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Abstract

:

Activated carbon (AC) was fabricated from carrot waste using ZnCl2 as the activating agent and calcined at 700 °C for 2 h in a tube furnace. The as-synthesized AC was characterized using Fourier-transform infrared spectroscopy, X-ray diffraction analysis, scanning electron microscopy, transmission electron microscopy, X-ray photoelectron spectroscopy, and Brunauer–Emmett–Teller analysis; the results revealed that it exhibited a high specific surface area and high porosity. Moreover, this material displayed superior catalytic activity for the degradation of toxic Rhodamine B (RhB) dye. Rate constant for the degradation of RhB was ascertained at different experimental conditions. Lastly, we used the Arrhenius equation and determined that the activation energy for the decomposition of RhB using AC was approximately 35.9 kJ mol−1, which was very low. Hopefully it will create a great platform for the degradation of other toxic dye in near future.
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1. Introduction


Water, crucial to sustain life on Earth, is predominantly polluted via the direct discharge of waste from various industries [1,2]. Wastewater from different industries, such as the paper, pharmaceutical, dyeing, chemical, petrochemical, and glass and ceramics ones, contains hazardous and intractable inorganic and organic pollutants that can damage the environment [3]. Dyes are common pollutants that are directly released into water bodies. Very commonly used dyes are Methyl Orange (MO), Methylene Blue (MB), Methyl Red (MR) and Rhodamine B (RhB) etc. RhB is an important dyestuff, which is easily soluble in water and is extensively used in various industries and laboratories [4,5]. It is a very toxic dye that contains four N-ethyl groups at both sides of a xanthene ring, which render it toxic and contribute to its carcinogenic and mutagenic properties [6]. Therefore, it is important to degrade RhB from wastewater for the sustainability of ecosystems.



Numerous RhB degradation techniques have been described in the literature, and the most common ones include photocatalytic [7,8,9] and sonochemical degradation [10], ultrasonic [11] and microbiological decomposition [12], and the adsorption of RhB on various organic and inorganic matrices. While most scientists have emphasized the importance of photocatalytic degradation, a few of them have also studied the conventional catalytic degradation process, which is a highly facile and reliable process compared to other techniques. To date, different noble metal-based catalysts, including Au-, Pt-, and Pd-based ones, have been used for the removal of dyes [13,14]. However, their high cost and low availability have limited their practical applications. Moreover, these catalysts require organic capping agents to prevent the aggregation of nanoparticles. Therefore, it is important to develop a low cost, readily available, and eco-friendly material for the effective degradation of dyes.



Activated carbon (AC) can be used efficiently to remove dyes because of its high surface area and porous structure [15]. Although AC is efficient for the catalytic degradation of RhB, its high cost is a disadvantage. Therefore, low cost materials can be potential alternative precursors for fabricating AC. In the past, AC that has been obtained from palm [16] and coconut shells [17], rice husk [18], or jute sticks [19] has been used for the effective removal of RhB from aqueous solutions. Carrots are inexpensive vegetables which is very easy to collect. However, large amounts of carrots remain unused and are treated as waste. Thus, it was important to determine an effective way to use carrot waste. In addition to being inexpensive, carrot waste is nontoxic and non-hazardous and could be green processed without using any reducing agents. To the best of our knowledge, to date, no reports have been published on the use of carrot powder-derived AC for the removal of RhB from wastewater.



