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Highlights 

1. Mixed perovskites precursors with the nominal compositions of La2NiO4, LaNiO3, 

La2Ni0.5Fe0.5O4 and LaNi0.5Fe0.5O3 were prepared by a wet impregnation method. 

2. LaNixFe1-xO3 phase enhances the metal-support interaction and suppresses the 

agglomeration of small Ni particles. 

3. A stable Ni-based catalyst with high carbon resistance for dry reforming of 

methane is obtained through the LaNi0.5Fe0.5O3 precursor. 

 

 

Abstract 

Improving the carbon resistance of Ni-based catalysts for the dry reforming of 

methane (DRM) through the metal-perovskite interaction is an attractive strategy. 

Ni-based perovskite precursors with the nominal compositions of La2NiO4 and 

LaNiO3, as well as their Fe partially substituted counterparts (La2Ni0.5Fe0.5O4 and 

LaNi0.5Fe0.5O3), were prepared by a wet impregnation method. Perovskite structures 

in the samples without Fe partial substitution are unstable and completely reduced 

during the DRM test, forming catalysts composed of Ni as the active component and 

La2O3 as the support. The stability of the perovskite structure is significantly 

enhanced by the Fe partial substitution, and improved carbon resistance are observed 

in these catalysts, which is attributed to the smaller particle size and better dispersion 

of Ni resulted from the stronger metal-support interaction. The LaNixFe1-xO3 

perovskite plays an important role in the structural stability of mixed perovskite 

catalysts in reducing atmosphere and the enhancement of metal-support interaction. 

Our results indicate that the LaNi0.5Fe0.5O3 precursor synthesized by wet impregnation 

method is feasible to obtain stable Ni-based catalysts with high carbon resistance for 

DRM. 
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1. Introduction 

The reforming of methane by carbon dioxide (dry reforming of methane, DRM) 

attracts much attention because of its industrial and environmental potential. Two 

abundantly available green-house gases (CH4 and CO2) are used as feed gas to 

produce industrially important syngas (H2 and CO). The main reactions of DRM 

are[1]: 

CH4 + CO2 ⇌ 2CO + 2H2    ∆𝐻298
0 = 247.3kJ mol⁄  (1) 

CO2 + H2 ⇌ 2CO + H2O      ∆𝐻298
0 = 41.2kJ mol⁄  (2) 

Eq. (1) suggests that DRM is endothermic, which needs high temperature to attain 

high equilibrium conversions to syngas. Ideally, it produces a syngas with a H2/CO 

ratio of 1: 1, but the reverse water gas shift reaction (RWGS, Eq. (2)) causes a 

decrease in H2/CO ratio to values < 1 [2, 3], which is more favored in the synthesis of 

oxygenated chemicals[4] and hydrocarbons from Fischer-Tropsch synthesis [5].  

 A main concern of DRM catalysts is the carbon deposition during the reaction[6] 

which causes catalyst deactivation, catalyst destruction, and reactor blockage [7, 8]. 

The carbon formation reactions [1] are mainly: 

 CH4 ⇌ C(s) + 2H2     ∆𝐻298
0 = 74.9kJ mol⁄    (3) 

2CO ⇌ C(s) + CO2      ∆𝐻298
0 = − 173.5kJ mol⁄   (4) 

The CH4 decomposition (Eq. (3)) and the Boudouard reaction (Eq. (4)) depend on 

the operation temperature and partial pressures of reactants. These reactions occur on 

the catalyst surface and form solid carbon. On the other hand, under the high 

temperature operation condition, metal catalyst tends to deactivate due to the sintering 

[9] or the reaction between metal and support forming inactive species. Thus, a 

thermal stable catalyst that can resist degradation and carbon deposition is essential.  

