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Abstract

:

In this report, phthalocyanine (Pc)/reduced graphene (rG)/bacterial cellulose (BC) ternary nanocomposite, Pc-rGBC, was developed through the immobilization of Pc onto a reduced graphene–bacterial cellulose (rGBC) nanohybrid after the reduction of biosynthesized graphene oxide-bacterial cellulose (GOBC) with N2H4. Field emission scanning electron microscopy (FESEM) and Fourier transform infrared spectroscopy (FT-IR) were employed to monitor all of the functionalization processes. The Pc-rGBC nanocomposite was applied for the treatment of phenol wastewater. Thanks to the synergistic effect of BC and rG, Pc-rGBC had good adsorption capacity to phenol molecules, and the equilibrium adsorption data fitted well with the Freundlich model. When H2O2 was presented as an oxidant, phenol could rapidly be catalytically decomposed by the Pc-rGBC nanocomposite; the phenol degradation ratio was more than 90% within 90 min of catalytic oxidation, and the recycling experiment showed that the Pc-rGBC nanocomposite had excellent recycling performance in the consecutive treatment of phenol wastewater. The HPLC result showed that several organic acids, such as oxalic acid, maleic acid, fumaric acid, glutaric acid, and adipic acid, were formed during the reaction. The chemical oxygen demand (COD) result indicated that the formed organic acids could be further mineralized to CO2 and H2O, and the mineralization ratio was more than 80% when the catalytic reaction time was prolonged to 4 h. This work is of vital importance, in terms of both academic research and industrial practice, to the design of Pc-based functional materials and their application in environmental purification.
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1. Introduction


Phenol and phenol derivatives are widely used in a series of fields such as petrochemicals, pharmaceuticals, textile manufacturing, wood products, steel foundries, etc. The resulting phenolic compound-containing effluents are classified as one of the highest priority types of industrial pollutants due to their toxicity to aquatic organisms and human beings, even at low concentrations [1,2]. The increasing concern regarding their environmental and health risks prompted the implementation of effective treatment techniques that are capable of dealing with phenolic compounds. Due to the toxicity and poor biodegradability of this kind of pollutant, biological degradation, which is prevalent in industrial wastewater treatment, is difficult to apply [3,4]. Other techniques, such as membrane filtration [5], solvent extraction [6,7] and chemical oxidation [8,9], have the drawbacks of low efficiency and the possible generation of toxic byproducts. Out of all the methods, adsorption is still considered as the most versatile, simple, and widely used treatment approach due to the low cost, high efficiency, and convenient operation of this method [10,11,12]. Among all of the adsorbents available for the adsorption of phenolic compounds, graphene stands out as an impressive candidate due to its unique physicochemical properties, including ultra-high surface area, environmental compatibility, good recyclability, and excellent mechanical strength [13,14,15]. There are studies on the adsorption of phenolic compounds onto graphene in the literature [13,16,17], and good adsorption capacity was reported. However, the adsorption method only transferred the phenolic compounds from the effluent to the adsorbent; for complete elimination of the pollutant, post-processing treatment was necessary before discharge into the environment.



The advanced oxidation process (AOP) is a research hotspot within the field of wastewater treatment because of the great potential of this technique in terms of the deep oxidation of organic compounds, including phenolic compounds, based on the generation of powerful oxidant hydroxyl radicals (·OH) [18,19,20,21,22]. The typical AOP, such as Fenton’s reagent (Fe2+ and H2O2), UV+H2O2, and UV+O3, has the disadvantages of having harsh application conditions, causing secondary pollution, and being unrecyclable. To solve these problems, different kinds of Fenton-like systems were developed by researchers [23,24,25,26], while highly efficient and industrial feasible reaction systems still need to be explored.



Thanks to their structural similarity with the naturally occurring metal porphyrin, metal phthalocyanine (Pc) complexes, a class of versatile functional molecules, were employed as bio-inspired catalysts, and the application of Pc as a Fenton-like catalyst was also frequently reported [27,28,29]. In practical applications, Pc was often prepared in the heterogeneous form for the prevention of the formation of inactive aggregates and the easy recovery of reaction media for recycling purposes [28,30,31,32,33]. Since the heterogeneous catalysis reaction often involves the diffusion of the reactants from the bulk phase to the external surface of the catalyst, adsorption of the reactants onto the catalyst, and catalytic reaction at specific active sites, the catalytic efficiency of the heterogeneous catalyst relies extensively on the adsorption process [34]. The improvement of the adsorption capacity of the heterogeneous catalyst can facilitate the subsequent catalytic reaction, and accordingly, the enhancement of the catalytic efficiency is reasonably expected.



By taking advantage of the excellent adsorption capacity of graphene and the high catalytic activity of Pc, ideal treatment of phenol can be achieved by simultaneous adsorption and catalytic degradation. The combinations of Pc together with graphene for the treatment of organic compounds were previously reported by us and others [35,36,37]. In this paper, a novel ternary nanocomposite, Pc-rGBC, was fabricated through the immobilization of Pc onto a reduced graphene–bacterial cellulose (rGBC) nanohybrid. The Pc-rGBC was applied for the treatment of phenol wastewater, and both the adsorption and catalytic degradation processes were thoroughly investigated. High performance liquid chromatography (HPLC), chemical oxygen demand (COD), and electron paramagnetic resonance (EPR) technologies were employed to study the catalytic oxidation mechanism of the Pc-rGBC+H2O2 reaction system.




