WIRAC
Figure 2 shows the N2 adsorption–desorption isotherm of WIRAC at -196 °C. On the basis of adsorption isotherm classification and adsorption hysteresis loops of the IUPAC (International Union of Pure and Applied Chemistry) (Brunauer et al., 1940; Sing et al., 1985), WIRAC presents a type I adsorption isotherm and H4 hysteresis loop. The pore structure parameters can be calculated by the N2 adsorption–desorption isotherm. Table 1 shows the pore structure parameters of WIRAC, and Figure 3 shows the pore size distributions of WIRAC by the DFT model. As shown in Figure 3, the pore sizes are in the range of 0.9–3.6 nm, especially 0.9–1.25 nm, which is suitable for CO2 adsorption (the dynamic diameter of CO2 is 0.33 nm).
[image: Figure 2]FIGURE 2 | N2 adsorption–desorption isotherm of WIRAC.
TABLE 1 | Pore structure parameters of WIRAC.
[image: Table 1][image: Figure 3]FIGURE 3 | Pore size distributions of WIRAC by the DFT model.
CO2 Adsorption Performances of WIRAC
In the research of adsorption bed experiments, the breakthrough curve is very important. The so-called breakthrough curve shows that the mixture gas enters into the adsorption bed continuously and the strong adsorbate gas can be detected in the outlet, and until the concentration of the strong adsorbate gas in the outlet is the same as the concentration of the gas in the inlet. In the following experiments, the effects of different operating parameters on CO2 adsorption performance of WIRAC were researched.
The Effect of Adsorption Temperature on CO2 Adsorption
Figure 4 shows CO2 adsorption properties at different adsorption temperatures. As shown in Figures 4A,B, as the adsorption temperature increases, the breakthrough curves move to the left and the breakthrough time reduces. The two points of the breakthrough curve are important, and they are 5% (the concentration of the strong adsorbate gas in the outlet divided by the concentration of the gas in the inlet) and 95%, respectively. The point of 5% expresses the adsorption bed begins to be broken through, and the point of 95% expresses the adsorption bed is almost broken through completely. The CO2 adsorption capacity reduces with the increasing adsorption temperature. There are two reasons leading to the situation. One is that the adsorption process is an exothermal reaction. For an exothermal reaction, the reaction will move toward the reverse direction with the increase of temperature. Thus, adsorption can be inhibited, which is not conducive to the adsorption process. The other is that as the temperature increases, CO2 molecules can get more energy. This will lead to more adsorbed CO2 molecules removed from the surface of WIRAC. The two reasons lead to the reduction of CO2 adsorption capacity with the increase of adsorption temperature. Figure 4B demonstrates the CO2 adsorption capacity of different situations. The adsorption capacity of 5% is named [image: image] ([image: image]), adsorption capacity of 95% is named [image: image] ([image: image]), and adsorption capacity of 100% is named [image: image] ([image: image]). [image: image] is over 85% of [image: image], except for 80°C (about 80% of [image: image]). [image: image] is over 97% of [image: image].
[image: Figure 4]FIGURE 4 | CO2 adsorption properties at different adsorption temperatures: (A) breakthrough curves; (B) adsorption capacity; (C) adsorption process; (D) adsorption rate.
As revealed in Figures 4C,D, with the increase of temperature, the CO2 adsorption equilibrium time reduces, which is the same as the result of breakthrough curves. And as the temperature increases, the CO2 adsorption rate reduces. Theoretically, the adsorption rate should increase with the increase of temperature. However, the result was contrary to the theoretical result. As the temperature increases, the rates of adsorption and desorption both increase, but the desorption rate can be affected more than the adsorption rate. This leads to the CO2 adsorption rate reducing with the increase of adsorption temperature.
