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Abstract

:

This study investigated the ultrasonic–thermal regeneration of powdered activated carbon (PAC) spent using 4-chlorophenol (4-CP). Similarly, a thermal regeneration process was also studied and the reaction conditions (i.e., regeneration temperature, heating rate, regeneration time) were tested. Fourier transform infrared spectroscopy (FT-IR), thermogravimetric analysis (TGA), scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD) analysis were applied to characterize the regenerated PACs under different treatments (thermal, ultrasonic and ultrasonic–thermal) and also compare them with the fresh and exhausted PACs. According to our regeneration observations, the ideal regeneration parameters were determined to be a 40 kHz frequency, 0.18 W/mL sonication power, 0.1 M NaOH and 50% (v/v) ethyl alcohol as the regeneration solution, and 1 g/L of saturated PAC mass with thermal regeneration as the second stage at 500 °C, desorbed for 30 min with a heating rate of 20 °C min−1. Under these conditions, the RE value achieved 90.99% and the η value reached 5.6%. The results of FTIR, XPS and XRD revealed that the oxygen functional group content of ultrasonic–thermal regenerated PAC significantly increased. These oxygenous groups exerted a positive effect on the adsorption process of the regenerated PAC and the subsequent adsorption–regeneration process.
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1. Introduction


The application of powder activated carbon (PAC) for the adsorption of organic contaminants is an effective and reliable water treatment method. Activated carbon is considered to be an excellent adsorbent, especially in the presence of phenolic compounds [1,2,3,4]. When PAC is saturated, it becomes a residue that must be eliminated and replaced with fresh PAC. Therefore, the financial viability of PAC’s extensive commercial application depends on both its high-efficiency regeneration and the cost of producing PAC. Considering the significance of the activated carbon regeneration process, various regeneration techniques of saturated PAC have been proposed [5,6,7,8,9,10,11,12], such as physicochemical regeneration [5], Fenton-like oxidation regeneration [6], electrochemical regeneration [7,9], ozonation regeneration [10], bio-regeneration [12] and ultrasound regeneration [13]. As for the various regeneration procedures, thermal regeneration is regarded as the most economically advantageous approach [14,15,16,17,18,19,20].



The adsorption capability of activated carbon exhibits an excellent recovery that is reported in the literature; the analyses show that during the thermal regeneration process, the loss of activated carbon is very great [14]. The environment is also threatened by intermediate byproducts such as SO2 that are generated through the thermal regeneration process.



The ultrasonic regeneration of PAC is a new and effective method of adsorbent regeneration. Waves are dampened during ultrasonic propagation by cavitation bubbles and absorption in the aqueous phase. The phenomenon of cavitation happens as ultrasonic waves travel through a liquid medium. Owing to the great intensity of sound waves, tiny gas bubbles are formed to overcome the liquid’s traction resistance. When the bubbles reach a crucial size, they collapse and produce a significant quantity of power [21,22]. The energy produced in the process of ultrasound can generate the following consequences: Firstly, local temperature significantly rises in areas known as “hot spots”. Secondly, high-pressure shock waves are formed. Thirdly, high-speed microjets are generated that release at hundreds of km h−1 and react on the material’s surface [23,24]. Ultrasonic cavitation is significantly affected by the frequency and intensity of ultrasound, thus influencing the size of the cavitation bubble. At low frequencies, the bubble size might increase. Increased intensity prevents bubble growth by causing early collapses. When an ultrasonic wave is introduced into the liquid phase, small cavitation bubbles are produced. When the cavitation bubbles grow to a critical size, they collapse and release a large amount of energy into the aqueous phase. During the regeneration process, ultrasound can lead to the disintegration of the adsorbates. Pollutant degradation mechanisms are significantly related to the frequency of ultrasound. For low ultrasonic frequencies (20–100 kHz), desorption as a result of the mechanical impact of sound irradiation is dominant. The chemical effects become more significant at high frequencies (300–800 kHz). In this case, the hydroxyl ions formed in the liquid medium and subsequently the adsorbate are degraded [16]. By using a low frequency and considerable power, the cavitation effects increase and the desorption efficiency improves. Moreover, results show that desorption at a low frequency (20 kHz) can be carried out with little mass loss [25].