2. Materials and Methods


2.1. Materials and Reagents


Acetobacter xylinum (category No. BNCC 280126) was purchased from BeNa Culture Collection Co., Ltd. (Beijing, China). Aqueous graphene oxide (GO) dispersion (0.5 mg/mL) was purchased from Aladdin Co., Ltd. (Shanghai, China). Sulfonated cobalt phthalocyanine (Pc, 98 wt%) was purchased from Energy Chemical Co., Ltd. (Shanghai, China). 5,5-dimethyl-1-pyrroline-N-oxide (DMPO), of analytical grade, was purchased from Sigma-Aldrich (Saint Louis, MO, USA). N, N-diethyl-p-phenylenediamine (DPD), D-glucose, ethanol, sodium hydroxide, dimethylformamide and other common chemical reagents were of analytical grade, and were purchased from Sinopharm Chemical Reagent Co., Ltd. (Beijing, China). Hydrogen peroxide (30 wt%) was obtained from Beijing Chemicals Co., Ltd. (Beijing, China). Acetonitrile, phosphoric acid, aromatic compounds, and organic acids, used for HPLC analysis, were of HPLC grade and were purchased from Sinopharm Chemical Reagent Co., Ltd. (Beijing, China).




2.2. Preparation of Pc-rGBC Nanocomposite


The bacterial strain Acetobacter xylinum was employed to produce both bacterial cellulose (BC) and graphene oxide-bacterial cellulose (GOBC). The culture medium for pristine BC was composed of 8.0% (w/v) D-glucose, 1.0% (w/v) yeast extract, 1.0% (w/v) ethanol, and disodium phosphate (Na2HPO4). For the preparation of GOBC nanohybrid, a GO-dispersed culture medium was first prepared. The GO concentration in culture medium was adjusted in the range of 0–200 mg/L. Typically, 125 mg/L of aqueous GO dispersion was mixed with 40 mL of BC culture medium, stirred for 120 min and sterilized at 121 °C in an autoclave for 30 min. The sterilized mixture was cultivated with the bacteria Acetobacter xylinum at 30 °C. The harvested BC and GOBC were incubated in a 0.10 mol/L NaOH solution for 30 min, and washed with ultrafiltration water until reaching a neutral pH. For the immobilization of Pc onto the GOBC nanohybrid, the sample was first immersed in a N2H4 solution (1 µL/mL) at 25 °C for 24 h, thoroughly washed with ultrafiltration water, and then the reduced graphene–bacterial cellulose nanohybrid (rGBC) was immersed into a saturated Pc solution and ultrasonicated for 24 h. The resulting product was washed several times with dimethylformamide (DMF) to eliminate the residual Pc, and then rinsed with ultrafiltration water. The GO content of GOBC and the Pc content of Pc-rGBC nanocomposite were calculated according to Equations (1) and (2), respectively:


  GO   content    (  mg / g  )  =    m  GO      m  GOBC      



(1)






  Pc   content    (   µ mol  / g  )  =    n  Pc      m  Pc − rGBC      



(2)




where mGO, mGOBC, and mPc−rGBC are the weights of GO (mg), GOBC membrane (g), and Pc-rGBC nanocomposite (g), respectively; nPc is the mole number of Pc in the nanocomposite (µmol), which was measured by atomic absorption spectrometry (Thermo Sollar M6).




2.3. Characterization


The morphologies of all samples were monitored by field emission scanning electron microscopy (FESEM, Serion, FEI, Hillsboro, Oregon, USA). Fourier transform infrared (FT-IR) spectra were carried out using a FT-IR spectrometer (Bruker Optics, Faellanden, Switzerland) with the KBr disc technique.




2.4. Adsorption and Catalytic Degradation of Phenol


The adsorption experiments were conducted in a stirred tank glass reactor and placed in a thermostatic water bath at 50 °C. Aqueous solution of phenol was used to simulate the wastewater. Phenol stock solution (100 mg/L) was prepared by dissolving phenol in deionized water and further diluted to the required concentrations before use. Typically, 1 mg of Pc-rGBC nanocomposite and 25 mL of phenol solution were mixed in a flask. After adsorption for a given time, samples were separated by filtration and the phenol concentrations were analyzed by UV-Vis spectroscopy at 270 nm. The concentration change of phenol solution was expressed as a change in Ct/C0 value; the uptake of the adsorbate at time t (qt (mg/g)) and at equilibrium (qe (mg/g)) was calculated by Equations (3) and (4), respectively:


   q t    =    C 0  −  C t     m  Pc − rGBC       × V  



(3)






   q e    =      C 0  −  C e     m  Pc − rGBC       ×   V  



(4)




where C0, Ct, and Ce are the concentrations (mg/L) of phenol at the initial time point, at time t, and at the point of equilibrium, respectively; V is the volume (L) of the solution; mPc−rGBC is the weight (g) of Pc-rGBC nanocomposite.



To initiate the catalytic oxidation process, a given volume of H2O2 was added into the above-mentioned mixture to make its initial concentration 50 mM. The concentration of H2O2 during the reaction was determined by a DPD photometric method [38]. The EPR signal of radicals formed during the reaction was spin-trapped by DMPO and examined with a Bruker-A300 X-band EPR spectrometer (Bruker, Karlsruhe, Germany). Analysis of the catalytic oxidation product was conducted by means of the HPLC method using an Agilent 1100 Series liquid chromatography device (USA) equipped with a UV/DAD detector. The HPLC series was equipped with a reverse-phase C18 5 µm column (150 mm in length, 4.6 mm in diameter), and the mobile phase comprised a mixture of acetonitrile and 2‰ phosphoric acid solution (35:965, v/v). The detection wavelength for the products was set at 214 nm. Identification was achieved through the comparison of retention times. The COD of the solution was measured using a 5B-3B (V8)-type COD analyzer (Lianhua, Beijing, China). The COD change of the solution was expressed as the change of the COD/COD0 value, where COD and COD0 are the instant COD and the initial COD value of the solution, respectively. The samples were filtrated with a 0.22 µm Millipore filter to remove any particles prior to examination by HPLC and with the COD analyzer. To test the stability of Pc-rGBC for cyclic runs, the nanocomposite was recycled after treatment of phenol wastewater, thoroughly washed with ultrafiltration water, and vacuum dried at 25 °C for 24 h for the next use.





