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Abstract 

High ethylene productivity through the oxidative dehydrogenation of ethane has been 
achieved in a catalytic membrane reactor based on a highly solid-state oxygen 
permeable material (Ba0.5Sr0.5Co0.8Fe0.2O3-δ). Ethylene is selectively produced by 
avoiding the direct contact of molecular oxygen and hydrocarbons and therefore 
minimizing the oxygen concentration in the reaction side. Another key aspect in the 
process is the dilution of the ethane in the feed to achieve high ethylene yields. There 
exists a specific combination of the ethane concentration and feed flow, which 
maximizes ethylene productivity, while the diluting gas nature has a direct impact on 
the formation of higher olefins and coking issues. Indeed, the use of methane as almost-
inert dilutant allows reducing oligomerization and aromatization of the formed ethylene 
and therefore improving the reactor stability even at operating temperatures from 800-
900 ºC. This behavior is attributed to the competitive adsorption of methane and 
ethane/ethylene, the modification of the radical-driven homogeneous reaction and the 
change of partially-reducible membrane surface. The achieved productivity values at 
850ºC were 383 mL min-1 cm-2 (Ar) and 353 mL min-1 cm-2 (CH4), with a selectivity of 
80 % (Ar) and 90 % (CH4), respectively. 
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1.  Introduction 

Ethylene is a key intermediate product in industrial chemistry.  The principal current 
method for its production is steam cracking of ethane, naphtha or heavier feedstocks 
(usually carried out at T > 800 ºC), which is energy intensive. Moreover, it involves side 
reactions as coke formation, thus discontinuous operation is necessary for reactor clean-
up. A potential alternative to steam cracking is the oxidative dehydrogenation of ethane 
(ODHE). This process is exothermic, while dehydrogenation and cracking are 
endothermic, so energy efficiency is improved and the presence of oxygen prevents 
coke formation. However, the use of pure oxygen or enriched air contributes to increase 
process cost and the coexistence of ethane and gaseous O2 leads to undesired 
combustion reactions [1-5]. In the last years, several catalysts and reactors systems have 
been tested [2-4] in ODHE reaction, although for an industrial implementation an 

ethylene productivity greater than 1 11

42

 hgg catHC  should be required [6]. However, the 

membrane reactor technology allows overcome the ODHE drawbacks. 

Dense mixed ionic-electronic conductors (MIEC) membranes show good oxygen 
permeability at elevated temperatures without the need of external electrical currents 
with a theoretical separation selectivity of 100%. The highest oxygen flux is generally 
observed for dense ionic membranes having a cubic perovskite structure, typically at 
high temperature above 800 ºC [7, 8]. Bulk oxygen species diffuse via oxygen vacancies 
in the crystal lattice from oxygen rich side to reaction side. Surface oxygen species are 
formed on the reaction side, which would react with the ethane. Thus, the use of dense 
MIEC membranes allows preventing the direct contact between the ethane and 
molecular oxygen, which allows (1) preventing the use of explosive gas mixtures; and 
(2) minimizing the formation of carbon oxides due to direct reaction between 
hydrocarbons and oxygen, thus higher selectivities of ethylene can be expected. 

In this context, dense MIEC membrane reactors are highly attractive solutions for 
ODHE process intensification, since both, separation (oxygen-ion diffusion through the 
perovskite lattice) and reaction are integrated in the same unit [5, 9-11]. Mirodatos and co-
workers [5] reported an ethylene yield of 76 % at 777 ºC, with a reactor using as 
membrane a dense MIEC (Ba0.5Sr0.5Co0.8Fe0.2O3-δ) with Pd cluster deposited. Akin and 
Lin [9] reported an ethylene yield of 56 % (per pass) with a dense tubular ceramic 
membrane reactor made of Bi1.5Y0.3SmO3 at 875 ºC. Yang et al.[10] reported an ethylene 
selectivity of 80 % at 84 % ethane conversion by using a dense MIEC 
(Ba0.5Sr0.5Co0.8Fe0.2O3-δ) as membrane in a co-feed reactor. Caro et al.[11] investigated 
the ODHE using a dense perovskite hollow fiber membrane compared with the 
performance of a disk-shaped membrane and the best results were obtained with the last 
one (~ 67 % ethylene yield).  
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Ethane is typically produced by separation of natural gas (on average 4-5 % of wet 
gas on the mass basis). This is a type of natural gas, which contains more ethane, 
propane and heavier gases that dry gas, which is nearly pure methane, and by recovery 
from refinery gases. In consequence, for a potential industrial application of ODHE 
process might be interesting to consider the use of methane as a dilutant, thus avoiding 
additional steps as separation process. 

