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Abstract

:

The application of super-hydrophobic nanomaterials for synthesizing membranes with unique physiochemical properties has gained a lot of interest among researchers. The presence of super-hydrophobic materials inside the membrane matrix can play a vital role not only in the separation of toxins, but also to achieve higher water flux with lower fouling tendencies required for an efficient membrane distillation process. In this research, super-hydrophobic carbon nanomaterials (CNMs) were synthesized using powder activated carbon (PAC) as a precursor, whereby the growth was initiated using a bimetallic catalyst of iron (Fe) and molybdenum (Mo). Until recently, no research has been conducted for synthesis and to observe the catalytic influence of bimetallic catalysts on the physiochemical characteristics of the derived CNMs. The synthesis process was carried out using the chemical vapor deposition (CVD) process. The CVD process was optimized using Box–Behnken factorial design (BBD), whereby 15 experiments were carried out under different conditions. Three input variables, which were percentage composition of catalysts (percentage of Fe and Mo) and reaction time (tr), were optimized with respect to their impact on the desired percentage output of yield (CY) and contact angle (CA). Analysis of variance (ANOVA) testing was carried out. It was observed that the developed model was statistically significant. The highest CY (320%) and CA (172°) were obtained at the optimal loading of 5% Fe and 2% Mo, with a reaction time of 40 min. Surface morphological features were observed using field emission scanning electron microscopic (FESEM) and transmission electron microscopic (TEM) analysis. The images obtained from FESEM and TEM revealed the presence of two types of CNMs, including carbon nanofibers (CNFs) and multiwall carbon nanotubes (CNTs). Thermogravimetric analysis was carried out to observe the temperature degradation profile of the synthesized sample. Raman spectroscopic analysis was also used in order to have a better understanding regarding the proportion of ordered and disordered carbon content inside the synthesized sample.
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1. Introduction


The fabrication of carbonaceous nanostructured materials is a challenging area of research. Carbon nanomaterials (CNMs), including carbon nanotubes (CNTs), carbon nanofibers (CNFs), and other CNM forms are still attracting great interest in the scientific and industrials communities for their superior surface characteristics and the potential for application in cutting edge technologies to solve environmental and technical challenges [1,2,3,4]. Although there is considerable development required for the fabrication and growth of CNTs, the large-scale synthesis of CNTs is still difficult and constrained by several factors.



Super-hydrophobic carbon nanomaterials (CNMs), which have contact angles (CA) > 150°, play a significant role in tackling many technical problems related to the chemical and physical nature of surfaces and contacts. Therefore, super-hydrophobic CNMs have been involved in various applications, including drug delivery materials [5], adsorbents [6,7], antifouling distillation membrane [8], self-healing membranes [9], and others [10,11]. The fabrication of nanomembrane containing CNMs for membrane distillation (MD) used for desalination depends on the vapor pressure gradients through the super-hydrophobic, carbonaceous, microporous membrane to ensure higher water flux with greater salt rejection rate [8]. The application of CNMs can overall reduce energy consumption, fouling tendencies, and mitigate the frequent replacement of membrane up to a significant level. The physio-chemical properties, including roughness of the surface and surface functional groups, can significantly alter the hydrophobicity of the synthesized nanomaterials [11]. Growing CNMs on other substrates can change the surface chemistry to a greater extent. It can even considerably alter the surface roughness of the synthesized nanoparticles [10]. Therefore, to ensure appropriate surface roughness, as well as the necessary functional groups, over the CNM to retain its super hydrophobicity, an improved fabrication technique is required.



Until recently, CNMs have been synthesized using several methods, including template synthesis, chemical vapor deposition (CVD), crystallization control, electrochemical deposition, etc. [12]. The CVD method is appropriate for the large-scale production of carbon nanomaterials using different carbonaceous sources and can be deposited using various types of transition metal (Fe, Co, and Ni) catalysts at higher temperatures (500–1200 °C). Among all the methods, CVD is considered as the most efficient one owing to its widespread accessibility, and simple operating procedure with higher product yield [13,14]. Silicon oxide and alumina and other oxides are the main conventional substrates utilized for the CVD process. However, to obtain highly pure carbon samples, further chemical purification processes are needed. Therefore, they are not suitable for certain environmental applications. Therefore, powder activated carbon (PAC) can be considered as a promising alternative precursor due to its lower cost, easy availability, and better possibility for surface modification by chemical treatments [12,15,16]. Due to the variation in the types of PAC extracted from different sources as well as the variables for CVD process and catalyst types, the physiochemical properties of the synthesized nanocarbon samples can be unique and vary greatly across different samples. PAC was used earlier to obtain nano-fibrous carbon (CNFs) where iron (Fe) was used as catalyst in presence of ethylene (C2H4) gas flow during the CVD process [12,17,18,19,20]. On the other hand, modification of CNM structure has been done by other researchers to achieve artificial super-hydrophobic surfaces. Optimization of the synthesis of super-hydrophobic CNMs could be hampered due to the aggregation property of CNMs and impurities [21]. The hybrid PAC–CNMs maintain the chemical compatibility between these two materials and combine the characteristics of PAC and CNMs.