3. Results and Discussion


3.1. Materials’ Characterization


Pc-rGBC nanocomposite was fabricated in three steps: the biosynthesis of GOBC, the reduction of GOBC to form rGBC, and the immobilization of Pc onto rGBC. The morphologies of BC, GOBC, rGBC, and Pc-rGBC were characterized by FESEM. For pure BC membrane, the diameter of nanofibers was several dozen nanometers, and a porous 3D structure was formed by these nanofibers (Figure 1A). The morphology of the GOBC membrane also has a nanoscale pattern, and the obvious adsorption of GO onto BC nanofibers was observed (Figure 1B). After the reduction of GOBC with N2H4, little change of morphology of rGBC was found, implying that there was good membrane stability during the chemical treatment (Figure 1C). When Pc was immobilized onto rGBC, the resulting Pc-rGBC membrane showed a much coarser morphology (Figure 1D). Furthermore, compared with that of rGBC, the existence of the Co atom and the S atom for the Pc-rGBC nanocomposite was confirmed by EDX spectra (Figure 1E,F), which directly indicated the successful immobilization of Pc onto the rGBC membrane.



Fourier transform infrared (FT-IR) absorption spectra were employed to identify the vibration of the functional groups of all of the prepared membranes. For the BC membrane, the strong absorption located at around 3356 cm−1 was the typical -OH stretching vibration (Figure 2a). The presence of abundant hydrophilic oxygen-containing groups of BC was also verified by the peaks at 1597 cm−1 (–OH bending vibration) and 1056 cm−1 (C–O–C vibration), and the peak at 2920 cm−1 was attributed to the C–H vibration. For GOBC, the new peak located at 1658 cm−1 could be ascribed to the C=O vibration, which was the result of the successful incorporation of GO in the BC membrane (Figure 2b) [39]. After the reduction treatment, the peak ascribed to the C=O functional groups suffered a significant decrease in intensity, revealing the successful removal of C=O with the reduction of N2H4 (Figure 2c). For Pc-rGBC nanocomposite, the characteristic peaks located at 916 cm−1 and 723 cm−1 were related to metal ion and Pc ring, which denotes the coordination between the three-dimensional unoccupied orbital of the Co atom and the N atoms in the Pc rings [40]. Furthermore, the characteristic peaks at 1730 cm−1 and 1080 cm−1 were attributed to the C=N stretching vibration and the S=O stretching vibration of Pc, respectively (Figure 2d). All these results further verified the successful preparation of Pc-rGBC nanocomposite.




3.2. Study of Cultivation and Pc Immobilization Process


To adequately understand the membrane production process, the time course of the productivity of the BC and the GOBC membrane during cultivation was studied (Figure 3A). The production of the BC membrane (Figure 3A (a)) started slowly, and small nanofibers were found in the culture medium in the first 2 days; this period was known as the lag phase of the bacteria [41]. The bacteria reached the exponential growth phase within 2 days of culture; accordingly, the productivity of BC increased rapidly. After cultivation for 5 days, ca. 2.5 g/L of BC membrane was produced; a further increase in cultivation time has little effect on the productivity of the membrane, which was mainly due to the complete consumption of the substrate. In comparison, the production of the GOBC membrane was initiated more slowly than that of pure BC (Figure 3A (b)). After incubation, the bacteria needed to adapt to the new environmental conditions and accommodate for a fast division. Due to the presence of GO nanosheets in the culture medium, the growth of the bacteria was affected to some extent [42,43]; therefore, a prolonged lag phase was observed. With 125 mg/L of GO added into the culture medium, less than 0.2 g/L of GOBC membrane could be produced for cultivation for 3 days, implying that the cultivation was inhibited to some extent by GO. It was reasonable that this inhibition effect had an increasing trend with the increase in GO concentration (inset of Figure 3A). It took ~75 h to produce 0.3 g/L (10% of the maximum productivity) of membrane in the culture medium with 125 mg/L of GO, compared to only ~35 h for the membrane without graphene. Further increases in graphene concentration resulted in much more severe inhibitions of membrane growth; the cultivation process was drastically inhibited when the GO concentration was higher than 200 mg/L.



The influence of the initial GO concentration on the productivity and GO content of the membrane is shown in Figure 3B. Without the addition of GO, ca. 2.5 g/L of membrane can be formed within 5 days of cultivation (Figure 3B (a)). When the GO concentration was increased, a slight increase in membrane productivity was observed, which can be ascribed to the incorporation of GO in the membrane. The productivity of the membrane was 2.92 g/L when the GO concentration in the culture medium was 125 mg/L, which was 15% higher than that without the addition of GO. However, further increases in GO concentration resulted in significant decreases in membrane productivity. With the addition of 200 mg/L of GO in the culture medium, the productivity drastically decreased to 1.42 g/L, which was only ca. 50% of the maximum value. The production of GOBC needed to include the following processes: firstly, BC nanofibers were synthesized by the bacteria, and GO was then adsorbed onto the formed nanofibers; subsequently, the newly formed nanofibers were covered on the GO nanosheet, and, to a certain extent, the bacteria was separated from GOBC and another cultivation process was started [44]. By experiencing several circles of nanofiber synthesis–GO adsorption–nanofiber coverage–bacteria separation, GOBC membrane was produced. When the GO concentration in the culture medium was too high, the bacteria had a strong tendency to be trapped by GO nanosheets, and both the nanofiber synthesis and the bacteria separation step were severely hindered; consequently, the whole cultivation process was stopped.



