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Abstract

:

As a typical pollutant, methylene blue poses a serious threat to the environment and human health. Oily sludge pyrolysis residue loaded with metal oxides could be used to prepare composite materials, which is not only an effective way to treat oily sludge, but also a possible method to treat methylene blue pollutants. In this paper, composite materials (AC-CuO, AC-ZnO, and AC-TiO2) were prepared by oily sludge pyrolysis residue-loaded CuO, ZnO, and TiO2 directly, and characterized by XRD, SEM, EDS, BET, FT-IR, and XPS, and it was shown that the metal oxides were successfully supported on the pyrolysis residue. Then, the composite materials were applied to the removal of methylene blue solution. The removal effect of composite materials on methylene blue with respect to the impregnation time, impregnation ratio and dosage, and the contact time and number of regenerations were investigated, and the removal parameters were optimized by response surface methodology. The removal process for methylene blue was described by applying Lagergren, McKay, Langmuir isotherm, Freundlish isotherm and intraparticle diffusion models. According to the response surface methodology and the main factors affecting the removal effect of methylene blue, the results indicate that the removal effect of 5 mg/L methylene blue could reach 95.28%, 94.95%, and 96.96%, respectively, and the corresponding removal capacities were 4.76, 4.75, and 4.85 mg/g. In addition, kinetic studies showed that the removal process of methylene blue was mainly constituted by chemical adsorption. The intraparticle diffusion showed that the removal of methylene blue may be controlled by both liquid film diffusion and intraparticle diffusion. The isotherms showed that the adsorption sites of composites for methylene blue were uniformly distributed and had the same affinity. Furthermore, regeneration experiments showed that the composite materials were stable and had relatively reusability.
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1. Introduction


Oily sludge is mainly composed of minerals, mineral oil, microorganisms, and water. According to surveys, the amount of newly generated oily sludge in oilfields in China is about 3.0 × 107 t per year [1], and with the deepening of the oil development process and the continuous progress of the mining process, the output of oily sludge is also increasing. Oily sludge has been listed as hazardous waste and can pose great threats to human health and the environment, and its treatment and reuse have been continuing for years worldwide [2,3,4]. If oily sludge is directly landfilled or stacked, not only is the surrounding environment polluted, but oil resources are also seriously wasted.



Nowadays, oily sludge treatment has become an urgent issue in China. After years of extensive research, both domestic and foreign scientific communities have formed a variety of treatment technologies, such as extraction treatment, conditioning treatment, solidification treatment, biological treatment, high-temperature pyrolysis treatment, and the incineration of oily sludge. Among them, the pyrolysis of oily sludge has the advantages of thorough treatment, a good volume reduction effect, a high resource recovery rate, a flexible recovery method, and the ability to solidify heavy metals in oily sludge [5]. Therefore, pyrolysis treatment is currently the sludge treatment technology with the greatest application prospects and development space [6,7,8]. However, previous research on pyrolysis treatment technology for oily sludge was mainly focused on the pyrolysis process and the yield, as well as the property analysis and utilization of the pyrolysis oil gas. Research on pyrolysis residue is less common, even though pyrolysis residue contains incompletely recovered oil resources and residual heavy metal elements, etc.; thus, improper handling will cause secondary pollution. Therefore, the treatment and reuse of pyrolysis residues has become a bottleneck restricting the development of pyrolysis technology. Pyrolysis residue, mainly composed of ash and carbon, is the solid residue left in the reactor after the oily sludge is pyrolyzed. The mass fraction of carbon can reach 35–50%, which has good separation and recycling values [9]. Due to the abundant carbon elements in the pyrolysis residues, carbon nanotubes may even be formed during high-temperature pyrolysis [10]. However, the adsorption effect of pyrolysis residue itself is small compared with that of other adsorption materials. Therefore, pyrolysis residues can be loaded with metal oxides to obtain composites with high specific surface area and abundant pores [11,12].



In addition, a large amount of printing and dyeing wastewater is produced in China. According to statistics, the amount of discharged textile dye wastewater in China exceeds 2 × 109 t per year, accounting for approximately 11% of the national wastewater discharge, which has become a major threat to environmental security [13,14]. Methylene blue is widely used in fabric dyeing as a cationic dye [15]. Because methylene blue has the characteristics of large output, strong toxicity, and high biological carcinogenicity [16,17], it has caused great harm to ecological safety and human health [18,19].



