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8 Abstract

9 Trace compounds contained in the produced biogas range from tens to thousands of ppm(v) and the gas 

10 cleaning is crucial, as much as it is important the investigation of the trace compounds impact on the 

11 reforming section and on the SOFC performance. The catalytic stability of a Ni-catalyst towards biogas 

12 reforming in the presence of three types of deactivating compounds (sulfur, siloxanes and aromatic 

13 compounds) was investigated. When the biogas is composed of a methane to carbon dioxide ratio >1 under 

14 the tested operating conditions, the Ni catalyst stability is achieved. A Ni/Al2O3 catalyst appears suitable for 

15 the steam reforming of biogas including contaminants, under the operative conditions adopted. On the 

16 contrary, the effect of a biogas stream with composition CH4/CO2=50/50 vol. % is much more harmful under 

17 steam reforming conditions both in terms of activity and stability. This result was due to CO2-promoted 

18 Boudouard reaction that leads to extensive carbon formation on the catalyst surface. Under this condition, 

19 sulfur and D5 compounds in the biogas have a significant impact on the longevity of the Ni catalyst. Hence, 

20 carbon formation rate is affected by the degree of catalyst poisoning due to adsorption and/or deposition of 

21 other species on catalytic sites.

22 Keywords:

23 Catalytic stability, biogas, trace compounds, SOFC, Direct internal reforming

24

25 Nomenclature:

26 ASR, Area Specific Resistance;

27 CEM, Controlled Evaporator Mixer;

28 DIR, Direct Internal Reforming;

29 EIS, Electrochemical Impedance Spectroscopy;

30 FID, chromatography-Flame Ionization Detector;

31 FU, Fuel Utilization;
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32 GC, Gas Chromatography;

33 GHSV, Gas Hourly Space Velocity;

34 LSCF, Lanthanum Strontium Cobalt Ferrite;

35 OFMSW, Organic Fraction Municipal Solid Waste;

36 ppb(v), parts per billion by volume;

37 ppm(v), parts per million by volume;

38 SEM, Scanning Electron Microscope;

39 SOFC, Solid Oxide Fuel Cell;

40 TAR, dark brown or black viscous liquid of hydrocarbons

41 TCD, gas chromatography-Thermal Conductivity Detector;

42 TEM, Transmission Electron Microscope;

43 TPB, Three Phase Boundary;

44 WWTp, Waste Water Treatment plant;

45 YSZ, Yttria-Stabilized Zirconia.
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58 1. Introduction 

59 Biogas coming from the anaerobic digestion of organic waste covers a crucial role regarding landfilling 

60 and pollutant reduction, matter recovery and energy production. Putrescible waste can derive from the 

61 domestic urban organic waste, agricultural waste, manure and sludge collected in wastewater treatment 

62 plants. Biogas consists of CH4 (45-70 vol. %), CO2 (30-50 vol. %), N2 (<5 vol. %), O2 (0-3 vol. %) and a 

63 wide variety of trace compounds. The type and quantity of trace compounds depend on waste treated [1–4]. 

64 In fact, trace compounds found in landfill biogas and from digestion of organic wastes are completely 

65 different [1,5]. Landfill gas quality is widely varying depending on the degradation status of the landfilled 

66 material as well as moisture and temperature condtions, all of which may vary considerably in different parts 

67 of the landfill body [5]. The higher amount of aromatic compounds found in landfill biogas compared to 

68 sewage or farm biogases is often associated with older waste even though elevated levels of aromatic 

69 compounds have also been measured in urban waste disposal bins [6–8]. The main trace compound 

70 contained in a biogas from the anaerobic digestion of organic wastes – both from WWTPs or municipal 

71 organic waste – is hydrogen sulfide (H2S) [1,5,9]. The H2S concentration can range from 10 to thousands of 

72 ppm(v), and it is a function of the organic waste, digester temperature and pre-treatments process adopted to 

73 improve the methane yield [1,10]. Some pre-treatments can be adopted during the biogas production to 

74 reduce the sulfur content in the biogas, such as processes with metal oxides. Other processes are 

75 implemented outside the digester, mainly processes that adopt the physical adsorption solution to abate trace 

76 concentration [3,8,11–17]. Among energy generators, SOFCs are silent systems, with low emissions and 

77 high electrical and thermal efficiency. These systems can produce energy in a distributed way and they can 

78 be adopted in the next future to reduce the energy dependency from fossil fuels with high efficiency 

79 [8,18,19]. The cleaning process of biogas results to be mandatory in order to reduce the trace contaminants to 

80 achieve SOFC requirements [3,12,13,15,19–21]. A SOFC co-generator fed by biogas needs a reforming 

81 process to produce a more suitable gas mixture rich in hydrogen and carbon monoxide content, 

82 electrochemically suitable for the SOFC [22,23]. 

