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Abstract

:

The modeling of carbon deposition from C-H-O reformates has usually employed thermodynamic data for graphite, but has rarely employed such data for impure filamentous carbon. Therefore, electrochemical data for the literature on the chemical potential of two types of purified carbon nanotubes (CNTs) are included in the study. Parameter values determining the thermodynamic equilibrium of the deposition of either graphite or CNTs are computed for dry and wet reformates from natural gas and liquefied petroleum gas. The calculation results are presented as the atomic oxygen-to-carbon ratio (O/C) against temperature (200 to 100 °C) for various pressures (1 to 30 bar). Areas of O/C for either carbon deposition or deposition-free are computed, and indicate the critical O/C values below which the deposition can occur. Only three types of deposited carbon were found in the studied equilibrium conditions: Graphite, multi-walled CNTs, and single-walled CNTs in bundles. The temperature regions of the appearance of the thermodynamically stable forms of solid carbon are numerically determined as being independent of pressure and the analyzed reactants. The modeling indicates a significant increase in the critical O/C for the deposition of CNTs against that for graphite. The highest rise in the critical O/C, of up to 290% at 30 bar, was found for the wet reforming process.
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1. Introduction


Renewed interest in the use of fuel cells as more efficient and less carbon-intensive energy solutions has caused the wet and dry reforming of lower hydrocarbons to gain attention. The Steam Reforming of hydrocarbons leads to maximum hydrogen generation. The process is significantly more efficient than other processes, such as Catalytic Partial Oxidation or Authothermal Reforming [1].



However, the water steam (wet) reforming process is highly endothermic and is usually carried out in a fixed bed catalytic reactor [2]. The process involves many intermediate reaction steps and several paths can lead to the desired product formation [3]. This makes the selection of an appropriate catalyst and its configuration difficult in order to provide high performance of the reactor with respect to the hydrogen production [4]. Conventional steam reformers deliver relatively high concentrations of hydrogen at a high fuel conversion rate [5]. The excess steam supports the completion of the reaction and inhibits coke and soot formation; however, additional heat has to be added to the system. A low steam-to-carbon ratio (S/C) equal to the oxygen-to-carbon ratio (O/C) is desired to improve the cycle’s energetic efficiency [6]. However, an important industrial problem of carbon deposition (coking) on the catalyst appears when the O/C molar ratio is too low. Most experimental studies of wet reforming have indicated that the O/C ratio should be higher than 2.5 to avoid carbon formation [2,6].



Several types of carbon formation from reformates, including encapsulating carbon, pyrolytic carbon, and carbon filaments, have been reported [7]. However, only the two latter types of deposited carbon lead to the deactivation of the catalyst. The type of carbon formed depends on the feedstock, temperature and O/C ratio. The structure of the filaments is graphene formed into tubes with a diameter close to the diameter of nickel catalyst particles. However, carbon nanotubes can also be formed without a metallic catalyst [8]. A few experimental studies of carbon deposition in wet and dry reforming processes of lower (C1 to C4) hydrocarbons have been carried out, including an analysis of various catalysts and operating parameters, such as pressure, temperature, and reaction kinetic parameters [3,9,10]. The authors of the three papers have demonstrated that different catalysts can exhibit different influences on carbon deposition.



In the dry reforming of methane using CO2, Schulz et al. [10] suggested that carbon deposition occurs via the Boudouard reaction on nickel, while, on platinum catalysts, the dissociation of methane contributes mainly to coke formation followed by an easier gasification of surface carbon. Chen et al. [11] presented the elementary reaction steps involved in filamentous carbon formation using a mechanism adopted from References [12,13]. Surface carbon was considered to be the precursor of carbon formation.