Here, we fabricated AC from carrot powder using ZnCl2 as the activating agent. The as-fabricated AC exhibited a high surface area and porosity and was further used for the degradation of RhB dye. The carrot-derived AC further displayed good catalytic efficiency for the degradation of RhB in the absence of reducing agents. The effects of different parameters, such as the dye concentration, catalyst dosage, temperature, and pH, on the degradation process have been analyzed. Most catalytic degradation studies require extensive time to achieve effective degradation of the analyzed compounds [20,21]; however, the catalyst we fabricated required a short time to degrade RhB dye from aqueous solutions. Analyzing the kinetics of the degradation reaction is also important for that kind of study. The calculated activation energy for the catalytic degradation of RhB dye using the carrot-derived AC catalyst was 35.9 kJ mol−1, which was much smaller than the values reported in some other studies. For example, Li et al. reported on rice-hull based silica supported iron catalyst for the efficient removal of RhB with the activation energy of about 82.35 kJ mol−1 [22]. In another study, Li et al. reported a Cu (II)-pyridyl complex on silica microspheres for the degradation of RhB at neutral pH with an activation energy of about 38.6 kJ mol−1 [23]. Furthermore, the reusability of the catalyst was also studied. We reused the fabricated AC for ten consecutive cycles without showing a significant decrease in its catalytic efficiency. Overall, the process of catalytic degradation was eco-friendly, green, and reliable, and we anticipate that similar materials could be used for the effective degradation of other toxic dyes in the future.



The schematic representation of the mechanistic study of RhB degradation is depicted in Scheme 1. Several functional groups were present on the surface of AC, and they can interact with the RhB dye molecules. The possible interactions could be described briefly as follows: (a) interactions between the –COOH groups of AC and electronegative moieties of RhB, (b) hydrogen bonding between the –OH groups of AC and aromatic ring of RhB, (c) hydrogen bonding between the –OH groups of AC and xanthene group of RhB, and (d) electrostatic interactions between the surface functional groups of AC and RhB dye molecules.




2. Materials and Methods


2.1. Materials


Rotten carrots were obtained from a local market in Busan, South Korea. RhB, ZnCl2 (99%), and HCl (37%) were purchased from Sigma Aldrich Chemical Co., Ltd. (St. Louis, MO, USA) and were used as-received without further purification. Deionized water was utilized throughout the study.




2.2. Fabrication of AC


AC was fabricated using a previously described method that we have slightly modified [24]. The collected carrots were properly washed, cut into small pieces, and dried in an oven at approximately 100 °C for 24 h. Afterward, the dried carrots were crushed into powder using a mortar and pestle. Next, the powder was mixed with ZnCl2 at the mass ratio of 1:2. The resultant material was then heated in a tube furnace at 700 °C for 2 h followed by washing it three times with 10 mL of 10% HCl solution and 10 mL warm water until the pH of the filtrate was neutral. Subsequently, the obtained material was dehydrated under vacuum and the final product was denoted as AC-700 (Scheme 2). For comparison, two other samples were prepared by mixing ZnCl2 and carrot powder at the same mass ratio indicated above. The resultant material was then heated in a tube furnace at 600 and 800 °C and the final products were denoted as AC-600 and AC-800, respectively.




2.3. Characterization


A Nicolet 380 (Thermo Fisher, Waltham, MA, USA) Fourier transform infrared (FT-IR) spectroscopy instrument was utilized to investigate the chemical nature of the materials using KBr pellets. A RINT 2200 HK (Rigaku, Tokyo, Japan) X-ray diffraction (XRD) system was utilized for the structural analysis of the samples. A VEGA 3 (TESCAN, Tokyo, Japan) instrument was used to perform scanning electron microscopy (SEM) investigations. A SUPRA 40 (Zeiss, Oberkochen, Germany) spectrometer was used for energy-dispersive X-ray spectroscopy (EDS) analysis. A Talos F200X FEG (Thermo Fisher, Waltham, MA, USA) scanning transmission electron microscope (200 kV) was used for transmission electron microscopy (TEM) measurements. The Brunauer–Emmett–Teller (BET) surface area and total pore volume of the catalyst samples were determined using their N2 sorption isotherms at 77 K using a BET ASAP 2020 (Micromeritics, Japan) surface area analyzer after the samples were degassed under N2 flow at 200 °C. X-ray photoelectron spectroscopy (XPS) profiles were obtained using a high-performance K-ALPHA+ (Thermo Scientific, Waltham, MA, USA) apparatus. Lastly, a UV-1800 (Shimadzu, Kyoto, Japan) spectrometer was used to analyze the catalytic degradation of dye. A tube furnace of Lindberg Blue M (TF55035C-1, Japan) was used for calcination purpose.