83 Biogas can be converted to synthesis gas either by dry reforming or by a combination of dry and steam 

84 reforming using appropriate catalysts [24–27]. Since the CH4 to CO2 (molar) ratio in biogas is about 1.5, dry 

85 reforming alone can lead to significant carbon deposition within the reactor [24,28,29]. Therefore, it is 

86 desirable to mix biogas with steam for reforming and generally, the H2O to CH4 ratio (S/C) is maintained at 2 

87 to avoid any coke formation [30,23,22]. Besides carbon deposition issues, the presence of impurities has a 

88 tremendous effect on the performance of the catalyst. Among these, the most studied contaminant for 

89 catalytic steam reforming is sulfur, in the form of H2S, which leads to an almost total deactivation of the 

90 catalyst [31–33]. Catalyst poisoning occurs due to the strong adsorption of sulfur or other impurities on 

91 active sites, promoting by poisoning-metal electron affinity; this consequently, blocks or alters the 

92 adsorptivity of the other species [34,35]. Overall, the saturation coverage of sulfur and other species (silicon 

93 compounds) depends on the operating temperature, metal loading, and the partial pressure of reacting gasses. 
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94 Catalysts with lower metal loading lose activity at a faster rate compared to catalysts with higher metal 

95 loading [36,37]. 

96 Moreover, the presence of higher molecular weight hydrocarbons (CnHm such as ethane, propane, etc.) 

97 and aromatic compounds (benzene, toluene, etc.) can significantly affect the formation of carbon species and 

98 thus the effectiveness of the catalyst [38,39]. The formation of carbon on the catalyst under steam reforming 

99 conditions may take place mostly through cracking of hydrocarbons and aromatic compounds as well as the 

100 Boudouard reaction. In this way, researchers [40,41] determined the coking tendency for steam reforming of 

101 methane in the presence of C2 and C3 hydrocarbons over a Ni catalyst, and an increasing of coking with 

102 carbon number was noted especially in the presence of olefin species. D’Angeli et al. [42] have also shown 

103 that coke formation increases with the molecular weight of the feed and that the deactivation rates during 

104 steam-reforming of ethane and propane over Ni/MgO were higher compared to methane.

105 Although poisoning of Ni in the presence of H2S or hydrocarbons is well known, combined effects of 

106 H2S with other contaminants – which are the typical case of biogas – are lacking in the literature. Hence, the 

107 main objectives of our research are:

108 i) to investigate the catalytic stability of a Ni-catalyst towards biogas reforming in the presence of 

109 three types of deactivating compounds (H2S, higher hydrocarbons, and siloxane compounds) 

110 either alone or combined;

111 ii) to analyze the catalytic performances when different biogas compositions are used;

112 iii) to evaluate reforming options to increase catalyst lifetime and/or reduce the reformer operating 

113 temperature;

114 iv) to find the best performance regarding carbon deposition and voltage stability in an SOFC single 

115 cell fed with a mixture that simulates the direct internal reforming of biogas;

116 v) to investigate the SOFC performance fed by biogas with different trace compounds, starting 

117 from sulfur compounds (H2S) to continue with the addition of siloxanes (D4) and aromatic 

118 compounds (C7H8).

119 The novelty of the paper, from the catalytic point of view, can be identified mainly on two aspects. The 

120 first aspect is related to the combined effect of biogas contaminants on Ni catalytic stability; while the 

121 second one is the performance evaluation of biogas contaminants depending on biogas stream composition in 

122 terms of CH4/CO2 inlet ratio.

