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Abstract
The study deals on the modified PAN-based activated carbon nanofibers (ACNFs) embedded with different amount of zinc oxides (ZnO) (0, 5, 10, and 15% relative to PAN wt.) to be used as adsorbents for natural gas adsorption. The nanofibers (NFs) were successfully fabricated via electrospinning process at optimize parameters. The resultant NFs underwent three steps of pyrolysis process which are stabilization, carbonization and activation at optimum parameters. The morphological structure and diameter of pure and modified ACNFs were characterized using SEM while the existences of chemical bonds were analyzed by FTIR analysis. XRD analysis was done to identify the crystallinity of the ACNFs. BET method was used to identify the specific surface area (SSA) and nitrogen adsorption isotherm of the samples. The results showed that the SSA of ACNF5 (163.04 m2/g) is significantly higher compared to the pristine and other modified ACNFs, nevertheless the obtained results is much lower compared to average theoretical value. SEM micrograph depicted that all ACNF samples possessed average diameter of 300 – 500 nm with smooth and aligned structure. The presence of white spots as ZnO alongside the NFs has been confirmed with FTIR and XRD analysis. From these findings, it is believed that ACNFs/ZnO will become a new adsorbent with great potential for gas adsorption and storage in the near future applications.

Keywords:  activated carbon nanofibers, zinc oxide, polyacrylonitrile, specific surface area 

Abstrak
Kajian ini membincangkan tentang gentian-nano karbon teraktif (ACNFs) terubah suai berasaskan polimer PAN yang digabungkan dengan kandungan zink oksida (ZnO) yang berbeza (0, 5, 10, dan 15% berdasarkan berat PAN) untuk digunakan sebagai penjerap dalam penjerapan gas asli. Gentian-nano (NFs) telah berjaya direka melalui proses putaran elektro menggunakan parameter-paramter optimum daripada kajian terdahulu. Kemudian, NFs yang terbentuk akan melalui tiga peringkat proses pirolisis iaitu penstabilan, karbonisasi, dan pengaktifan menggunakan parameter optimum daripada kajian terdahulu. Struktur morfologi dan diameter ACNFs tulen dan yang telah diubahsuai dengan ZnO telah dicirikan menggunakan SEM manakala kewujudan ikatan kimia telah dianalisis menggunakan FTIR. Selain itu, untuk mengenalpasti penghabluran ACNFs yang terhasil, analisis yang dikenali sebagai XRD telah dijalankan. Kaedah BET pula dijalankan untuk mengenal pasti luas permukaan tertentu (SSA) dan isoterma penjerapan nitrogen. Hasil kajian menunjukkan bahawa SSA sampel ACNF5 (163,04 m2/g) adalah lebih tinggi berbanding dengan ACNFs tulen atau ACNFs yang telah diubahsuai yang lain..Walau bagaimanapun, keputusan yang diperoleh menunjukkan SSA yang jauh lebih rendah berbanding dengan nilai teori purata. Melalui SEM mikrograf, semua sampel ACNFs yang dihasilkan melalui kajian ini memiliki diameter purata dari 300 hingga 500 nm dengan struktur licin dan sejajar. Kehadiran bintik putih sebagai ZnO telah disahkan melalui analisis FTIR dan XRD. Penemuan ini membuktikan bahawa ACNFs/ZnO akan menjadi penjerap baru yang mempunyai potensi besar dalam aplikasi penjerapan dan penyimpanan gas pada masa hadapan.

Kata kunci:  gentian karbon teraktif, zink oksida, poliakrilonitril, luas permukaan spesifik


Introduction
Activated carbon (AC) has been widely utilized as adsorbent in various applications in recent years included in water or gas adsorption due to their porous structure, high specific area, and cost-friendly [1]. Currently, AC can be developed by using various types of precursors such as pitch, lignin, polymers, and also synthetic precursor, however polyacrylonitrile (PAN)-based adsorbents have become an attractive alternative as PAN precursor could produce high carbon yield up to 56% as compared to the other precursors [2]. However, a new enhanced material known as activated carbon nanofibers (ACNFs) with highly microporous structure with finer structure and greater specific surface area [3] have been developed in order to overcome the disadvantages of AC that possessed low SSA and limited the gas adsorption capabilities. Ascribed by its low resistance to bulk flow, high adsorption-desorption kinetics, heat stability, and high strength; PAN-based ACNFs have received major attention from researcher all over the globe and were studied for their potential as excellent gas adsorbents [4]. 

