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Abstract

:

The influences of reactive and dielectric characteristics of activators were investigated in the microwave-catalyzed conversion of phenolic resin waste to activated carbon (AC). To compare with the dielectric interactions of the microwaves with treated samples, conventional electric heating for AC carbonization was also conducted in parallel. The porosity and chemical features of the prepared AC were examined, and the AC was used to remove ammonium from water through adsorption. The results revealed that KOH-activated wastes developed a highly porous structure, whereas H3PO4 treated wastes were functionalized with surficial phosphate groups. Both of these features were more pronounced in the cases of microwave-catalyzed carbonization than those using conventional electric heating. Because of the intense dielectric interactions of the H3PO4-activated waste with microwave, the abundant phosphate functional groups formed on the phenolic resin waste surface during microwave-catalyzed carbonization. They facilitated the resulting AC as an effective adsorbent for aqueous ammonium.
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1. Introduction


Phenolic resins, commonly referred to as phenol-formaldehyde resins, are thermosetting plastics used in various applications. The global phenolic resin market was valued at US$12.63 billion in 2019 and is projected to maintain a compound annual growth rate of 5.4% in the upcoming years because of the versatility, multiple uses, and cost-effectiveness of such resins [1]. The continuous growth of demand has resulted in a rapid increase in waste from phenolic resin–using materials. Such waste is difficult to revert to its original state because of the stability of the cross-link bonds in a thermosetting resin. To achieve the UN’s Sustainable Development Goal of responsible consumption and production and abide by restrictions implemented by zero-waste frameworks [2], the manufacturing sector requires a feasible method for recycling this waste.



Converting waste into activated carbon (AC) is one of the most valuable and practical means of handling carbonaceous residues such as agricultural and industrial waste [3,4]. AC is a porous material employed for many purposes, such as removing pollutants from aqueous or gaseous waste streams [5], concentrating the useful components of mixed fluids [4], carbon sequestration [6], sensing application [7], and supporting catalysis [8]. The conversion process comprises activation and carbonization. Activation refers to the process of activating the surface and the whole matrix of the carbonaceous precursors, and carbonization consequently enables the development of pores in the AC [9]. Chemical activation is an effective method for manipulating the pore size and functionalizing the AC surface for various applications [10]. Carbonization is conventionally performed using electric heating (EH) furnaces. However, microwave heating can offer many advantages over conventional electric heating, such as (i) higher heating rates and efficiencies, (ii) material-selective heating, (iii) volumetric heating, (iv) energy transfer (instead of heat transfer), (v) energy savings and low processing temperatures (150–300 °C), (vi) quick starting and stopping, and (vii) small equipment size and little waste [11,12,13,14]. Therefore, microwave heating has been employed in various fields. Carbonaceous waste pyrolysis through microwave radiation has been confirmed to be an efficient technique for producing AC [15,16,17]. However, more work is necessary to expand the existing understanding of microwave catalysis and the dielectric interactions with targeted samples to fulfill it a commercially viable and environmentally sustainable route for AC production.



Ammonium originating from natural biomass degradation and anthropogenic sources, such as sewage treatment, leather and textile manufacturing, and electroplating, flows into bodies of water, leading to oxygen depletion, eutrophication, and water quality deterioration. Ammonia is particularly toxic to some fish, even at concentrations as low as 3 ppm [18]. Adsorption is an effective approach in terms of its performance–cost ratio and use of waste residue as adsorbents [19]. The use of AC has been steadily increasing because of its highly porous structure and the chemical nature of its surface, which can be modified or functionalized using different treatment processes [20].



This study compared the effects of chemical activators during microwave-catalyzed carbonization and conventional EH carbonization on the characteristics of the prepared AC and its use for ammonium removal from water. Many studies have focused on the conventional EH carbonization of residue. Seldom has research investigated the dielectric interactions between microwave and activators during carbonization or systematically compared the characteristics of AC prepared through the microwave and thermal routes.




2. Results and Discussion


2.1. Topography of AC Derived from Phenolic Resin Waste


The appearance of raw phenolic resin waste was observed using field-emission scanning electron microscopy (FE-SEM) and illustrated in Figure 1a; the waste was composed of spherical particles, each having a 50–300-μm diameter almost nonporous surface. The carbon activated with H3PO4 (denoted by subscript P; Figure 1b,c) exhibited less porosity than activated with KOH (denoted by subscript K; Figure 1d,e). Compared with the relatively full spheres with deep pores on the surface of microwave-catalyzed AC (Figure 1b,d), that prepared through EH exhibited a more fractured structure (Figure 1c,e). With KOH activation, microwave carbonization resulted in AC with finer pores (Figure 1d), which contrasted the AC surficial hollow diameter of approximately up to 50 μm that EH carbonization produced (Figure 1e).