In recent years, many researchers have prepared adsorbents to remove methylene blue by loading metal oxides. For example, Zhang et al. [20] found that biochar/iron oxide composites can be successfully produced by green synthesis for the removal of methylene blue. Zhai et al. [21] used ZnO, MgO, and TiO2 particles as additives to load into the pores of biochar used to prepare BC-T and BC-TMZ; the results show that the prepared BC-T and BC-TMZ exhibit high removal capability of methylene blue (MB). Wang et al. [22] found that the preparation of spherical montmorillonite loaded with silver nanoparticles to remove methylene blue pollutants can achieve better reusability. These studies show that loading metal oxides can indeed improve the ability of composite materials to remove methylene blue. To the best of our knowledge, there has been no study on the use of oily sludge pyrolysis residues supported by metal oxides to remove methylene blue. Therefore, the use of oily sludge pyrolysis residues loaded with metal oxides to prepare composite materials maybe a feasible waste utilization method to remove methylene blue.



In this study, residue-supported metal oxide composite materials were prepared by the impregnation method, and oily sludge pyrolysis residue was used as a carrier. With the removal effect of methylene blue as a criterion, the effects of impregnation time, impregnation ratio, the dosage of composite material, contact time, and regeneration performance on the removal of methylene blue were investigated. Then, the loading and removal processes of metal oxides were studied through a series of characterizations and kinetics in order to provide a reference for the usage of oily sludge pyrolysis residues to support metal oxides as adsorbents.




2. Materials and Methods


2.1. Raw Materials and Reagents


The oily sludge used was reduced sludge from the Jingbian Oil Production Plant of Yan’an Oilfield, China. The sludge was a dark-brown viscous solid substance accompanied by a distinct crude oil odor. The oily sludge was first dried (105 ± 2 ℃), then ground and sieved (10 mesh). Sodium hydroxide (NaOH), hydrochloric acid (HCl), sulfuric acid (H2SO4), and methylene blue were purchased from Xi’an Chemical Reagent Factory (Xi’an, China). All chemical agents used in this study were of analytical grade and were used without further purification. The distilled water used in the experiments was purchased from Shaanxi Hankang Environmental Protection Technology Company (Xi’an, China).




2.2. Preparation Composite Materials


	(1)

	
Preparation of pyrolysis residues







Under N2 atmosphere, the oily sludge was heated to 500 °C at a rate of 10 °C/min in a pyrolysis furnace for 3 h, then cooled to room temperature naturally. The pyrolysis residue was ground into powder, passed through a 100-mesh sieve, dried for 24 h, and stored for further study.



	(2)

	
Synthesis of composite materials







The composite materials were synthesized with a facile impregnation method [23]. CuO (0.1, 0.2, 0.3, 0.4, 0.5, 0.6 g), and pyrolysis residue carrier (1.0 g) was added to 50 mL of distilled water. This mixture was stirred for 90 min with a magnetic stirrer at room temperature (25 °C), followed by impregnation for 10–110 min at 70 °C. Then, the mixture was rinsed with deionized water until it became neutral, and the solution was passed through a 0.45 μm water filter membrane with a suction filter device. Eventually, the CuO-composite material was obtained after drying the solid at 150 °C for 24 h in an oven.



The ZnO-composite material and TiO2-composite material were synthesized with a similar method, and ZnO (0.01, 0.03, 0.05, 0.1, 0.3, and 0.5 g) and TiO2 (0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 g) were loaded onto the pyrolysis residue carrier (1.0 g), respectively.




2.3. Batch Experiment


The composite material was added to the methylene blue solution with the dosage of 1 g/L, and the solution was adjusted to pH 7 using 0.1 M HCl and NaOH. Then, the flasks were placed in a thermostatic oscillator set at 160 rpm and 25 ℃ until equilibrium concentration between the adsorbent and solution was attained. Then, the removal effect of methylene blue was studied by sampling the residual methylene blue concentration in the solution using a UV–Vis spectrophotometer (Thermo Fisher UV 2350 spectrophotometer, Xi’an, China) at a maximum wavelength of 665 nm.



With the removal effect of methylene blue as a criterion, a series of batch experiments were carried out to study the effects of impregnation time, impregnation ratio, dosage, contact time, and solution concentration on the removal of methylene blue. Among them, the optimal impregnation time and impregnation ratio were selected, and the materials were named AC-CuO, AC-ZnO, and AC-TiO2, respectively. Then, AC-CuO, AC-ZnO, and AC-TiO2 were used to further study the effect of dosage (0.5–8.5 g/L), contact time (5–180 min), and solution concentration (1.0–9.0 mg/L) on the removal process of methylene blue.



The methylene blue removal amount (Qe) and removal effect (η) of the composite material can be calculated according to Formulas (1) and (2) [24].


   Q e  =      C 0  −  C e    V  m   



(1)






  η =      C 0  −  C e       C 0    100  



(2)




where C0 and Ce are the initial and e-time concentrations of methylene blue, mg/L, respectively; V is the solution volume, L; m is the weight of the composite material, g; and η is the adsorption percentage, %.