The present work aims to study systematically the influence of the operating 
conditions on the ODHE reaction performed on a catalytic membrane reactor based on a 
solid-state oxygen permeable material (Ba0.5Sr0.5Co0.8Fe0.2O3-δ). Special attention will 
be paid to the use of very high specific gas flow rates in the reaction chamber in order to 
achieve high ethylene productivity. The variables under study included the feed 
concentration of ethane (reaction chamber), the specific feed flow rate in reaction 
chamber and operating temperature. Finally, it is investigated the influence of the kind 
of gas used for ethane dilution in the feed stream. Specifically, it is studied the effect of 
diluting with argon and methane. 

 

2.  Experimental 

2.1 Membrane preparation and characterization 

Preparation of membranes samples was performed using Ba0.5Sr0.5Co0.8Fe0.2Oδ 
(BSCF) powder provided by IKTS Fraunhofer (Germany). The powder was ball-milled 
in acetone suspension in order to decrease the grain size obtained prior pelletizing. 
Then, the membrane was prepared by uniaxial pressing at 150 kN. The densification of 
the disk was achieved by sintering in air for 5 h at 1100 ºC (2 ºC min-1 ramp). 

XRD was carried out on a Philips X’Pert Pro equipped with an X’celerator detector 

using monochromatic Cu K radiation. XRD patterns were recorded in the 2 range 
from 20 to 90 ºC and analysed using X’Pert Highscore Plus software (PANalytical). 

2.2 Membrane reactor set-up and ODHE experiments 

Oxygen permeation studies and catalytic test were carried out in the same reactor 
set-up. The quartz reactor was inside an electrical furnace. The temperature was 
measured by a thermocouple close to the surface membrane (reaction side). A PID 
controller maintained temperature variations within 2 ºC of the set point.  

The measurements were performed on 15 mm diameter disks. The sample consisted 
of a gastight ~ 0.8 mm thick BSCF disk sintered. Sealing was done using gold gaskets. 
Oxygen was separated from a mixture of synthetic Air-N2. The reaction side was fed 
either by argon or diluted methane as sweep gas (in the oxygen permeation test) or a 
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mixture of ethane and the corresponding sweep gas (in the ODHE experiments). 
Permeate was analyzed by on-line gas chromatography using micro-GC Varian CP-
4900 equipped with Molsieve5A, Pora-Plot-Q glass capillary, and CP-Sil modules. All 
feed streams were individually mass flow controlled. Membrane gas leak free 
conditions were ensured by monitoring nitrogen concentration on the products gas 
stream. Data reported are achieved at steady state after one hour on reaction stream and 
each test has been repeated three times to minimize analysis error, obtained an 
experimental analytical error below 0.5 %. 