CO2 adsorption in the lower temperature not only makes the time of breakthrough be longer but also makes the CO2 adsorption capacity and adsorption rate be higher. Hence, CO2 can be adsorbed consecutively for a long time without changing the pipeline frequently to switch adsorption and desorption processes. And in this situation, the CO2 adsorption capacity and adsorption rate are both higher. The temperature of flue gas is about 50–80°C, which is dependent on the difference of desulfurization and denitrification processes. In this range, it is not conducive to CO2 adsorption. Therefore, the temperature of flue gas should be properly reduced, or development a kind of adsorbent which has a good adsorption capacity at the temperature of 50–80°C.
The Effect of Gas Flow on CO2 Adsorption
Figure 5 shows CO2 adsorption properties at different gas flows. In Figures 5A,B, with the increase of gas flow, the breakthrough curves move to the left and the breakthrough time and CO2 adsorption capacity reduce. With the increase of gas flow, the total amounts of gas flowing and CO2 molecules through the adsorbent increase per unit time and breakthrough time shortens. However, the larger gas flow can sweep the adsorbed CO2 molecules and make some adsorbed CO2 molecules desorb. Hence, the CO2 adsorption capacity reduces with the increase of gas flow. Figure 5B shows the CO2 adsorption capacity of different situations. [image: image] is over 86% of [image: image], and [image: image] is over 98% of [image: image].
[image: Figure 5]FIGURE 5 | CO2 adsorption properties at different gas flows: (A) breakthrough curves; (B) adsorption capacity; (C) adsorption process; (D) adsorption rate.
From the results of Figures 5C,D, it can be seen that as the gas flow increases, the CO2 adsorption equilibrium time reduces, which is the same as the result of breakthrough curves. And with the increase of flow gas, the adsorption rate increases. With the increase of gas flow, the total amounts of gas flow and CO2 molecules through the adsorbent increase per unit time, which makes the total gas pressure increase and the reaction move toward the direction of decrease of pressure reduction (the direction of CO2 adsorption). Hence, the adsorption rate increases, as the gas flow increases.
Although the larger gas flow can make the adsorption rate increase, the CO2 adsorption capacity per unit mass of adsorbent and breakthrough time reduce. The reduction of breakthrough time leads to the change of pipeline frequently to switch adsorption and desorption processes, and the reduction of adsorption capacity cannot make the adsorbent be utilized better. In the actual production, the total amount of flue gas is unchanged generally. In order to reduce the flue gas flow, the flue gas can be bypassed to enter into parallel adsorption beds. In this way, not only switching pipes frequently can be reduced, but also WIRAC can be utilized better.
The Effect of CO2 Concentration on CO2 Adsorption
Figure 6 shows CO2 adsorption properties at different CO2 concentrations. As shown in Figures 6A,B, as the CO2 concentration increases, the breakthrough curves move to the left and the breakthrough time reduces, but the CO2 adsorption capacity increases. With the increase of CO2 concentration, the total amount of CO2 molecules through the adsorbent increases per unit time and breakthrough time shortens. The larger reactant concentration (CO2 concentration) promotes the adsorption reaction to move toward the direction of positive reaction (the direction of CO2 adsorption), so the CO2 adsorption capacity increases. Figure 6B shows the CO2 adsorption capacity of different situations. [image: image] is over 86% of [image: image], and [image: image] is over 98% of [image: image].
[image: Figure 6]FIGURE 6 | CO2 adsorption properties at different CO2 concentrations: (A) breakthrough curves; (B) adsorption capacity; (C) adsorption process; (D) adsorption rate.
As revealed in Figures 6C,D, as the CO2 concentration increases, the CO2 adsorption equilibrium time reduces, which is the same as the result of breakthrough curves, and the CO2 adsorption capacity and adsorption rate increase with the increase of CO2 concentration. As the CO2 concentration increases, the total amount of CO2 molecules through the adsorbent increases per unit time, which is advantageous to moving toward the direction of positive reaction (the direction of CO2 adsorption). Hence, the CO2 adsorption rate increases. The increase of adsorption rate makes the adsorption equilibrium time reduce.