Liquified petroleum gas (LPG) is a mixture of mainly C3H8 and C4H10, and the steam reforming of LPG is also a highly endothermic reaction. Due to LPG decomposition, C2H6, C2H4, CH4, H2, CO, and the carbonaceous deposit C are produced. As in methane steam reforming, the main issue in LPG steam reforming is carbon deposition through the decomposition of ethylene and ethane at high temperatures, which leads to catalyst deactivation [14]. The Boudouard reaction, Equation (7), and the decomposition of lower hydrocarbons are the major pathways for carbon formation during LPG steam reforming. With an increase in the O/C ratio, the equilibrium of the water gas shift reaction, Equation (2), moves forward and produces more CO2 rather than CO. Therefore, a high steam feed helps to avoid carbon deposition via the Boudouard reaction, but a significant amount of carbon still forms due to the decomposition of hydrocarbons [15].



In order to improve and optimize operational conditions, a fundamental and detailed understanding of the wet and dry reforming of lower hydrocarbons in terms of carbon deposition at equilibrium is required. However, the use of solely graphite thermodynamic data in the equilibrium calculations leads to substantially smaller critical O/C values, as presented in the Results. Of special importance in the modeling process is the use of correct thermodynamic data for pure carbon nanotubes (CNTs) [16]. In addition, Wagg et al. [17] concluded that estimates of the Gibbs free energy in the literature, which are based on the growth threshold constants for filamentous carbon, are the upper bound of that energy for intermediate species.



The main goal of this study is, therefore, to determine the composition of reformed natural gas (NG), as well as a reformed mixture of winter and summer liquefied petroleum gas, LPG, in the state of thermodynamic equilibrium. Thus, a minimization of the system’s total Gibbs energy algorithm is applied using commercial software. Both the dry and wet reforming processes are considered with respect to the carbon deposition phenomena. Special attention is paid to the influence of temperature and pressure on the boundaries between the carbon deposition and deposition-free zones. In the first place, the dependence of the critical O/C ratio on the temperature of all tested carbon forms is presented for four levels of the total pressure of the reacting NG and LPG wet reformates. Subsequently, deposition boundaries for the dry reformates for NG and LPG are demonstrated. Then, as in the wet reforming process, the critical O/C dependence for NG and LPG mixtures with CO2 on temperature is discussed. The deposition boundary temperatures of graphite and two types of carbon nanotubes are identified and explained here using modeling work. The main contribution of this study is the determination of the O/C ratios for varying temperature and pressure in the wet and dry reforming processes, which allow for the avoidance of the degradation of non-noble catalysts by filamentous or graphitic carbon deposits.




2. Materials and Methods


2.1. Basic Reactions


The transformations of saturated lower hydrocarbons, here methane, propane, and butane, in reactions with either water steam (wet reforming) or carbon dioxide (dry reforming) are intended to produce mainly hydrogen and carbon monoxide. The steam reforming of methane can be described [9] using the following reactions:


CH4 + H2O = CO + 3H2



(1)






CO + H2O = CO2 + H2



(2)




which can also be presented in the summary form (Equation (3)):


CH4 + 2H2O = CO2 + 4H2.



(3)







The desired reactions of wet and dry reforming can be presented in their general forms (Equations (4) and (5)) as:


CnH2n+2 + n H2O(g) = n CO + (2n + 1) H2



(4)






CnH2n+2 + n CO2 = 2n CO + (n + 1) H2



(5)




with n = 1, 3, or 4 for methane, propane, or butane, respectively. Several other reactions can also take place, e.g., the water gas shift reaction, Equation (2), which is mildly exothermal, whereas the reforming reactions, Equations (8) and (9), are highly endothermal (see Table 1).



The reforming reactions proceed in the gas phase and at the catalyst’s surface. One of the many reaction products is gaseous carbon, C(g), which participates in the following reversible reactions (Equations (6)–(9)).


CH4 = C(g) + 2H2



(6)






2CO = C(g) + CO2



(7)






CO + H2 = C(g) + H2O



(8)






2H2 + CO2 = C(g)+ 2H2O



(9)







Carbon can precipitate from the gas phase form, C(g), forming the solid phase form, C(s) (Equation (10)):


C(g) = C(s).



(10)







However, the energetic effect of the phase transformation depends on the carbon allotrope form, both in the gas (g) and solid (s) states.