 

3.  Results and discussion 

3.1 Oxygen permeation 

 Oxygen permeation flux through the MIEC membrane is a key aspect in ODHE 
reaction, determining the performance of the catalytic membrane reactor. From the 
oxygen content measured in sweep side of the permeation assemble, the argon flow rate 
and the area of the membrane surface exposed to the flowing gas, the total oxygen 
permeation rate, J(O2) (mL min-1 cm-2), was calculated. Figure 1 shows the temperature 
dependence of oxygen permeation flux through the BSCF membrane. It could reach 2.0 
mL min-1 cm-2 at 1273 K with a pO2=0.21 atm in the oxygen-rich chamber. This value 
is higher than the oxygen permeation flux (1.0 mL min-1 cm-2) for the practical 
applications specified by Bouwmeester[7]. Oxygen permeation flux is 2.5-fold increased 
when diluted methane (15% in Ar) is used as sweep gas. This aspect was expected due 
to the increase in the separation driving force, i.e., log pO2 (air)/pO2 (sweep) from 0.88 
to 3.85I when diluted methane is used as sweep gas. A significant flux increase is also 
expected when the inlet gas flow rare is increased due to the overcome of concentration 
polarization limitations [12]. 

 From a mechanistic point of view, oxygen transport through a dense MIEC material 
involves the surface-exchange reaction on the membrane surface and bulk-diffusion of 
charged species and electron/electron holes in the bulk phase. Generally, each of these 
steps could be the rate limiting, according to the reactor design, mode of operation, and 
properties of the membrane material. The slowest step is expected to limit the overall 
oxygen permeation rate. The BSCF membranes may present a change in the limiting 
step as a function of the temperature range and the membrane thickness [5, 8]. In both 
oxygen permeation tests performed with different sweep gas, there was a change of 
slope with an increasing temperature. The apparent activation energies (Ea) were 

                                                 
I Here, it is considered the ideal case in which it is assumed that the permeate pO2 corresponds to the 
sweep gas (diluted methane). For the Wagner equation integration, it is also assumed that ionic 
conductivity does not depends significantly on pO2 and this is negligible with respect to the electronic 
conductivity. 
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calculated by Arrhenius equation. At higher temperatures –zone –, the process is 
controlled by bulk-diffusion and the apparent activation energy is the same in both cases 
(~ 35 kJ mol-1). But when the process is controlled by surface exchange reactions (at 
lower temperatures –zone –), the apparent activation energy change from 65 kJ mol-1 
(argon as sweep gas) to 80 kJ mol-1 (diluted methane as sweep gas). The fact that the Ea 
is constant at high temperature regardless of the applied driving force confirms that the 
oxygen permeation is limited by the bulk transport and the mechanism is not changed 
although the oxygen vacancy concentration does. On the other hand, the change of the 
activation energy ascribed to the surface oxygen exchange suggests that the active sites 
for oxygen adsorption, reduction and dissociation have been altered by the strong pO2 
variation. Indeed, the use of diluted methane as sweep gas induces (a) a severe change 
in the surface vacancy concentration and (b) the reduction of redox species, i.e. Fe and 
Co cations, involved in the oxygen activation. 

3.2 ODHE performances  

 Figure 2 shows the ethylene productivity and ethylene yield as a function of the 
flow rate in the reaction chamber (QFeed). A larger residence time in the reaction side 
(lower flow rates) often means a higher probability of oxidation of the valuable 
intermediate produced and this leads to a decrease of ethylene selectivity and an 
increase of ethane conversion. Thus, the ethylene yield slightly changed and passed 
through a maximum at a QFeed of 400 mL min-1. The maximum is due to the opposite 
evolution of selectivity and yield with increasing residence time. The high C2H4 yield 
may be related to the fact that the O2/C2H6 ratio was close to the stoichiometric value. It 
is worth mentioning that a high C2H4 yield value is obtained even for a very high flow 
rate (500 mL min-1). Moreover, the ethylene productivity increased monotonically with 
the QFeed in the range of operating condition studied, i.e., with an increase in the amount 
of ethane fed in the reactor. 