A similar trend in terms of variation was found for the GO content of the membrane, which increased almost linearly in the GO concentration range between 0 and 125 mg/L (Figure 3B (b)), implying a nearly complete incorporation of GO in the membrane during the cultivation process. The GO content decreased drastically when the initial GO concentration was higher than 150 mg/L (Figure 3B (b)), which was in accordance with the above analysis, i.e., an excessive GO concentration results in the early termination of the cultivation process. Considering both the productivity and GO content of the membrane, the optimal condition for membrane production was as follows: a cultivation time of 10 d and an initial GO concentration of 125 mg/L.



The effect of the initial Pc concentration on the immobilized Pc content of the Pc-rGBC nanocomposite was also studied, and the result is shown in Figure 3C. The Pc content of the Pc-rGBC nanocomposite increased rapidly with the increasing of the initial Pc concentration. When 120 mg/L of Pc solution was used, the resulting Pc content of Pc-rGBC was ca. 40 µmol/g. This value stayed almost constant with further increases in the initial Pc concentration, implying that the graphene nanosheets were already saturated by Pc molecules.




3.3. Adsorption and Catalytic Oxidation of Phenol with Pc-rGBC


The prepared Pc-rGBC nanocomposite was intended to be a heterogeneous catalyst for the catalytic decomposition of organic compounds, with phenol chosen as a model target. It is well known that a heterogeneous catalytic reaction often begins with the diffusion and adsorption of the reactants to the active sites of the heterogeneous catalyst [34,45]; thus, the adsorption behavior of the nanocomposite should be thoroughly examined. The adsorption capacity of different combination parts of Pc-rGBC to the phenol solution was shown in Figure 4. A slight decrease in phenol concentration was found when Pc was added into the solution (Figure 4 (a)). With the addition of BC, ca. 10% of the phenol could be adsorbed (Figure 4 (b)), suggesting that the BC substrate was accessible to phenol, which was important for the subsequent heterogeneous catalytic reaction. A greater than 15% decrease in phenol solution was observed with rG employed as an adsorbent (Figure 4 (c)), implying that rG has good affinity to phenol molecules. A slightly lower adsorption capacity of Pc-rG was observed compared with that of rG (Figure 4 (d)). Interestingly, an obvious decrease in phenol concentration was achieved when rGBC was added as an adsorbent. Approximately 28% of the phenol was effectively removed after the adsorption process reached a dynamic equilibrium (Figure 4 (e)). The concentration of phenol also underwent a ca. 25% decrease with the addition of Pc-rGBC. The high adsorption capacity of Pc-rGBC was the result of the synergistic effect of BC and rG: besides its good accessibility to phenol molecules, BC substrate can also improve the dispersion of graphene, which, in return, promotes the adsorption of phenol; thus, the adsorption amount of phenol was greatly increased.



The effect of the adsorption time on the adsorbed amount of phenol per unit of weight of Pc-rGBC (q value), with respect to different initial concentrations of phenol, is shown in Figure 5A. For an initial phenol concentration of 20 mg/L, a rapid increase in q value was observed, revealing that phenol molecules were quickly adsorbed onto the Pc-rGBC nanocomposite. The adsorption reached a dynamic equilibrium within 45 min, and the qe value was ca. 150 mg/g, i.e., 75% of phenol molecules were adsorbed onto the Pc-rGBC. With the increase in initial phenol concentration, the time required to reach dynamic adsorption equilibrium was slightly increased. For an initial phenol concentration of 100 mg/L, the qe value was as high as 260 mg/g when the adsorption of Pc-rGBC was saturated after 60 min.



The adsorption isotherm models were employed to describe the interaction between the adsorbent (Pc-rGBC) and the adsorbate (phenol). The data for adsorption isotherms were obtained after the adsorption reached dynamic equilibrium at 50 °C (Figure 5B). The Langmuir and Freundlich isotherm models, which are suitable for the monolayer adsorption of the adsorbate onto a surface with a finite number of identical and equivalent sites, and onto a heterogeneous surface with multilayer adsorption, respectively, were adopted to analyze the adsorption behavior of Pc-rGBC. It seems that the Freundlich model fitted well with the phenol adsorption result, with the correlation coefficient (R2) reaching 0.99, which implyied that phenol was adsorbed onto Pc-rGBC in the form of multilayer adsorption, and thus, that multiple adsorption patterns may be responsible for this adsorption behavior.



The catalytic performance of the Pc-rGBC nanocomposite for the treatment of phenol wastewater was further studied, with H2O2 used as an oxidant. As shown in Figure 6A, no obvious change in the concentration of phenol was observed with H2O2 (Figure 6A (a)), implying that phenol molecules were difficult to oxidize with H2O2 alone. When Pc-rGBC was present, a gradual decrease in phenol concentration was found, which was ascribed to the good adsorption capacity of Pc-rGBC in relation to the phenol molecules. A dynamic equilibrium of the adsorption was reached within 90 min; ca. 30% of phenol could be effectively adsorbed onto the Pc-rGBC (Figure 6A (b)). In comparison, a rapid decrease in phenol concentration was observed when both Pc-rGBC and H2O2 were present (Figure 6A (c)). More than 90% of the phenol was efficiently removed within 90 min, and the value was as high as 99% when the reaction time was prolonged to 180 min. This result indicated that the Pc-rGBC+H2O2 was an excellent catalytic system for the elimination of phenol wastewater.