2.2. Thermodynamic Relationships


The extent of an equilibrated “i” reaction is determined by the change in the standard chemical potential of the involved reactants,    Δ  μ i 0    , i.e., in the standard partial molar Gibbs energy. The standard values of the chemical potential,    Δ  μ i 0    , and molar enthalpy,     Δ  H i 0    , are computed from the relevant values of the substrates and products of the “i” reaction, based on the definitions in Equations (11) and (12).


   Δ  μ i 0   ( T )  =  μ  P R O D U C T S , i  0  −  μ  S U B S T R A T E S , i  0  =  ∑ j   v  j , i    μ j 0   ( T )    



(11)






   Δ  H i 0   ( T )  =  H  P R O D U C T S , i  0  −  H  S U B S T R A T E S , i  0  =  ∑ j   v  j , i    H j 0   ( T )    



(12)







The stoichiometric coefficients,     v  j , i     , correspond to the reactant “j” participating in the “i” reaction. However, the chemical potential of a reactant “j” represents the sum of the standard potentials of all pure “e” element atoms,     μ  j , e  0  ,    included in the reactant species, plus the chemical potential of formation,    Δ  μ  f , j     , of the considered species “j”:


    μ j 0   ( T )  =  ∑  e = 1  m   μ  j , e  0   ( T )  + Δ  μ  f , j    ( T )  .   



(13)







The generally accepted convention in physical chemistry assumes that the standard chemical potential value,     μ  j , e  0   (  298  )  = 0    as the reference value for stable single atomic species at the reference temperature, Tr = 298 K. This is also valid for O2(g) and H2(g) in the gas phase, as well as for solid graphite, Cg(s). As a result, the standard chemical potential of formation of a pure species “j”,    Δ  μ  f , j    ( T )    , can be identified by its standard chemical potential,     μ j 0   ( T )    . Similar remarks on the standard, formation, and reference values are also valid for the molar enthalpy of a species,     H j 0   ( T )    . Values of the chemical potential of formation and the molar enthalpy of formation can be calculated from published data, e.g., from Yaw’s critical property data [18], usually as polynomial functions of temperature (T).



Calculations of the reaction enthalpies and chemical potentials for reactions of Equations (2), (4), and (5), based on Equations (11) and (12) and data of Reference [12], lead to the reference values shown in Table 1.



The deposition of an allotropic form of solid carbon, Ck(s), from its gas phase, Ci(g), is conditional on exceeding the equilibrium pressure, P*Ci(g)/Ck(s), using the partial pressure,     P  C i  ( g )      , of gaseous carbon produced in reactions such as those of Equations (6)–(9). The equilibrium pressure of carbon vapor is very low [16], and therefore is easy to surpass. In the deposition case of graphite, Cg(s), the equilibrium pressure can be computed from Equation (14) using the chemical potentials of graphite and carbon vapors, Ci(g).


    P *      C i   ( g )  /  C g   ( s )    =  P   C i   ( g )   0  exp  [     μ   C g   ( s )   0  −  μ   C i   ( g )   0    R T    ]    



(14)







The numerator of Equation (14),     μ   C g   ( s )   0  −  μ   C i   ( g )   0    , represents the standard chemical potential of formation of graphite from gaseous carbon molecules. The standard state pressure, P0, of any pure species is generally assumed to be 1 bar [19]. Since the chemical potential values of both carbon vapors and graphite are well-known, Equation (14) can be presented in the form of a correlation, as per the authors of Reference [20], which in SI units (P* in Pa, T in K) reads:


    P   C i   ( g )  /  C g   ( s )   *  = 1.47 ·   10   13     exp  (  −   85900  T   )  .   



(15)







In the thermodynamic equilibrium (denoted by “*”) of many possible parallel reactions, the relevant partial pressure of carbon vapors results from two conditions: (i) a minimum of the total Gibbs energy, G, of the analyzed system that consists of a set of nj moles of species “j”:


   G  (   T *  ,    P *  ,    {   n j *   }   )  = minimum   



(16)




and also from (ii) equal partial molar Gibbs energies, i.e., chemical potentials of the “j” species, in all phases; gas (g), liquid (l), and solid (s).