As can be seen, ultrasonic cavitation on the local surface of activated carbon generates local high temperatures, high pressures, high-speed liquid microjets and other extreme physical reactions that can strengthen the desorption process, creating a localized high-temperature thermal regeneration environment on the surface of the PAC that has the characteristics and efficiency of high-temperature thermal regeneration.



In our previous work [26], we investigated the ultrasonic desorption of PAC spent with 4-chlorophenol (4-CP). We found that under optimized regenerated conditions, the regeneration efficiency achieved 86.81%. This project aims to take this research one step further. Here, we investigated the regeneration efficiency of thermal regeneration and ultrasonic–thermal combination technology in the desorption of saturated PAC. The interface characteristics of various PACs under different regeneration conditions were analyzed. The regeneration potential of ultrasonic–thermal combination technology for saturated PAC was also comprehensively evaluated. Our research results provide meaningful guidance for further development of ultrasonic regeneration and could significantly reduce the energy consumption of traditional thermal regeneration.




2. Materials and Methods


2.1. Chemicals and Reagents


All reagents were of analytical grade 4-CP (99%); sodium hydroxide (NaOH, ≥98%) and PAC (100 mesh) were supplied by Aladdin (Shanghai, China). The features of the PAC included the following: specific area 1156 m2/g, average pore size 2.62 nm, micro-pore volume 0.21 cm3/g, meso-pore and macro-pore volume 0.45 cm3/g, iodine number 967.35 mg/g, and methylene blue adsorption 236.56 mg/g. Ethyl alcohol (CH3CH2OH, ≥99.7%) was acquired from Sinopharm Chemical Reagent (Beijing, China). The basic solutions were produced using water purified using a Millipore purification system (Milli-Q Advantage A10, Millipore, Burlington, MA, USA). The fresh PAC was cleaned with Milli-Q deionized water and then boiled four times. The cleaned PAC was put in an oven at 105 °C to a consistent weight, then placed in a desiccator.




2.2. Regeneration Experimental Procedures


We mixed 1 g of pretreatment, cleaned PAC with 1000 mL of 100 mg/L 4-CP solution until the PAC completely reached saturation. Before conducting the desorption tests, the suspension was maintained at room temperature (25 ± 2 °C) with stirring at 300 rpm for two days to establish equilibrium. The spent PAC was weighed and stored in a desiccator for further regeneration after being dried at 90 °C for 12 h.



Two stages of batch regeneration tests were conducted:




	(1)

	
The first steps were carried out under isothermal settings (exploring the impact of temperatures between 300 and 700 °C) and dynamical heating conditions (exploring the influence of heating rate between 20 and 40 °C min−1).




	(2)

	
Second-step procedures: When prior experiences made it possible to determine the appropriate situations for a higher-adsorption-capacity recovery, the obtained thermal regenerated PAC was then regenerated in an ultrasonic cleaner under an optimal condition that we reported in previous work [26] (with 40 kHz frequency, 0.18 W/mL sonication intensity, 0.1 M NaOH and 50% (v/v) ethyl alcohol mixture as the regeneration solution, and 1 g/L of saturated PAC mass determined to be the optimal desorption conditions).










2.3. Analytical Methods


Using a high-temperature TGA/DSC synchronous thermal analyzer (TGA/DSC 1, METTLER-TOLEDO, Zurich, Switzerland), thermogravimetric analysis was conducted. For each test, 5 mg of PAC was exposed to heat at a rate of 10 K/min from 30 °C to 800 °C in argon surroundings (50 mL/min). The chemical functional groups were determined qualitatively via FTIR (V70/HYPERION 1000, Bruker, Billerica, MA, USA). All spectra were within the wavenumber range of 4000 and 400 cm−1. Scanning electron microscopy (SEM, SU-8020, Hitachi, Tokyo, Japan) was applied to analyze the surface morphology of the original, saturated and regenerated PACs. X-ray diffraction (XRD, D8 Advance, Bruker, Karlsruhe, Germany) was applied to describe the crystal structure of the fresh and the regenerated PACs using Cu-K radiation in the range of 2θ from 10 to 80°. By using an X-ray photoelectron spectrometer (XPS, ESCALAB 250Xi, Thermo Fisher, Waltham, MA, USA), the chemical constitutions of the test samples were investigated.