Nanofibers (NFs) can be fabricated by various techniques included template synthesis, phase separation, electrospinning, and self-assembly [5]. Out of those available techniques, electrospinning seems to produce NFs with smaller diameter with uniform distribution structures. Moreover, electrospinning offers more advantages than other techniques such as versatility, efficiency, and feasibility in large quantities production. Recently, in order to improvised the NFs structures, the electrospun NFs were subjected to activation process to create new macropores and micropores structures, with smaller fiber diameter and greater SSA. Furthermore, incorporation of additives such as metal oxide into the NFs was proven can enhance the structure of the NFs. Metal oxide nanoparticles such as magnesium oxide (MgO), manganese dioxide (MnO2), zinc oxide (ZnO), and nickel oxide (NiO) have been profound to be as excellent candidate that could enhance the physicochemical properties of PAN-based ACNFs due to their catalytic effects [6]. These nanoparticles themselves are high in SSA and the addition of right amount of these nanoparticles into the NFs solution are believed could improve their structure as well as adsorption capabilities. 

In this study, the ACNFs embedded with ZnO were produced through suitable electrospinning and activation method under optimum parameters obtained from previous studies [7]. The objective of this present study is to prepare the ACNFs incorporated with ZnO and to study their microstructural properties and surface area for suitable gas adsorbent materials.

Materials and Methods
Nanofibers fabrication
The polymer polyacrynitrile (PAN) and solvent N, N-dimethylformamide (DMF) were purchased from Sigma-Aldrich while zinc oxide (ZnO) powder was purchased from Alfa Aesar. Homogenous DMF solutions of PAN containing 0, 5, 10, and 15% (relative to PAN wt.) of ZnO were stirred gently for 24 hours at room temperature. The nanofibers (NFs) were prepared by using a lab-scale electrospinning machine NFOM1000-1503 supplied from Nfiber at optimum voltage of 12.4kV, the distance between the needle tip to collector of 20 cm, and flow rate of 1 ml/hour. The resultant NFs with 0, 5, 10, and 15% of ZnO were denoted as NF0, NF5, NF10, and NF15, respectively. 

Activation of nanofibers
The resultant NFs were underwent three stages of pyrolysis process. Start with stabilization with pure air until the temperature of 275 °C, followed by carbonization under inert air condition until 600 °C, and finally activation with activating gas such as carbon dioxide until 800 °C, in order to improve the porous structure of the NFs and directly increasing the specific surface area with 30 minutes of resting time for each stage. After activation, the NFs were known as activated carbon nanofibers (ACNFs). In this study, ACNFs with 0, 5, 10, and 15% of ZnO were denoted as ACNF0, ACNF5, ACNF10, and ACNF15, individually. 
 
Characterization
In order to better understanding of the PAN-based ACNF/ZnO produced, there are several characterization analyses have been conducted. The morphology and diameter of the NFs have been characterized using field emission scanning electron microscopy (FESEM) while the elemental analysis and chemical studies of the NFs were analyzed by using X-ray diffraction (XRD) analysis and Frontier Transform Infrared (FTIR) analysis, respectively. Moreover, Brunauer–Emmett–Teller (BET) analysis was used in order to study specific surface area and pore size distribution of all the resultant NFs. The surface area and microspore analysis of NFs and ACNFs were investigated using nitrogen gas (N2) adsorption isotherm at 77 K (ASAP2020, Micromeritics, USA).

Results and Discussion
Morphological studies of nanofibers
Figure 1 shows the SEM images of PAN-based ACNF/ZnO with different loading of ZnO prior activation. It can be seen that the all NFs possessed smooth, straight, and aligned structure with several white spots attached alongside the fibers (Figure 1b, c, d) that represent the existence of ZnO. The fibers diameter was varied in all concentrations. From the figure, it obviously can be seen that the pristine NFs possessed the largest fiber diameter as compared to NFs embedded with ZnO. It was found that addition of ZnO has reduced the diameter of the NFs up to 45%, with average diameter of NF0 is 576.8 ± 55.91 nm and was reduced to 325 ± 43.1 nm in all modified NFs (NFs embedded with ZnO).

After activation, the NFs were transformed into activated carbon nanofibers (ACNFs) and the SEM photographs of all pristine and modified ACNFs are shown in Figure 2. It can be seen that the ACNFs possessed rougher, irregular, and undulated structure compared to NFs prior activation. The average diameter of the all NFs also decreased up to 40% from 450 nm to 270 nm due to the removal of PAN and other molecules during the heat treatment resulting in weight loss and NFs’ diameter reduction [8, 9]. As shown in Figure 2(b), ACNF5 possessed the finest fiber structure with well-dispersed and a few agglomeration of ZnO alongside/inside the ACNFs as compared to the others. 
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Figure 1. 	SEM micrograph of nanofibers with different loading of zinc oxide prior activation (a) NF0, (b) NF5, (c) NF10 at 2500x magnification and (d) NF15 at 1500x magnification
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Figure 2. 	SEM micrograph of nanofibers with different loading of zinc oxide after activation (a) ACNF0, (b) ACNF5, (c) ACNF10, and (d) ACNF15 at 2500x magnification


Although this result counterback the result of previous research conducted by Dadvar et al. [6], as they said the increasing the amount of metal oxide loaded, the smaller the diameter of the NFs; this study has concluded that NFs were only affected by the amount of metal oxide, which is up to its maximum loading depends on the type of the metal oxide used in order to produce NFs with better structure. This phenomenon is believed could start as early as during the dope preparation and fiber preparation stages as the amount and types of the metal oxide used can affect the viscoelasticity of the solution and varies the ejection time of jet to arrive at the collector and these behaviors are believed to give impact to the diameter of the NFs [10].