The relationship between the logarithm of concentration of H2O2 (lgC) and the reaction time in the presence of Pc-rGBC at 50 °C is shown in Figure 6B, and a good linear correlation was found with a correlation coefficient of R2 = 0.995. Similar results can also be found at reaction temperatures of 30 °C, 40 °C, 60 °C, and 70 °C (Figures S1–S4), revealing that the decomposition of H2O2 by the Pc-rGBC catalyst followed a pseudo-first order decay kinetics during the catalytic oxidation, which was in accordance with similar reaction systems [46,47,48].



The recycling performance of the heterogeneous catalyst is of vital importance to its practical application. To investigate the stability of the Pc-rGBC nanocomposite, the recycling experiment of its catalytic oxidation performance was evaluated, and the results are shown in Figure 6C. It is clear that little decline in the catalytic activity of Pc-rGBC was found; more than 94% of the phenol could be effectively decomposed within 120 min after repetitive recycling for five times. This result indicated that the Pc-rGBC nanocomposite has excellent recycling performance and is promising for the practical treatment of phenol-like organic wastewater.



The EPR technique was used to detect the active species formed during the reaction. As shown in Figure 7A (a), no EPR signal was found in the absence of H2O2. For comparison, four characteristic peaks of DMPO-·OH, with an intensity of 1:2:2:1, appeared with the presence of both Pc-rGBC and H2O2, revealing the formation of ·OH radicals (Figure 7A (b)). Thanks to the high adsorption capacity of Pc-rGBC and the formation of highly reactive ·OH, phenol can thus be rapidly decomposed with the Pc-rGBC+H2O2 reaction system.



In order to further investigate the catalytic oxidation mechanism of phenol with Pc-rGBC+H2O2, the products formed in the catalytic reaction were examined by HPLC (Figure 7B). By comparing the peaks of the HPLC chromatogram with standard samples (see Figure S5), which were qualified by retention time, several major residual organic acids were identified: oxalic acid (RT = 2.533 min), maleic acid (RT = 5.207 min), fumaric acid (RT = 6.193 min), glutaric acid (RT = 9.146 min), and adipic acid (RT = 17.893 min). It is worthwhile to note that the retention times of succinic acid (Figure S5C) and muconic acid (Figure S5F) are very close to those of maleic acid (Figure S5B) and adipic acid (Figure S5G), and thus, succinic acid and muconic acid may also be considered as the catalytic oxidation intermediates of phenol; detailed analysis will be performed in the next work.



Figure 7C shows the changes in the phenol concentration and the COD value of the solution during the catalytic oxidation of phenol by the Pc-rGBC+H2O2 reaction system. As can be observed, ca. 90% of the phenol could be catalytic oxidized within only 90 min (Figure 7C (a)); accordingly, the COD removal efficiency was 30% (Figure 7C (b)),which was in accordance with the HPLC results, i.e., organic acids existed as intermediates of the catalytic oxidation of phenol. When the reaction time was prolonged to 240 min, the COD removal efficiency reached ca. 80%; in other words, more than 80% of the phenol was deeply mineralized to CO2 and H2O.



Based on the above experimental results, the following reaction mechanism was proposed for the catalytic decomposition of phenol by Pc-rGBC+H2O2: firstly, phenol was diffused from solution and adsorbed onto the Pc-rGBC nanocomposite; secondly, H2O2 was catalyzed by Pc-rGBC to form hydroxyl radicals; thirdly, the formed ·OH attacked the aromatic ring of the phenol, and the ring-opening reaction gave rise to the formation of organic acids such as oxalic acid, maleic acid, fumaric acid, glutaric acid, and adipic acid. As the catalytic oxidation proceeded, some of these organic compounds were further mineralized to CO2 and H2O, and the mineralization ratio was more than 80% for 4 h of catalytic oxidation.





4. Conclusions


In summary, in the present study, the Pc catalyst was immobilized onto the reduced GOBC nanohybrid for the fabrication of Pc-rGBC nanocomposite. The Pc-rGBC showed a high adsorption capacity for the treatment of phenol wastewater. With H2O2 used as an oxidant, Pc-rGBC could catalytically decompose phenol molecules with high efficiency; the concentration decreased by more than 99% within 180 min of catalytic oxidation. Organic acids, such as oxalic acid, maleic acid, fumaric acid, glutaric acid, and adipic acid, were formed during the reaction; some of these intermediates could be further mineralized to CO2 and H2O, and the mineralization ratio reached 80% when the reaction time was prolonged to 4 h.
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Author Contributions


S.C. conceived the study, designed the experiments, analyzed the data, and wrote the paper. B.W., Y.S., Q.F., J.C. and W.F. performed the experiments. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by National Natural Science Foundation of China (Grant No. 51803044) and Advanced Programs of Postdoctoral Research of Zhejiang Province (No. 11110031541801), and the APC was funded by National Natural Science Foundation of China (Grant No. 51803044).




Acknowledgments


The authors are grateful to the financial support from the National Natural Science Foundation of China (Grant No. 51803044) and Advanced Programs of Postdoctoral Research of Zhejiang Province (No. 11110031541801).




Conflicts of Interest


The authors declare no conflict of interest. The founding sponsors had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; and in the decision to publish the results.