    μ  j  ( s )   *  =  μ  j  ( l )   *  =  μ  j  ( g )   *    



(17)







The chemical potential of a species, μj, is the sum of its standard value, μj0, and the contribution from the ratio of the species activities in a current state, aj, and in the standard state, aj0.


    μ  j     =  μ j 0   +    R T   l n    a j     a j 0      



(18)







The aj activity depends on temperature (T), pressure, P, and the composition of the considered phase. With a stoichiometric equation     ∑ j   v  j , i   ·  A j  = 0    for the “i” reaction involving chemically reacting species, Aj, the condition of Equation (16) leads for constant (P,T) to a set of Equations (19), one for each reaction.


     ∑ j    v  j , i   ·  μ j *  = 0   



(19)







The chemical potentials at equilibrium,     μ j *    , fulfil Equation (19) by adjusting the “j” species activity, aj, which is proportional to the species’ partial pressure, Pj, in the reacting gaseous mixture.


    a j  =  ϕ j   P j    



(20)







For species’ partial pressures that are greatly lower than the critical pressure, and for its temperature being much higher than the species’ critical temperature, its fugacity coefficient,     ϕ j    , practically equals 1.0 [19], i.e.,     a j  ≅  P j    .



Various algorithms have been proposed for computing simultaneous phase and reaction equilibria by a constrained minimization of the system’s total Gibbs energy, Equation (16), e.g., by the authors of Reference [21]. Such algorithms to determine the composition of each phase at the thermodynamic equilibrium were adopted in commercial programs, such as Aspen Plus [22] or HSC [23]. In the present study, the latter code is used.




2.3. Modeling Procedure


Carbon deposition (coking) can occur in fuel reforming reactors and is detrimental to non-noble metal catalysts. Therefore, the reported computations are carried out to detect the deposition onset of given fuel-reactant compositions. The transition of a reformed mixture from no solid carbon presence to the first appearance of carbon deposition is called critical, and has usually been quantified by means of either the molecular, O2, or atomic, O, oxygen (or water steam, S) ratio to atomic carbon, C. In this study, the atomic oxygen-to-carbon ratio, O/C, is applied.



Natural gas (NG) is assumed to consist mainly of methane. Its composition is typically 95% methane, close to 3.5% higher hydrocarbons, and about 1.5% inert gases. The LPG fuel is treated in the calculations as an average of the winter and summer fuels of major European providers. Such averaging resulted in a mixture of a propane molar ratio of 0.5725 and a butane ratio of 0.4275. The temperature was varied from 200 °C to 1000 °C, and the pressure set from 1 bar to 30 bar in the present study. Such a pressure range was chosen in order to include the elevated pressure applied in the studies of References [10,24] for the dry reforming of methane. However, most of the published experimental and numerical studies were carried out at atmospheric pressure. The same ranges of temperature and pressure were used previously for the modeling of the catalytic partial oxidation of the two fuels [25].



The type and amount of deposited carbon allotrope depend on temperature and the reforming catalyst applied. However, only a few publications have focused on the deposition of filamentous carbon, with most of them having focused on graphite. On the other hand, the estimates of the chemical potential of filamentous carbon in the literature, which are based on the reactant partial pressures at the coking threshold, differ greatly [16]. Therefore, only experimental electrochemical data for the purified filamentous forms of solid carbon [26,27] are accepted in this present study. The chemical potentials were estimated from the measured electromotive force of high-temperature solid-state galvanic cells. It should be mentioned that the computational chemistry PM3 approach [28] was also successfully applied to predict thermodynamic potentials for single-walled carbon nanotubes of various chiral indexes; however, this was only for the single temperature of 298 K.