Unless otherwise specified, other factors were maintained as follows: initial concentration = 5 mg/L, impregnation ratio (AC-CuO) = 0.2:1, impregnation ratio (AC-ZnO) = 0.05:1, impregnation ratio (AC-TiO2) = 0.3:1, impregnation time (AC-CuO) = 70 min, impregnation time (AC-ZnO) = 50 min, impregnation time (AC-TiO2) = 50 min, dosage = 1 g/L, contact time = 60 min, vibration rate = 160 rpm, and temperature = 25 ± 0.5 ℃.




2.4. Optimization of the Removal Parameters


Based on the dosage, contact time, and concentration parameters in the removal process for AC-CuO, AC-ZnO, and AC-TiO2, the Box–Behnken design tool of Design Expert 7.0 software was used to conduct matrix design, and then, the effect of the interaction between various factors on the removal performance of methylene blue was studied. The experimental range and level of independent variables are shown in Table 1. Taking A—dosage (g); B—time (min); and C—concentration (mg/L) as independent variables, the significance analysis results of the response surface regression models of AC-CuO, AC-ZnO, and AC-TiO2 were studied.




2.5. Characterization Analysis


The crystal phase structures of AC-CuO, AC-ZnO, and AC-TiO2 were analyzed by using an automatic X-ray diffractometer (LabX/XRD-6000, Shimadzu, Japan). A scanning electron microscope (JSM-6390A, Jeol, Japan) was used to analyze the microscopic morphology and element species of AC-CuO, AC-ZnO, and AC-TiO2. The surface functional groups of AC-CuO, AC-ZnO, and AC-TiO2 were determined by using a Fourier transform infrared spectrometer (Nicolet 5700, Thermo Company). The specific surface area and pore distribution of AC-CuO, AC-ZnO, and AC-TiO2 were characterized by using a BET tester (ASAP-HD88, Mack Instruments, Atlanta, GA, USA), and the data were analyzed by using Origin software.




2.6. Kinetic and Diffusion Models


Intraparticle diffusion models, first-order kinetics (Lagergren equation), and second-order kinetics (McKay equation) were used to study the kinetics of methylene blue removal from composite materials. The nonlinear formulations for these kinetic models are as follows:



Intraparticle diffusion equation:


   Q t     = K   d   t  0  . 5     + b   



(3)







Lagergren equation:


   Q t     = Q   e       1 − e       − K   1  t      



(4)







McKay equation:


   Q t  =    K 2   Q e    2  t      1 + K   2   Q e  t    



(5)




where Kd (min−1), K1 (min−1), and K2 (min−1) are the rate constants of the intraparticle diffusion model and Lagergren and McKay models, respectively; b is the boundary layer effect; Qe (mg/g) is the saturated adsorption capacity; and Qt (mg/g) is the adsorption amount at time t.




2.7. Isotherms


The Langmuir and Freundlich equations were used to examine the isothermal removal of methylene blue. The nonlinear formulas of these two equations are as follows:




	Langmuir isotherm

	
 











   Q t  =    K 2   Q e    2  t      1 + K   2   Q e  t    



(6)








	Freundlish isotherm

	
 











     Q e  =  K F   C e     − n    



(7)




where KL (L mg−1) and KF are the rate constants of the Langmuir and Freundlich models, respectively, Qe (mg/g) is the equilibrium adsorption capacity, and Ce (mg L−1) is the methylene blue concentration when the equilibrium adsorption capacity is reached.




2.8. Regeneration Performance


The composite materials recovered after adsorption equilibrium in batch experiments were rinsed with distilled water to remove the residual methylene blue dye solution, and then dried. The dried composite material was placed in a stripping solution contained in a 250 mL Erlenmeyer flask. The solution contained 200 mL distilled water adjusted to pH 7 using 0.1 M HCl and NaOH. The flask was then placed in a thermostatic oscillator with settings as given in Section 2.3 to attain adsorption equilibrium. The composite materials were recovered, dried, and placed in a flask containing 200 mL of 5 mg/L initial solution of methylene blue for the next equilibrium adsorption experiment. This cycle was repeated 4 times. The regeneration performance of carbon materials was evaluated by regeneration efficiency and loss rate [25].


  R =    Q t     Q 0    ∗ 100 %  



(8)




where R is the regeneration efficiency of the carbon material, %; Qt is the adsorption capacity of the composite material after the t-th regeneration, mg/g; and Q0 is the adsorption capacity of the carbon material before regeneration, mg/g.


  L =    m 0  −  m e     m 0    ∗ 100 %  



(9)




where L is the regeneration loss rate of the carbon material, %; me is the mass of the carbon material after the e-th regeneration, g; and m0 is the mass of the carbon material before regeneration, g.