The lager CO2 concentration not only increases the adsorption capacity but also promotes the adsorption rate, which is advantageous to CO2 adsorption. However, the lager CO2 concentration can reduce the breakthrough time and make the adsorbent be regenerated frequently, which is disadvantageous to the utilization of adsorbent. The CO2 concentration of flue gas is dependent on the kind of fuel, the process, and the status of combustion. When the fuel, process, and status of combustion are determined, the CO2 concentration of flue gas is almost unchanged. In general, the high purity of product gas (CO2 gas) cannot be obtained by only one adsorption–desorption cycle. That is, the adsorption of low CO2 concentration needs more time to obtain high purity of product gas, while the high CO2 concentration needs less time. So, the number of adsorption beds of high CO2 concentration should be more than that of low CO2 concentration in order to make sure CO2 adsorption be carried out continuously.
The Effect of Adsorbent Filling Content on CO2 Adsorption
Figure 7 shows CO2 adsorption properties at different adsorbent filling contents. In Figures 7A,B, with the increase of adsorbent filling content, the breakthrough curves move to the right and the breakthrough time and the total CO2 adsorption capacity increase, but the adsorption capacity per mass of adsorbent reduces. As the adsorbent filling content increases, that is, with the increase of the height of adsorbent, the time of gas flowing through the adsorbent bed increases, so the breakthrough time increases. The more adsorbent makes some adsorbent could not contact with CO2 gas. Although the total adsorption capacity increases, the adsorption capacity per mass of adsorbent reduces. Figure 7B shows the CO2 adsorption capacity of different situations. [image: image] is over 86% of [image: image], and [image: image] is over 97% of [image: image].
[image: Figure 7]FIGURE 7 | CO2 adsorption properties at different adsorbent filling contents: (A) breakthrough curves; (B) adsorption capacity; (C) adsorption process; (D) adsorption rate.
As revealed in Figures 7C,D, as the adsorbent filling content increases, the CO2 adsorption equilibrium time increases, which is the same as the result of breakthrough curves, but the CO2 adsorption capacity per mass of adsorbent and adsorption rate reduce with the increase of adsorbent filling content.
The larger amount of adsorbent makes the breakthrough time increase, but the CO2 adsorption capacity per mass of adsorbent and adsorption rate reduce. The larger amount of adsorbent also leads to the further decrease of pressure drop of gas, and the adsorbent cannot be utilized effectively, which is disadvantageous to CO2 adsorption. However, the smaller amount of adsorbent makes the CO2 adsorption capacity per mass of adsorbent and adsorption rate be bigger, and the breakthrough time is small, which is disadvantageous to the cycle of adsorbent. Hence, the amount of adsorbent should be chosen according to the actual situation. In this way, the breakthrough time is enough, and the adsorbent can be utilized well.
The CO2 adsorption capacity of WIRAC has been compared with that of some other ACs. And the comparison results can be seen in Table 2. As shown in Table 2, the adsorption capacity of WIRAC is just at a middle level. And in consideration of the precursor of WIRAC, WIRAC shows great potential as an adsorbent for post-combustion CO2 capture.
TABLE 2 | Adsorption capacity of CO2 by ACs in different literature studies.
[image: Table 2]CO2 Desorption Performance of WIRAC
After the CO2 adsorption process, the WIRAC is regenerated and can be recycled. The different operation parameters can affect the desorption properties of WIRAC. In the following experiments, the effect of different desorption temperatures and sweep gas flows on CO2 desorption performance of WIRAC was researched. And the sweep gas in the CO2 desorption process is pure N2.
