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Abstract

:

Carbon foam is a sophisticated porous material with wide applications that depend on its structure, low density, thermal conductivity and electrical characteristics. This study deals with the preparation of carbon foam by the thermo-oxidative modification with HNO3 of mixtures containing different organic materials with appropriate chemical characteristics—furfural and tar pitch derived from RDF. Carbon foam is characterized by thermogravimetry, differential scanning calorimetry, elemental analysis, Raman spectroscopy, N2 sorption, infrared spectroscopy and scanning electron spectroscopy. The investigation of adsorption activity of carbon foam towards nickel (II) in water solution is carried out. Experimental results fit very well with the Langmuir adsorption model. The carbon foam, obtained from tar pitch derived from RDF and furfural, shows a high adsorption capacity towards nickel ions (203.67 mg/g). The high adsorption capacity could be explained by the properties of the adsorbent—moderately high surface area, micro-mesoporous texture and presence of oxygen-containing surface groups.
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1. Introduction


The presence of heavy metals (Pb, Hg, As, Cd, Ni, Cr, etc.) in industrial waters is a major environmental problem [1]. The presence of nickel in drinking water is due to the leaching of metals in contact with drinking water, such as water pipes and cranks. Nickel can be found also in ground water near nickel ores. Nickel has found extensive applications in steel industry, battery production, metal coatings, electronics, etc. Nickel alloys are thermally stable and resistant towards corrosion. Nickel is a microelement, included in multivitamin tablets.



There are various methods for the purification of water from heavy metal water that are successfully applied: adsorption, extraction, osmosis, ion exchange and precipitation [2,3]. The most effective methods for the removal of pollutants from waters are the adsorption methods using carbon-containing materials [4,5,6,7]. Scientists are looking for new and inexpensive adsorbents that can be successfully used for the removal of various contaminants from drinking water.



Carbon foam is a new, cost-effective and promising adsorbent. Its main characteristics that attract the interest of many scientists are the highly developed porous structure (wide range of pores of different size), heat resistance, electro-conductivity and low density.



RDF (Refuse Derived Fuel) is a combination of industrial and household waste that contains flammable materials (as polymers, paper and others.). The essential parameters of RDF are energy content, ash amount and water content. RDF is used as a fuel in the power industry [8,9].



The main focus of this work is to prepare a highly efficient adsorbent carbon foam obtained from a mixture of RDF tar pitch and furfural and to study its potential application in the purification of drinking water from nickel ions.




2. Materials and Methods


2.1. Preparation of the Adsorbent


A mixture containing tar pitch derived from RDF with a softening temperature of 70 °C, and furfural (in ratio 50:50 wt%), was used as a precursor. Tar pitch derived from RDF was thermally treated at 120 °C, and then furfural was added. A further 68 wt. % HNO3 by drops was added to the mixture and heated up to 180 °C. The resulting carbonizate was washed with water and then pyrolysed in nitrogen at 600 °C.



The preparation of activated carbon foam was performed by thermo-chemical treatment with water vapor (physical activation with steam or high temperature hydropyrolysis) at 850 °C of the pyrolized samples for 40 min and a rate of temperature rise of 15 °C.




2.2. Methods for Characterization


Elemental analysis (C, H, N and S) was carried out with Elementar vario MACRO cube apparatus. The amount of oxygen in the sample was calculated by the difference.



The texture of the obtained carbon material was analyzed using low-temperature N2 sorption, carried out in an automatic volumetric apparatus Quantachrome Autosorb iQ-C-XR/MP. Prior to nitrogen adsorption, the samples were subjected to outgassing in a vacuum at 300 °C for 8 h.



Thermogravimetry and differential scanning calorimetry were performed on a NETZSCH STA449F3 apparatus.



Raman spectra were performed by a Bruker SENTERRA II instrument. Samples were placed onto glass (approximately 10 mg) and analyzed using the vertical objective with magnification of 20x objective in a 180° backscattering arrangement. The Raman spectrometer parameters used to analyze the carbon samples were: 532 nm laser wavelength and an exposure time of 100 s; resolution was 1 cm−1 for all samples; laser power was 6.5 mW.



FTIR experiments were performed by spectrometer Bruker Vector 22 using pellets with KBr (1:1000), in the wavenumber range 4000–400 cm−1, a with resolution of 0.5 cm−1 and 64 scans.