The FE-SEM observations suggested that the activator strongly influenced pore development; KOH created a more porous structure than H3PO4 because the microwaves locally interacted with the raw phenolic resin waste and created narrow and deep pores on the AC surface. KOH has been an effective activator for preparing carbons from phenolic resin because such carbons are susceptible to KOH activation, resulting in considerable microporosity and the disappearance of mesoporosity [8,21]. The interactions of chemicals with phenolic resin and microwaves are discussed in the following sections. The reaction conditions were not optimized to maximize AC production, but the adopted procedure provided a means of comparing the activities of the employed activators and heating sources. Because the reaction time was considerably shorter with microwave heating, it is an efficient method of producing AC.




2.2. Specific Surface Area and Micropore Volume of AC


Figure 2 displays the N2 adsorption–desorption isotherms of AC measured at 77 K. According to the International Union of Pure and Applied Chemistry classification [22], the isotherms of KOH-AC (KOH activated AC, i.e., ACK-MW and ACK-EH) are Type I, which is characteristic of microporous materials having low external surface [22]. Therefore, the uptake of adsorbate (nitrogen in the test) was mainly fulfilled with the micropore filling, distinct from the surface coverage on the walls of open macropores or mesopores [23,24]. Consequently, this isotherm type has a limited adsorption capacity, governed by the accessible micropore volume rather than by the internal surface area [22,25]. A steep uptake at extremely low values of p/p0 is due to increased adsorbent–adsorptive interactions in the narrow micropores. In contrast to the reversible isotherm (in which the adsorption and desorption branches almost overlap) observed for KOH-AC, H3PO4-AC exhibited hysteresis loops, which can be attributed to adsorption metastability with respect to the same adsorbate exhibiting on a plane surface or network effects that often occur if wide pores are having narrow necks [22]. The H4-type hysteresis loop, normally associated with slit-shaped pores, was also observed for ACP-MW and ACP-EH. The H4 loop is normally characterized by a nonrigid aggregation of plate-like particles or generally observed with complex materials containing mixed pore sizes [22,26]. The adsorption branch of the ACP-MW and ACP-EH isotherms revealed a composite of Type I and II isotherms corresponding to a mixed microporous and mesoporous structure because a substantial amount of N2 was adsorbed under all pressures. The adsorption increasing without limit at p/p0 = 1 observed on the H3PO4-AC (ACP-MW and ACP-EH) was due to the unrestricted adsorption of multilayers typical of Type II isotherms.



Table 1 presents the porous structural parameters calculated from the N2 adsorption–desorption isotherm of the prepared AC. The specific surface area of the carbon activated with H3PO4 was substantially lower than that of the carbon activated with KOH. Microwave carbonization increased the total specific surface area (Atotal) of the KOH-AC, whereas the opposite was true for the H3PO4-AC. The small difference between the total volume (Vtotal) and micropore volume (Vmicro) of the KOH-AC (both ACK-MW and ACK-EH) indicated that microporosity played a crucial role in its porous structure. By contrast, mesoporosity accounted for 30–45% of H3PO4-AC. The results revealed that the two chemical activators, KOH and H3PO4, primarily governed the porous characteristics, whereas the microwave enhanced the interaction between activator and phenolic resin. The phenolic resin was highly susceptible to KOH etching, the cross-links of the phenolic resin were broken, and the porosity developed during carbonization. However, the H3PO4 did not react with the phenolic resin through the same mechanism, especially during microwave carbonization.