3. Results and Discussion


3.1. Influence of Preparation Conditions


During the impregnation process, CuO, ZnO, and TiO2 gradually adsorbed and diffused in the pyrolysis residue, respectively [26]. In order to study the effect of impregnation time on the degree of loading and dispersion of metal oxides on the pyrolysis residue support, the influence of impregnation time and impregnation ratio were investigated.



3.1.1. Impregnation Time


As shown in Figure 1, when the impregnation time of CuO-, ZnO-, and TiO2-supported pyrolysis residue was 70, 50, and 50 min, respectively, the removal effect of methylene blue was at its best.



When impregnation time was short, impregnation of pyrolysis residue was insufficient, and metal oxides were mainly distributed at the pore edges of the pyrolysis residue. After that, with the prolongation of impregnation time, the metal oxide gradually diffused into the pores of the pyrolysis residue carrier, which improved the removal efficiency of methylene blue [27]. However, with further increase in impregnation time, the removal effect of the composite material on methylene blue decreased. This may be due to the fact that a too-long immersion time can lead to the clogging of micropores, which reduces the removal rate of methylene blue [28].
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Figure 1. Effect of (a) CuO; (b) ZnO; (c) TiO2 composite materials’ impregnation time on methylene blue removal (impregnation ratio = 0.1:1, initial methylene blue concentration = 5 mg/L, composite materials dosage = 1 g/L, contact time = 60 min, temperature = 25 ± 0.5 °C, initial pH = 7.00). 
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[image: Applsci 12 04725 g001]






3.1.2. Impregnation Ratio


Figure 2 shows the effect of impregnation ratio on methylene blue removal. It can be seen that with the increase in impregnation ratio, the removal of methylene blue by CuO, ZnO, and TiO2 composite materials first increased and then decreased. Additionally, under the impregnation mass ratios of 0.2:1, 0.05:1, and 0.3:1, the removal effect of methylene blue reached 63.61%, 46.74%, and 74.64%, respectively. Then, with the increase of these impregnation ratios, the removal effect of methylene blue decreased. This may be attributed to the further increase in the impregnation ratio. CuO, ZnO, and TiO2 were loaded into the pores of the pyrolysis residue, leading to pore blockage, and then the mass transfer resistance of methylene blue increased [29].



The composite materials prepared under the optimal conditions mentioned above were named AC-CuO, AC-ZnO, and AC-TiO2, and were used to further explore the effect of removal conditions on the removal of methylene blue.
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Figure 2. Effect of (a) CuO; (b) ZnO; (c) TiO2 composite materials’ impregnation ratio on methylene blue removal (impregnation time (CuO) = 70 min, impregnation time (ZnO) = 50 min, impregnation time (TiO2) = 50 min, initial methylene blue concentration = 5 mg/L, composite materials dosage = 1 g/L, contact time = 60 min, temperature = 25 ± 0.5 °C, initial pH = 7.00). 
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3.2. Characterization of Composite Materials


3.2.1. Morphology Characterization of Composite Materials


SEM


The morphology and composition of the pyrolysis residue, AC-CuO, AC-ZnO, and AC-TiO2 are shown in Figure 3. It can be seen from Figure 3a that the pyrolysis residue had a relatively smooth outer surface and a blocky structure. Compared with Figure 3b–d, it can be seen that the structures of AC-CuO and AC-ZnO were not much different from that of the pyrolysis residues. However, compared with that of the pyrolysis residue, the surface roughness and particle size of AC-TiO2 increased.



From the EDS diagram in Figure 3, it can be seen that there were no energy spectrum peaks of Cu and Zn elements in the pyrolysis residue, but there were energy spectrum peaks of trace Ti elements. However, compared with those of AC-CuO, AC-ZnO, and AC-TiO2, it was found that energy spectrum peaks of Cu, Zn, and Ti appeared on the energy spectrum, respectively [30], indicating that CuO, ZnO, and TiO2 were successfully loaded on the pyrolysis residue.
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Figure 3. SEM and EDS images (a) oily sludge residue; (b) AC-CuO; (c) AC-ZnO; (d) AC-TiO2. 
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BET


Table 2 illustrates the specific surface area, pore volume, and pore size of AC-CuO, AC-ZnO, and AC-TiO2. The specific surface areas of AC-CuO, AC-ZnO, and AC-TiO2 were 5.9082, 4.9138, and 7.8951 m2/g, respectively. It can be seen that the specific surface areas of AC-TiO2 > AC-CuO > AC-ZnO were consistent with their respective removal efficiencies of methylene blue, which indicates that the pore structure of the composite material was involved in the removal of methylene blue. This conclusion is consistent with previous research findings [31,32].