123
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124 2. Experimental

125 2.1. Catalytic experiments on the reformer Ni catalyst 

126 Catalytic experiments were carried out in a quartz fixed-bed reactor (i.d. = 4 mm; hbed = 2.0–4.0 cm) at 

127 1073 K and atmospheric pressure. 0.2 g of commercial Ni/Al2O3 reforming catalyst [28,22,43]. The 

128 operative temperature in the reactor was assured by three thermocouples located in different zones of the 

129 catalytic bed. Before each test run, catalysts were reduced in-situ at T=1073 K for 1.5 h under hydrogen flow 

130 (100 cc/min). 

131 The flow rates of biogas (CH4+CO2) and poisoning species (H2S, hydrocarbons, and siloxane) were 

132 controlled by Brooks Instruments mass flow meters. In particular, the following poisoning concentrations 

133 ranges were added in the reactant mixture: i) H2S=0.4-1 ppm(v), ii) Decamethylcyclopentasiloxane (D5-

134 siloxane, C10H30O5Si5=0.5-1 ppm(v) and iii) hydrocarbons mixture=200-800 ppm(v) 

135 Carbon formation during experiments was estimated by using a CHSN-O Carlo Erba elementary 

136 analysis instrument, while A PHILIPS CM12 Transmission Electron Microscope (TEM) provided with a 

137 high-resolution camera was used to analyze the morphology of both fresh and spent Ni catalysts. A field 

138 emission Scanning Electron Microscope (SEM) equipped with EDAX microprobe (Philips XL30 S FEG) 

139 was used to carry out qualitative and quantitative analysis of solid compounds (i.e., SiO2) on the powders of 

140 spent Ni catalysts. 

141 2.2. Electrochemical characterization of SOFC single cells

142 Single SOFC cells were tested with simulated biogas to investigate the effects of direct internal 

143 reforming and fuel contamination on the electrochemical performance of the fuel cell. 

144 The laboratory test station is designed to test the planar SOFCs. A schematic diagram of the test rig is 

145 provided in Figure 1. The test rig includes an oven, in which ceramic housings holding the planar cell are 

146 placed. Moreover includes a gas mixing and distribution system; a humidification system, in which water is 

147 added to dry gaseous streams; electric auxiliaries, which supply electricity to the oven and to the cell. 

148 Finally, a data acquisition and control system is used to control the system. 

149
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150 Figure 1. Schematic diagram of the test-rig. Solid lines indicate mass and energy streams, while dashed lines 
151 indicate data exchange between the acquisition and control system and the other subsystems.

152 Two sintered alumina circular housings (diameter 80 mm) are located inside the oven. During 

153 experiments, the tested cell is placed between the housings which provide gas distribution to both cell 

154 electrodes and connect the cell to an external electronic load. The SOFC adopted in the tests is a planar 

155 anode supported fuel cell. The cell is composed by a porous YSZ anode plus a support layer, a dense 

156 electrolyte and a porous cathode made with LSCF. The cell has a circular section with an active surface of 47 

157  (it means a radius of about 3.86 cm) and the thicknesses of the different layers are reported in Table 1. 𝑐𝑚2

158 More detail on the experimental set-up can be found elsewhere [20,32,33,44].

159 Table 1. Geometrical and material characteristics of the SOFC.
Layer Material Thickness

Anode (Support+ Active layers) Ni/8YSZ 517 µm

Electrolyte YSZ 5 µm

Cathode LSCF 45 µm

160 The gas distribution system connects the test-rig to laboratory gas manifolds and ensures that dry gas 

161 streams with specified flow rates and compositions are sent to the humidification system or directly to the 

162 cell. This system is composed by pipes, valves (Swagelok), mass flow controllers (Bronkhorst) and a 

163 Controlled Evaporator Mixer (CEM). 

164
165 3. Results

166 3.1. Boundary concentration of biogas poisoning on reformer section

167 3.1.1.H2S poisoning

168 Sulfur is known as harmful species for Ni based catalysts and it’s hardly to inhibit the catalyst poisoning 

169 without specific experimental feedings [31,45]. Hence, the effect of H2S poisoning on the Ni catalyst 

170 performance has been analyzed with respect to different concentrations (0.4 ppm(v) and 1 ppm(v)) in the 

171 inlet gas stream. Previously, a catalytic steam reforming test was performed with a “clean” biogas stream in 

172 order to verify the catalyst behavior in terms of carbon formation rate without poisoning. 