2.3. AC Surface Functional Groups


Figure 3 displays the major absorption peaks of the Fourier transform infrared spectra of the raw resin waste and prepared AC. As Figure 3a reveals, the peak was at 3375 cm−1, corresponding to phenolic and alcohol -OH stretch vibrations, which is consistent with the literature [27,28]. This peak weakened and shifted to higher wavelengths in the AC produced through EH carbonization, regardless of the activator used. This peak shift could be due to cross-linking between phenol and its derivatives [29,30]. During microwave carbonization, the absorption peak at 3375 cm−1 almost faded away. The peaks at 1206 cm−1 indicated alkyl–phenol C–O stretch vibration, and 1607 cm−1 indicated C = C aromatic ring stretch vibration remained during EH carbonization despite weakening considerably under microwave radiation. Moreover, the KOH-AC exhibited more pronounced weakening of its absorption peaks than did the H3PO4-AC under the same carbonization conditions, demonstrating that KOH reacts more strongly with phenolic resin than H3PO4 does. The peak at 3005 cm−1 indicated the aromatic C–H stretch vibration and the peak at 1106 cm−1 indicated the aromatic C–H in-plane deformation vibration weakened in the AC produced through EH but almost disappeared in microwaved AC. The weakening or disappearance of the intensity peak of phenolic and alcohol -OH stretch vibrations, alkyl–phenol C–O stretch vibrations, aromatic C–H stretch vibrations, and aromatic C–H in-plane deformation vibrations implied that the microwaves catalyzed the phenolic compound reaction or volatilization, consequently enhancing carbonization. Moreover, the peak at 1077 cm−1 indicated that polycyclic aromatic ring deformation vibration appeared in the microwaved AC (ACP-MW and ACK-MW) but not in the electric heated AC, supporting the notion that the microwaves enhanced carbonization.



In addition to the differences in the functional groups associated with aromatic rings among the AC preparations, variation in other functional groups against the activator and thermal source was observed. The absorption peaks at 1480, 1438, and 1330 cm−1, associated with -CH3 and -CH2 vibrations, almost disappeared in the AC, regardless of the activator or carbonization method, indicating the reaction and volatilization of the alkyl groups in the raw phenolic resin waste through these processes. Moreover, the band at 2924 cm−1 represented aliphatic -CH2 vibrations and weakened in the H3PO4-AC (ACP-EH and ACP-MW) and almost disappeared in the KOH-AC. This disappearance could be attributed to the alkali enhancing the hydrolysis of the methylene linkages in the phenolic resin, and thus, phenolic resin decomposition [31].




2.4. Ammonium Removal from Water with AC


The distribution of ammonium (NH4+(aq)) and ammonia (NH3(aq)) species depends on the pH and temperature of its solution. For an acidic solution, ammonium is predominant, irrespective of temperature. For a solution with a pH > 7, the ammonium becomes substantially less abundant at increasing temperature, and ammonia partially dissipates in favor of the formation of ammonia gas (NH3(g)) [32]. Ammonium adsorption in this study was conducted at a pH of 6; therefore, the emission of ammonia gas from the reaction solution was not considered to affect the ammonium removal.



Figure 4 presents the adsorption of ammonium by the prepared AC. The AC’s total specific surface area (Atotal, as listed in Table 1) was also shown to highlight activator and thermal source influence. The ammonium adsorbed by the AC produced through microwave carbonization was higher than EH carbonization for the same activator. The activator exerted different influences on microwave and EH carbonization: The ammonium adsorbed by the ACP-MW was substantially higher than that by the ACK-MW, but the ACP-EH adsorbed slightly less ammonium than did the ACK-EH (per gram of AC). As Figure 4 showed, the Atotal of the H3PO4-AC was markedly lower than that of the KOH-AC, but the amount of ammonium adsorbed did not reflect the surface area limitation of the H3PO4-AC. Generally, for adsorbents with similar features, adsorption is highly dependent on and proportional to the specific surface area. Therefore, the surficial nature of H3PO4-AC must be different from that of KOH-AC. As seen in Figure 4, the microwaved H3PO4-AC had the lowest specific surface area among all AC. However, it displayed prominent ammonium adsorption, indicating that a featured surface property for ammonium uptake had formed.



The adsorption of ammonium from water is influenced by both solution conditions and the characteristics of adsorbents. Zhu et al. [33] reported that ammonium adsorption on AC derived from avocado seed reached a maximum value at pH 5 and decreased with increasing pH, probably due to decreasing positively-charged ammonium species that the charged adsorbent could attract. Higher ammonium uptake capacity obtained with increasing biochar dosage and initial ammonium concentration might be ascribed to the higher availability of ammonium ion and stronger driving force to overcome the mass transfer resistance, respectively [5,33]. Takaya et al. [34] compared the chars derived from various wastes. They indicated that chars with high surface areas did not possess better ammonium adsorption capacity, but a positive relationship exists between char oxygen function groups, CEC, and ammonium adsorption. Although the adsorption conditions, for instance, solution pH, initial concentration of ammonium, and temperature, which are significant parameters for adsorption, were variant in literature, the ACP-MW adsorbed 2.26 mg of NH4+ as N/g of AC. The value was comparable to the approximate 1–3 mg/g achieved by AC in other studies at similar adsorptive conditions [19,35,36].