 In order to analyze the influence of the ethane concentration in the reaction feed 
stream, diverse tests were carried out keeping constant the residence time and varying 
the ethane concentration in the reaction mixture for three different operating 
temperatures (800, 825 and 850 ºC). In this experiment (Figure 3 and 4), a very high 
feed flow rate (QFeed = 550 mL min-1) was used. In all cases, ethane conversion 
decreases with the ethane concentration in the feed mixture while the ethylene 
selectivity hardly changes (Figure 3). On the other hand, for a given feed composition, 
the ethane conversion increases with the reaction temperature, while the selectivity 
slightly declined and remained always at high values (~ 80-90%). This small selectivity 
decrease is principally ascribed to radical-driven oligomerization reactions and in a 
lesser extent to deep hydrocarbon oxidation and aromatization (See Table 1). This 
change in the selectivity is in agreement with previous reports using similar membrane 
reactors [5, 11]. Figure 4 shows the corresponding ethylene productivity as a function of 
ethane concentration in the reaction mixture for three different temperatures. It is also 
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plotted the ethylene productivity for an ideal yield value of 100%. These results 
demonstrate the potential of high temperature catalytic membrane reactors since 
extremely high ethylene productivity values can be achieved. Specifically, the ethylene 
productivity increased when the ethane concentration in the reaction mixture was raised; 
and a maximum value of ethylene productivity was reached when ~ 80 % C2H6 was fed 
at 850 °C (383 mLC2H4 min-1 cm-2; with an ethylene selectivity of 80.1 %). The 
minimization of secondary reactions, i.e. oligomerization and aromatization, at high 
temperatures and very high ethylene concentrations has been probably achieved by the 
use of very high flow rates (lower residence times). Consequently, the appropriate fluid 
dynamics regime in the reactor [13] allowed the rapid extraction (quenching) of the 
produced ethylene from the hot membrane surface and the reaction chamber while the 
high temperature allowed the high oxygen permeability and a high catalytic activity. 

 When the operation temperature is increased, the ODHE reaction goes from a just 
catalytic process to a gas-phase reaction through a stage in which the two processes get 
involved in a hetero-homogeneous regime. Several studies suggest that the thermal gas-
phase ethane dehydrogenation is likely to be operative at higher temperatures [14-18]. 
However, in the MIEC membrane reactors, the chemistry of membrane surface 
reactions would play an important role and it is not clear whether ODHE reaction occurs 
in the gas-phase or in the catalytic regime at these temperatures. Different works 
indicate that catalytic processes take place in the ethylene formation, such as ethyl 
radical formation due to the existence of superficial oxygen species. Moreover, the in 
situ detection of ethyl radicals in the gas-phase imply that once formed, these radicals 
are partially delivered into the gas-phase [18]. The formation of the radical is the rate 
determining step and the further faster radical decomposition to form ethylene could 
take place either on the catalyst surface or in the gas phase. The oxygen permeation 
process enables (1) the formation of the radical through the reaction of ethane with 
lattice oxygen to form an oxygen vacancy and (2) the radical decomposition to form 
water instead of molecular hydrogen. 

 

 To evaluate the contribution of gas-phase reaction and catalytic processes in a MIEC 
reactor, different experiments have been performed using the same experimental set-up. 
Two different membrane reactors were tested in the same operating conditions; i.e. an 
inert membrane of Al2O3 disc and a BSCF membrane. Figure 5 shows the ethylene yield 
as a function of the ethane concentration in the reaction mixture, for the different 
membrane reactors studied. In the case of the inert membrane, only the gas-phase 
reaction take places and it is observed that increasing the amount of oxygen co-fed in 
the reaction chamber, the ethylene yield decreases due to the formation of COx. The use 
of O2-free feed led to the rapid formation of carbon deposits in the membrane reactor 
set-up. Moreover the ethylene yield obtained with the MIEC membrane reactor is higher 
than that achieved when only the gas-phase reaction occurs. These results suggest that at 
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high temperature, the ODHE reaction goes through gas-phase reactions but in a MIEC 
membrane reactor an important catalytic contribution takes place. The ODHE reaction 
would proceed via ethyl radical formation on the surface of the MIEC membrane, 
released as ethylene into the gas phase, due to the existence of active oxygen species on 
the MIEC membrane surface. Additionally, the MIEC membrane reactor allows 
minimizing the formation of coke. 