The morphological study was performed using scanning electron microscope JEOL JSM-6390.




2.3. Adsorption


The adsorption activity of carbon foam towards nickel cations was studied as follows: 100 mg carbon was introduced in 0.005 L Ni(NO3)2.6H2O/concentrations 10–40 mg/L/. The initial concentrations of nickel and the equilibrium concentrations were analyzed spectrophotometrically by a Merck Pharo 300 apparatus as dimethylglyoxime complex [10]. pH was adjusted using 0.1 M sodium hydroxide and 0.1 M hydrochloric acid.





3. Results


The results for the content of carbon, hydrogen, nitrogen, sulfur and oxygen in carbon foam sample are shown in Table 1.



Data indicate that a high number of condensation processes, during the synthesis and carbonization of the foam precursor, lead to the formation of condensed aromatic structures, which is related with a high carbon content and low content of hydrogen and oxygen. As a result of these reactions, a larger amount of aromatic compounds was formed, and high molecular structures appeared, leading to increased viscosity of the reaction mixture. The formation of the carbon foam porous structure is influenced by the treatment of the raw material with mineral acids, whereas gas molecules are released. On the other hand, treatment with nitric acid leads to a large number of condensation reactions, and water molecules are evolved from the sample, thus decreasing the amount of H and O. At the same time, the amount of N in the final carbon foam sample increased due to nitric acid treatment.



The N2 adsorption isotherm and micropore pore size distribution are presented in Figure 1 and Figure 2, respectively. The textural properties are presented in Table 2. It is important to note the short soak time for hydropyrolysis steam activation (about 40 min). Nevertheless, the resulting activated carbon foam is characterized by a moderate specific surface area of 474 m2 g−1 and a total pore volume of 0.297 cm3 g−1.



Hydropyrolysis leads to the formation of a carbon foam porous matrix with an open-cell structure and inter-connected micro- /meso-pores.



Porosity has a strong effect on the adsorption properties of activated carbon. The pore structure of the obtained activated carbon was investigated by N2 gas sorption. Textural characterization was carried out by measuring the N2 sorption isotherms at −196 °C. The nitrogen sorption isotherm of the carbon foam is presented in Figure 1. The analysis of the nitrogen sorption data indicates that carbon foam has a moderately high surface area (SBET) and a well-developed pore structure (Table 2). The part of the isotherms in the range of the relatively lower pressures has a steep increase with a tendency for saturation, which is typical for microporous adsorbents. The N2 sorption isotherms obtained correspond to a mixed I-b/IV-a type, according to Brunauer classification, at low pressure. The main textural parameters of the prepared carbon, obtained from the analysis of the nitrogen adsorption isotherms, are compiled in Table 2.



According to IUPAC classification, the isotherm is of mixed I-b/IV-a type, with a hysteresis of H4 type, characteristic for micro-mesoporous material. Type H4 hysteresis is also often associated with narrow slit pores.



Our results show that using the precursor mixture of polyolefin wax and phenol-formaldehyde resin (containing oxygen) leads to activated carbon foam with a high surface area. The pore volume analysis shows that this activated carbon foam has a prevailing content of micropores.



The differential thermogravimetry and differential scanning calorimetry of carbon foam provided valuable data regarding the type of ongoing processes at heat treatment (Figure 3). The DSC and DTG profiles show different processes taking place during the temperature treatment (20–900 °C) of the sample. The detected small overall weight loss is most probably due to the presence of aromatic hydrocarbon structures with high thermal stability.



The DSC curve shows a strongly expressed exo-effect in the temperature range of 150–600 °C, which indicates that many exothermic processes run during the temperature treatment of carbon foam.



The analysis of the structure of obtained carbonized carbon foam, including the evaluation of ordering of the crystal structure, is possible due to research using Raman spectroscopy (Figure 4).



In the Raman spectra obtained for carbon foam, a G bands was observed at 1556 cm−1. The bands located at the Raman shift at 1333 cm−1 (Figure 4) can be assigned as the so-called D band. As we can see in Figure 4, the G band was much stronger than the D band, which is an indication for the dominant presence of ordered carbon structures. Figure 5 and Figure 6 show Raman spectra of reference and space samples, respectively. Two main Raman bands were detected for both samples—the D band (D for defect, representing the disordered structures) around 1333 cm−1 and the G band located around 1556 cm−1. The G-band (G for graphite) arises from the stretching of the C–C bond and is common to all sp2 carbon systems.