2.4. Catalytic Degradation and Kinetics Study


The catalytic efficiency of the fabricated AC carbon was examined for the RhB degradation. Firstly, 50 mL RhB solution (20 mg L−1) was taken into a beaker, and then AC (0.3 g L−1) was added to it under constant stirring. The degradation reaction was analyzed using ultraviolet–visible (UV–vis) absorption spectroscopy at constant time intervals (1 min) at the maximum wavelength, λmax, of 554 nm, and the degradation efficiency was calculated using the following equation:


    degradation   efficiency     ( % )  =    C 0  − C    C 0    × 100  =     A 0  − A    A 0    × 100   



(1)




where C0 and C are the concentration of RhB at time t = 0 and t = t where as A0 and A are the absorbance of RhB at λmax = 554 nm at time t = 0 and t = t respectively. The ratio of C to C0 (C/C0) was calculated from the ratio of the absorbance’s A/A0 at 554 nm.



The order with respect to RhB was carried out in the presence of AC. The order with respect to AC was determined in the presence of different excess amount of it while keeping other parameters as constant. After the addition of the dye, the absorbance of the solution was recorded every 1 min. The rate equation for the degradation of RhB can be expressed as,


Rate = κapp[AC]n[RhB]m = κapp [RhB]m with κapp[AC]n



(2)




where, κapp is the apparent rate constant of the reaction, m and n are the pseudo order of the reaction with respect to RhB and AC respectively. The rate constant of the reaction was calculated from the slope.





3. Results and Discussion


3.1. Physico-Chemical Characterization of AC


SEM and TEM analyses were performed to analyze the morphology of the fabricated AC. The SEM and TEM images (Figure 1a–c), respectively illustrate the porous structure of the fabricated AC. It reveals that the ZnCl2 was effective to create the porous structure. Similar findings were shown for the activated carbon obtained from different sources [25,26]. The map data (Figure 1d) confirms the presence of C and O atom and reveals that the O atoms were uniformly distributed throughout the carbon matrix of AC and no other impurities were present in the samples, which was further confirmed using EDS images (Figure S1). Figure 1e,f presents the elemental mappings of C and O atoms, respectively. The map data shows the uniform distribution of C and O throughout the matrix.



FT-IR characterization was conducted to identify the surface functional groups of AC. Figure S2 illustrates the FT-IR spectrum of AC. The pronounced band at 3400–3550 cm−1, which was associated with the stretching mode of the –OH groups, has been commonly reported in the literature [27]. The peak at approximately 1550–1650 cm−1 was ascribed to the asymmetric stretching mode of the –COO− ions and the broad peak at 1000–1100 cm−1 were attributed to the presence of the C–O–C functional groups in the structure of AC. The small peak at approximately 500–600 cm−1, which was associated with the C–H out-of-plane bending mode of the benzene derivative, has also been very commonly observed in the FT-IR spectra of AC samples [27].



XRD analysis was performed to elucidate the phase constitution of the fabricated AC, and the XRD patterns of the fabricated AC are depicted in (Figure S3). The degree of crystallinity of AC increased as its activating temperature increased. The two broad diffraction peaks at approximately 2θ of 24° and 43° in the XRD profile of AC were attributed to its (002) and (100) planes [28], and confirmed the amorphous structure of the fabricated AC. Moreover, the XRD patterns of all AC samples were similar, which demonstrated that the calcination temperature did not significantly affect their structure. To determine the specific surface area and porosity of the fabricated material BET and porosity measurement was essential. The resultant nitrogen adsorption-desorption isotherms of AC prepared at different temperature has been displayed in (Figure 2). Nitrogen uptake increases with increasing the activation temperature from 600 °C to 700 °C. Further increase in temperature shows decrement of N2 uptake capacity. Similar trends were obtained for activated carbon from peanut at different temperature [29]. The results regarding to BET surface area and total pore volume is summarized in Table 1. XPS analysis was necessary to investigate the surface chemical composition of the fabricated AC samples. The XPS survey spectrum of AC confirmed the presence of C and O in the samples (Figure S4). The high resolution C1s and O1s XPS profiles of AC are displayed in Figure 3. The C=C degenerate peak, which corresponded to the graphitic carbon linked to the main component, was observed at the binding energy of ~284.5 eV (Figure 3a). Other less intense degenerate peaks were observed at ~285.8, ~287.7, and ~290.8 eV, and corresponded to the C–O, C=O, and O–C=O functional groups, respectively. The deconvoluted peaks of O1s, which were observed at approximately 532.3 and 533.5 eV corresponded to the C–O and C=O functional groups, respectively (Figure 3b) [30,31]. These functional groups could play significant roles for the effective degradation of the RhB dye. The C (94.6%) and O (5.4%) content of the fabricated AC samples is listed in Table S1, and the values are in agreement with the EDS data (C (95.9%) and O (4.1%)).