2.5. Discussion of Microwave Effects on Carbonization


To clarify the considerable adsorption of ammonium by the ACP-MW, which had relatively low specific surface area, the surface P and K content of the H3PO4- and KOH-AC, respectively, were measured using wavelength-dispersive spectroscopy (WDS; Table 2). The results revealed that the surface P content on the microwaved AC was approximately five times that on the electric heated AC. In contrast, the K content on the microwaved AC was approximately equal to that on the EH AC (Table 2), indicating that microwave radiation catalyzed the interaction of the activators with the phenolic resin waste and that this effect was more pronounced with H3PO4 activation.



Because of the 2450-MHz microwave frequency adopted in this study, the dielectric properties of the phenolic resin waste samples treated with activators but before carbonization were examined (Table 3). The dielectric constant (ε′) represents the quantity of electric energy that can be stored within the heated sample, and the dielectric loss (ε″) indicates the capacity of the heated sample to dissipate microwave energy [37]. The higher ε′ and ε″ of the resin activated with H3PO4 were associated with its strong microwave absorption and heat conversion, which may have contributed to the phosphate strongly reacting with the phenolic resin [37], thereby forming complexes with the AC surface. Furthermore, the higher P content on the ACP-MW than on the ACP-EH indicated that the microwaves catalyzed the phosphate complex reaction with the phenolic resin surface, resulting in the functionalization of the AC surface.



Figure 5 schematically presents the phosphate-functionalized structure on the H3PO4-AC. The surface phosphate functional groups on the ACP-MW and ACP-EH also explain the highly effective ammonium adsorption of the H3PO4-AC, even at low specific surface areas, because of the strong, complex formation of phosphate and ammonium (Figure 5). The formation of phosphate complexes on the phenolic resin surface might have blocked the pores or formed a passive film on the resin surface that restricts porosity development, possibly leading to the lower specific surface area of the ACP-MW.





3. Materials and Methods


3.1. Materials


Raw phenolic resin waste was collected from a resin production factory in southern Taiwan; the resin was a type of resole resin and was rejected from the quality check. Table 4 displays the properties of the resin waste; the data revealed the resin to be a highly carbonaceous material suitable for AC production. Proximate analysis of the phenolic resin was performed according to the American Society for Testing and Materials standard testing method E1131–08. The elemental content of the resin was determined using an elemental analyzer (Vario EL Cube), and the oxygen content was calculated using the differences.



KOH (85%, Duksan, Gyeonggi, Korea) and H3PO4 (85%, Honeywell FLUKA, UK) were selected as activators. HCl (38%, J. T. Baker, Phillipsburg, NJ, USA) and NaOH (98%, Honeywell FLUKA, UK) were used for washing after resin waste carbonization and for pH adjustment for ammonium adsorption. NH4Cl (99.8%, Macron, Center Valley, PA, USA) was used to prepare the artificial ammonium-containing wastewater.




3.2. Activation and Measurement of Dielectric Properties


Two chemicals (KOH and H3PO4) with activating functions but different dielectric properties were used to pretreat phenolic resin waste. The phenolic resin was impregnated in each activator solution at a 4:1 ratio of activator to raw resin waste. The mixtures were stirred steadily and heated at 80 °C for 2 h and moved into a 105 °C oven for 24 h to dry. Subsequently, the dried mixtures were subjected to carbonization using microwave radiation or conventional EH. Prior to carbonization, the dielectric properties—the dielectric constant (ε′) and dielectric loss (ε″)—of the activated samples were measured using a dielectric assessment kit for thin layers (DAK3.5-TL2: 200 MHz–20 GHz, SPEAG, Zurich, Swiss) connected to a Vector Network Analyzer (R&S ZND, Munich, Germany) [38].




3.3. Experimental Apparatus


Microwave carbonization of phenolic resin waste was conducted in a single-mode 2.45-GHz microwave oven. The layout of the entire microwave reactor system was presented previously [39]. A SiC crucible 4 cm in diameter and 3 cm deep was constructed and used as the sample holder for both microwave and EH carbonization. For microwave carbonization, the sample crucible was placed in a quartz reaction tube 40 cm in length and 10 cm in outer diameter. When the microwave radiated the crucible inside the tube, the reflected microwave power levels were minimized by adjusting a three-stub tuner and a short-circuit plunger. The actual working microwave power level was determined by subtracting the reflected power level from the incident power level. A K-type thermocouple sensor was placed beneath the sample crucible to measure the temperature in real-time during carbonization.