The most stable form of solid carbon, Ck(s), is the one with the smallest value of     μ   C k   ( s )       (also     μ   C k   ( s )   0    ), and in equilibrium conditions, the “k” form will appear in its solid phase provided the carbon vapor pressure exceeds the relevant equilibrium one, such as that in Equation (14) for graphite. Such criteria are also employed in the commercial HSC software [23] that was chosen to compute whether a solid carbon allotrope appears in the equilibrium state, and if so, which one. However, the HSC standard database only contains data for graphite, diamond, and amorphous carbon. The database was therefore supplemented with re-formatted literature data [26,27] for the standard chemical potential of multi-walled carbon nanotubes (MWCNT) and single-walled nanotubes in bundles (SWCNT). The format of the additional data was described in Reference [25].



The input data sets in the applied HSC software [23] consisted of a varied number of moles of the chosen reactants to result in 106 kmol of the total atom-moles of C, H, and O. In addition, conditions of the target equilibrium for temperature, pressure, and a list of likely species were included in the input data. That list for the gas phase contained the following species: carbon allotropes of C1 to C5, CO, CO2, H2, H2O, O2, and organic compounds with one to four carbon atoms in the molecules of: saturated and unsaturated hydrocarbons, alcohols, aldehydes, and ketones. In the analyzed ranges of temperature and pressure, no liquid phase was assumed to exist. Only the following five carbon solid allotropes—graphite, diamond, amorphous, MWCNT, and SWCNT in bundles—were allowed to possibly appear in the solid phase. However, in the present modeling, no indication of deposits of diamond or amorphous carbon were found for the analyzed systems.



The HSC software allows for the execution of a series of consecutive runs to compute equilibrium phase concentrations for stepwise increased temperature. Typically, 100 temperature steps of 1 °C per step were chosen within the range of 200 °C to 1000 °C. In addition to the composition of the gas phase, the amount and type of the solid carbon allotropes were also computed. The scheme was used to determine the threshold temperature for which a step change to 0 kmol in the solid carbon amount occurred, which was usually from more than 104 kmol or vice versa. That threshold (critical) temperature, for a given O/C ratio, was then taken as the mean of those two neighboring temperatures, differing always by 1 °C. Thus, the accuracy of the determination of the critical temperature can be assumed to be ±0.5 °C. The plotted line of the O/C ratio versus the critical temperature separates the carbon deposition region and the deposition-free region. These computations were always executed for a constant pressure, which was fixed at one of the four levels 1, 3, 10, or 30 bar.





3. Results


The computed influence of temperature and pressure on the boundaries between the carbon deposition and deposition-free zones are described in separate subsections for the wet (with pure H2O) and dry (with pure CO2) reforming of natural gas (NG) and liquefied petroleum gas (LPG). The hydrogen content in the C-H-O reformates was assumed according to the relevant reaction, either Equation (4) or Equation (5). The computing results are shown here separately for the two fuels in the O/C = f(T) diagrams, which contain four critical curves to display the influence of the form of solid carbon and pressure. The figures, from 1 to 6, have two adjacent diagrams, with: (a) graphs for just graphite deposition; and (b) graphs for the predicted deposition of either graphite or filamentous carbon, either MWCNT or SWCNT.



3.1. Wet Reforming


3.1.1. Natural Gas (NG)–Water Mixtures


The boundary lines separating the deposition/deposition-free regions for thermodynamic equilibrium are computed using the described computational procedure and are presented in Figure 1, Figure 2 and Figure 3. The dependence of the threshold line of the atomic oxygen-to-carbon ratio O/C = f(T) for depositing solely graphite is presented in Figure 1a for four levels of the total pressure of the reacting NG–water steam mixture. By raising the temperature from 200 °C, a continuous increase in the boundary oxygen-to-carbon ratio can be noticed, up to a maximum, and then an O/C decrease follows. The starting point, maximum, and end values of the threshold O/C ratio are found to be dependent on the process pressure, with lower values of the critical O/C for higher pressure. The three characteristic values for the two boundary pressures of 1 bar or 30 bar are about (0.23, 1.45, 0.99) or (0.10, 0.82, 0.80), respectively. It follows from Figure 1a and the listed values that both temperature and pressure have a considerable impact on the critical O/C value.