The quality and yield of CNMs produced by CVD can be enhanced by using an appropriate catalyst as it plays a substantial part in the synthesis process. The catalyst can initiate the decomposition of hydrocarbons at a lower temperature to accelerate new nucleation to form CNMs compared to the un-catalyzed hydrocarbon decomposition process using heat only. It was reported earlier that some metals such as Ni, Co, or Fe, which have few d-vacancies, are suitable catalyst for nucleation and growth of CNTs [21,22]. Application of appropriate chemical agent or catalyst having optimum ratio can produce CNTs with unique mechanical, physical, chemical, electrical, and thermal properties which are essential for efficient membrane separation [21,22].



Even Some other transition metals have a strong adhesion to grow CNMs as compared to others such as Fe, Ni, and Co, therefore they have been used efficiently to form high-curvature (low-diameter) CNMs [23]. Other transition metals like Mo, Cu, Ag, Cr, Mn, and Pd are also used as catalysts for synthesis of CNMs [24,25]. It was found that not only growth rate and diameter are highly influenced by the catalyst type and composition, but also the CNM’s microstructure and morphology [26]. Moreover, synthesis of CNMs from hydrocarbons has a synergistic catalytic effect with bimetallic catalysts [27,28,29]. For example, the growth of CNMs was improved by using bimetallic catalysts such as Fe–Co, Co–Mo, and Fe–Ni [30,31,32,33,34]. All of the above-mentioned catalysts (single or bimetallic catalysts) were successfully used with substrates other than PAC in most cases, due to the difficulties in formation of metallic nanocluster on the surface of PAC with conventional methods.



The conventional method for any chemical synthesis process by changing one variable at a time and keeping other variables at a fixed level cannot demonstrate the combined effect of all the variables on the desired output. Thus, multivariable processes needs a large number of experiments to be carried out, which is time consuming and not efficient enough to illustrate the interaction effect [35]. In this context, the application of response surface methodology (RSM) using Box Behnken Design (BBD) is considered as an appropriate method which can systematically describe the linear, nonlinear, and interaction effect between the factors [36]. In this research, the CVD process was optimized using BBD design. The combination of more than one catalyst at a time affects the characteristics of the grown CNMs due to the interaction between the substrates’ physiochemical nature and different types of metals’ behavior. To the best of our knowledge, until now, no research has been conducted to observe the effect of binary metal catalysts on the growth of nanostructured carbonaceous materials using powdered activated carbon (PAC) as a starting precursor. In this research work, the combination of a binary metal catalyst (Fe/Mo) is used and PAC is used as a starting precursor to produce super-hydrophobic CNMs which have unique features suitable for membrane fabrication and separation processes. The thermal CVD method was used to decompose acetylene as a carbon source at 650 °C. The Optimum Yield% of carbon and contact angle (CA) were chosen as the output responses using the RSM approach. The goal of this study is to produce super-hydrophobic CNMs which can be used for several applications, such as sorption [6,37], membrane distillation [38], separation of organic components in mixture, purification of water, and catalysis [39].




2. Materials and Methods


2.1. Materials and Reagents


Iron nitrate Fe (NO3)3·9H2O, ammonium molybdate tetrahydrate (NH4)6Mo7O4·4H2O, PAC, and acetone were purchased from Sigma Aldrich, Malaysia. Acetylene gas (C2H2), hydrogen gas (H2), and nitrogen gas (N2) were purchased from GasLink Industrial Gases SDN BHD, Malaysia. Analytical grade reagents and chemicals were used in this research. Thus, no additional purification steps were necessary for conducting the experiments.




2.2. Synthesis of Binary Metal Catalyst


The bimetallic catalysts (iron and molybdenum) were first dissolved in acetone using their salts. Then incipient wetness method was used to deposit the catalyst over the surface of the PAC. Different weight percent (w/w%) samples of the catalysts (as shown in Table 1) were prepared. The ratios between PAC and catalysts were calculated based on the design matrix provided by BBD design. According to Table 1, the catalysts solution was prepared by dissolving the desired amount of the catalysts in 5 mL of acetone solution. The mixture was kept inside the universal glass bottle and stirred until all the catalysts salts were completely dissolved.




2.3. Impregnation Powdered Activated Carbon (PAC)


The metallic catalysts (iron and molybdenum) were impregnated on powdered activated carbon (PAC). After the catalysts were dissolved in acetone, PAC (2 g) was added into the same solvent in a glass bottle and placed in a sonication bath at 40 KHz and 60 °C for 6 h until all the solvent evaporated, then moved to a conventional oven at 100 °C overnight to ensure complete moisture evaporation. The dried sample thus obtained was finely grounded. The powdered mixture obtained was stored using a desiccator to prevent moisture adsorption and sent for further application.




2.4. Synthesis of Nanostructured Carbon (CNMs)


The desired ratio of catalysts and PAC was mixed and transferred to the ceramic boat (50 mm OD, 40 mm ID, 1500 mm L). This boat was then inserted inside the CVD reaction tube. Under inert atmosphere (N2, 200 mL/min), the sample was first calcinated at 350 °C for 2 h. An in situ reduction process of the calcined sample was carried out by passing hydrogen gas (200 mL/min) at 450 °C for another 2 h. The final product thus obtained was the reduced sample which was then cooled down to room temperature. At this stage, the amount of moisture present in the sample was determined by weighing the sample (WC).