In addition, by analyzing the ratio of mesopores to total pores, the mesoporosity of AC-CuO, AC-ZnO, and AC-TiO2 was 93.69%, 94.44%, and 99.64%, respectively, indicating that the pore size distribution of AC-CuO, AC-ZnO, and AC-TiO2 was dominated by the mesopores.



Figure 4 shows the N2 adsorption–desorption curves of AC-CuO, AC-ZnO, and AC-TiO2, respectively. All the curves did not overlap, which may be due to the small specific surface area of them and the underdeveloped pores. In addition, the N2 adsorption–desorption curves were all closed, and the classification of the hysteresis loop belonged to the IV type, indicating AC-CuO, AC-ZnO, and AC-TiO2 were mostly composed of mesopores [33].



Figure 5 shows the pore size distribution curves of AC-CuO, AC-ZnO, and AC-TiO2, respectively. It can be seen that the pore size distributions were relatively concentrated, and the pore structure was dominated by mesopores between 2 and 20 nm, with almost no macropores. This result is consistent with that of N2 adsorption–desorption analysis. The concentrated pore size distribution facilitated the methylene blue removal process [34].
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Table 2. Specific surface area and pore volume of the composite materials.
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	Source
	Specific Surface Area (m2/g)

SBET
	Micropore Volume

(cm3/g)

Vmic
	Mesopore Volume

(cm3/g)

Vmes
	Total Pore Volume

(cm3/g)

Vtot
	Mesopore Average Pore Diameter

(nm)
	Total Pore Average Pore Diameter

(nm)

DP





	AC-CuO
	5.9082
	0.0014
	0.0208
	0.0222
	16.6842
	14.6344



	AC-ZnO
	4.9138
	0.0012
	0.0204
	0.0216
	19.6171
	17.1305



	AC-TiO2
	7.8951
	0.0001
	0.0834
	0.0837
	15.8715
	15.6531
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Figure 4. N2 adsorption-desorption curves of (a) AC-CuO; (b) AC-ZnO; and (c) AC-TiO2. 
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Figure 5. Pore size distribution curves of (a) AC-CuO; (b) AC-ZnO; and (c) AC-TiO2. 
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3.2.2. Composition Characterization of Composite Materials


XRD


X-ray diffraction of the pyrolysis residue and AC-CuO, AC-ZnO, and AC-TiO2 are shown in Figure 6. It can be seen that the characteristic diffraction peaks of CuO appeared near 35°, 38°, 49°, and 66° in AC-CuO, and the peaks at 61° and 68° were stronger than those of the pyrolysis residue. After removal of methylene blue, the characteristic diffraction peaks remained relatively stable. The characteristic diffraction peaks of ZnO (characteristic diffraction peaks near 32°, 34°, 36°) and TiO2 (characteristic diffraction peaks near 25°, 37°, 48°) appeared on AC-ZnO and AC-TiO2, respectively, indicating that AC-ZnO and AC-TiO2 were successfully prepared.




FT-IR


The FT-IR analysis of pyrolysis residue and AC-CuO, AC-ZnO, and AC-TiO2 are shown in Figure 7. It can be seen that the -OH absorption peak and C = C stretching vibration absorption peak of the pyrolysis residue presented at 3421 and 1638 cm−1, respectively, indicating that there were hydroxyl and C = C functional groups on the surface of the residue. There were two absorption peaks at 872 and 613 cm−1, indicating the existence of meta-disubstituted aromatic hydrocarbons on the surface of the pyrolysis residue. The absorption peak near 471 cm−1 may have been caused by the mineral composition in the sludge ash [35]. Compared with that in the pyrolysis residue, the -OH absorption peak of the composite materials weakened due to the supported metal oxide. Among them, the characteristic peaks of CuO, ZnO, and TiO2 presented were between 410 and 610 cm−1 [36], 400 and 600 cm−1 [37], and 400 and 1000 cm−1 [38], respectively, indicating that AC-CuO, AC-ZnO, and AC-TiO2 were successfully prepared.




XPS


Figure 8 shows the XPS images of AC-CuO, AC-ZnO, and AC-TiO2, respectively. High-resolution XPS spectra of Cu 2p, Zn 2p, and Ti 2p demonstrated the presence of prominent Cu, Zn, and Ti peaks in the composite materials, respectively, indicating that CuO, ZnO, and TiO2 had been attached to the pyrolysis residue.






3.3. Influence of Adsorption Conditions


3.3.1. Effect of Composite Material Dosage


Figure 9 shows the effect of different dosages on the removal of methylene blue. It can be seen that the removal effect of methylene blue gradually increased with the increase in the dosage of AC-CuO, AC-ZnO, and AC-TiO2 from 0.5 to 5.5 g/L. This may be due to the fact that more loading provided more surface area and pore structure, thus increasing the available active sites [39].