The course of the critical O/C curves is significantly different when the presence of solid carbon nanotubes was also considered in the equilibrium computations for NG reforming with water, cf. Figure 1b. Though the curves for the graphite deposition region remain unchanged, the MWCNT deposition region starts at 431 °C and it is characterized by higher threshold O/C values than those in Figure 1a. Most importantly for practical reforming is that the maximum O/C values to avoid SWCNT formation are computed to be much higher than those for graphite. In addition, the temperatures of the maximum points also shifted to higher values. The values of the maximum critical O/C with their corresponding temperatures are (2.0 at 630 °C), (2.4 at 690 °C), (2.7 at 750 °C), and (3.2 at 820 °C) for the process pressures of 1, 3, 10, and 30 bar, respectively. The results also indicate a partly different trend in the pressure’s influence on those maximum values than that for the graphite-only deposition. Moreover, the minimum O/C value of 2.5 [6] is found to be strongly exceeded for pressures above 3 bar.




3.1.2. LPG–Water Mixtures


The threshold lines for the liquefied petroleum gas (LPG) reformates with water are shown in Figure 2a,b, and they significantly differ from their counterparts for the NG reformates. As shown in Figure 2a, by increasing the temperature from 200 °C, first a continuous lowering in the boundary O/C ratio can be noticed, from nearly 1.9 down to a minimum that depends on pressure; then, its increase follows to a maximum and finally again a decrease towards 0.9 to 1.0 at 1000 °C. Differences in the starting point, as well as the maximum and end values of the critical O/C ratio for graphite in the wet reforming of LPG, are found to be less dependent on the process pressure than for NG. This conclusion follows from a comparison of Figure 1a and Figure 2a.



Nevertheless, the course of the threshold lines of all possible deposits from the LPG reformates with water (Figure 2b) mostly differ from those for the natural gas–water mixtures in the regions of depositing graphite and MWCNT, i.e., for temperatures below 577 °C. Surprisingly, accounting for depositing carbon nanotubes resulted in significant and very similar changes in O/C = f(T) to those for the NG–H2O reformates in the region of SWCNT deposition. The values of the maximum allowable O/C in LPG wet reforming shown in Figure 2b are practically the same as those for NG wet reforming (Figure 1b), with only slight increases of about 20 °C in the temperature of the O/C’s maximum point.




3.1.3. Pressure Effects


The process pressure was also found to have a substantial influence on the critical O/C ratio in wet reforming. With the purpose of clearly showing the joint effect of pressure and filamentous carbon deposits, Figure 3a,b was constructed for the wet reforming of NG and LPG, respectively. The solid lines represent the dependence of the critical O/C against temperature when only graphite was allowed to appear in the solid phase, “gr only”, and the broken lines show that dependence for all considered solid carbon allotropes, “all C”. To better visualize differences in O/C values for graphite only versus all carbon allotropes, the differences are shown in Figure 3 by shading. Both the critical lines and shaded areas use black for 1 bar and gray for 30 bar.



The maximum difference of about 0.6, in the threshold O/C values between the lines for depositing graphite-only and graphite/filamentous carbon, occurs for 1 bar close to 630 °C for the two wet reformates. Much higher maximum differences in the O/C critical values were obtained for the pressure of 30 bar. These O/C differences, which fall close to 820 °C for NG or LPG, are about 2.4 and 2.2, respectively.





3.2. Dry Reforming


3.2.1. Natural Gas–CO2 Mixtures


Carbon deposition can also occur during reforming with CO2 of lower hydrocarbons that have one to four carbons in a molecule. The same computational procedure and processing of the computing results for NG and LPG were applied as before for the wet reforming. The modeling results are presented in Figure 4, Figure 5 and Figure 6, also as plots of the critical O/C against temperature.