IR spectra of the carbon foam sample are presented in Figure 5. The band at 1709 cm−1 could be related to the stretching of C=O in linear aliphatic aldehydes, ketones and carboxyls. The bands around 1660 cm−1 could be due to the aromatic ring stretching of carbonyl groups C=O, C=C bonds or OH groups. The bands in the region of 1200–1000 cm−1 are due to C–O in ethers structures. The IR spectroscopy results confirm the presence of oxygen-containing groups on the surface, which increase the adsorption properties of activated carbon.



Figure 6 shows the SEM image of carbonized foams. The foam cells are relatively uniform, with a size around 200–300 µm. The foam cells are mainly open, with a size around 300–350 lm. SEM images clearly show that there are cracks in the samples, characteristic for well-developed carbon foam.




4. Adsorption of Nickel Ions in Aqueous Solution


4.1. Langmuir Adsorption Isotherm


The adsorption capacity study is carried out using Ni2+ concentrations 10–40 mg/L (Figure 7).



Ni2+ adsorption isotherm is well described by the Langmuir model [11]:


Ce/qe = Ce/qm + 1/bqm








where qe—equilibrium amount of metal ions adsorbed by the adsorbent (mg/g), Ce—equilibrium metal concentration in the water solution (mg/L); qm—maximal adsorption capacity of the adsorbent (mg/g); and b—constant (L/mg), connected with adsorption affinity.



It should be noted that the obtained adsorption capacity of activated carbon from tar pitch derived from RDF and furfural (203.67 mg/g) is much higher than the results from other authors (Table 3).




4.2. Freundlich Isotherm


The influence of different doses (5–50 mg per 50 mL solution) on the removal of Ni (II) at fixed initial concentration s of 20 and 40 mg/L Ni2+ is shown in Figure 8. The increase of carbon dose leads to the enhancement of the percent removal of nickel.



The linear form of Freundlich equation log(x/m) = lg Kf + lgCe/n is applied to the results presented at Figure 8 and is shown in Figure 9, whereas x is the amount of the adsorbed solute (mg), m is the weight of the adsorbent (g), Ce is the equilibrium concentration (mg/L), n is the slope, showing the variation of the adsorption with concentration, and Kf is the intercept, showing the adsorption capacity of the adsorbent.



It is well known that the pH of a solution is a critical factor in the adsorption from a solution; not only do carbon surface properties change with variations of the pH, but this parameter can also affect the state of the ionic species in a solution.



Figure 10 shows the results of the effect of pH on the adsorption of Ni (II) on carbon foam.



The pH of the solution influences the electrostatic interactions between adsorbent and adsorbate. The desired pH was obtained by adding different amounts of NaOH or HCl solutions. The removal of nickel was found to be maximal at pH > 2. As the pH increases, the surface of the activated carbons is being negatively charged until solution pH > pHPZC, where the number of negative charges becomes predominant in the carbon surface. At this point, the fall in the uptake is due to the repulsive interactions that appear between the anionic form of the adsorbates and the charges on the carbon surfaces.



There are several plausible mechanisms for metal adsorption: ion-exchange, complexation (both specific adsorption pathways) or a combination of both. For the ion-exchange process, taking into account that the surface of carbon foam is covered with weak acidic (HA) and basic (B) sites, we can assume that the ionization of these sites follows the reaction schemes shown below:


HA(carbon) = H+ + A−1 (carbon)










B(carbon) + H+ (aq) = BH+ (carbon)











In aqueous solution, nickel forms the green stable hexaaqua nickel(II) ion, [Ni(H2O)6]2+(aq).



Ni (II) cation adsorption on the carbon surface may be described by the following reactions:


Ni2+(aq) + 2OH−(aq) = Ni(OH)2(s)










[Ni(H2O)6]2+(aq) + 2OH−(aq) = [Ni(OH)2(H2O)4] + 2H2O(l)











At higher concentrations, a complexation with oxygen containing functional groups can be observed. The presence of basic oxygen functionalities on the carbon surface seems to be needed to enhance the amount adsorbed via ion-exchange and complexation with the nickel ionic species.