173 Results in terms of methane conversion are shown for 0.4 and 1.0 ppm(v) of H2S concentration in the 

174 fuel feed, respectively (Figure 2). The catalyst was stable for 150 hours of test with a GHSV of 15,000 h-1 

175 when H2S concentration was 0.4 ppm(v). In the experiment with 1 ppm(v) of H2S, the Ni activity resulted in 

176 a fast deactivation after about 60 hours of stable operation. The CH4 conversion dropped down rapidly from 

177 about 99% to 20%. This behavior would indicate that the breakthrough time is driven by sulfur concentration 

178 in the reactant gas mixture. Furthermore, analysis performed on “used” Ni catalysts through a CHNS 

179 analyzer, highlighted low rates of carbon formation (≤0.1 mgC/gcat∙h) as well as on Ni catalysts working with 

180 a clean biogas stream. This means that under the examined experimental conditions and 150 hours of time on 
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181 stream, the methane conversion rates are not affected by the poor carbon amounts deposited on catalyst 

182 surfaces.

183
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185 Figure 2. Methane conversion vs time with H2S poisoning: CH4/CO2=60/40 mol%; H2O/CH4= 2 mol/mol; 
186 GHSV=15,000 h-1; T=1073 K; P=1 bar.

187 3.1.2.Deactivation effects from heavier hydrocarbons

188 Generally, the reasons for deactivation of a Ni-based catalyst for the reforming of hydrocarbons are 

189 primarily due to carbon deposition promoted by unsaturated compounds (i.e. olefins, aromatics, etc.). Thus, 

190 effects of C2 and C3 species on Ni performances have been investigated through steam reforming 

191 experiments performed in presence of different hydrocarbons concentrations the biogas stream.

192 Results showed a dramatically reduction of the methane conversion rate from about 99% to about 10% 

193 after 50 h of time on stream in presence of an hydrocarbons concentration of 800 ppm(v) (calculated on 

194 biogas stream under dry condition) (see Figure3), while a total concentration of C2 and C3 compounds of 200 

195 ppm(v) would seem to have had no effect on the catalyst stability for 150 hours.  
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197 Figure 3. Methane conversion vs time with higher hydrocarbons mixture addition: CH4/CO2=60/40 mol%; 
198 H2O/CH4= 2 mol/mol; GHSV=15,000 h-1; T=1073 K; P=1 bar.
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199 The different Ni catalyst behaviors shown in Figure 3, could be mainly explainable by equilibrium 

200 coking production (Eqs. 3.1,3.2 and 3.3).

C + H2O = CO + H2 (3.1)

CnH2n = nC + nH2 (3.2)

2CO = C + CO2 (3.3)

201 In fact, the contribution of reaction 3.1, should increase with the increasing of heterogenous compounds 

202 to avoid massive coke deposition promoted by pyrolysis of species with carbon number >1 (Eq. 3.2) [39]. 

203 Nevertheless, an excessive presence of harmful species (i.e. alkenes) could exert a substantial effect on coke 

204 formation pathway [46]. In this context, it can be supposed that working with moderate poisoning 

205 concentrations (≤200 ppm(v)) and under the conditions considered, an equilibrium among the main reactions 

206 of the process has been achieved (Eqs. 3.4-3.6). 

CH4 + CO2 = 2CO + 2H2                    H°298 = 247 kJ/mol                                                                          (3.4)

CH4 + H2O = CO + 3H2                       H°298 = 206.3 kJ/mol (3.5)

CO + H2O = CO2 + H2                         H°298 = - 41.1 kJ/mol                                                                            (3.6)

207 Data obtained by elementary analysis seem to confirm the above hypothesis; indeed a marked carbon 

208 formation (about 0.39 mgC/gcat∙h after 70 hours of test) was detected on spent Ni sample working with 800 

209 ppm(v) of hydrocarbons poisoning (Table 2), while a minor carbon deposition (0.15 mgC/gcat∙h) was 

210 observed on Ni catalyst exposed to an hydrocarbons concentration of 200 ppm(v), as shown in Table 2.

211 Table 2. Carbon and SiOx formation rates on spent Ni/Al2O3 catalysts: CH4/CO2=60/40 mol%; H2O/CH4= 2 
212 mol/mol; GHSV=15,000 h-1; T=1073 K; P=1 bar.