However, when the dosage of AC-CuO, AC-ZnO, and AC-TiO2 was from 5 to 8.5 g/L, even when the dosage increased, methylene blue removal effect did not change. This can be attributed to the fact that the increase in AC-CuO, AC-ZnO, and AC-TiO2 provided sufficient adsorption sites for the rapid removal of methylene blue solution [40].
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Figure 9. The effect of (a) AC-CuO; (b) AC-ZnO; (c) AC-TiO2 dosages on the removal of methylene blue (initial concentration = 5 mg/L, contact time = 60 min, temperature = 25 ± 0.5 °C, initial Ph = 7.00). 
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3.3.2. Effect of Contact Time


Figure 10 shows the effect of the contact time on the removal of methylene blue. It can be seen that the removal effect of methylene blue by AC-CuO, AC-ZnO, and AC-TiO2 increased rapidly at the initial stage. Additionally, with the prolongation of contact time, the removal effect slowed down and reached equilibrium after 90 min. Furthermore, comparing with CuO, ZnO, and TiO2, AC-CuO, AC-ZnO, and AC-TiO2 were able to improve the removal effect of methylene blue.



At the initial stage of removal, there were many adsorption sites on the surface of AC-CuO, AC-ZnO, and AC-TiO2, and the concentration of the methylene blue was high, the mass transfer driving force was large, and the removal rate was faster [41]. Additionally, with the extension of time, the active sites were gradually occupied by methylene blue, the number of empty active sites decreased, and the adsorption rate was relatively slow [42].
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Figure 10. The effect of (a) AC-CuO; (b) AC-ZnO; (c) AC-TiO2 contact time on the removal of methylene blue (initial concentration = 5 mg/L, dosage = 1 g/L, temperature = 25 ±0.5 °C, initial pH = 7.00). 
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[image: Applsci 12 04725 g010]






3.3.3. Effect of Concentration


Figure 11 shows the effect of concentration on the removal of methylene blue. The removal capacity of AC-CuO, AC-ZnO, and AC-TiO2 increased with an increase in methylene blue concentration. This can be attributed to the increased effective collisions between the AC-CuO, AC-ZnO, and AC-TiO2 and methylene blue, resulting in higher removal capacity for the methylene blue solution [43].





3.4. Removal Parameters Optimization


Table 3 shows that the regression model had a good fit and high experimental accuracy. Therefore, the results of the quadratic polynomial regression equation (Equations (10)–(12)) were credible. Based on the optimization results in the equations, it can be inferred that: (1) when the dosage was 4.20 g/L, the contact time was 106.48 min and the concentration was 5 mg/L, the removal effect of AC-CuO on methylene blue was 95.28%, and the corresponding removal capacity was 4.76 mg/g; (2) when the dosage was 4.25 g/L, the contact time was 80.78 min and the concentration was 5 mg/L, the removal effect of AC-ZnO on methylene blue was 94.95%, and the corresponding removal capacity was 4.75 mg/g; and (3) when the dosage was 4.50 g/L, the time was 84.95 min and the concentration was 5 mg/L, the removal effect of AC-TiO2 on methylene blue was 96.96%, and the corresponding removal capacity was 4.85 mg/g.



In addition, the effect of the response surfaces of AC-CuO, AC-ZnO, and AC-TiO2 under different conditions on the removal effect of methylene blue are shown in Figure 12, Figure 13 and Figure 14. It can be seen that when the concentration was constant, the contact time had a greater impact on the removal effect of methylene blue than its dosage; when the contact time was constant, the dosage had a greater impact than its concentration; and when the dosage was constant, the contact time had a greater effect than its concentration. As a matter of fact, the factors of AC-CuO, AC-ZnO, and AC-TiO2 exhibited the similar trend of methylene blue removal. Therefore, the strength of the effect of AC-CuO, AC-ZnO, and AC-TiO2 on the removal of methylene blue with different dosage, contact time, and concentration can be given in the order contact time > dosage > concentration.


RAC-CuO = 79.71 + 12.12A + 14.52B−3.69C − 0.56AB + 0.15AC + 0.52BC − 7.92A2 − 4.56B2 + 1.10C2



(10)






RAC-ZnO = 85.03 + 9.93A + 17.60B − 3.19C + 0.055AB + 0.33AC − 0.87BC − 6.51A2 − 12.73B2 + 0.31C2



(11)






RAC-TiO2 = 83.47 + 4.37A + 25.01B − 3.92C − 0.12AB + 0.055AC + 0.083BC − 1.22A2 − 14.97B2 + 0.22C2



(12)








3.5. Kinetic and Diffusion Studies


Figure 15 is the kinetics model of AC-CuO, AC-ZnO, and AC-TiO2, and the correlation coefficients are shown in Table 4, from which we can see that the McKay kinetic model was a better fit than the Lagergren model. The adsorption process described by the McKay kinetic model was accompanied by the formation of chemical bonds. It can be inferred that the main form of adsorption of methylene blue was chemical adsorption [44].