Although noble metals like Pt, Rh and Ru are more active towards DRM and more 
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resistant to carbon deposition than transition metals like Ni, Co, Fe[9-11], the high 

cost limits their applications on the industrial scale. The low cost transition metal Ni 

attracts much attention because of its high catalytic activity. However, the Ni-based 

catalyst suffers a severe carbon deposition issue which leads to catalyst deactivation 

[12]. Highly dispersed Ni particles with small size and strong metal-support 

interaction are proven effective for the improvement of the catalytic activity, stability 

and carbon resistance [13-19]. Such kind of catalyst can be obtained from perovskite 

type Ni-based catalyst precursors, like LaNiO3. After reduction, LaNiO3 completely 

decomposes to Ni and La2O3, where small Ni particles (~2-50 nm) are well dispersed 

on La2O3 support with a strong metal-support interaction [20-22]. Moreover, the 

reaction La2O3+CO2→La2O2CO3 increases the activity of the lattice oxygen which is 

beneficial for the removal of carbon species adsorbed on Ni surface [23]. It is also 

reported that La2NiO4, as another type of perovskite (A2BO4), is more favored than 

LaNiO3 as a DRM catalyst precursor because smaller Ni particles with the stronger 

Ni-La2O3 interaction are accessible [24-26]. However, the Ni-La2O3 interaction is still 

not strong enough to restrict Ni particles from sintering which leads to a carbon 

deposition during a long term operation of DRM [24]. 

The perovskite structure can be stabilized by B-site partial substitution under DRM 

reaction conditions, which is able to enhance the metal-support interaction [27-30]. 

According to recent investigations regarding self-regeneration of perovskite based 

catalyst, the sintering and agglomeration of metals are effectively inhibited because 

metal particles can evolve reversibly between the surface and the inside of perovskite 

in redox process [31-33]. Provendier et al. also reported that a LaNixFe1-xO3 

perovskite structure favors the metal-support interaction and effectively suppresses 

carbon deposition [34]. Arandiyan et al. studied the influences of Fe content in 
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LaNixFe1-xO3 catalyst precursors on the catalytic performance of the steam reforming, 

and concludes that catalysts with high activity and stability can be achieved when x is 

between 0.4 to 0.6 [35].  

In the present work, Ni-based perovskite precursors with the nominal compositions 

of La2NiO4, LaNiO3, La2Ni0.5Fe0.5O4 and LaNi0.5Fe0.5O3 were prepared by a wet 

impregnation method. The samples were characterized before and after the DRM tests. 

Influences of Fe partial substitution in the La2NiO4/LaNiO3 perovskite catalyst 

precursor on the DRM reactions and carbon deposition are discussed. 

 

2. Experimental 

 

2.1 Catalysts preparation 

La2NiO4 and LaNiO3 catalyst precursors were prepared by wet impregnation 

method. Nickel nitrate hexahydrate (Ni(NO3)2• 6H2O) was dissolved in distilled water 

and stirred for 10 min. La2O3 powder was added into the Ni(NO3)2 solution under 

continues stirring for 30 min. Then the slurry was heated at 80 oC to vaporize the 

aqueous water. Finally the mixtures were ground and calcined at 800 oC for 4 h to 

obtain the catalyst precursors. The Fe partially substituted La2Ni0.5Fe0.5O4 and 

LaNi0.5Fe0.5O3 precursors were prepared by the same method, except Fe(NO3)3 was 

first mixed with Ni(NO3)2 in the solution. For the convenience of discussions, the 

La2NiO4, LaNiO3, La2Ni0.5Fe0.5O4 and LaNi0.5Fe0.5O3 catalyst precursors are denoted 

as L2N, LN, L2NF and LNF respectively in the following contents. 

 

2.2 Characterization of catalysts 
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X-ray diffraction (XRD) analysis was performed using an X-ray diffractometer 

(TTR Ⅲ, Rigaku Co., Japan) with a Cu target Kα-ray (λ=1.5406 Å) as the X-ray 

source in the range of 2θ = 20 - 80o. The microstructures of samples were obtained 

using scanning electron microscopy (SEM, JSM-6301F, Hitach, Japan) and 

transmission electron microscopy (TEM, JEM-2011, JEOL, Japan). 

X-ray photoelectron spectroscopy (XPS) was performed using an electron 

spectrometer (ESCALAB 250, Thermo-VG Scientific, U.S.) with a monochromatized 

Al K X-ray source (1486.6 eV photons) at a pass energy of 30 eV. All binding 

energies were referenced to the C 1s peak at 284.8 eV.  

Temperature programmed reduction (TPR) experiments were performed by a 

thermal conductivity detector (TCD) with a temperature programmed heating furnace. 

100 mg catalyst precursor was set in a quartz tube of 6 mm inner diameter and heated 

from room temperature to 900 oC at a heating rate of 5 oC/min. A forming gas of 5.0 

vol% H2/N2 was introduced into the tube during the TPR test.  