Hydrocarbons mixture* D5 Siloxane

Inlet gas concentration 
[ppm(v)]

800 200 1 0.5

Time on stream [h] 70 150 100 150

CH4 conversion [mol%] 10 99 70 99

C formation rate [mgC/gcath] 0.39 0.15 ≤ 0.1 ≤ 0.1

SiO2 [wt%] - - 4.8 2.0

213 * Ethane, Ethylene, Acetylene, Propylene (200 ppm(v) for each)

214 3.1.3. Siloxanes poisoning 

215 Experiments were performed adding to the inlet gas stream different concentrations of decamethyl-

216 cyclopenta-siloxane (D5) as the selected siloxane model compound.  Results in terms of methane conversion 
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217 highlighted a decreasing of the Ni activity (from 99% to 70% after about 100 hours) when a concentration of 

218 1 ppm(v) was added in the inlet gas stream. On the contrary, D5 concentration of 0.5 ppm(v) leaved 

219 unchanged the methane conversion rate for 150 hours. 

220 The Ni behavior can be attributed to its physical interaction with siloxanes compounds. In fact, D5 

221 decomposes to SiO2, which deposits on the catalyst surface compromising the catalytic activity (a similar 

222 mechanism has been observed for the Ni-anode of the SOFC when exposed to D4 or D5 [47,48]). As 

223 previously observed for spent Ni catalysts operated in presence of H2S, the Ni samples exposed to different 

224 D5 concentrations results minimally affected by carbon deposition (Table 2). While depositions of silicon 

225 oxide were recorded on used Ni catalysts through SEM-EDAX analysis. As expected, the quantitative 

226 analysis showed higher SiO2(s) formation on Ni samples operated with 1 ppm(v) of D5 (SiO2 = 4.8 wt. %) 

227 than samples exposed to 0.5 ppm(v) of D5 (SiO2 = 2.0 wt.%). These results are in according with recently 

228 studies carried out by authors that detected remarkable micro-silica deposits (SiO2) on Ni spent catalyst 

229 exposed to D5 effect under biogas steam reforming reaction [42]. 

230 3.1.4.Co-poisoning effect

231 In order to investigate on possible synergic effects of co-feeding of harmful compounds on the Ni 

232 catalyst stability versus time, two kinds of poisoning were added simultaneously in the inlet gas stream 

233 (‘H2S+Hydrocarbons mix’ and ‘Hydrocarbons mix+D5’, respectively). Hence, maximum boundary 

234 concentrations of each contaminant (0.4 ppm(v), 200 ppm(v) and 0.5 ppm(v) for H2S, hydrocarbons and D5, 

235 respectively) were mixed with the biogas stream. 

236 Results given in Figure 4 show that the performances of the Ni catalyst did not suffer deactivation under 

237 the simultaneous presence of two different kinds of poisoning species, at the concentrations examined 

238 (H2S=0.4 ppm(v)+Hydrocarbons=200 ppm(v) and Hydrocarbons=200 ppm(v)+D5=0.5 ppm(v)), when the 

239 molar ratio CH4/CO2=60%/40% was used. The catalytic stability was recorded for about 150 hours for each 

240 test; a methane conversion rate of about 99% was detected both in the presence of ‘H2S+Hydrocarbons’ and 

241 ‘Hydrocarbons+D5’ mixtures in the inlet gas stream. 

242 Looking at the reformate gas compositions, the outlet molar fractions are very close to what is expected 

243 from thermodynamic equilibrium, with an H2/CO molar ratio about 2.3 mol/mol (see Table 3). 
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245 Figure 4. Methane conversion vs time: CH4/CO2=60/40 mol%; H2O/CH4= 2 mol/mol; GHSV=15,000 h-1; 
246 T=1073 K; P=1 bar.