In addition, in order to understand the rate-limiting step for the removal of methylene blue, a fit to the actual data was performed using an intra-particle diffusion model (Table 5). The correlation coefficients of AC-CuO, AC-ZnO, and AC-TiO2 for the intraparticle diffusion model were 0.83, 0.80, and 0.85, respectively, and the intercepts were b≠0. This indicates that the intraparticle diffusion could not describe the whole process of removing methylene blue, thus, it can be inferred that the removal of methylene blue may be controlled by both liquid film diffusion and intraparticle diffusion [45].
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Figure 15. Kinetics model of (a) AC-CuO, (b) AC-ZnO, and (c) AC-TiO2. 
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Table 4. Summary of correlation coefficients for kinetic model fitting.
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Adsorption Model

	
Lagergren Model

	
McKay Model






	
Composite material

	
AC-CuO

	
AC-ZnO

	
AC-TiO2

	
AC-CuO

	
AC-ZnO

	
AC-TiO2




	
Nonlinear expression

	
    Q t  =  Q e    1 −  e  −  K 1  t       

	
    Q t  =    K 2   Q e    2  t   1 +  K 2   Q e  t     




	
Fitting parameters

	
Qe = 4.3604

K1 = 0.1573

	
Qe = 4.5795

K1 = 0.0840

	
Qe = 4.7746

K1 = 0.0437

	
Qe = 4.6903

K2 = 0.0511

	
Qe = 5.0446

K2 = 0.0245

	
Qe = 5.5352

K2 = 0.0099




	
R2

	
0.68

	
0.88

	
0.95

	
0.90

	
0.96

	
0.97
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Table 5. Summary of correlation coefficients for intraparticle diffusion model fits.
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Adsorption Model

	
Intra-Particle Diffusion Model






	
Composite material

	
AC-CuO

	
AC-ZnO

	
AC-TiO2




	
Nonlinear expression

	
    Q t     = K   d   t  0  . 5     + b    




	
Fitting parameters

	
Kd = 0.1689

b = 2.8412

	
Kd = 0.2355

b = 2.2788

	
Kd = 0.3270

b = 1.3115




	
R2

	
0.83

	
0.80

	
0.85










3.6. Isotherm Studies


Figure 16 is the isotherm model of AC-CuO, AC-ZnO, and AC-TiO2, and the correlation coefficients are shown in Table 6. We found that both the Langmuir adsorption isotherm model and Freundlich adsorption isotherm could describe the removal process of methylene blue (R2 > 0.9). Therefore, it can be considered that the adsorption sites of AC-CuO, AC-ZnO, and AC-TiO2 for methylene blue were uniformly distributed and had the same affinity, and the adsorption process was mainly represented by chemical adsorption [46].




3.7. Regeneration Studies


Table 7 shows the regeneration numbers on the removal effect of methylene blue. It can be seen that the secondary removal effect was 90 ± 2%. After three regenerations, the removal effects of AC-CuO, AC-ZnO, and AC-TiO2 dropped to 79.50%, 66.60%, and 66.85%, respectively. This may be due to the active sites on the surface being slowly occupied with the repeated use of the composite materials, resulting in the gradual blockage of the pore size, resulting in a continuous decrease in the removal performance.



Table 8 shows the regeneration loss rates for the removal of methylene blue. It can be seen that the regeneration loss rates of AC-CuO, AC-ZnO, and AC-TiO2 increased from 4.24, 6.12, 4.83 to 25.33, 30.17, and 34.24 in four cycles.



Combining the removal effect of methylene blue and the regeneration loss rate of AC-CuO, AC-ZnO, and AC-TiO2, which indicates that AC-CuO, AC-ZnO, and AC-TiO2 had relative stability for methylene blue removal.
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Table 7. Influence of regeneration numbers on the removal effect of methylene blue.
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Number of Regenerations

	
Regeneration Efficiency




	
AC-CuO

	
AC-ZnO

	
AC-TiO2






	
1

	
100

	
97.97

	
99.30




	
2

	
88.78

	
91.91

	
96.70




	
3

	
79.50

	
66.60

	
66.85




	
4

	
62.27

	
45.73

	
24.03
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Table 8. Regeneration loss rate for the removal of methylene blue.
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Number of Regenerations

	
Loss Rate




	
AC-CuO

	
AC-ZnO

	
AC-TiO2






	
1

	
4.24

	
6.12

	
4.83




	
2

	
10.82

	
9.49

	
9.03




	
3

	
17.74

	
17.83

	
16.89




	
4

	
25.33

	
30.17

	
34.24










3.8. Mechanism of the Methylene Blue Removal


Based on the structure characterization, the kinetic analysis, the adsorption isotherm studies, and the intraparticle diffusion model studies, a possible mechanism for removing methylene blue is as follows: In a methylene blue solution at pH 7, methylene blue migrates from the aqueous solution to the surface of the composite materials first. Secondly, at the solid–liquid interface, methylene blue bonds with the active sites of composite materials by liquid film diffusion and intraparticle diffusion, then being removed by chemical adsorption, predominantly.