The carbon depositions of used samples were determined by thermogravimetric 

analysis (TGA) which was carried out with a simultaneous thermal analyzer (STA 449 

F3, NETZSCH, Germany). 10-15 mg used sample was placed in an alumina crucible 

and heated from room temperature to 800 oC at a heating rate of 10 oC/min in N2 at a 

flow rate of 10 ml/min to minimize the influence of La2O2CO3, and then held at 800 

oC for 2 h in air at a flow rate of 60 ml/min to evaluate the amount of deposited 

carbon. 

  

2.3 Catalytic activity test 

300 mg sample was placed in a fixed bed continuous flow quartz reactor (i.d. = 6 

mm) at atmospheric pressure. The sample was reduced at 700 oC in H2 with a flow 
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rate of 30 ml/min for 2 h before the test. Then the reactor was heated to 750 oC and an 

equimolecular CO2/CH4 mixture at a flow rate of 60 ml/min (GHSV=1.2×104 mL g-1 

h-1) was introduced into the reactor. The reaction products were analyzed by a gas 

chromatography (GC9790, FULI, China). The conversions of CH4 and CO2 are 

defined as: 

XCH4
=

[CH4]in − [CH4]out

[CH4]in
× 100% 

XCO2
=

[CO2]in − [CO2]out

[CO2]in
× 100% 

Where [CH4]in and [CO2]in refer to the flow rates of introduced CH4 and CO2, while 

[CH4]out and [CO2]out refer to the flow rates of CH4 and CO2 in the tail gas. 

 

3. Results and discussion 

 

3.1 XRD analysis 

Figure 1 (A) shows the XRD patterns of all the catalyst precursors. In the L2N and 

LN samples without Fe partial substitution, mainly La2NiO4 (marked as P’), LaNiO3 

(marked as P), and La(OH)3 (marked as “•”) phases are observed. The appearance of 

La(OH)3 is related to the hydration of La2O3 in air [36]. In addition, a small amount of 

NiO (marked as N) is observed in LN. In the Fe partially substituted L2NF and LNF 

samples, ABO3 type LaNixFe1-xO3 perovskite, La(OH)3 and NiO phases are identified, 

while no A2BO4 type perovskite phase is evidenced. The compositions of samples are 

listed in Table 1. These results indicate that our catalyst precursors are multiphase 

composites. Considering the samples were prepared by a simple wet impregnation 

method with a moderate calcining temperature of 800 oC, the formation of multiphase 

composites is attributed to the incomplete reaction between the source materials. 
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Figure 1 (B) shows the XRD patterns of the catalysts after used for DRM tests. By 

operating under the DRM condition at 750 oC for 4 hours, the perovskite structures in 

both L2N and LN are completely decomposed that only Ni (Marked as Ni) and 

La2O2CO3 (marked as ♦) are identified. The formation of La2O2CO3 is because of the 

reaction between La2O3 and CO2 [23]. For the used L2NF and LNF, an ABO3 type 

LaNixFe1-xO3 perovskite phase (marked as P) is identified in addition to Ni and 

La2O2CO3 phases, indicating the Fe3+ in LaNixFe1-xO3 stabilizes the perovskite 

structure in reducing atmosphere. Although Ni is observed in all the four samples, a 

close examination on the diffraction peak of Ni (111) reveals that the peak shifts to 

lower angle after Fe partial substitution (Figure 1(C)), which is attributed to the 

formation of a Ni-Fe alloy phase. The peak shift in LNF is larger than that in L2NF, 

demonstrating the Ni-Fe alloy in LNF possesses a higher Fe/Ni ratio [37]. 

Since the perovskite phase plays an important role during DRM test, the 

composition of the LaNixFe1-xO3 phase is estimated by a close examination of the 

perovskite diffraction peak at around 32.8o in Figure 1 (A) and (B). Figure 1 (D) 

shows the 2 versus x values of the LaNixFe1-xO3 phase. The data points marked by 

crosses (+) are abstracted from the standard ISCD patterns of the LaNixFe1-xO3 phase 

(PDF-66-0633 to PDF-66-0641). The x values for our samples are obtained by fitting 

the 2 data abstracted from Figure 1(A) and (B) into the standard 2 - x curve (dash 

line in Figure 1(D)), and the results are listed in Table 2. Notice that although Fe 3+ 

stabilizes the perovskite structure of L2NF and LNF, the x values of LaNixFe1-xO3 

decrease a lot after the DRM test, indicating that Ni3+ in LaNixFe1-xO3 is still 

reducible. These Ni atoms are known to migrate to the surface of the perovskite and 

aggregated as small Ni particles [38]. In the fresh L2NF and LNF samples, the x 
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values are almost the same; but in the used samples the x value in L2NF is much 

smaller. This suggests that the stability of Ni in LNF is higher than that in L2NF.   