The high adsorption capacity could be explained by the properties of the adsorbent—moderately high surface area, micro-mesoporous texture and presence of oxygen-containing surface groups.





5. Conclusions


The thermo-oxidative modification with HNO3 of a mixture containing RDF tar pitch and furfural leads to polycondensation and polymerization processes, which cause appropriate changes in the composition and viscosity of the reaction mixture. As a result, carbon foam, which possess a well-developed pore structure with prevailing macropores, is synthesized.



The physicochemical composition of the precursor mixture affects the characteristics of the carbon foam synthesis product. Increased furfural amount in the reaction mixture leads to the formation of a homogenous carbon foam porous structure.



The formation of a big number of oxygen-rich species during thermal oxidation treatment with HNO3 causes polycondensation reactions and the formation of a larger amount of aromatic compounds and high molecular structures. The carbon foam treated with HNO3 using nitric acid is distinguished by an ordered structure. Further hydropyrolysis leads to the formation of a carbon foam porous matrix with an open-cell structure and inter-connected micro- /meso- pores.



The adsorbent has very good surface properties and the ability to remove Ni (II) from aqueous solution. The surface characteristics strongly depend on the preparation conditions. Carbon foam exhibits a high capacity to adsorb nickel ions from aqueous solution—203.67 mg/g. The adsorption of Ni (II) follows Langmuir isotherm and Freundlich isotherms.



The high adsorption capacity could be explained by the properties of the adsorbent—moderately high surface area, micro-mesoporous texture and the presence of oxygen-containing surface groups.
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Figure 1. N2 sorption isotherm activated carbon foam sample at −196 °C. 
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Figure 2. Micropore size distribution (Dubinin–Astakhov). 
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Figure 3. TG and DSC analysis of carbon foam sample. 
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Figure 4. Raman spectrum of carbonized carbon foam. 
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Figure 5. FTIR spectra of carbon foam. 
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Figure 6. SEM of carbon foam. 
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Figure 7. Langmuir adsorption plot of nickel (II) adsorbed by carbon foam. /Ni (II) concentration 10–40 mg/L; time 1 h; adsorbent concentration 0.1 g/50 mL/. 
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Figure 8. Effect of carbon dosage on the removal of Ni (II)/pH 2, time of treatment 1 h/. 
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Figure 9. Freundlich isotherm of Ni (II) adsorption /adsorbent amount 5–50 mg per 50 mL, pH 2, time of treatment 1 h/. 
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Figure 10. Effect of pH on Ni (II) adsorption on the studied carbon/30 min treatment time, 100 mg carbon adsorbent per 100 mL, 5 mg g−1 Ni (II)/. 
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Table 1. Content of elements in activated carbon foam sample.
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	Sample
	C

(wt. %)
	N

(wt. %)
	H

(wt. %)
	S

(wt. %)
	C/H Ratio

(at.)
	O

(wt. %)





	CFoam HNO3
	85.01
	2.81
	1.93
	0.61
	3.67
	9.64
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Table 2. Textural properties of activated carbon foam.
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	Sample
	SBET

m2/g
	Vtotal

cm3/g
	Vmicro

cm3/g
	Vmeso

cm3/g





	CFoam HNO3
	474
	0.297
	0.258
	0.010
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Table 3. Adsorption activity towards Ni (II) of different adsorbents.
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	Adsorbent Used
	Q0 (mg g−1)
	Literature





	Rice hulls
	5.60
	[12]



	Dye treated rice hulls
	6.20
	[12]



	Red-mud
	13.69
	[13]



	Na-ZSM-5-zeolites
	1.04
	[14]



	PNa2-ZSM-5-zeolites
	1.48
	[14]



	Almond husk
	37.00
	[15]



	Lignocellulose/Montmorillonite Nanocomposite
	94.86
	[16]



	Polymerized onion skin
	7.55
	[17]



	Peanut hull carbon
	53.65
	[18]



	Granular activated carbon
	1.49
	[18]



	Bituminous coal
	6.47
	[19]



	H2O2 treated coal
	8.12
	[19]



	CF mixture of furfural and industrial tar pitch derived from RDF
	203.67
	This work
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