References


	



Tolosa, L.; Martinez-Sena, T.; Schimming, J.P.; Moro, E.; Escher, S.E.; Braak, B.T.; van Der Water, B.; Miranda, M.A.; van Vugt-Lussenburg, B.M.A.; Castell, J.V. The in vitro assessment of the toxicity of volatile, oxidisable, redox-cycling compounds: Phenols as an example. Arch. Toxicol. 2021, 95, 2109–2121. [Google Scholar] [CrossRef]

	



Michalowicz, J.; Duda, W. Phenols—Sources and toxicity. Pol. J. Environ. Studies 2007, 16, 347–362. [Google Scholar]

	



Benkhennouche-Bouchene, H.; Mahy, J.G.; Lambert, S.D.; Hayoun, B.; Deflaoui, O.; Bourouina, M.; Bachari, K.; Hamitouche, A.E.; Bacha-Bourouina, S. Statistical modeling and optimization of Escherichia coli growth parameters for the biological treatment of phenol. Biocatal. Agric. Biotechnol. 2021, 34, 102016. [Google Scholar] [CrossRef]

	



Pradeep, N.V.; Anupama, S.; Navya, K.; Shalini, H.N.; Idris, M.; Hampannavar, U.S. Biological removal of phenol from wastewaters: A mini review. Appl. Water Sci. 2015, 5, 105–112. [Google Scholar] [CrossRef]

	



Zagklis, D.P.; Vavouraki, A.I.; Kornaros, M.E.; Paraskeva, C.A. Purification of olive mill wastewater phenols through membrane filtration and resin adsorption/desorption. J. Hazard. Mater. 2015, 285, 69–76. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.T.; Xie, J.; Ren, Z.Q.; Zhang, W.D. Solvent extraction of phenol with cumene from wastewater. Desalin. Water Treat. 2013, 51, 3826–3831. [Google Scholar] [CrossRef]

	



Zhang, Y.T.; Chang, C.; Tan, B.R.; Xu, D.B.; Wang, Y.; Qi, T. Application of a sustainable bioderived solvent (biodiesel) for phenol extraction. ACS Omega 2019, 4, 10431–10437. [Google Scholar] [CrossRef]

	



Yavuz, Y.; Koparal, A.S.; Ogutveren, U.B. Phenol removal through chemical oxidation using Fenton reagent. Chem. Eng. Technol. 2007, 30, 583–586. [Google Scholar] [CrossRef]

	



Zabik, N.L.; Virca, C.N.; McCormick, T.M.; Martic-Milne, S. Selective electrochemical versus chemical oxidation of bulky phenol. J. Phys. Chem. B 2016, 120, 8914–8924. [Google Scholar] [CrossRef]

	



Zhang, J.C.; Qin, L.; Yang, Y.Z.; Liu, X.G. Porous carbon nanospheres aerogel based molecularly imprinted polymer for efficient phenol adsorption and removal from wastewater. Sep. Purif. Technol. 2021, 274, 119029. [Google Scholar] [CrossRef]

	



Liu, X.Y.; Tu, Y.A.; Liu, S.C.; Liu, K.L.; Zhang, L.F.; Li, G.H.; Xu, Z.Q. Adsorption of ammonia nitrogen and phenol onto the lignite surface: An experimental and molecular dynamics simulation study. J. Hazard. Mater. 2021, 416, 125966. [Google Scholar] [CrossRef]

	



Chaghaganooj, Z.D.; Asasian-Kolur, N.; Sharifian, S.; Sillanpaa, M. Ce and mn/bio-waste-based activated carbon composite: Characterization, phenol adsorption and regeneration. J. Environ. Chem. Eng. 2021, 9, 105788. [Google Scholar] [CrossRef]

	



Ghahghaey, Z.; Hekmati, M.; Ganji, M.D. Theoretical investigation of phenol adsorption on functionalized graphene using DFT calculations for effective removal of organic contaminants from wastewater. J. Mol. Liq. 2021, 324, 114777. [Google Scholar] [CrossRef]

	



El Oufir, Z.; Ramezani, H.; Mathieu, N.; Bhatia, S.K.; Delpeux, S. Impact of high adsorbent conductivity on adsorption of polar molecules: Simulation of phenol adsorption on graphene sheets. Adsorption 2020, 26, 537–552. [Google Scholar] [CrossRef]

	



Wang, X.M.; Lu, M.X.; Wang, H.; Pei, Y.F.; Rao, H.H.; Du, X.Z. Three-dimensional graphene aerogels-mesoporous silica frameworks for superior adsorption capability of phenols. Sep. Purif. Technol. 2015, 153, 7–13. [Google Scholar] [CrossRef]

	



Liu, Q.-S.; Zheng, T.; Wang, P.; Jiang, J.-P.; Li, N. Adsorption isotherm, kinetic and mechanism studies of some substituted phenols on activated carbon fibers. Chem. Eng. J. 2010, 157, 348–356. [Google Scholar] [CrossRef]

	



Li, Y.; Du, Q.; Liu, T.; Sun, J.; Jiao, Y.; Xia, Y.; Xia, L.; Wang, Z.; Zhang, W.; Wang, K.; et al. Equilibrium, kinetic and thermodynamic studies on the adsorption of phenol onto graphene. Mater. Res. Bull. 2012, 47, 1898–1904. [Google Scholar] [CrossRef]

	



Ma, D.S.; Yi, H.; Lai, C.; Liu, X.G.; Huo, X.Q.; An, Z.W.; Li, L.; Fu, Y.K.; Li, B.S.; Zhang, M.M.; et al. Critical review of advanced oxidation processes in organic wastewater treatment. Chemosphere 2021, 275, 130104. [Google Scholar] [CrossRef] [PubMed]

	



Domingues, E.; Fernandes, E.; Gomes, J.; Martins, R.C. Advanced oxidation processes perspective regarding swine wastewater treatment. Sci. Total Environ. 2021, 776, 145958. [Google Scholar] [CrossRef]

	



Coha, M.; Farinelli, G.; Tiraferri, A.; Minella, M.; Vione, D. Advanced oxidation processes in the removal of organic substances from produced water: Potential, configurations, and research needs. Chem. Eng. J. 2021, 414, 128668. [Google Scholar] [CrossRef]