 

3.2 TPR tests 

Figure 2 shows the H2 consumption of DRM catalyst precursors as a function of the 

reduction temperature. Two H2 consumption peaks locate at around 420 and 550 oC 

are observed in L2N and LN. Considering that both LaNiO3 and La2NiO4 are 

identified by XRD patterns in these two samples, the peak at low temperature is 

assigned to the reduction of Ni3+ to Ni2+ of LaNiO3 (LaNiO3→La2Ni2O5) and a small 

amount of extra NiO, while the peak at high temperature is related to the reduction of 

Ni2+ to Ni0 of La2NiO4 or La2Ni2O5 [23] [39]. Notice that the high temperature peak is 

dominant in L2N, indicating the main perovskite phase is La2NiO4. However in LN, 

the low temperature peak becomes much stronger, and the peak area ratio of the 

high/low temperature peaks is close to the theoretic value of 2:1 for LaNiO3, 

suggesting LaNiO3 is predominant. The reducibility of L2N and LN is in agreement 

with the XRD analysis that no perovskite phase remains after the DRM test at 750 oC.  

The TPR curves of L2NF and LNF show three peaks. The low temperature peak 

(~380 oC, in both samples) comes from the reduction of extra NiO, the middle 

temperature peak (~ 420 oC in L2NF and ~480 oC in LNF) refers to the reduction of 

Ni3+ to Ni2+
 in LaNixFe1-xO3, and the high temperature peak (~ 680 oC in L2NF and 

~700 oC in LNF) corresponds to the reduction of Ni2+ and a small amount of Fe3+ in 

the perovskite [35]. Compared to L2N and LN, the reduction peaks belonging to Ni3+ 

and Ni2+ all shift to higher temperatures in L2NF and LNF, which suggests the 

stability of the perovskite is improved by Fe partial substitution. The even higher 

reduction temperatures of the Ni3+ and Ni2+ in LNF indicate the perovskite in LNF is 
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more stable than that in L2NF, which is in consist with the XRD analysis (see Table 2). 

Considering the x values of LaNixFe1-xO3 in L2NF and LNF are quite close, the 

different stability of these Fe partially substituted samples is related to the extra La 

species in the multiphase precursors. Based on the XRD and TPR analyses, the 

stability of the perovskite in these four samples should be in the order of: LNF > 

L2NF > L2N ≈ LN. 

 

3.3 XPS analysis 

To better understand the role of Fe3+ in the perovskite, we performed an XPS 

analysis for the LN and LNF precursors. The samples were pretreated in the XPS 

setup by heating at 700 oC for 1 h in vacuum to minimize the influences from the 

adsorbed species, such as water and CO2. The XPS profiles of O 1s are shown in 

Figure 3. Both the samples show two peaks. The low binding energy peak at around 

528.0-529.0 eV is assigned to lattice oxygen (O2-, Oβ) in the perovskite, and the high 

binding energy one to adsorbed oxygen species (Oα) [40-43]. The peaks of Oα remain 

almost the same in the two samples, but after Fe partial substitution, the Oβ peak shifts 

to higher binding energy. Sutthiumporn et al. reported that the binding energy of O2- 

in La0.8Sr0.2NiO3 shifts to a higher value by Fe partial substitution and the authors 

attributed it to the presence of Fe promoting the charge transfer from O atom to Ni 

[27]. This increase of the binding energy of O2- improves the stability of LaNixFe1-xO3 

in the reducing atmosphere.  

 

3.4 Catalytic activity for the DRM reaction 

Figure 4 (A) and (B) shows the CH4 and CO2 conversions as a function of reaction 

time during DRM test of all the reduced catalyst precursors. L2N and LN exhibit high 
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CH4 conversions (~92% for both samples) but relative low CO2 conversions (~ 80% 

for L2N and ~83% for LN). On the other hand, lower CH4 and CO2 conversions are 

observed for the Fe partially substituted L2NF and LNF at the beginning, but they 

increase gradually with the reaction time. For L2NF, both the CH4 and CO2 

conversions reach ~85% after 6 h test and close to those for L2N and LN.  