The character of the critical O/C dependence on temperature is now very different from that for natural gas reformed with water steam as presented in Figure 1a,b. The most characteristic feature of the deposition boundaries (Figure 4a) for dry reforming is a varying decrease in the threshold O/C with increasing temperature from 200 °C to 1000 °C. However, up to about 450 °C, the O/C lowering from 2.0 is very slow and rather independent of the studied pressure. Then, for higher temperatures, a gradual decrease of the threshold O/C follows to the asymptotic value of 1.0 and it occurs more slowly for higher pressures. When all of the solid carbon forms are included in the modeling, then only a slight increase in the critical O/C values is found at a temperature, cf. Figure 4b. Nevertheless, the increase in the critical O/C grows with rising pressures.




3.2.2. LPG–CO2 Mixtures


The computed threshold lines for LPG reformates with carbon dioxide are shown in Figure 5a,b. Remarkably, they only differ slightly from their counterparts for the NG dry reformates. This observation is valid both for the graphite-only deposits, shown in Figure 4a and Figure 5a, and also for all depositing carbon forms presented in Figure 4b and Figure 5b.




3.2.3. Pressure Effects


The pressure of dry reforming now has a weaker impact on the critical O/C values than in the wet reforming, both for NG and LPG. This is presented in Figure 6a,b, where the same types of lines and shading are applied (as in Figure 3).



The temperatures of the maximum difference in the atomic O/C ratio between the dry reforming curves for graphite-only and all carbon deposits depend on pressure. With increasing pressure, both the difference in critical O/C and the temperature of that maximum grow almost equally for the two dry reformates. The following values of the maximum difference in critical O/C were obtained at relevant temperatures: (0.23, 790 °C), (0.28, 840 °C), (0.36, 920 °C), and (0.41, 1000 °C), respectively, for 1, 3, 10, and 30 bar. These results further emphasize the strong influence of the filamentous form present in carbon deposits during the dry reforming of lower hydrocarbons. As a consequence, higher O/C values have to be applied as compared to predictions for non-nanotubular carbon deposits.






4. Discussion


The formation of filamentous carbon deposits have been well-documented in the literature when non-noble metals are used as catalysts in the wet and dry reforming of hydrocarbons. However, the modeling of the process has suffered from a lack of reliable thermodynamic data for carbon nanotubes. It was therefore assumed essential to theoretically study the contribution of the MWCNT and SWCNT deposits at thermodynamic equilibrium.



The presented computation results of deposition conditions are based on the approach defined in Equations (16) and (17). Such an analysis of the thermodynamic equilibrium was carried out numerically using the specialized, commercial HSC software [23]. Its basic databank was supplemented using information from the literature on the chemical potential function of temperature for pure carbonic nanotubes, both multi-walled [26] and single-walled in bundles [27]. Four pairs of C-H-O mixtures consisting of NG or LPG fuel, with either water steam or carbon dioxide, were analyzed to reflect the equilibrium conditions of reforming the fuels. Calculations of the threshold conditions for the deposition onset of various carbon allotropes were performed for a temperature varying from 200 °C to 1000 °C and a pressure set at either 1, 3, 10, or 30 bar. They led to an indication in the solid phase that only one of the three carbon forms—graphite below 431 °C, then MWCNT up to 577 °C, followed by SWCNT up to 1000 °C—was independent of analyzed pressure. Those characteristic temperatures and deposit types are equal to those reported previously [25] for catalytic partial oxidation. No other types of solid carbon allotrope were computed as stable within the analyzed temperature and pressure ranges.



A comparison of the corresponding O/C = f(T) graphs for the wet and dry reforming of the lower hydrocarbons gives a general impression of their fundamental difference. Figure 1, Figure 2 and Figure 3 for the wet reforming exhibit local extrema of O/C, whereas those for the dry reforming, Figure 4, Figure 5 and Figure 6, show a continuous decrease of varying intensity towards the highest temperature. Another characteristic difference refers to relatively small differences between the O/C = f(T) critical lines for the dry reforming of NG and LPG, while significant differences were found between such lines for the wet fuel reforming, especially at lower temperatures. The computed maximum increase in the critical O/C for CNTs versus graphite was from 21 to 37% for the dry reformates, whereas for wet reforming the differences were growing from about 50% at 1 bar up to 290% at 30 bar of the process pressure.