 As mentioned before, it might be interesting to consider the use of methane as a 
dilutant for a potential industrial application of ODHE process. In order to study the 
effect of the dilutant used in the reaction mixture, some tests were performed using 
methane or argon as diluting agent while maintaining constant the rest of operating 
conditions (Table 2). Although the presence of methane has a negative effect on ethane 
conversion, it was possible to achieve higher ethylene selectivity values than those 
achieved by using argon as dilutant. Specifically, a significant decrease of C4

+ formed 
during the ODHE reaction was observed (Table 1 and S2). 

 Regarding the ethylene productivity, when methane was used as diluted instead of 
argon, a maximum ethylene productivity (see Figure 6a) of 356 mL min-1 cm-2 was 
achieved with an ethylene selectivity of 90.6 %, when ~ 80 % C2H6 was fed (QFeed = 
550 mL min-1) at 850 °C. Since the oligomerization and aromatization reactions were 
reduced, the subsequent ethylene separation steps might be easier (Figure 6a-b). A 
similar effect of methane dilution has been reported by Machocki et al., [19] for 
simultaneous reaction of OCM and ODHE in a co-feed fixed-bed reactor. This 
behaviour is attributed to competitive adsorption on the membrane surface between 
methane and ethane /ethylene, the reduction of the gas-phase ethyl radical lifetime, and 
the modification of the membrane surface that is partially reduced. 

 The catalytic membrane reactor stability was assessed for several days although it is 
well-know that BSCF is prone to carbonate in the presence of CO2 at temperatures 
below 850 ºC. Post-mortem SEM analysis of the membrane surface (reaction side) 
indicates the formation of secondary phases, i.e., Ba-Sr carbonates, on the grain 
boundary (See Figures S2 – S4). For the short operation time, the oxygen permeation 
was not influenced by the formation of these first carbonate domains. For a durable and 
robust operation, a membrane material or composite arrangements with higher stability 
against carbonation and phase transition should be used. Possible candidates are doped 
SrFeO3, La2NiO4 and CeO2 based membranes or multilayer composite membranes [20-

23]. 
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4.  Conclusion and outlook 

Oxidative dehydrogenation of ethane has been studied on a catalytic membrane 
reactor based on a dense oxygen-ion conducting membranes made of BSCF. The 
membrane arrangement allows avoiding the direct contact of molecular oxygen and 
hydrocarbonsII and consequently high ethylene selectivity is achieved. Moreover, the 
use of the membrane reactor allowed attaining very high ethylene productivities (383 
mL min-1 cm-2 when using argon as ethane dilutants) due to combination of (1) adequate 
fluid dynamics which enables the proper feed contact with the membrane and the rapid 
quenching of the formed ethylene; and (2) the high activity due to the high temperature 
and the active oxygen species diffusing through the membrane. Furthermore, the ethane 
dilution with methane instead of argon allows: (1) reducing the extent of ethylene 
oligomerization, aromatization and coking reactions, (2) maximizing the productivity at 
a certain ethane feed concentration (~ 80%), and (3) improving substantially the 
membrane reactor stability even at operating temperatures from 800-900 ºC. 

In conclusion, the use of the MIEC membranes provides a promising alternative to 
conventional ethylene production. The synergy between oxygen permeation, catalytic 
oxidation and fluid dynamics at the membrane surface and reactor chamber is supposed 
to be responsible for the obtained exceptional results. The use of catalytic coatings in 
the MIEC membranes may allow improving the present results, e.g. decreasing the 
operating temperature, increasing the C2H4 yield, etc. Moreover, the deposition of a 
ceria-based thin protective layers on perovskite membranes may increase the long-term 
stability of the membrane under realistic operating conditions[24]. This concept may 
open new perspectives in advanced catalysis for several reactions of selective oxidation, 
and yet represents another challenge. This membrane reactor system can be applied for 
other oxidative dehydrogenation reactions such as propane or butane dehydrogenation, 
although the catalyst and reaction conditions should be carefully adjusted due to the 
higher reactivity of these alkanes and the produced olefins/polyolefins in order to 
prevent oligomerization and coking issues. 
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TABLES 

Table 1. Catalytic performance of BSCF-based membrane for the ODHE reaction. Methane-free basis. 