	



Saka, E.T.; Dugdu, E.; Unver, Y. Degradation of substituted phenols with different oxygen sources catalyzed by Co(II) and Cu(II) phthalocyanine complexes. J. Coord. Chem. 2019, 72, 1119–1130. [Google Scholar] [CrossRef]

	



Kluson, P.; Drobek, M.; Krejcikova, S.; Krysa, J.; Kalaji, A.; Cajthaml, T.; Rakusan, J. Molecular structure effects in photodegradation of phenol and its chlorinated derivatives with phthalocyanines. Appl. Catal. B-Environ. 2008, 80, 321–326. [Google Scholar] [CrossRef]

	



Cheng, M.; Lai, C.; Liu, Y.; Zeng, G.M.; Huang, D.L.; Zhang, C.; Qin, L.; Hu, L.; Zhou, C.Y.; Xiong, W.P. Metal-organic frameworks for highly efficient heterogeneous Fenton-like catalysis. Coord. Chem. Rev. 2018, 368, 80–92. [Google Scholar] [CrossRef]

	



Navalon, S.; Martin, R.; Alvaro, M.; Garcia, H. Gold on diamond nanoparticles as a highly efficient Fenton catalyst. Angew. Chem. Int. Ed. 2010, 49, 8403–8407. [Google Scholar] [CrossRef]

	



Liu, W.X.; Zhang, L.; Yang, Q.L.; Zhang, Z.W.; Liu, Y.H.; Guo, R.X.; Torres, O.L.; Yan, Z.Y.; Chen, J.Q. Highly efficient treatment of terephthalic acid wastewater by Fenton-like combined biodegradation. Desalin. Water Treat. 2020, 182, 243–252. [Google Scholar] [CrossRef]

	



Shin, S.; Yoon, H.; Jang, J. Polymer-encapsulated iron oxide nanoparticles as highly efficient Fenton catalysts. Catal. Commun. 2008, 10, 178–182. [Google Scholar] [CrossRef]

	



Li, B.; Sun, L.; Bian, J.; Sun, N.; Sun, J.; Chen, L.; Li, Z.; Jing, L. Controlled synthesis of novel Z-scheme iron phthalocyanine/porous WO3 nanocomposites as efficient photocatalysts for CO2 reduction. Appl. Catal. B-Environ. 2020, 270, 118849. [Google Scholar] [CrossRef]

	



Liu, Y.S.; McCrory, C.C.L. Modulating the mechanism of electrocatalytic CO2 reduction by cobalt phthalocyanine through polymer coordination and encapsulation. Nat. Commun. 2019, 10, 1683. [Google Scholar] [CrossRef]

	



Makarov, S.G.; Ketkov, S.Y.; Wohrle, D. A planar binuclear cobalt(ii) phthalocyanine as a highly efficient catalyst for the oxidation of a mercaptan. Chem. Commun. 2020, 56, 5653–5656. [Google Scholar] [CrossRef]

	



Zhu, Z.X.; Chen, Y.; Gu, Y.; Wu, F.; Lu, W.Y.; Xu, T.F.; Chen, W.X. Catalytic degradation of recalcitrant pollutants by Fenton-like process using polyacrylonitrile-supported iron (II) phthalocyanine nanofibers: Intermediates and pathway. Water Res. 2016, 93, 296–305. [Google Scholar] [CrossRef]

	



da Silva, T.H.; de Souza, T.F.M.; Ribeiro, A.O.; Calefi, P.S.; Ciuffi, K.J.; Nassar, E.J.; Molina, E.F.; Hamer, P.; de Faria, E.H. New strategies for synthesis and immobilization of methalophtalocyanines onto kaolinite: Preparation, characterization and chemical stability evaluation. Dyes Pigment. 2016, 134, 41–50. [Google Scholar] [CrossRef]

	



Balkus, K.J.; Eissa, M.; Levado, R. Oxidation of Alkanes Catalyzed by Zeolite-Encapsulated Perfluorinated Ruthenium Phthalocyanines. J. Am. Chem. Soc. 1995, 117, 10753–10754. [Google Scholar] [CrossRef]

	



Han, Z.B.; Han, X.; Zhao, X.M.; Yu, J.T.; Xu, H. Iron phthalocyanine supported on amidoximated PAN fiber as effective catalyst for controllable hydrogen peroxide activation in oxidizing organic dyes. J. Hazard. Mater. 2016, 320, 27–35. [Google Scholar] [CrossRef]

	



Klaewkla, R.; Arend, M.; Hoelderich, W.F. A review of mass transfer controlling the reaction rate in heterogeneous catalytic systems. In Mass Transfer-Advanced Aspects; IntechOpen: Rijeka, Croatia, 2011. [Google Scholar]

	



Hong, Q.L.; Chen, S.L. Facile one-step fabrication of phthalocyanine-graphene-bacterial-cellulose nanocomposite with superior catalytic performance. Nanomaterials 2020, 10, 1673. [Google Scholar] [CrossRef] [PubMed]

	



Marinescu, C.; Ben Ali, M.; Hamdi, A.; Cherifi, Y.; Barras, A.; Coffinier, Y.; Somacescu, S.; Raditoiu, V.; Szunerits, S.; Boukherroub, R. Cobalt phthalocyanine-supported reduced graphene oxide: A highly efficient catalyst for heterogeneous activation of peroxymonosulfate for rhodamine B and pentachlorophenol degradation. Chem. Eng. J. 2018, 336, 465–475. [Google Scholar] [CrossRef]

	



Wang, Q.L.; Li, H.Y.; Yang, J.H.; Sun, Q.; Li, Q.Y.; Yang, J.J. Iron phthalocyanine-graphene donor-acceptor hybrids for visible-light-assisted degradation of phenol in the presence of H2O2. Appl. Catal. B-Environ. 2016, 192, 182–192. [Google Scholar] [CrossRef]