3.2. Evaluation of Catalytic Activity of AC


During the degradation of RhB de-ethylation happens which results the production of leuco RhB (Scheme 3). We investigated the catalytic efficiency of the fabricated AC for the degradation of RhB, and also the effects of different experimental parameters, such as the catalyst type variation, initial dye concentration, catalyst dosage, pH, and temperature, on the degradation process.



3.2.1. Variation of Catalyst’s Type


The activated carbon materials prepared at different temperature has been applied as catalyst for the effective dye degradation under same conditions. Figure S5 depicts the time dependent UV–vis absorption spectra for the catalytic degradation of RhB with different types of catalyst. The AC-700 catalyst can degrade the RhB quicker than AC-600 and AC-800. It’s may be because of the high surface area of AC-700. Catalytic result with different types of catalysts has been summarized in Table S2.




3.2.2. Effect of pH


The pH of the solution is an important factor that affects the degradation rate. Degradation experiments were carried out in the wide pH range of 3–12 (Figure S6). Figure 4a displays the C/C0 versus time curve for the degradation of RhB at different pH values. As the pH increased from 3 to 10 the degradation of RhB also increased, and the highest degradation was observed at pH 10. When the pH was further increased, the degradation of RhB decreased. Therefore, pH 10 was selected to be the optimum pH for the subsequent experiments while keeping the other optimum condition as constant i.e., catalyst types AC-700, initial concentration of RhB (20 mg L−1), catalyst dosage (0.3 g L−1), and temperature (298 K). The surface of the catalyst becomes positive and negative charge in acidic and basic medium respectively. On the other hand, RhB is a basic dye that produces cation in water. So the catalyst repels this dye in the acidic medium. So less degradation occurs in acidic medium compared to basic medium. On the contrary, as in basic medium the catalyst is negatively charged, the adsorption becomes easier and that’s why the degradation is increased. Several researchers have reported similar trends for the degradation of RhB [32,33]. The catalytic results at different pH values are summarized in Table S2.




3.2.3. Initial Dye Concentration


The initial dye concentration is another critical factor for the degradation of RhB. Degradation experiments were performed by varying the initial RhB dye concentration between 10 and 40 mg L−1 (Figure S7). Figure 4b displays the C/C0 versus time curve for the degradation of RhB at different initial RhB dye concentrations. As the initial RhB dye concentration increased, the time required for its complete degradation increased. However, for the initial RhB dye concentration of 40 mg L−1, a degradation efficiency of approximately 87% was achieved after 2 h. If the initial RhB dye concentration increased beyond 40 mg L−1 the active sites of the catalyst were blocked and the degradation efficiency decreased. In addition, even the decolorizing was delayed at higher initial RhB concentrations [34]. Conversely, if the initial dye concentration is low the active sites could degrade the dye more easily. Furthermore, we determined that the rate constant for the degradation reaction which decreased as the initial RhB dye concentration increased (Table S2).




3.2.4. Effect of Catalyst Dosage


Catalyst dosage is another important parameter for the degradation process. The increase in catalyst dosage would increase the number of active sites on the catalyst surface, which would facilitate degradation. Figure S8 illustrates the time dependent UV–vis absorption spectra for the degradation of RhB at various catalyst loadings in the range of 0.1 to 0.4 g L−1. At the AC loading of 0.1 g L−1 the degradation efficiency was only 23%. As the catalyst dosage increased, the degradation efficiency also increased, and the best degradation efficiency was achieved at the catalyst dosage of 0.3 g L−1. Further increase in the catalyst dosage did not lead to an increase in the rate of degradation. Therefore, it could be inferred that as the catalyst dosage further increased, the active sites might overlap or agglomerate, which would hinder the degradation process. A similar trend was reported by Wang et al. [35]. Table S2 illustrates the changes in the degradation efficiency of the RhB dye by the catalyst as the catalyst dosage increased.