The concentrations of the 4-CP were measured using HPLC (Agilent 1260 LC, Agilent, Santa Clara, CA, USA), and the mobile phase for the 4-CP was ultrapure water containing 0.2% acetic acid/MeOH (40:60, v/v). Detection was performed at 278 nm.



The regeneration efficiency (RE, %) and the weight loss percentage (η, %) were determined according to Equations (1) and (2).


  RE  %  =   a d s o r p t i o n   c a p a c i t y   o f   r e g e n e r a t e d   P A C   a d s o r p t i o n   c a p a c i t y   o f   f r e s h   P A C   × 100  



(1)






  η   ( % ) =    W t     W 0    × 100  



(2)




where η is the weight loss percentage of PAC, while the weights of PAC prior to desorption and subsequent to regeneration are W0 and Wt, respectively.





3. Results and Discussion


3.1. Thermal Desorption Efficiency of Saturated PAC


3.1.1. Effect of Regeneration Temperature


The influence of regeneration temperature was investigated between 300 and 700 °C. Figure S1 displays the effect of regeneration temperature on the RE value at regeneration times of 30 min and 60 min. As observed, the RE value was significantly promoted with a higher regeneration temperature. The RE increased from 63.89% to 85.91% and 78.60% to 90.54% as the regeneration temperature was raised from 300 to 700 °C, respectively. The activation energy for the carbon–steam reaction would typically decline with an improvement in regeneration temperature, resulting in a promotion in reaction rate and a higher RE value. The adsorption process of 4-CP on PAC is mainly chemical adsorption. With the increase in regeneration temperature, the corresponding chemical bonds between 4-CP and PAC’s surface functional groups break. The results that appear here were consistent with trends that are frequently observed during pyrolysis procedures. At a higher temperature, the 4-CP molecules are pyrolyzed to produce small molecular compounds. The small molecular compounds are easy to volatilize and desorb from PAC, which further improved the regeneration rate of PAC. In the same way that a high temperature promoted the expansion of pore structure [20], it also accelerated the cracking processes of the chemisorbed percentage for exhausted carbons. Márquez et al. reported that thermal regeneration at temperatures no higher than 350 °C can be a simple and sustainable alternative to recover GAC used in WWTPs, with regeneration efficiencies reaching (72–98%) [18].




3.1.2. Effect of Heating Rate


Figure 1 shows the results of RE value and η value at different heating rates for the runs made in a series of tests. The results show that a higher heating rate led to a higher RE of PAC, Figure 1a. For two certain regeneration temperatures, 500 °C and 700 °C, when the heating rate changed from 20 °C min−1 to 40 °C min−1, the related RE values increased from 86.82% to 89.16% and from 90.22% to 99.88%. The findings demonstrate that the desorption of 4-CP from PAC is facilitated by an increase in heating rate at 700 °C. The 4-CP molecules are easy to desorb from the pores of PAC due to rapid thermal decomposition during the process of a rapid temperature rise stage. Figure 1b exhibits the value of η at various heating rates. The value of η was remarkably increased with the improvement in heating rate. For example, η was 7.7% for 20 °C min−1, after which it increased to 9.7% for 40 °C min−1 at a temperature of 500 °C. The value of η at 500 °C is significantly lower than that at 700 °C. These results are due to the fact that a faster heating rate increases energy transfer and also reduces the time spent in residence by gases, which causes the desorption of the byproducts to degrade. At high temperatures, the decomposition of organics is accelerated and some small molecular substances are produced; additionally, some PAC is carbonized. Thus, the value of η increases.