The reduced catalyst mixture was placed inside the tubular ceramic reactor at atmospheric pressure where a mixture of acetylene (50 mL/min) and hydrogen (200 mL/min) gas was flown. For growth of CNMs, the acetylene to hydrogen gas ratio was kept at 1:4 and the reaction was carried out at 650 °C for different reaction time as provided by the design matrix. After the reaction was completed, the reactor was cooled down using N2 gas flow (200 mL/min). As-synthesized CNMs were then collected from the ceramic boat and weighed (WP). The carbon Yield% was calculated using Equation (1).


  Y % =  (  W p − W c  )  / W c  



(1)




where WP and WC are the weight of sample after and before of the reaction, respectively.




2.5. Equipment and Measurements


All the weighing measurements were recorded using four digits weighing balance (HR-202i, Japan) in a range between 0.001 and 220 g. A predetermined weight of powdered activated carbon (PAC) was physically mixed with the catalyst solution and the resultant mixture was placed inside the ultrasonic bath model (JAC 2010 P, South Korea) to ensure proper impregnation of metal catalysts onto PAC substrate. It is equipped with three levels of sonication, a timer up to 99 min, and heater up to 90 °C. The drying of PAC and CNMs samples was carried out in a drying oven (Model 600-Memmert, Germany), where the maximum temperature can be set up to 220 °C. The CVD process was carried out using an OTF-1200-80 mm dual-zone tube furnace for growth of CNMs. The tube furnace contains a tubular reactor which is equipped with a fused quartz tube with a diameter of 50 mm (OD: 80 mm; ID: 72 mm; length: 1000 mm). The heating area was covered with a heat-resistant glass wool procured from Isolite Ceramic Fiber Sdn. Bhd. Malaysia.



Characterization of the synthesized samples was carried out to classify the type and shape of nanomaterials. Field Emission Scanning Electron Microscopic analysis (FESEM—Hitachi-SU8000, Japan) was used to observe the morphology of the prepared samples. A layer of platinum was coated over the Aluminum stubs by sputtering and the synthesized sample was placed over it for FESEM analysis. Transmission electron microscopic (TEM) analysis was carried out using an Hitachi-HT7700, Japanese microscope at 120 kV. Synthesized samples were mixed with acetone and the mixture was ultrasonicated. After ultrasonication, a drop of the sample was deposited over the copper grid-supported perforated carbon film. The average diameter and particle size distribution of the nanomaterials were calculated using Image-J software. Contact angle measurement (CA) was carried out by KRUSS Goniometer (DSA100). A microscopic slide made of glass (76 × 26 × 1.2 mm) was covered with double-sided adhesive tape and was used to measure the CA between the nanomaterials and water, wherein water drops (4 μL) were placed onto the CNM’s surface that was pasted onto the tape. The average of triplicate measurements for each sample was taken. The oxidation behavior of the prepared nanomaterials was examined by thermal gravimetric analysis (STA-851, Mettler Toledo, Columbus, OH, USA) at the temperature range of 25–800 °C, heating rate of 10 °C/min, and an oxygen flow rate of 20 mL/min. The Raman spectra of the CNMs were obtained, whereby the laser power was kept constant at 100 using an Ar+ laser (514 nm) and it was focused (50× objective) over an area with a size of around 1.5–2.0 μm (Renishaw in Via, UK).




2.6. Response Surface Methodology and Process Optimization


The influence of three sovereign variables, Fe (Fe%), Mo (Mo%), and tr (reaction time), on the two responses, carbon yield (CY) and contact angle (CA), were determined. Design-Expert V7.0 was used and Box–Behnken design (BBD) was employed by using the response surface methodological approach (RSM). RSM was used to elucidate the effects of the main and combined input variables on the output responses selected here (Yield and Contact Angle). It is also used to optimize the process by developing models with the subsequent ANOVA analysis. Therefore, 15 experimental runs were proposed by DOE based on BBD with 3 center points. The independent variable ranges studied were Fe% (0%–5%), Mo% (0%–4%), and reaction time (20–60 min), while gas ratios, temperature, and gas type were fixed at an acetylene to hydrogen ratio of 1:4, 650 °C, and acetylene gas, respectively. The complete design matrix confirming the actual experimental design and the responses are illustrated by Table 1. The adequacy of the developed model was checked using Analysis of variance (ANOVA). The coefficient of determination (R2) was determined to illustrate the certainty of the suggested model.





3. Results and Discussion


The optimum percentage weight of 5% was found to give a high yield% when Fe was impregnated on PAC in a previous study reported by our research group [40]. CA was selected mainly as an objective function response for the modelling and optimization process to investigate the effects of synthesis conditions (catalyst compositions and reaction time). This technique is unusual in such kinds of reactions where other researchers usually focus on yield or the geometry of the nanoproducts, which have also been covered in the current work.