3.2.5. Effect of Temperature


Temperature significantly affected the degradation of RhB. We analyzed the degradation of RhB over the temperature range of (298–318 K) (Figure S9). As the temperature increased, the degradation rate also increased (Figure 5a). This can be explained using the collision theory. As the temperature increases, the number of collisions between molecules would increase, which would increase the degradation rate. The rate constant dependence on temperature is summarized in Table S2. The activation energy was calculated using the Arrhenius law and the lnk versus 1/T plot depicted in Figure 5b [36], as follows:


   lnk    =  lnA    −    E a    RT    



(3)




where A is the pre-exponential factor, Ea is the activation energy (kJ mol−1), R is the perfect gas constant (8.3 J·mol−1 K−1) and T is the absolute temperature (K) and k is the reaction constant. The calculated Ea was approximately 35.9 kJ mol−1, which was smaller than the values reported in the literature [23].






4. Recyclability Study


Recyclability is very important to estimate the catalytic activity for practical applications. Recycling experiments were performed under the same experimental conditions. It was seen that our fabricated catalyst retained 85% of its initial catalytic activity after the 10th run. This was attributed to the loss of small amounts of catalyst during washing. The recyclability performance of the catalyst after the 10th cycle is displayed in Figure 6.




5. Conclusions


In this study, we fabricated porous AC from carrot waste using ZnCl2 as the activating agent. The fabricated material was characterized using well-defined physico-chemical techniques, and was subsequently used for the degradation of RhB in the absence of reducing agents. The degradation efficiency of RhB in the presence of AC as the catalyst reached 100% within short time. Moreover, the results of our kinetics study revealed that the activation energy of the catalytic degradation reaction was approximately 35.9 kJ mol−1. Therefore, we anticipate that this cost-effective, eco-friendly materials will be used for the degradation of other toxic dyes in the future.
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Scheme 1. Mechanism for the degradation of RhB on activated carbon. 
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Scheme 2. The fabrication processes of activated carbon. 
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Figure 1. SEM image (a), TEM images (b,c), Map data (d) and elemental mapping (e,f) of AC-700. 
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Figure 2. N2 Adsorption-desorption isotherms of activated carbons. 
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Figure 3. XPS patterns of AC-700 (a) C1s and (b) O1s. 






Figure 3. XPS patterns of AC-700 (a) C1s and (b) O1s.



[image: Processes 08 00926 g003]







[image: Processes 08 00926 sch003 550] 





Scheme 3. Degradation mechanism of RhB. 
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Figure 4. (a) C/C0 versus time curve for the degradation of RhB with different concentration dye in the presence of AC-700 and (b) C/C0 versus time curve for the degradation of RhB at different pH. 






Figure 4. (a) C/C0 versus time curve for the degradation of RhB with different concentration dye in the presence of AC-700 and (b) C/C0 versus time curve for the degradation of RhB at different pH.



[image: Processes 08 00926 g004]







[image: Processes 08 00926 g005 550] 





Figure 5. (a) ln C/C0 versus time curve for the degradation of RhB in the presence of AC-700 at different temperature and (b) Arrhenius plot (lnk versus 1/T curve). 
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Figure 6. Recyclability study of the activated carbon until 10 consecutive cycles for the degradation of RhB. 
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Table 1. Pore structure characteristics of Activated carbon.
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	Sample
	BET Surface Area (m2/g)
	Pore Size (nm)
	BJH Adsorption Pore Volume (cm3/g)





	AC-600
	1365.5
	2.03
	0.233



	AC-700
	1509.7
	2.14
	0.332



	AC-800
	1405.8
	2.07
	0.274
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