4. Conclusions


With oily sludge pyrolysis residue as a carrier to load CuO, ZnO, and TiO2, composite materials (AC-CuO, AC-ZnO, and AC-TiO2) were obtained, which were then used for the removal of methylene blue solution. Compared with that of CuO, ZnO, and TiO2, AC-CuO, AC-ZnO, and AC-TiO2 had a better methylene blue removal effect. Among them, AC-TiO2 had the best removal effect of 5 mg/L methylene blue, and the removal capacity was 4.85 mg/g. Moreover, the possible removal process of methylene blue by composite materials was mainly chemical adsorption and was also controlled by both liquid film diffusion and intraparticle diffusion. From this study, oily sludge pyrolysis residue was applied to synthesize metal oxides-loaded composite materials and then used to remove methylene blue pollutants, which gave a possible idea to realize synergistic disposal of oily sludge pyrolysis residues and methylene blue pollutants.
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Figure 6. XRD patterns of pyrolysis residue; (a) AC-CuO; (b) AC-ZnO; and (c) AC-TiO2. 






Figure 6. XRD patterns of pyrolysis residue; (a) AC-CuO; (b) AC-ZnO; and (c) AC-TiO2.



[image: Applsci 12 04725 g006]







[image: Applsci 12 04725 g007 550] 





Figure 7. FT-IR images of residue carrier; (a) AC-CuO; (b) AC-ZnO; and (c) AC-TiO2. 
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Figure 8. XPS spectra of (a) AC-CuO; (b) AC-ZnO; and (c) AC-TiO2. 
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Figure 11. The effect of concentration on the removal of methylene blue (contact time = 90 min, dosage = 1 g/L, temperature = 25 ± 0.5 °C, initial pH = 7.00). 
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Figure 12. Response surface of the dosage (A), contact time (B), and concentration (C) of AC-CuO on the removal effect of methylene blue. 
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Figure 13. Response surface of the dosage (A), contact time (B), and concentration (C) of AC-ZnO on the removal effect of methylene blue. 
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Figure 14. Response surface of the dosage (A), contact time (B), and concentration (C) of AC-TiO2 on the removal effect of methylene blue. 
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Figure 16. Isotherm model of (a) AC-CuO, (b) AC-ZnO, and (c) AC-TiO2. 
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Table 1. The experimental range and level of independent variables.
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Factor

	
Levels




	
−1

	
0

	
+1






	
A—dosage (g)

	
0.5

	
0.7

	
0.9




	
B—time (min)

	
30

	
60

	
90




	
C—concentration (mg/L)

	
3

	
5

	
7
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Table 3. Significance analysis results of the response surface regression model of the methylene blue removal effect.
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	Composite Material
	Lack of Fit(P)
	C.V.%
	R-Squared
	Adj R-Squared
	Pred R-Squared
	Std. Dev.





	AC-CuO
	0.2702
	0.62
	0.9996
	0.9930
	0.9950
	0.60



	AC-ZnO
	0.9455
	0.55
	0.9997
	0.9993
	0.9992
	0.42



	AC-TiO2
	0.3302
	1.49
	0.9986
	0.9967
	0.9866
	1.13
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Table 6. Summary of correlation coefficients for kinetic model fitting.
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Isotherm

Model

	
Langmuir Model

	
Freundlich Model






	
Composite material

	
AC-CuO

	
AC-ZnO

	
AC-TiO2

	
AC-CuO

	
AC-ZnO

	
AC-TiO2




	
Nonlinear expression

	
    Q e  =    K L   Q  m a x    C e    1 +  C e      

	
    Q e  =  K F   C e     − n     




	
Fitting parameters

	
KL = 0.1035

Qmax = 12.08

	
KL = 0.0341

Qmax = 32.71

	
KL = 0.0339

Qmax = 33.36

	
KF = 1.2609

n = 0.7094

	
KF = 1.1485

n = 0.8711

	
KF = 1.1677

n = 0.8704




	
R2

	
0.95

	
0.99

	
0.99

	
0.92

	
0.99

	
0.99
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