     CH4 as sweep gas Ar as sweep gas 
T  QFeed QAir O2 C2H6 XC2H6 SC2H4 SC3+ SC4+ XC2H6 SC2H4 SC3+ SC4+ 

(ºC) (mL(STP) min-1) (mL(STP /min-1) (% v/v) (% v/v)  (%)  (%)  (%) (%) (%)   (%) (%)  (%) 
850 414 210 4.0 1.0 46.7 72.48 0.42 0 93.8 74.17 0 3.14 
850 414 210 4.0 2.3 43.3 82.48 0.34 0.83 92.2 83.82 0.46 8.22 
850 414 210 4.0 3.5 42.6 88.11 0.45 1.51 90.8 84.67 0.32 10.91 
850 414 210 4.0 4.3 42.4 89.93 0.46 2.02 90.0 84.71 0.38 11.59 
850 414 210 4.0 5.4 41.9 90.90 0.49 2.88 89.3 84.91 0.27 12.15 
850 414 210 4.0 7.5 40.0 92.48 0.50 3.90 87.6 84.81 0.42 13.00 
800 550 200 5.0 70 42.3 93.56 0.55 5.83 46.9 91.77 0.62 6.88 
800 550 200 5.0 80 39.9 93.71 0.47 5.74 45.3 90.85 1.07 7.54 
800 550 200 5.0 85 36.5 93.64 0.40 5.83 43.3 90.72 1.00 7.51 
850 550 200 5.0 70 69.1 91.16 0.51 8.11 82.0 84.72 1.46 13.25 
850 550 200 5.0 80 70.3 91.50 0.45 7.74 83.2 84.81 1.54 13.35 
850 550 200 5.0 85 67.7 89.57 0.45 9.59 82.5 83.90 1.60 14.08 
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FIGURE CAPTIONS 

Figure 1. Oxygen permeation flux through BSCF membrane measured as a function of 

temperature (Arrhenius plot). Synthetic air (21 % v/v O2); different sweep gases. 

Figure 2. Ethylene productivity as a function of feed flow rate in the reaction side. T = 

850 ºC, 5.4 % C2H6 in Ar, 4.0 % O2, QAir = 210 mL(STP) min-1. 

Figure 3. Ethane conversion and ethylene selectivity obtained as a function of the ethane 

concentration in the reaction side. QFeed = 550 mL(STP) min-1, 5.0 % O2, ethane diluted 

with argon. QAir = 200 mL(STP) min-1. 

Figure 4. Ethylene productivity reached as a function of the percentage of ethane in the 

reaction side. QFeed = 550 mL(STP) min-1, 5.0 % O2. 

Figure 5. Ethylene yield obtained in inert membrane reactor and BSCF membrane 

reactor. T = 850 ºC, QFeed = 400 mL(STP) min-1, ethane diluted with argon. 

Figure 6. Ethylene productivity reached as a function of the percentage of ethane in the 

reaction side. (a) High ethane feed concentration level while ethane was diluted with 

methane or argon and QAir = 200 mL(STP) min-1, 5.0 % O2, QFeed= 550 mL(STP) min-1; 

and (b) low ethane feed concentration level while ethane was diluted with methane or 

argon and QAir = 210 mL(STP) min-1, 4.0 % O2, QFeed= 400 mL(STP) min-1.  
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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-.Schematic of the quartz membrane reactor design.- 



 
Figure S2 

 

 
 
 

-.SEM picture of the fracture cross-section of Ba0.5Sr0.5Co0.8Fe0.2O3- (BSCF) membrane 
before catalytic tests.- 
 

 
 