	



Bader, H.; Sturzenegger, V.; Hoigne, J. Photometric method for the determination of low concentrations of hydrogen peroxide by the peroxidase catalyzed oxidation of n n diethyl p phenylenediamine dpd. Water Res. 1988, 22, 1109–1115. [Google Scholar] [CrossRef]

	



Park, S.; Lee, K.S.; Bozoklu, G.; Cai, W.; Nguyen, S.T.; Ruoff, R.S. Graphene oxide papers modified by divalent ions - Enhancing mechanical properties via chemical cross-linking. ACS Nano 2008, 2, 572–578. [Google Scholar] [CrossRef]

	



Achar, B.; Fohlen, G.; Parker, J.; Keshavayya, J. Synthesis and structural studies of metal (II) 4, 9, 16, 23-phthalocyanine tetraamines. Polyhedron 1987, 6, 1463–1467. [Google Scholar] [CrossRef]

	



Reiniati, I.; Hrymak, A.N.; Margaritis, A. Kinetics of cell growth and crystalline nanocellulose production by Komagataeibacter xylinus. Biochem. Eng. J. 2017, 127, 21–31. [Google Scholar] [CrossRef]

	



Zou, X.F.; Zhang, L.; Wang, Z.J.; Luo, Y. Mechanisms of the Antimicrobial Activities of Graphene Materials. J. Am. Chem. Soc. 2016, 138, 2064–2077. [Google Scholar] [CrossRef] [PubMed]

	



Karahan, H.E.; Wei, L.; Goh, K.; Liu, Z.; Birer, O.; Dehghani, F.; Xu, C.J.; Wei, J.; Chen, Y. Bacterial physiology is a key modulator of the antibacterial activity of graphene oxide. Nanoscale 2016, 8, 17181–17189. [Google Scholar] [CrossRef]

	



Chen, S.; Xie, W.; Guo, B.; Pan, T.; Chen, W. Revealing the role of graphene in enhancing the catalytic performance of phthalocyanine immobilized graphene/bacterial cellulose nanocomposite. Cellulose 2019, 26, 7863–7875. [Google Scholar] [CrossRef]

	



Ertl, G.; Knözinger, H.; Schüth, F.; Weitkamp, J. Handbook of Heterogeneous Catalysis, Second, Completely Revised and Enlarged Edn.; Wiley: Hoboken, NJ, USA, 2008. [Google Scholar]

	



Lousada, C.M.; Jonsson, M. Kinetics, Mechanism, and Activation Energy of H2O2 Decomposition on the Surface of ZrO2. J. Phys. Chem. C 2010, 114, 11202–11208. [Google Scholar] [CrossRef]

	



Stoyanova, M.; Christoskova, S.T. Comparative study on the kinetics of catalytic decomposition of hydrogen peroxide on individual and iron-modified Co-oxide systems. Oxid. Commun. 2007, 30, 945–952. [Google Scholar]

	



Lin, S.-S.; Gurol, M.D. Catalytic Decomposition of Hydrogen Peroxide on Iron Oxide:  Kinetics, Mechanism, and Implications. Environ. Sci. Technol. 1998, 32, 1417–1423. [Google Scholar] [CrossRef]








[image: Nanomaterials 11 02218 g001 550] 





Figure 1. FESEM of (A): BC; (B): GOBC; (C): rGBC; and (D): Pc-rGBC. EDX spectra of (E): rGBC; (F): Pc-rGBC. 
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Figure 2. FT-IR spectra of (a): BC; (b): GOBC; (c): rGBC; and (d): Pc-rGBC. 
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Figure 3. (A): Influence of cultivation time on the productivity of (a): BC; (b): GOBC membrane; the inset showed the influence of intial GO concentration on the time needed to produce 0.3 g/L of membrane. (B): Influence of initial GO concentration on (a): the productivity of the membrane; (b): the GO content of the membrane (cultivation time was set as 10 d). (C): Influence of Pc concentration on the immobilized Pc content of Pc-rGBC nanocomposite (the GO content of the GOBC membrane was set as 2.92 g/L). 
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Figure 4. Comparison chart of phenol concentration change adsorbed by a: Pc; b: BC; c: rG; d: Pc-rG; e: rGBC; and f: Pc-rGBC. Initial phenol concentration = 100 mg/L; T = 50 °C; adsorption time = 180 min. 
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Figure 5. (A): The influence of adsorption time on the q values of Pc-rGBC at various initial phenol concentrations at 50 °C. (B): Equilibrium adsorption isotherm of phenol adsorbed onto Pc-rGBC at 50 °C. Points: experimental data; red line: Freundlich model; blue line: Langmuir model. 
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Figure 6. (A): Concentration changes of phenol (initial concentration 100 mg/L) under different reaction conditions: a H2O2 (50 mM); b Pc-rGBC (1 mg); c Pc-rGBC (1 mg) and H2O2 (50 mM). (B): lgC of H2O2 as a function of reaction time at 50 °C. (C): Repetitive catalytic oxidation of phenol (initial concentration 100 mg/L) with Pc-rGBC (1 mg) and H2O2 (50 mM); reaction time = 120 min. 
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Figure 7. (A): Electron paramagnetic resonance (EPR) spectra of phenol solution in the presence of a: Pc-rGBC and b: Pc-rGBC+H2O2. (B): HPLC of the products of the catalytic oxidation of phenol with the catalytic reaction system. (C): Concentration and COD changes in the phenol solution in the catalytic oxidation of phenol by Pc-rGBC+H2O2. 
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