3.1.3. Effect of Regeneration Time


With a regeneration temperature of 500 °C and a heating rate of 20 °C min−1, Figure S2 illustrates the effect of regeneration times on the RE and η values with times ranging from 30 to 90 min. It is obvious that the RE increased from 75.98% to 98.45% as the regeneration time increased from 30 to 90 min, along with an increase in η value from 7.1% to 8.7%. Extending the regeneration time is favorable for the desorption of 4-CP from PAC. However, a longer regeneration time results in a greater PAC weight loss percentage. Therefore, it is necessary to choose a suitable regeneration time to achieve the desired result. Here, we chose a regeneration time of 60 min. Additionally, a deep recovery of the adsorbent capacity needs an extreme temperature, resulting in a larger weight loss for the PAC. This result is consistent with the thermogravimetric analysis described in Section 3.3.2.





3.2. Ultrasound-Enhanced Thermal Regeneration Efficiency of Saturated PAC


3.2.1. PAC Regeneration Rate


The PAC regeneration rate under different regeneration temperatures of the thermal combined ultrasonic regeneration process is shown in Figure 2. It is noticeable that the RE value initially grew with regeneration temperature, then gradually increased, with final RE values reaching 95.56% and 99.65% for regeneration times of 30 min and 60 min, respectively, at 700 °C. The adsorption capacity was almost up to the initial value of the fresh adsorbent. Compared with the RE value of 700 °C after 30 min and 60 min, increasing the regeneration time obviously improved the adsorption process. Interestingly, the RE value is independent of time, twice the regeneration time but the RE value was almost the same as the level obtained with 30 min. The RE value for only thermal regeneration at 700 °C for 30 min was 85.91%, while the RE value was 86.81% for only ultrasonic regeneration after 180 min. We observed that the RE value obtained from thermal–ultrasound treatment at 500 °C for 30 min reached 90.99%. This result confirms that ultrasonic regeneration as a pretreatment can reduce the temperature required for thermal regeneration. In addition, the RE value increased by 10.09% at 700 °C for 30 min. This was due to the cavitation bubbles produced by the ultrasound wave growing and collapsing to form high-pressure micro-jets, a high-temperature local environment and a limited number of · OH radicals, which together promote the desorption procedure of 4-CP molecules from PAC [27,28]. In addition, the pore structure of the carbon also contributed to the desorption of the carbon. As reported, the particle size of activated carbon became smaller, the porosity recovered better and the surface area value increased after ultrasound regeneration [29]. Ultrasound also enhanced surface diffusion of PAC. For the above reasons, the heating temperature were reduced and the regeneration time for the subsequent thermal regeneration process were saved.




3.2.2. PAC Weight Loss Percentage


Figure 3 illustrated the weight loss percentage (η, %) of various regeneration methods. Obviously, an improvement in the regeneration temperature would facilitate the value of η. It should be noted that the values of η for ultrasonic–thermal treatment after 30 min and 60 min were both lower than that for single thermal regeneration. For example, when under the temperature of 500 °C and regenerated for 30 min, the value of η for the ultrasonic–thermal process decreased by 21.13% compared with single thermal regeneration. The results above demonstrate that ultrasonic–thermal combined regeneration can markedly reduce the weight loss of PAC, and energy consumption for heating can also be reduced. This can be explained by the following reasons: (i) The turbulence and shock wave generated by ultrasound cavitation accelerated the mass transfer process among the solid surface of PAC and the liquid phase, which is the main mechanism of heterogeneous acoustic chemical reactions [30]. (ii) The mechanical effect and cavitation effect of ultrasound cleared the pores blocked in the saturated PAC [31,32,33], which created superior regeneration conditions for the following thermal desorption, reducing the weight loss of PAC.