 



Figure S3 
 
 
 
 

 

 
-.SEM pictures of the fracture cross-section of Ba0.5Sr0.5Co0.8Fe0.2O3- (BSCF) 
membrane after catalytic tests. (a) Membrane surface on the reaction side. (b) The 
analyzed area corresponds to the closest to the reaction side surface.- 
 

(b) 

(a) 



Figure S4 
 

 

 

 

 

 

 

 

 
-Picture of the Ba0.5Sr0.5Co0.8Fe0.2O3- (BSCF) membrane before and after catalytic 
tests.- 

After  Before 



Figure S4 
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A  

-. XRD patterns of the membrane Ba0.5Sr0.5Co0.8Fe0.2O3- (BSCF) after (top) and before 
(bottom) the catalytic tests. The XRD analysis was carried out on the membrane surface 
corresponding to the reaction chamber. 
 

 

 

 



Table S1. O2 concentration (ppm) in the permeate. QFeed = 550 mL min-1, Qair=200 mL 

min-1. 

 [O2] in ppm 
% C2H6 800 ºC 825 ºC 850 ºC 

70 33 34 47 
80 34 40 49 
85 36 39 53 
90   55 



Table S2. Catalytic performance of BSCF-based membrane for the ODHE. Methane-free basis. 

 

     CH4 as sweep gas Ar as sweep gas 
T 

[ºC] 
QFeed  

[mL min-1] 
QAir 

[mL min-1] 
O2  

[% v/v] 
C2H6 

[% v/v]
XC2H6 

(%)  
SC2H4 

(%) 
SC3+ 

(%) 
SC4+ 

(%) 

aC6H6  % H2 
 

% CO 
 

XC2H6 

(%)  
SC2H4 

(%) 
SC3+ 

(%) 
SC4+ 

(%) 

aC6H6  % H2  
 

% CO  
 

850 414 210 4.0 1.0 46.7 69.0 0.4 0.0 nd 2.5 0.17 93.8 72.0 0.0 3.0 nd 1.7 0.23 
850 414 210 4.0 2.3 43.3 77.8 0.5 0.7 nd 2.9 0.20 92.2 81.3 0.4 8.0 538 3.9 0.18 
850 414 210 4.0 3.5 42.6 84.4 0.6 1.5 nd 4.1 0.24 90.8 82.0 0.4 10.6 849 6.1 0.14 
850 414 210 4.0 4.3 42.4 82.8 0.6 1.8 nd 4.9 0.21 90.0 82.0 0.4 11.3 1226 7.1 0.13 
850 414 210 4.0 5.4 41.9 85.6 0.6 2.7 nd 6.7 0.21 89.3 82.1 0.5 11.7 1792 8.9 0.13 
850 414 210 4.0 7.5 40.0 86.5 0.6 3.7 556 9.8 0.16 87.6 81.8 0.5 12.5 2452 11.8 0.11 
800 550 200 5.0 70 42.3 91.9 0.5 5.7 4432 23.5 0.02 46.9 90.6 0.6 6.9 5510 19.6 0.17 
800 550 200 5.0 80 39.9 92.8 0.5 5.6 4715 24.2 0.03 45.3 88.8 1.1 7.2 5706 21.6 0.17 
800 550 200 5.0 85 36.5 93.3 0.4 5.8 5187 24.8 0.02 43.3 88.6 1.1 7.3 5988 22.4 0.20 
850 550 200 5.0 70 69.1 90.3 0.5 8.0 14146 30.5 0.02 82.0 80.5 1.4 12.6 22633 29.4 0.21 
850 550 200 5.0 80 70.3 90.6 0.4 7.8 15088 32.6 0.03 83.2 80.1 1.5 12.7 26207 32.7 0.19 
850 550 200 5.0 85 67.7 89.1 0.5 9.5 16503 36.1 0.18 82.5 82.5 1.5 12.8 35365 35.1 0.21 

a ppm 

 

 

 

 

 