3.1. Modeling and Statistical Analysis


After conducting the 15 experimental runs, the responses (CY and CA) (as shown in Table 1) were fitted to different models. The models including mean, linear, two-factor interaction (2FI), and quadratic model terms (Equation (2)), and the results obtained are presented in Table 2 and Table 3, respectively.



Table 4 illustrates the ANOVA results obtained for Yield% responses. As noticed from Table 4, the main effects on CY, namely the Fe%, the Mo%, the interaction of Fe% and Mo%, the interaction of the Fe% and reaction time, the interaction of the Mo% and reaction time, the second-order effects of the Mo% and the reaction time, the interaction of the second-order effects of the Fe% and the Mo%, and the interaction of the second-order effects of the Mo% and the Fe%, were significant. The Prob > F values were less than 0.05; thus, the model is significant. Therefore, it can be inferred that the Fe, Mo, Fe × Mo, Fe × tr, Mo × tr, Fe2, Mo2, tr2, Fe2 × Mo, and Mo2 × Fe were the main determinants for Yield%. The other factors as can be observed from Table 4 have Prob > F values greater than 0.05. Hence, those parameters had negligible impacts on CY. The polynomial equation for CY% is given by Equation (2).


     C Y =   + 190.63       + 49.92 F e + 61.57 M o + 0.82  t r  + 256.62 F e . M o + 42.47 F e ×  t r         − 10.88 M o ×  t r  + 80.14 F  e 2  + 35.14 M  o 2  − 116.90    t r   2         − 297.59 F  e 2  × M o − 7.00 F  e 2  ×  t r  − 258.84 F e × M  o 2        



(2)







Figure 1a depicts a simulation model as an assessment pictorial representation between model values of Yield% predicted from the above Equation (2) and the experimental results. Figure 1a demonstrates an excellent correspondence between the predicted and experimental values of CY. The ANOVA results obtained for contact angles (CA) are illustrated by Table 5. The effects of Fe and Mo were significant, with Prob > F values less than 0.05. Moreover, it was found that the reaction time (tr) was also significant. As such, we can infer that Fe, Mo, tr, Fe × Mo, Fe2 × MO, and Fe2 × tr were the main determinants of CA. The other equation parameters, such as Fe.tr, Mo.tr, Fe2, Mo2, and Fe.Mo2, showed Prob > F values larger than 0.05. Therefore, it can be concluded that these factors had minimum effect on CA. The polynomial equation for CA is given by Equation (3).


     C A = + 146.67       + 10.50 F e + 7.25 M o + 11.75  t r  + 12.08 F e . M o        + 3.00 F e ×  t r  + 0.75 M o ×  t r  + 14.83 F  e 2  + 0.083 M  o 2         − 14.50  t r    2  − 36.33 F  e 2  × M o − 12.25 F  e 2  ×  t r         − 13.08 F e × M  O 2      



(3)







Figure 1b demonstrates the actual values versus predicted values of CA predicted from the above Equation (3), and the experimental results obtained here showed good correspondence with the predicted values of CA.




3.2. Effect of Catalysts Composition on CNMs Yield% and Contact Angle (CA)


The effects of catalysts loading on CY and CA were investigated. Three-dimensional surface contour plots with surface mesh were plotted to observe the interaction effects of the process parameters on CY and CA using Figure 2a,b, respectively. Figure 2 shows the effects of the catalysts loading on Yield% and CA at a fixed reaction time (40 min). A proportion of 5% of Fe loading was effective for maximum CNMs yield% and diameter [36]. In this work, sample S9 showed a yield% of 76.38%. It was found that combining Mo with Fe catalysts gave a higher percentage yield of CNMs, up to certain extent. This is observed for sample S15, which showed the best Yield% of 320.6%. The application of Mo catalyst higher than 2% gave less Yield%. This might be due to the possible agglomeration of Mo metal rather than taking part for the growth of CNMs. Thus, a further increase in Mo% caused drastic weight loss percentage or yield% of CNMs.



Catalysts used in the synthesis of CNMs are mostly transition metals, particularly Fe, due to the limitation of carbon solubility in these metals [41]. Fe is widely used because it has an unfilled “d” orbital and, therefore, it can interact with hydrocarbons and offer its catalytic activity. On the other hand, Mo is known to be catalyst promoter to decompose the hydrocarbon gas into helical and Y-shaped CNMs. Molybdenum was also found to be an effective catalyst dispersive agent. It is used and mixed with other catalysts in optimum conditions [42]. The addition of Mo to an Fe catalyst plays an important role as it can increase the initial conversion of C2H2 and restrain the fast catalyst deactivation. An additional advantage of using Mo as a co-catalyst can be attributed to the formation of Fe–Mo eutectic mixture, resulting in a reduction of melting point, which results in absorption of Fe onto the surface of Mo, which consequently affects the shape of the catalyst, leading to the variation of CNM shapes.