EH carbonization was conducted in a horizontal quartz reactor (40 cm in length and 10 cm in outer diameter) placed in a tubular furnace comprising a gas in-flow and out-flow control device, temperature-controlled cooling water module, and sample reaction chamber. The maximal power of the tubular furnace was 2000 W.




3.4. Carbonization Procedures


After pretreatment, the dried mixtures of the phenolic resin waste and activator were placed into the quartz reaction tube or the reaction chamber for microwave or EH carbonization, respectively. Before the system was powered on, both reaction devices were purged using pure nitrogen gas (99.99%) at a flow rate of 100 mL/min to ensure anoxic conditions. A pretest suggested that the temperature in a microwave system operated at 500 W could reach 500–600 °C in 5 min. Therefore, 500 W was adopted as the carbonization conditions for microwave radiation to compare the EH carbonization at 600 °C.



The activated waste sample was placed in the SiC crucible and then loaded inside the quartz reaction tube. The height of the crucible was adjusted to be located in the path of microwave propagation or the center of the tubular furnace. After purging with N2 gas, the microwave oven power supply was turned on, and the power was adjusted to 500 W. After 30 min of microwave irradiation, the power supply was turned off, and the carrier gas was purged until the reactor cooled to room temperature. For EH carbonization, the heating rate was 20 °C/min, and the sample was maintained at 600 °C for 60 min. After the N2 cooled to room temperature, the solid residue remaining in the crucible was rinsed using 0.1 N HCl solution and KOH solution for KOH and H3PO4 activated AC for 1~2 times, respectively, and washed thoroughly with deionized water until the nearly neutral pH of washing water was reached. The AC was then dried in an oven overnight, weighed, and subsequently stored in a desiccator for further testing. All experiments were performed at least in triplicate to obtain average values of the experimental results.




3.5. Characterization of Prepared AC


The raw phenolic resin waste morphology and prepared AC were observed through FE-SEM (Jeo, JSM-7610F). The microscopic chemical composition of K and P content was examined at three sites on the surface of the KOH- and H3PO4-AC, respectively, using a wavelength-dispersive spectrometer (WDS) equipped to the FE-SEM.



The specific surface area, SBET, was measured (Micrometrics ASAP 2010, Norcross, GA, USA) at 77 K using nitrogen adsorption and calculated with the Brunauer–Emmett–Teller equation. The total (Vt) and micropore (Vmicro) volumes were evaluated using the amounts of nitrogen adsorbed at respective relative pressures of approximately 0.995 and 0.1. The mesopore volume (Vmeso) was calculated as the difference between the total and micropore volumes. Finally, the micropore volume (Vmicro) and external surface area (Aexternal) were calculated using the t-method.



To avoid moisture interference in the sample, the sample pellets were carefully prepared prior to the Fourier transform infrared (FTIR) analysis. KBr powder was firstly pulverized to 200 mesh in maximum, dried at approximately 105 °C overnight, and then stored in a desiccator. Each prepared AC was mixed with the pretreated KBr powder and then finely pulverized and put into a pellet-forming die. A force of approximately 8 tons was applied under a vacuum for several minutes to eliminate air and moisture from the mixture and form transparent pellets. A Fourier transform infrared spectroscope instrument (Vertex 80v, Bruker, CA, USA) with single-bounce attenuated total reflectance was used, and the spectra were recorded for 4000–600 cm−1. Characteristic chemical bonds and stretching vibrations were identified through comparison with standard frequency patterns, from which the surface functional groups could be determined.




3.6. Ammonium Removal with Prepared AC


Aqueous ammonium adsorption was performed using a batch technique in 50-mL amber vials with caps to evaluate the capacity of the prepared AC for pollutant removal. Before the adsorption experiments, the AC was aged at 25 °C in an N2 atmosphere for 2 h. The initial AC and ammonium concentrations were maintained at 5 g/L and 10 mg of N/L, respectively. Next, the reaction solution was adjusted to pH 6 ± 0.05 using KOH and HCl solutions before being shaken at 100 rpm and 25 °C for 24 h. After ammonium adsorption, the samples were filtered through a 0.22-μm filter and analyzed for residual ammonium using an ion chromatograph (Dionex Aquion IC System, Thermo Scientific, Waltham, MA, USA) with the CG12A precolumn and CS12A separation column. All experiments were conducted at least in triplicate to obtain average values for the results.