247 Table 3. Outlet stream composition: CH4/CO2=60/40mol%; H2O/CH4=2 mol/mol; GHSV=15,000 h-1; 
248 T=1073 K; P=1 bar.

Outlet 
stream

Thermodynamic 
Equilibrium

Experimental

[Vol. %]
H2 49.8 48.3
CO 20.0 20.7
CO2 9.1 11.5
CH4 0.1 0.3
H2O 21.0 19.2

249 3.1.5.Impact of the inlet gas stream composition on biogas reforming

250 3.1.5.1. Effect of carbon dioxide concentration

251 The influence of the CH4/CO2 ratio in the inlet gas stream on the Ni catalyst behavior was examined at 

252 1073 K, H2O/CH4=2 mol/mol; 15,000 h-1 of GHSV and atmospheric pressure. Experiments were repeated for 

253 50/50 mol% CH4/CO2 working both without and with the presence of poisoning in the biogas stream. Stable 

254 catalytic performance (about 140 hours) was observed when using clean biogas. In the presence of 

255 impurities, deactivation occurred. By adding the hydrocarbons mixture in the feed gas the methane 

256 conversion dropped from 98% to 86% after ~80 hours of operation with stable performance; the loss of 

257 catalytic activity vs. time was more evident when either H2S or D5 were inserted in the inlet gas stream (CH4 

258 conversion dropped from 98% to about 30% after 70 and 90 hours for H2S and D5, respectively).

259 Finally, co-poisoning exposure under this 50/50 mol% CH4/CO2 mixture resulted in the worst condition 

260 in terms of catalyst stability with time. The two investigated combinations (H2S+hydrocarbons and 

261 hydrocarbons+D5) resulted in a loss of Ni catalytic activity after only 20 hours of operation (see Figure 5). 

262 From the outlet stream composition, as reported in Table 4, an H2/CO molar ratio close to 2.1 mol/mol was 

263 obtained during the stable operation phase (CH4 conversion rate=98%).
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265 Figure 5. Methane conversion over time in the presence of different poisoning exposures: 
266 CH4/CO2=50/50mol%; H2O/CH4=2 mol/mol; GHSV=15,000 h-1; T=1073 K; P= 1 bar.

267

268 Table 4. Outlet stream composition: CH4/CO2=50/50mol%; H2O/CH4=2 mol/mol; GHSV=15,000 h-1; 
269 T=1073 K; P=1 bar.

Outlet stream Experimental
[Vol. %]

H2 45.1
CO 21.4
CO2 12.8
CH4 0.4
H2O 20.3

270 The results from Figure 5, compared with the Ni catalyst performance reported in Figure 4, suggest that 

271 a decrease of the CH4/CO2 molar ratio in the biogas stream strongly induces negative effects on the Ni 

272 catalyst endurance. Moreover, the selectivity to H2 production was reduced while the CO formation was 

273 favored. This behavior is probably due to the reverse WGSR reaction (CO2+H2=CO+H2O) promoted by 

274 carbon dioxide absorption on Ni catalyst active sites [43,44]. However, this means that coke formation by 

275 CO dissociation through the Boudouard reaction (2CO=C+CO2) is favored, affecting in this way the catalyst 

276 endurance. In addition, the Ni catalyst efficiency in a 50/50 vol% CH4/CO2 stream, compared to a 60/40 

277 mixture, was more vulnerable to the presence of contaminants. Especially, the co-feeding cases were now 

278 clearly more severe than the cases with only a single poison in the biogas stream.

279 3.1.6.Catalyst post-test characterization

280 3.1.6.1. Carbon formation rate 

281 Different samples of spent catalysts were analyzed by CHSN elementary analysis to better understand 

282 the fundamental degradation mechanisms of catalytic steam reforming in the presence of impurities. 

283 Results in Figure 6 show how the coke formation rate increased by increasing the carbon dioxide 

284 concentration in the biogas composition. A deposition rate of about 0.41 mgC/gcath was estimated for the 

285 mixture CH4/CO2=50/50 vol% (under co-poisoning conditions). This observation seems to confirm that the 
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286 earlier hypothesis of competitive adsorption of carbon dioxide and H2O molecules on Ni active sites that 

287 leave to carbon formation probably promoted by CO dissociation through the Boudouard reaction 

288 (Eq.3.3).On the contrary, a biogas composition of CH4/CO2=60/40 vol% ensured stable catalyst performance 

289 for about 150 hours at a GHSV of 15,000 h-1, also under co-poisoning conditions. 