The hydrophobicity of the prepared CNMS samples is presented in Table 1 and Figure 3. PAC films usually have a CA of 65° and it is a hydrophobic substance. But the presence of CNMs which grew using Fe 5% as a catalyst showed an apparent CA of 176°. The CA value started to increase as the Yield% increased, and for the best Yield%, the apparent CA obtained was 172° (Figure 3a). This suggests that the formation of more CNMs was the main reason for the high hydrophobicity. The main two factors that affect the surface wettability of CNMs are the surface roughness and surface chemistry [43,44]. The CNM growth imparts a rougher surface area and reduces the gaps available for droplets of water. Meanwhile, higher CNM growth led to denser unfunctionalized stable carbon atoms which have a low affinity to attract water molecules.




3.3. Effect of Reaction Time on Yield% and Contact Angle (CA)


The effects of the reaction time on yield% and CA were investigated. The combined effects of the reaction time and catalyst percentages (Fe or Mo) on Yield% and CA are demonstrated by 3D surface contour mesh diagrams. These curves were plotted using the empirical model developed earlier and are shown by Figure 4a,c and Figure 4b,d for yield% and contact angle (CA). Figure 4a,b shows the response surface plots for the effects of the reaction time at a fixed 2% Mo on: (a) Yield% and (c) CA, and at fixed 5% Fe on: (b) Yield% and (d) CA. However, the Yield% increases with increasing reaction time from 20 to 40 min, as shown in Figure 4a,c. The increased Yield% can be attributed to the increase in reaction time, which results in increasing the decomposition rate of C2H2. Increased reaction time can increase the catalyst’s activity and ensure its adequate diffusion inside the carbon matrix. However, increasing the reaction time beyond 60 min has a negative effect on yield%. This could be attributed to the degradation of CNMs after 40 min, as there are two main reactions taking place in the CVD reactor, which are the growth and degradation (oxidation) reactions (due to the existence of some trace amounts of oxygen impurities in the gases). After 40 min of CNM growth, the diffusion rate of carbon into the catalyst decreases with increasing reaction time as the catalysts were deactivated due to coverage with CNMs, and eventually approaches zero, allowing the degradation reaction to take place [45].



The effects of the reaction time on CA at 5% Fe and 2% Mo are shown in Figure 4b,d, respectively. Similar to yield%, there was a noticeable increase in CA with increasing reaction time, from 20 to 40 min, as shown in both plots. However, increasing the reaction time to 60 min resulted in a drop in CA due to the direct relation between the reaction time and CY, as it increases the surface roughness, as explained before.




3.4. Optimization Study


After developing a significant empirical statistical model, statistical optimization was carried out. All the input variables were selected between preselected experimental ranges. The ultimate target is to obtain maximum yield%, as well as CA. Some sets of predicted solutions were obtained as potential optimization conditions, which were additionally classified by desirability, as listed in Table 6. The highest desirability for the optimum process conditions solution was 5% Fe, 2.18% Mo, and a reaction time of 40 min, which resulted in a yield% of 315.139% and a CA of 173°. For the purpose of experimental verification, an experiment was carried out under suggested optimum conditions. These results show that the experimental values for yield% and CA were 312.5% and 171°, which were quite consistent with the model predicted values.




3.5. Surface Morphology Analysis


The surface morphological features were analyzed using FESEM images, as illustrated by Figure 5a–f. The images of PAC–CNM for six selected samples (samples 2, 4, 6, 9, 13, and 15, respectively) with 50,000× magnification are shown below. Figure 5d displayed the FESM image of S9, which was found to have the highest CY and CA by using Fe as a catalyst and a reaction time of 40 min. Two types of carbon nanomaterials found in this sample were carbon nanofibers (CNFs) and multiwall carbon nanotubes (CNTs). Figure 5a displayed the FESEM image of S2, which was prepared by using only Mo as a catalyst and a reaction time of 40 min. It was found that using only Mo as a catalyst gave very poor CY, which indicates very poor growth of CNMs. Figure 5b displayed the FESEM image of S4, which was prepared by using 2.5% of Fe and 4% of Mo as catalysts and a reaction time 60 min. This image revealed that using a high amount of Mo and high reaction time produced aggregated CNMs and CNFs, as such these experiment conditions are not preferred. The FESEM image (c) of S6 was prepared by using the same amount of Fe catalyst and reaction time as compared to that of S4, but a lower amount of Mo catalyst of (2%). This image showed 4 different types of CNMs as helix-like CNFs, spring-like CNFs, CNTs, and CNFs. Figure 5e,f displayed the FESM images of S13 and S15, respectively. These images showed 3 different types of CNMs as helix-like CNFs, CNFs, and CNTs.



Figure 6 shows the TEM images of S15. The images revealed the MWCNT internal structure, as well as CNFs, which were attached to the amorphous PAC surface. The internal hollow structure gave clear evidence of the formation of MWCNTs, while the other CNMs were observed as a solid structure. The dark spots in the TEM images are the metallic catalyst nanoclusters where the carbon atoms build up to form the CNTs and other CNM structures around it. It is also clear from the position of the catalyst nanocluster on the top end of the CNTs that the growth mechanism could be a top-down model. In addition, TEM images exhibited a crooked or twisted CNM layout. According to the proposed catalytic growth mechanism, the crooked or twisted CNMs may be the result of a variation of clusters of catalyst crystallization and morphology when conjugated with carbon segregation on the active sites around the catalyst periphery during CNMs growth.