Chemical bond studies
Figure 3 shows the FTIR spectra for NFs embedded with 0 and 5% of ZnO prior and after activation. As can be seen, there are various peaks appeared in the NFs prior activation (Figure 3a) and some of the peaks were removed after activation due to heat treatment (Figure 3b), and it is believed only carbon and hydrogen peaks were left. Theoretically, numerous new transition structures were formed during pyrolysis. As can be seen in Figure 3(a), there are five major peaks can be detected in both NF0 and NF5 that represent different vibrations existed in the NFs prior activation. However, there is one high peak was detected at wavenumber 445.7 cm-1 in NF5 that represents Zn-O vibrations [11, 12]. Nevertheless, the appearance of unknown peak around wavenumber 400 – 700 cm-1 in Figure 3 is believed due to the existence of other vibrations that overlapped at the same wavenumber range such as C-C, C-N, and C-O. After activation, there are only three major peaks were detected at 1285.5, 1433.1, and 1581.7 cm-1 represent C=O, C-H, and C=C vibrations, respectively [13].
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Figure 3.  FTIR spectra of NF0 and NF5 (a) prior activation and (b) after activation


Elemental analysis
The crystallographical behaviors of both NF0 and NF5 prior and after activation have been analyzed by using X-ray diffraction analysis as shown in Figure 4. It can be seen that prior activation, the structure of the NFs is amorphous and after activation, the structure become more crystalline. As shown in Figure 4(a), the obvious peak detected at 16.7o in NF0 represents the polymer PAN peak [12] while the other two sharp peaks that only appeared in NF5 at 31.85 and 36.3o represents the ZnO peaks. However, in Figure 4(b), the polymer peak changed to carbon peak after activation and it was detected at 13.2o [13]. As detected in Figure 4(a), the same ZnO peaks were also observed in ACNF5 with addition of two other ZnO peaks at 34.6 and 47.55o [14 – 16]. It is believed these two peaks already appeared in the NF5; however it cannot be seen due to amorphous structure of the NFs. 
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Figure 4.  X-ray diffractogram of NF0 and NF5 (a) prior activation and (b) after activation


BET surface area
Brunauer–Emmett–Teller (BET) analysis was used to determine the specific surface area (SSA) of all resultant NFs as depicted in Table 1. Prior activation, the addition of low or high concentration of ZnO bring no effect to the enhancement of SSA of the NFs (see data in Table 1), in contrast it shows pristine NFs possessed the largest SSA. However, after heat treatment was conducted to the NFs, there is significant increment in SSA of NFs especially for ACNF5 that possessed total SSA of 163.04 m2/g. The result obtained was comparable to the previous study conducted by Kahjwal and friends (2016) [16] as they obtained BET results of 137 m2/g after the calcination of NFs embedded with ZnO at 700 oC. 

However, the addition of 10 and 15% of ZnO into the NFs showed no significant increment in SSA even after activation as compared to the ACNFs with 5% ZnO. This phenomenon occurred due to the higher amount of ZnO (more than 5%) could probably inhibited the catalytic effect of the ZnO that increasing the diameter of the resultant NFs and it also believed the fiber distribution became broader. As the diameter increases, the SSA are believed to reduce and it is important to note that the right amount of ZnO are the main concern in order to produce NFs with smaller diameter and high SSA. Higher specific surface area is believed could increase the adsorption performance due to increasing adsorption active sites [17].


Table 1.  Comparison of specific surface area of nanofibers embedded with different concentration of ZnO 
prior and after activation
	Sample
	Prior activation (m2/g)
	After activation (m2/g)

	NF0
	9.1300
	3.9446

	NF5
	8.9070
	163.0416

	NF10
	5.3658
	29.1523

	NF15
	7.4454
	24.9459




Conclusion
Thorough chemical, physical and thermal characterizations that have been employed in this study, the effects of incorporating ZnO in PAN-based NFs have been investigated. Composite ACNF/ZnO after heat treatment possessed average diameter of 270 nm and SSA obtained ranging from 3.9446 to 163.0416 m2/g. By using various type of characterization techniques like FE-SEM, BET, XRD, and FTIR, have provided better understanding on morphological and structural properties of PAN-based ACNFs embedded with various concentration of ZnO.
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