4. Conclusions


According to our results, microwave radiation substantially influenced the carbonization process through dielectric interactions with the activators, enhancing porosity and surface functional group formation. Additionally, the activator was the dominant factor determining the AC porosity and surface chemical features. Because of the alkali-enhanced hydrolysis of the methylene linkages in the phenolic resin and its subsequent decomposition, the KOH activator strongly etched the resin then developed a pronounced porous structure, yielding AC with a high specific surface area up to 924 m2/g. However, a less developed porous structure but abundant phosphate functional groups, P accounts for 6.08% of surface elemental content, were observed on the microwaved H3PO4-AC. These phenomena are attributed to the high dielectric constant and dielectric loss of the H3PO4-AC. A reaction mechanism involving the complexing of phosphate functional groups with ammonium might explain the high ammonium adsorption despite the low specific surface area of the microwaved H3PO4-AC. The phenolic resin–derived microwaved AC could be removed as 2.26 mg of N/g of AC, consistent with values obtained in other studies.
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Figure 1. Scanning electron microscope view of the topography of (a) raw phenolic resin waste; activated carbon (AC) impregnated in phosphoric acid and subjected to (b) microwaves (ACP-MW) or (c) electric heating (ACP-EH); AC activated using KOH and subjected to (d) microwaves (ACK-MW) or (e) electric heating (ACK-EH). 
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Figure 2. N2 adsorption–desorption isotherms of prepared activated carbon. 
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Figure 3. Fourier transform infrared spectra of (a) raw resin and (b) AC prepared under various conditions. 
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Figure 4. Ammonium (NH4+) adsorption onto activated carbon (AC) at pH 6.0 ± 0.05 for 24 h. The left Y-axis indicates ammonium adsorption in milligrams of N per gram of AC, and the right Y-axis is the specific surface area of AC. EH: electric heating; MW: microwave radiation. 
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Figure 5. Structural schematic of the phosphate-functionalized activated carbon, which formed a complex with ammonium. 
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Table 1. Specific surface areas and pore volumes of prepared activated carbon.
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Specific Surface Area

	
Pore Volume




	

	
Atotal *

(m2/g)

	
Amicro +

(m2/g)

	
Aexternal #

(m2/g)

	
Vtotal $

(cm3/g)

	
Vmicro %

(cm3/g)

	
Vmeso †

(cm3/g)






	
ACP-MW

	
272

	
243

	
29

	
0.17

	
0.12

	
0.05




	
ACP-EH

	
595

	
406

	
189

	
0.36

	
0.21

	
0.16




	
ACK-MW

	
924

	
793

	
131

	
0.46

	
0.41

	
0.05




	
ACK-EH

	
822

	
777

	
46

	
0.41

	
0.40

	
0.01








* total specific surface area, calculated using Brunauer–Emmett–Teller equation; + specific surface area of micropores, calculated using the t-plot method; # external specific surface area of the sample, calculated using the t-plot method; $ total pore volume, determined using the maximum adsorbed volume of N2; % micropore volume, calculated using the t-plot method; † mesopore volume, calculated as the difference between Vtotal and Vmicro.
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Table 2. Elemental content on activated carbon surface with respective activators.
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P Content (%)

	
K Content (%)






	
ACP-MW

	
ACP-EH

	
ACK-MW

	
ACK-EH




	
6.08

	
1.21

	
0.21

	
0.20











[image: Table] 





Table 3. Dielectric properties of phenolic resin waste and waste treated with activators.
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	Dielectric Parameters
	Raw Waste Resin
	Resin Activated Using H3PO4
	Resin Activated Using KOH





	ε′ *
	1.68
	7.76
	2.31



	ε″ †
	0.00
	3.75
	0.14







*: dielectric constant; †: dielectric loss.
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Table 4. Properties of phenolic resin waste.






Table 4. Properties of phenolic resin waste.





	
Approximate Analysis

(wt %)

	
Elemental Analysis

(wt% on Dry Basis)

	
BET Specific Surface Area (m2/g)






	
moisture

	
ash

	
volatile

	
fixed carbon

	
C

	
H

	
O

	
N

	
0.12




	
2.2

	
10.3

	
56.3

	
31.2

	
74.9

	
6.0

	
16.3

	
2.7
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