The critical lines for the dry reforming of both fuels are of somewhat similar character to those in catalytic partial oxidation, CPOx [25], but the latter lines were beginning for CPOx at O/C ≅ 2.9 for 200 °C instead of 2.0 in dry reforming here. In the two reforming types, the critical lines proceed to O/C = 1 alongside a growing temperature, but with a rate that depends on the process pressure. Another similarity to the CPOx results concerns a negligible influence of pressure on the critical O/C course below the temperature of 400 °C. On the other hand, in wet reforming, the pressure effect is distinct but its magnitude and direction depend on temperature, which also determines the deposit type.



The presented calculations evidently suggest using higher O/C ratios than those for graphite in the wet and dry reforming reactions to avoid the degradation of non-noble catalysts by the filamentous carbon deposits. This condition turns out to be particularly valid above 577 °C, i.e., in the region of depositing SWCNT. In particular, a narrower excess of steam, over the suggested maximum O/C value of 2.5 [6], may be important in the optimization of the heat supplied in wet reforming with an avoidance of catalyst coking. Proper accounting for the potential deposition of filamentous carbon is especially important when wet reforming is carried out at an elevated pressure.




5. Conclusions


The presented results on equilibrium deposition for the wet or dry reforming of lower hydrocarbons in NG and LPG allow for the following conclusions to be drawn:




	(i)

	
thermodynamic data for purified carbon nanotubes indicate a substantially different dependence of the critical O/C ratio on temperature, in comparison to that for graphite deposition;




	(ii)

	
the threshold temperature of 431 °C or 577 °C for the deposition boundaries between, respectively, graphite and MWCNT or MWCNT and SWCNT were confirmed regardless of pressure;




	(iii)

	
an enlargement of the critical O/C ratio for SWCNT relative to that for graphite was computed at 30 bar to a maximum of about 290% or 37%, respectively, for the wet or dry reformate; and




	(iv)

	
maximum critical O/C ratios were found for the wet reforming of NG and LPG at 2.0, 2.4, 2.7, and 3.2 for the process pressures of 1, 3, 10, and 30 bar, respectively.
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Figure 1. Critical O/C lines for natural gas (NG)–H2O mixtures for (a) solely graphite and (b) all carbon deposits. MWCNT: multi-walled carbon nanotubes; SWCNT: single-walled carbon nanotubes in bundles; O/C: oxygen-to-carbon ratio. 
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Figure 2. Critical O/C lines for the liquid petroleum gas (LPG)–H2O mixtures for (a) solely graphite and (b) all carbon deposits. 
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Figure 3. Critical O/C lines for the fuel–H2O mixtures for (a) NG and (b) LPG at 1 and 30 bar. 
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Figure 4. Critical O/C lines for NG–CO2 mixtures for (a) solely graphite and (b) all carbon deposits. 
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Figure 5. Critical O/C lines for LPG–CO2 mixtures for (a) solely graphite and (b) all carbon deposits. 
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Figure 6. Critical O/C lines for fuel–CO2 mixtures for (a) NG and (b) LPG at 1 and 30 bar. 
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Table 1. Reference thermodynamic data for basic reactions.






Table 1. Reference thermodynamic data for basic reactions.





	Reaction “i”
	Equation
	    Δ  μ i 0   (  298  )      kJ mol−1
	    Δ  H i 0   (  298  )      kJ mol−1





	2
	CO + H2O = CO2 + H2
	−28.7
	−41.2



	4
	CnH2n+2 + nH2O(g) = nCO + (2n + 1)H2
	≅61.6 + 79.6 n
	≅56.4 + 148.4 n



	5
	CnH2n+2 + nCO2 = 2nCO + (n + 1) H2
	≅61.6 + 108.2 n
	≅56.4 + 189.6 n



	6
	CH4 = C(g) + 2H2
	721.8
	791.2



	7
	2CO = C(g) + CO2
	551.2
	544.2



	8
	CO + H2 = C(g) + H2O
	579.8
	585.4



	9
	2H2 + CO2 = C(g) + 2H2O
	608.5
	626.5











© 2017 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/).
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