The ImageJ® image processing software (National Institute of Health, Bethesda, MD, USA) was used to determine the average diameter and particles size distribution of CNMs to perform statistically reliable measurements, and several micrographs have been processed for each sample. The minimum number of investigated particles was 200. It was found that the average size diameter (as shown in Table 7) tends to increase as Mo catalyst percentage weight and reaction time increased.



The particle size distribution test result is depicted in Table 7. It was found that using Fe as a catalyst gave around 64% and 20% in the range between 0–50 and 50–100 nm, respectively. However, adding a small percentage weight of Mo increased the size of CNMs. For example, S15 gave around 13% and 68% in the range between 0–50 and 50–100 nm, respectively. It is worth mentioning that the best samples satisfying the definition of CNMs (<100 nm) are those with 2% Mo.




3.6. Raman Analysis


Raman spectroscopy was used to characterize the nature of the prepared CNMs, as shown in Figure 7 for S9 and S15. There was an observation for two unattached peaks at ~1590 cm−1 for G peaks, which corresponds to the movement of the two adjacent carbon atoms moving in opposite directions inside the graphite sheet [45,46], and at ~1350 cm−1 for D peaks, which corresponds to sp3- hybridization of carbon atoms at the sidewalls of CNTs [46]. These peaks usually appear in multiwall CNTs, while the radial breathing mode (RBM) can be spotted in the range of 100–400 cm−1 in SWCNTs. No RBM peaks were observed for the samples, which indicates that no SWCNT was produced. The ID/IG ratios were calculated to estimate the variation of CNMs crystallinity with Fe and Fe/Mo catalysts. The ID/IG for the Fe catalyst sample of 0.63 was lower than those using Fe/Mo bi-catalyst (0.98). This suggests that the use of Fe/Mo bi-catalyst systems will provide the sample containing well developed graphitic structure than that of the sample using the Fe catalyst only [45,46].




3.7. TGA Analyses


Thermogravimetric analysis (TGA) was carried out to study the temperature effect on the synthesized samples here. The TGA and DTG of S9 and S15 are shown by Figure 8. TGA analysis demonstrates the weight loss at a different temperature, which reflects the thermal stability of the finally obtained CNMs. The first weight loss was observed at a temperature of around 100 °C for both samples. This showed the evaporation of adsorbed moisture [47,48]. Oxidation began at approximately 400 °C and 500 °C for sample S9 and S15, respectively, which resulted in a loss of nearly 85 wt%. The oxidation temperatures of different carbon structures are not the same and vary according to the strength of inter-atomic bonds and their network uniformity. The TGA profile of S15 showed more thermal stability due to the presence of more CNMs. It was also noticed that there was no further weight loss after a temperature of 600 and 664 °C for samples S9 and S15, respectively. Some residual material remained for each of the samples, and these residues represented ash content, which were found to be 8% and 10% for samples S9 and S15, respectively. The residues were mainly due to the presence of Fe and/or Fe/Mo catalysts, which were deposited over the surface of PAC during impregnation.





4. Conclusions


In this research, successful growth was achieved for super-hydrophobic CNMS on PAC using a Fe–Mo biocatalyst in CVD following the RSM method experimental design. The output responses of CY and CA were recorded and significant regression models were obtained. Eventually, this led to a clear optimization of the CVD process operational conditions and catalyst loadings. The results concluded that Fe and Mo catalyst composition, as well as reaction time, play a vital role for CY and CA. Process optimization revealed that a binary mixture of 5% Fe, with 2% Mo, is a suitable catalyst for the growth of CNTs and the time period should be 40 min to obtain the highest CY of 320% and CA of 172°. Surface morphological features demonstrated the presence of CNMs containing three different types of nanostructures, including helix-like CNFs, CNFs, and CNTs. Raman analysis showed that a high degree of graphitization took place. This study indicated the pathways for the formation of CNMs with hydrophobic texture, and the appropriate contact angle (CA) which can be subsequently applied for nanomembrane fabrication with superior characteristics. The future perspective of this research is to fabricate a nano-membrane which can exhibit superior performance in membrane distillation and desalination processes.
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Figure 1. Parity plot of experimental and predicted values of: (a) CY (%) and (b) CA (°). 
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Figure 2. Response surface plots for the effects of the catalyst amount at a fixed reaction time of 40 min on: (a) Yield (%) and (b) CA (°). 
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Figure 3. CA (°) of carbon nanomaterials (CNMs) (a) S9 (b) S15. 
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Figure 4. Response surface plots for the effects of the reaction time at fixed Mo% amount (2%) on: (a) CY (%) and (c) CA (°), and at fixed Fe% amount (5%) on: (b) CY (%) and (d) CA (°). 
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Figure 5. Field emission scanning electron microscopic (FESEM) images of CNMs (a) S2 (b) S4 (c) S6 (d) S9 (e) S13 (f) S15. 
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Figure 6. Transmission electron microscopic (TEM) images of S15. 
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Figure 7. Raman spectra of S9 and S15. 
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Figure 8. Thermogravimetric analysis (TGA) spectra of S9 and S15. 
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Table 1. Box–Behnken factorial design (BBD) Matrix for 15 Experimental Runs.
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Sample