3.3. Characteristics of PACs with Different Regeneration Methods


3.3.1. FTIR Analysis


The spectra of FTIR for initial, exhausted and various regenerated PAC tests are represented in Figure 4. Various sources published the assignments of the respective functional groupings [19,34,35,36]. For the initial-PAC, the O–H stretching vibrations of the hydroxyl groups in phenols, alcohols and carboxylic acids are responsible for an absorption peak at 3200 cm−1. This peak disappeared after three regeneration process, illustrating that during the regeneration process, the O–H band was broken. The broad band between 3676 to 3424 cm−1 indicates the presence of H–O–H, which is correlated with the presence of water molecules on the PAC surface. There are noticeable distinctions in sample peak location. As for the ultrasonic–thermal–PAC, the peaks were various. The location at 1740 cm−1 was recognized to indicate the existence of C=O stretching in carboxyl. Compared to the ultrasonic–PAC and thermal–PAC, the peak at 1740 cm−1 was weakened. We speculate that the C=O group in carboxyl was produced during the thermal combined ultrasonic process. The band that exists at 1580 cm−1 is notable due to the fact that it is connected to C=O vibrations in aromatic rings and carbonyl compounds. The aromatic C=C stretches in phenyl were related to the peak at 1427 cm−1. The above spectral differences are caused by differences in temperature. However, despite this difference, many inflections or peaks can be observed in different spectra, suggesting differences in the desorption of various molecular species caused by ultrasonic effects, not only temperature. Peaks around 1219 cm−1 and 867 cm−1 were attributed to the stretching of C–O groups in phenol and Ar–H out-of-plane bending in phenyl groups, respectively. The peak at 1069 cm−1 is associated with the out-of-plane bending of aromatic C–H bonds. It should be noted that the average spectrum of Thermal-PAC was narrow compared to all samples, which demonstrates that thermal treatment mainly contributed to the physical desorption of 4-CP. The declines in surface-oxygen-containing groups were not conducive to improvement in adsorption capacity for regenerated PAC. This result is also consistent with the findings reported by Lim [37].



Different treatment methods corresponded to different infrared characteristic peaks. Comparing the regenerated PACs and the spent PAC, the peak intensities of benzene C=C and phenyl Ar–H decreased and a carboxylic acid absorption peak of C=O, O–H appeared following regeneration, indicating that chemical bonds were ruptured in the structure of 4-CP after ultrasonic regeneration. Intermediate products with benzene rings and carboxylic acid were likely produced in the desorption process.




3.3.2. Thermogravimetric Analysis


The TG and DTA trends from the thermogravimetric determination of PACs under different regeneration methods are displayed in Figure 5. As shown in Figure 5a, the thermal regeneration processes for various PACs are primarily separated into four separate phases: (i) the evaporation of water (under 150 °C); (ii) the pyrolyzation of small molecules on the PAC (150–260 °C); (iii) the elimination of the predominantly physically adsorbed substances from PACs (260–600 °C); (iv) the degradation of chemically adsorbed pollutants on PACs and the breaking of the chemical bonds of surface oxygen functional groups (at temperatures over 600 °C) [38]. In other researchers’ reports, temperatures ranging from 40 to 200 °C were related to the desorption of weakly bonded water molecules adsorbed on the adsorbent [35]. Additional results show that temperatures of 250–350 °C are conducive to the oxidation and/or decomposition of chemical compounds strongly adsorbed in small pores [18]. Thus, for various adsorbates, the temperature for desorption was slightly different. The findings from Figure 5b show that there were noticeable variations in the DTA lines of the PACs, particularly in the third and fourth phases of the heating procedure. Regarding the DTA curve of the ultrasonic–thermal–PAC, there was an identifiable peak at 260 °C, but for the DTA curves of other regenerated PACs, there were no obvious peaks. This is due to the release of water vapor or the decomposition of other volatile substances on PAC. Another investigation also reported that in the chemical regeneration of spent PAC, the wide peak at temperatures above 650 °C may be due to the decomposition of surface functionalities [39]. The corresponding TG curve (Figure 5a) of ultrasonic–thermal–PAC decreased slowly as the PAC weight loss gradually increased. As reported, ultrasound would influence the surface functional groups of PAC, and functional groups such as C=O and O–H appeared after ultrasound regeneration [26]. This difference suggests that ultrasound treatment might weaken both physical interactions such as the Van der Waals force and the hydrogen bonding interaction between 4-CP molecules and the surface of PAC, which makes 4-CP easily desorbed by ultrasonic treatment and the following heat regeneration. It was observed that a peak emerged in the DTA curve of the ultrasonic–PAC between 260 and 650 °C, and a peak appeared in that of the thermal–PAC between 500 and 700 °C. Considering that the former peak was broader than the latter, it seems probable that there is no obvious separation between the third step and the fourth phase of the ultrasonic–PAC heating process. For the thermal–PAC, the TG curve displays a considerable drop in the 400 °C to 800 °C temperature range, with a weight loss of 30.73%. This indicates that only thermal regeneration results in a high degree of PAC weight loss.