The Effect of Desorption Temperature on CO2 Desorption
Figure 8 shows CO2 desorption properties at different desorption temperatures. As shown in Figure 8A, at the chosen experimental desorption temperature, as the desorption temperature increases, the CO2 concentration of desorption gas increases. Although CO2 concentration increases to a certain extent, the magnitude of increase is not significant, and the time of desorption increases. The higher CO2 concentration of desorption gas dependent on a higher desorption temperature makes the time of CO2 concentration reduction be longer than the lower CO2 concentration in a certain condition of sweep gas flow. So, the higher the desorption temperature is, the longer the desorption time will be. As revealed in Figure 8B, at the chosen experimental desorption temperature, the second CO2 adsorption capacity is almost the same as the first adsorption capacity, and the regeneration degree of WIRAC remains at about 1.0. It indicates that, at the chosen experimental desorption temperature, the WIRAC can be regenerated well and the CO2 adsorption capacity of regenerated WIRAC is not affected by the desorption temperature.
[image: Figure 8]FIGURE 8 | CO2 desorption properties at different desorption temperatures: (A) CO2 desorption concentration; (B) adsorption capacity and regeneration degree.
From the results of Figure 8, it can be seen that, at the chosen experimental desorption temperature, the WIRAC can be regenerated well and the higher purity of CO2 depends on the higher desorption temperature. With the increase of desorption temperature, the energy required for regeneration increases, while the increased scope of the purity of CO2 in product gas is not big. In order to obtain the higher purity CO2 product gas, increasing the desorption temperature simply makes the input more than the output and lost than gained. Hence, a suitable desorption temperature not only makes the WIRAC be regenerated well but also makes the input energy be not too much and the purity of CO2 in product gas be relatively high.
The Effect of Sweep Gas Flow on CO2 Desorption
Figure 9 shows CO2 desorption properties at different sweep gas flows. As shown in Figure 9A, with the increase of sweep gas flow, the CO2 concentration in desorption gas and desorption time reduce. When the adsorption process and desorption condition are unchanged, the amount of CO2 in desorption gas is unchanged, too. As the sweep gas flow increases, the CO2 in desorption gas is diluted. Hence, the CO2 concentration in desorption gas and desorption time reduce with the increase of sweep gas flow. As revealed in Figure 9B, the second CO2 adsorption capacity is almost the same as the first adsorption capacity, and the regeneration degree of WIRAC remains at about 1.0 at different sweep gas flows. This indicates that the WIRAC can be regenerated well and the CO2 adsorption capacity of regenerated WIRAC is not affected by the sweep gas flow.
[image: Figure 9]FIGURE 9 | CO2 desorption properties at different sweep gas flows: (A) CO2 desorption concentration; (B) adsorption capacity and regeneration degree.
From the results of Figure 9, it can be seen that no matter what the sweep gas flow is, the WIRAC can be regenerated completely at the chosen regeneration condition. The regeneration of WIRAC is almost not affected by the sweep gas flow, while the CO2 concentration in product gas is affected by the sweep gas flow. The bigger the sweep gas flow, the lower the CO2 purity in product gas. And the shorter the desorption time is, the faster the desorption process will be. In the actual production, the suitable sweep gas flow should be chosen, so not only the higher CO2 purity in product gas can be obtained, but also the faster regeneration of WIRAC can be got.
CONCLUSION
In this paper, WIRAC is utilized as an adsorbent for CO2 adsorption. The adsorption and desorption properties of WIRAC on a fixed bed were researched. In the adsorption process, with the increase of adsorption temperature, the CO2 adsorption capacity and adsorption rate decrease; as the gas flow increases, the CO2 adsorption capacity decreases, but the adsorption rate increases; with the increase of CO2 concentration, the CO2 adsorption capacity and adsorption rate increase; as the adsorbent filling content increases, the CO2 adsorption capacity and adsorption rate increase. In order to make the CO2 adsorption capacity and adsorption rate of WIRAC be higher, the adsorption temperature should be low; the flue gas should be bypassed to enter into parallel adsorption beds; the amount of adsorbent should be chosen according to the actual situation. In the desorption process, the higher the desorption temperature and the smaller the sweep gas flow, the higher the CO2 purity of product gas and the longer the desorption time. Due to obtaining high CO2 purity of product gas in a short time, the desorption temperature and sweep gas flow should be chosen with suitable values.
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