	
Amount of Fe%

	
Amount of Mo%

	
Time (min)

	
CY (%)

	
CA (°)




	
(Fe)-A

	
(Mo)-B

	
(tr)-C

	
(CY)

	
(CA)






	
S1

	
0.00

	
2.00

	
60.00

	
55.3

	
133




	
S2

	
0.00

	
4.00

	
40.00

	
22.2

	
92




	
S3

	
2.50

	
4.00

	
20.00

	
90.4

	
127




	
S4

	
2.50

	
4.00

	
60.00

	
180.9

	
152




	
S5

	
2.50

	
0.00

	
20.00

	
35.6

	
98




	
S6

	
5.00

	
2.00

	
60.00

	
240.1

	
160




	
S7

	
5.00

	
2.00

	
20.00

	
167.5

	
155




	
S8

	
5.00

	
4.00

	
40.00

	
117.6

	
142




	
S9

	
5.00

	
0.00

	
40.00

	
76.4

	
176




	
S10

	
0.00

	
2.00

	
20.00

	
152.6

	
140




	
S11

	
2.50

	
2.00

	
40.00

	
193.9

	
144




	
S12

	
2.50

	
2.00

	
40.00

	
188.6

	
150




	
S13

	
2.50

	
2.00

	
40.00

	
189.4

	
146




	
S14

	
2.50

	
0.00

	
60.00

	
59

	
136




	
S15

	
5.00

	
2.00

	
40.00

	
320.6

	
172
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Table 2. Sequential model sum of squares for carbon nanomaterials yield (CY).
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	Source
	Sum of Squares
	DF
	Mean Square
	F Value
	Prob > F
	R2





	Linear
	28,664.25
	3
	9554.75
	1.56
	0.2552
	0.2981



	2FI
	9239.03
	3
	3079.68
	0.42
	0.7419
	0.3941



	Quadratic
	13,599.38
	3
	4533.13
	5.47
	0.0491
	0.8684
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Table 3. Sequential model sum of squares for contact angle (CA).
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	Source
	Sum of Squares
	DF
	Mean Square
	F Value
	Prob > F
	R2





	Linear
	2117.18
	3
	290.45
	3.88
	0.0408
	0.5142



	2FI
	351.18
	3
	117.06
	0.57
	0.6515
	0.5995



	Quadratic
	758.97
	3
	252.99
	1.42
	0.3403
	0.8938
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Table 4. Analysis of variance (ANOVA) for Yield% Surface Model.
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	Source
	Sum of Squares
	df
	Mean Square
	F Value
	Prob > F





	A
	9970.02
	1
	9970.02
	1221.32
	0.0008



	B
	15,165.92
	1
	15,165.92
	1857.81
	0.0005



	C
	2.72
	1
	2.72
	0.33
	0.6220



	AB
	10,397.70
	1
	10,397.70
	1273.71
	0.0008



	AC
	7216.50
	1
	7216.50
	884.01
	0.0011



	BC
	473.06
	1
	473.06
	57.95
	0.0168



	A2
	4056.43
	1
	4056.43
	496.91
	0.0020



	B2
	592.77
	1
	592.77
	72.61
	0.0135



	C2
	9110.41
	1
	9110.41
	1116.02
	0.0009



	A2B
	13,452.27
	1
	13,452.27
	1647.89
	0.0006



	A2C
	98.00
	1
	98.00
	12.00
	0.0742



	AB2
	11,999.82
	1
	11,999.82
	1469.97
	0.0007
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Table 5. ANOVA Analysis for the CA Surface Model.
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	Source
	Sum of Squares
	df
	Mean Square
	F Value
	Prob > F





	A
	441.00
	1
	441.00
	47.25
	0.0269



	B
	210.25
	1
	210.25
	22.53
	0.0205



	C
	552.25
	1
	552.25
	59.17
	0.0416



	AB
	23.05
	1
	23.05
	2.47
	0.0165



	AC
	36.00
	1
	36.00
	3.86
	0.2566



	BC
	2.25
	1
	2.25
	0.24
	0.1885



	A2
	138.96
	1
	138.96
	14.89
	0.6720



	B2
	3.333 × 103
	1
	3.333 × 103
	3.571 × 104
	0.0611



	C2
	140.17
	1
	140.17
	15.02
	0.9866



	A2B
	200.52
	1
	200.52
	21.48
	0.0435



	A2C
	300.12
	1
	300.12
	32.16
	0.0297



	AB2
	30.66
	1
	30.66
	3.28
	0.2116










[image: Table] 





Table 6. Solutions for CNMs production.
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	No.
	Amount of Fe%
	Amount of Mo%
	Time (min)
	CY
	CA (°)
	Desirability





	1
	5.00
	2.18
	42.26
	315.139
	173.62
	1.000



	2
	5.00
	1.80
	43.06
	319.296
	167.31
	0.996



	3
	5.00
	1.78
	43.84
	318.729
	163.62
	0.990



	4
	5.00
	1.79
	40.34
	316.753
	166.66
	0.987



	5
	5.00
	1.80
	42.66
	319.311
	164.64
	0.981
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Table 7. Average size and particle size distribution of the prepared CNMs.