3.3.3. Characterization of the Various PACs in Different Regeneration Processes


	(1)

	
Surface morphology







Several distinctions in the surface morphology of various PACs were predicted based on the SEM photographs. The graph of the initial PAC was smooth and flat, with no discernible contaminants (Figure 6a). Impurities were present on the spent PAC surface, and the impurities were aggregated (Figure 6b). Small holes appeared on the surface after a single thermal regeneration, with the PAC surface cleaned of contaminants (Figure 6c). Meanwhile, after a single ultrasonic treatment, several flaws and tunnels can be seen on the outer layer of the PACs (Figure 6d). The appearance of cracks and caves may be a result of the ultrasonic treatment’s intense cavitation effect. After ultrasonic–thermal combined regeneration, there were some burr-like forms on the surface covered by a few impurities, which could be related to the organic cracking products on the carbon during the regeneration process (Figure 6e).



	(2)

	
XPS analysis







XPS spectra were used to study the elemental composition of the various regeneration treatments in more detail. The total survey spectra are presented (Figure S3); C and O could be detected. The obtained spectra were calibrated according to the C 1s peak (284.8 eV). The complex envelope in the high-resolution XPS spectra of the C 1s excitation suggests that several other carbon species were present on the surface of the PACs. The detailed scans of C 1s are displayed in Figure 7. Four signals used in the analysis of carbon material were included in the C 1s photoelectron spectrum of PAC [40,41,42]. The components were attributed to graphitic C atoms (C 1s (1)) [43], carbon entities in alcohol, ether groups and/or C–O–Cl bonds (C 1s(2), R–OH, C–O–C, C–O–Cl), carbon in hydroxyl groups (C 1s(3), C–OH), and carboxyl and/or ester groups (C 1s(4), O=C–OH, –C(O)–O–C) [43,44]. As can be seen from Figure 7, various regeneration processes produced different groups of C 1s. For thermal–PAC, the content of graphite carbon (area of peak C 1s (1)) decreased while the content of oxygenated carbon (area of peak C 1s (2)) increased, indicating some of the C was oxidized. For ultrasonic-PAC, the intensity of hydroxyl groups (area of peak C 1s (3)) increased, illustrating that ultrasound accelerated the generation of C–OH groups. Moreover, peak positions for the ultrasonic-PAC and ultrasonic–thermal–PAC were not significantly different, namely, the types of surface C 1s components were similar.



The detailed scans of O 1s for various PACs are shown in Figure 8. The O 1s peaks were deconvoluted into 3–5 parts for the PACs. The O 1s (1) peak at 532.1–532.9 eV is attributed to singly bonded oxygen (–O–) in C–O [40,43]. The O 1s (2) peak at 531.1–531.5 eV is ascribed to –OH groups. The double bond connecting oxygen and carbon (C=O) in carbonyl and/or carboxyl is responsible for the O 1s (3) peak at 530.6–530.9 eV [45]. Moreover, the O 1s (4) peak at 533.3–533.6 eV is responsible for the chemisorbed oxygen and water. Obviously, there were differences in the oxygen forms of the PACs after various regeneration methods. The existence of various chemical states of oxygen is represented by the wide O 1s peaks. After thermal regeneration, the state of oxygen mainly was –O– in C–O. When the saturated PAC experienced ultrasonic irradiation, the states of oxygen mainly were C–O, –OH and double-bonded oxygen. In addition, for the ultrasonic–thermal–PAC, the form of oxygen mostly was double-bonded to carbon (C=O) in carbonyl and/or carboxyl, –OH groups and C–O. As presented in the XPS spectra, the oxygenous groups increased on the surface of the ultrasonic–thermal regenerated PAC. These oxygenous groups may affect the adsorption performance of the regenerated PAC and the subsequent adsorption–regeneration process.