It is known that the CH4 conversion directly depends on the amount of active Ni in 

the catalyst. As discussed above that the reducibility of Ni2+ to Ni0 in the four samples 

is L2N≈LN>L2NF>LNF, thus the amount of Ni after the initial H2 reduction should 

be in the same sequence, resulting in the difference of CH4 conversion at the 

beginning. During the DRM test, the slow rise of CH4 conversions over L2NF and 

LNF are due to the incomplete reduction of the perovskite after the initial H2 

reduction. More Ni will be reduced out as the reaction proceeds. Thus, the CH4 

conversions over L2NF and LNF increase. The CO2 conversions show the same 

changing trend with CH4 conversions. 

Figure 4 (C) shows the H2/CO ratio in the tail gas during the DRM reaction. It is 

known that the value of H2/CO ratio equals to 1 theoretically (Eq. (1)) but the side 

reactions have great influence on its actual value (Eq. (2)-(4)). The values of H2/CO 

ratio for L2N and LN are above 1. This, together with the fact that the CH4 

conversions are higher than the CO2 conversions, suggests that the CH4 

decomposition reaction (Eq. (3)) and the Boudouard reaction (Eq. (4)) predominates 

the side reactions of L2N and LN. On the contrast, the H2/CO ratio for LNF is smaller 

than 1 and the CH4 conversion is lower than the CO2 conversion, suggesting the 

RWGS reaction (Eq. (2)) is predominant in the side reactions. The H2/CO ratio for 

L2NF is below 1 at the beginning but keeps rising to above 1 after 3 h, while its CH4 

conversion becomes higher than the CO2 conversion after 5 h, which indicates that the 
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main side reaction switches from the RWGS to the CH4 decomposition and 

Boudouard reaction with the extended reaction time. 

 

3.5 Carbon deposition analysis 

Fig. 5 shows the carbon formation over used catalysts measured by TG tests. 

Carbon forms in all the samples. Although L2N and LN possess similar CH4 and CO2 

conversions, LN suffers a much more severe carbon deposition. The carbon 

formations of L2NF and LNF after 4 h tests are smaller than those of L2N and LN, 

indicating the carbon resistance is improved by the Fe partial substitution of 

perovskites. As the reaction time extends to 8 h, much more carbon forms in L2NF 

while the carbon formation in LNF is almost the same with the 4 h test result. This 

indicates LNF possesses the best carbon resistance, which is in good agreement with 

the discussions in the last section. 

Figure 6 shows the SEM images of used samples. After 4 h test, fiber carbon is 

observed in L2N and LN, but hardly seen in L2NF and LNF. However after 8 h test, 

fiber carbon is evidenced in L2NF but still not in LNF. The amount of fiber carbon 

observed in the SEM images is consistent with the TG analysis (see Figure 5).  

A probable impact to the carbon resistance is the formation of the LaNixFe1-xO3 

perovskite in L2NF and LNF. In order to better understand the effect of perovskite on 

the carbon resistance, we further performed TEM examinations of used catalysts as 

shown in Figure 7. The distribution of Ni particles is determined by scaling the lateral 

size of Ni particles (~150 particles are investigated for each sample) from the TEM 

images and the results are shown as the insets of Figure 7. For the 4 h used L2N and 

LN samples, two distinct regions can be found: (1) agglomerated Ni particles 

accompanied with fiber carbon (Figure 7 (A)), and (2) Ni particles distributing on the 
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support surface without fiber carbon. On the other hand, for the 4 h used L2NF and 

LNF samples, Ni particles are well dispersed on the support surface, and no fiber 

carbon is observed (Figure 7 (A)). The sizes of Ni particles spread from ~5-100 nm in 

L2N and LN, but ~ 5-50 nm in L2NF and LNF. 

After 8 h test, a large amount of fiber carbon appears in L2NF, even though regions 

without fiber carbon coverage (Figure 7 (B)) still exist. Meanwhile, the distribution of 

Ni particles in L2NF spreads to bigger sizes as compared with that in the 4 h tested 

one. By contrast, the morphology and the size distribution of Ni particles in LNF 

(Figure 7 (B)) remain almost the same as those in the 4 h tested one. The fiber carbon 

is barely seen in LNF within the scope of the testing. 