Table 7. Average size and particle size distribution of the prepared CNMs.





	
Sample

	
Average Size (nm)

	
Particles Size Distribution (%)




	
0–50 nm

	
50–100 nm

	
100–150 nm

	
150–200 nm






	
S4

	
85.43

	
5

	
32

	
44

	
19




	
S6

	
117.71

	
7

	
19

	
41

	
33




	
S9

	
56.69

	
64

	
20

	
8

	
8




	
S13

	
70.94

	
37

	
50

	
10

	
3




	
S15

	
81.68

	
13

	
68

	
14

	
5












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
CY (%)

0.00 0.00





nav.xhtml


  symmetry-12-01242


  
    		
      symmetry-12-01242
    


  




  





media/file8.jpg





media/file18.png
120

0.10

uru/sw HIq
(o]
-
<

o S S

<
= 0 o -t
—

% SSO'T JUSIIA\

-0.90

1000

=

800

600

400

200

Temperture °C

TGA S15

-====DTG S15

-====DTG S9

— TGA S9






media/file16.png
Intensity (a.u)

4900

3900

2900

1900

900

-100

500

;1-A.A-

1500
Raman Shift (cm?)

—_—S9 —S15

2500






media/file2.png
Predicted CY (%)

330.00—

252.50

175.00

97.50

20.00—

|
22.20

| | I
96.83 171.45 246.07

Experimental CY (%)

|
320.70

(b)

Predicted CA (°)

176.00
160.50
145.00 vale
129.50
114.00
I I | I |
114.00 129.50 145.00 160.50 176.00

Experimental CA (°)





media/file5.jpg
@ ®)





media/file3.jpg





media/file9.png
CY (%)

CY (%)






media/file1.jpg
Predicted CY (%)

(b)
w000 eso]
0] £ o]
<
3
o] 3 o] .
g
&
o] o]
00 o]
[ R S R e ma e s e

Experimental CY (%) Experimental CA (°)





media/file7.jpg





media/file10.png
CA (°)

A

4 LA

IR
AR

(AN ‘#‘ i) ""' (}

ARG ity " 0'

RKNNIIN
o,‘ 4, "

&,

(N
CAD
ol
¢

A
ey

OO
(XD
3

SERRANO0

*
()

OOAANDAAY
OOOCAND)
. '.::fo’e‘o’f' O

CXO0)
()
x
X
o
()






media/file12.png
W : ‘jAggregated'
»

r
pe r ‘}/,'\'
- 9 o A ’
& P i -
f/ ” W'l«.’/
o~ > -

CNMs

/ \ ~\/ :
V] e aath

\~ A:Z-"\
CNFS a Hethmq & ey
il P CNS R
o A
RN

W ';\\ {2
Spring Like - ’ VAR~
Yt - o8 o LR T

CNFS™~ “}
il S5t/ 4,_

y
-~ \J
A u ‘/,.
x . § WA
A\ < 7 : r
- —_—_ . = _— A | SEEY F 2 SNNEN = . ¥ -] Fa = .
HV det | mag O | vacMode |spotf WD | ———2ym—— HV det mag O vacMode |spot| WD 2 um
5.00 kV |[ETD | 50 000 x |High vacuum| 2.5 | 5.8 mm 5.00 kV ETD 50 000 x High vacuum 2.5 [5.9 mm
(U
- '\‘\.

A
Helix like.CNFs
CNEs

<y gl
'™
v -, e p
WA Ny £ .
> '3
—
L 5, .
> R}
3
: & o ~
4 L d
kv \ 1 2%
b "
R - T
W >
3 i-\:‘ .. g I~
HV det | mag 'O vacMode spot| WD 2@;777 HV det | mag O| vacMode [spot] WD =
5.00 kY ETD 50 000 x High vacuum| 2.5 |6.0m 5.00 kV |ETD ' 50 000 x |High vacuum| 2.5 | 9.8 mm

¥ :
- %
’ &
P
] -
e "v\
HV det | mag O vacMode | spot| WD —2um HV | det | m g 1| vacMode |spo W 2um
5.00 KV ETD 50 000 x High vacuum 3.0 [9.8 mm 5.00 kV ETD | 50 000 x |High vacuum| 2.5 |6.1 mm
U
- : r = 4
-

>

2um





media/file0.png





media/file14.png
’

Falg
/ /
y

yst nanoclust \






media/file11.jpg





media/file6.png
CAleft: 176° CAleft: 172.7 °
CAright: 176° CAright: 172.7°

(a) (b)





media/file15.jpg
Intensity (a.u)

4900

3900

2900

1900

900

-100

1500
Raman Shift (cm)

—59 ——SI5

2500

3500






media/file17.jpg
w/Sw 9 1q
g
<

0.10
-0.90

1000

0

80

0

60

Temperture °C

0
——TGAS9 ——TGASIS

400

200

£ 589 8"
% SSOTIBPM