	(3)

	
XRD analysis







XRD analysis was applied to explore the crystalline structure of several regenerated PACs, with outcomes recorded in Figure 9. We observed that the XRD peaks of the PACs were different after their regeneration processes. For all samples, the XRD diffraction peak of C (002) at 26.5° indicates a graphite structure for the carbon material [18,19,46,47,48], while a peak at 23.1° indicates amorphous carbon. The initial–PAC and spent–PAC displayed a wide and relatively high-intensity signal at 43° (100), which is assigned to the overlapped plane of graphite (PDF #41–1487) [18]. For ultrasonic–thermal–PAC, the peak at 31.7° (200) was related to carbon oxide (CO) and matched well with the standard card of PDF#74-1229. After the three regeneration treatments, the overlapped plane of graphite was significantly less present, demonstrating that the graphite structure of carbon can be slightly destroyed by both thermal regeneration and ultrasonic regeneration. In addition, the results show that the signal intensity of amorphous carbon with low crystallinity decreased, indicating that the effect of ultrasound and pyrolysis processes changed the crystal structure characteristics of the obtained carbons.






4. Conclusions


In the present research, thermal treatment and a unique ultrasonic–thermal regeneration method were implemented to evaluate the regeneration of 4-CP spent PAC. The following conclusions can be derived from the results obtained:




	(1)

	
Regarding single thermal regeneration processes, the RE and η values all improved with increases in regeneration temperature, heating rate and regeneration time. For practical treatment, we should select relatively reasonable parameters.




	(2)

	
Under the optimum conditions for ultrasonic–thermal regeneration of PAC, a RE value of 90.99% and a η value of 5.6% were achieved. The results indicate that ultrasonic–thermal regeneration of PAC might be a practical and energy-efficient technique to reuse exhausted PAC.




	(3)

	
The FTIR analysis and XPS results revealed that after ultrasonic–thermal regeneration, a considerable increase in oxygen-containing groups was observed. These oxygen-containing groups may affect the adsorption performance of the regenerated PAC and the subsequent adsorption–regeneration process. The thermogravimetric analysis indicated that ultrasound treatment might weaken the physical interaction force between 4-CP and PAC. Additionally, the XRD analysis demonstrated that the effect of ultrasound and pyrolysis processes changed the crystal structure characteristics of the obtained carbons.
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Figure 1. Effects of heating rate on PAC regeneration rate (a) and PAC mass loss rate (b). 






Figure 1. Effects of heating rate on PAC regeneration rate (a) and PAC mass loss rate (b).



[image: Sustainability 15 09060 g001]







[image: Sustainability 15 09060 g002 550] 





Figure 2. Effect of ultrasonic–thermal regeneration on PAC regeneration rate: (a) regeneration time 30 min; (b) regeneration time 60 min. 
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Figure 3. Effect of ultrasonic-enhanced thermal regeneration on PAC mass loss rate. 
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Figure 4. FTIR spectrum of different PACs. 
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Figure 5. TG (a) and DTA (b) of different PACs. 
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Figure 6. SEM of PACs with initial–PAC (a), spent–PAC (b), thermal–PAC (c), ultrasonic–PAC (d), and ultrasonic–thermal regeneration–PAC (e) (magnification 5000 times). 
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Figure 7. XPS spectra of C 1s in PAC with initial–PAC (a), spent–PAC (b), thermal–PAC (c), ultrasonic–PAC (d), ultrasonic–thermal–PAC (e). 
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Figure 8. XPS spectra of O 1s in PAC with initial–PAC (a), spent–PAC (b), thermal–PAC (c), ultrasonic–PAC (d), ultrasonic–thermal–PAC (e). 
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Figure 9. X-ray diffraction patterns of PACs. 
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