According to our discussions on TPR and XRD results, the stability of the 

perovskite structure is improved by the Fe partial substitution, and the stability of 

LNF is higher than that of L2NF. It turns out that the changing trend of the carbon 

resistance of these samples is the same as that of the stability. Thus the TEM 

observations suggest that the interaction between Ni and the perovskite can 

effectively suppress the sintering and agglomeration of Ni particles, and enhances the 

carbon resistance of catalysts for DRM.  

 

4. Conclusions 

 

Ni-based perovskite precursors with the nominal compositions of La2NiO4 and 

LaNiO3, as well as their Fe partially substituted counterparts (La2Ni0.5Fe0.5O4 and 

LaNi0.5Fe0.5O3), were prepared by a wet impregnation method. The main phase in 

L2N is La2NiO4 while in LN is LaNiO3. These perovskite structures are unstable and 

completely reduced during the DRM test, forming catalysts of Ni as the active 
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component and La2O3 as the support. 

The stability of the perovskite structure is significantly enhanced by the partial 

substitution of Fe. Improved carbon resistance are observed in the Fe partial 

substituted catalysts, which is attributed to the smaller particle size and better 

dispersion of Ni resulted from the stronger metal-support interaction. The 

LaNixFe1-xO3 perovskite plays an important role in the structural stability of mixed 

perovskite catalysts in reducing atmosphere and the enhancement of metal-support 

interaction. Our results indicate that the LaNi0.5Fe0.5O3 precursor synthesized by wet 

impregnation method is feasible to obtain stable Ni-based catalysts with high carbon 

resistance for DRM. 
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Figure captions 

Figure 1. XRD patterns of (A) fresh catalyst precursors, (B) used catalysts for DRM 

test at 750 oC (P/P’-perovskite, N-NiO, •-La(OH)3 and ♦-La2O2CO3), (C) magnified 

diffraction peaks of Ni (111) and (D) the 2θ-x curve of the diffraction peak of 

LaNixFe1-xO3 at ~32.8o. 
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Figure 2. H2-TPR profiles of L2N, LN, L2NF and LNF catalyst precursors.  
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Figure 3. XPS profiles of O 1s of LN and LNF catalyst precursors. 
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Figure 4. Catalytic performance for DRM reaction over reduced L2N, LN, L2NF, and 

LNF catalyst precursors at 750 oC: (A) CH4 conversion, (B) CO2 conversion and (C) 

H2/CO ratio.  
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Figure 5. Carbon formation over used L2N, LN, L2NF and LNF after 4 h and 8 h 

DRM reaction. 
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Figure 6. SEM images of used L2N, LN, L2NF and LNF after 4 h and 8 h DRM 

reaction. 
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Figure 7. TEM images of (A) used L2N, LN, L2NF and LNF after 4 h DRM reaction, 

and (B) L2NF and LNF after 8 h DRM reaction. The insets are the Ni particle size 

distributions of the corresponding samples. 
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Tables 

 

Table 1. The composition of samples.  

Samples L2N LN L2NF LNF 

Nominal 

composition 

La2NiO4 LaNiO3 La2(Ni0.5Fe0.5)O4 LaNi0.5Fe0.5O3 

Actual 

composition       

(fresh) 

LaNiO3 

La2NiO4 

La(OH)3 

LaNiO3 

La2NiO4 

La(OH)3 

NiO 

LaNixFe1-xO3 

 

La(OH)3 

NiO 

LaNixFe1-xO3 

 

La(OH)3 

NiO 

Actual 

composition 

(used) 

Ni 

 

La2O2CO3 

Ni 

 

La2O2CO3 

Ni 

LaNixFe1-xO3 

La2O2CO3 

Ni 

LaNixFe1-xO3 

La2O2CO3 

Note 1: the nominal composition is a theoretical stoichiometric composition based on 

the initial molar ratio of the source materials. 

Note 2: the actual composition is obtained from XRD analysis. 

 

 

Table 2. The x value in the LaNixFe1-xO3 perovskite of fresh and used samples 

determined from Figure 1 (D). 

Samples x (fresh)  x (4 h used)  x (8 h used) 

L2NF 0.60 0.19 0.14 

LNF 0.59 0.29 0.18 

 