290 According to literature [45,46], these results allow some considerations on the effect of sulfur and D5 on 

291 carbon formation during the biogas steam reforming reaction. Indeed, experimental data indicate that the 

292 carbon deposition rate can be accelerated by the presence of contaminants in the biogas stream: the 

293 adsorption/precipitation of chemical poisoning species (e.g., sulfur and SiO2) on the catalytic surface might 

294 inhibit the carbon regasification with steam that protects the metallic phase from coke deposition. 

295
296
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298 Figure 6. Coke formation rate on spent samples catalyst: GHSV=15,000 h-1; 1073K.

299 3.1.6.2. TEM and SEM microscopy evidences 

300 To evaluate carbon deposits, TEM micrographs have been taken on spent catalyst samples. TEM images 

301 showed no evidence of large coke deposition when the feed gas was CH4/CO2=60/40 vol%. This result 

302 agrees with the catalytic data previously reported, which showed only modest coke formation rates. 

303

304
305

a.

c.

b.
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306
307 Figure 7. TEM images on fresh and spent catalysts: a) Ni catalyst “fresh”; b) Ni catalyst “used” 
308 CH4/CO2=60/40 mol%+H2S+HydroC.; H2O/CH4=2 mol/mol; GHSV=15,000 h-1; T=1073K; P=1bar; c) Ni 
309 catalyst “used” CH4/CO2=60/40mol%+HydroC.+D5; H2O/CH4=2 mol/mol; GHSV=15,000 h-1; T=1073 K; 
310 P=1 bar.

311 On the contrary, agglomerates of carbon depositions were observed on spent Ni catalysts working under 

312 a biogas flow of CH4/CO2=50/50 vol%. As highlighted by TEM images (see Figure 8), graphitic carbon 

313 deposits are present on the Ni surface. we suspect that the catalytic deactivation trends recorded during tests 

314 with poisoning might be due to deactivation/degradation effects other than only carbon deposition (e.g., 

315 deposition/adsorption of foreign chemical compounds or atoms). Further evidence of this is presented in 

316 section 3.

317

318
319 Figure 8. TEM images on spent Ni catalyst at different magnifications: Ni catalyst “used” 
320 CH4/CO2=50/50mol%+H2S+HydroC.; H2O/CH4=2 mol/mol; GHSV=15,000 h-1; T=1073 K; P=1 bar.

321 SEM investigations were carried out in order to determine silicon oxide deposits on spent Ni catalyst 

322 samples after exposure to D5 siloxane as a contaminant. As reported in Table 5, comparable concentrations 

323 of SiO2 were detected on catalyst samples used to reform biogas containing D5 in the inlet stream; however, 

324 the durations of the experiments were not identical. The condition with biogas of CH4/CO2=50/50% was 

325 more prone to deposit silica when normalized for the experiment duration.

326 Table 5: SEM-EDAX analysis on spent Ni catalysts: T=1073 K, GHSV=15,000 h-1.
SEM-EDAX Operating Condition

SiO2
(wt. %)

CH4/CO2
(vol. %)

Hydrocarbon mix.
(ppm(v))

D5
(ppm(v))

    Time on stream 
(h) 

2.4 60/40 200 0.5 150
2.5 50/50 200 0.5 50
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327 3.2. SOFC single cell testing

328 3.2.1.Direct internal reforming study

329 The SOFC was fed by a gas mixture that simulates biogas fuel. The degree of direct internal reforming 

330 (DIR) of the biogas was varied from 0% (i.e., biogas is fully reformed externally before feeding the SOFC; 

331 in our experiments, we simulated directly the resulting reformate gas mixture) to 100% (in this case, the 

332 biogas is fully reformed inside the Ni-anode). Every experiment was carried out fixing the FU at 15% with a 

333 current density of 0.25 A/cm2. The gas flow mixture of electrochemical fuel comes from the electrochemical 

334 hydrogen content, see the following table:

335 Table 6. Biogas composition for different reforming degree.

DIR (%)
𝐇𝟐

[𝐦𝐋 𝐦𝐢𝐧]

𝐂𝐇𝟒

[𝐦𝐋 𝐦𝐢𝐧]
𝐂𝐎

[𝐦𝐋 𝐦𝐢𝐧]
𝐂𝐎𝟐

[𝐦𝐋 𝐦𝐢𝐧]

𝐇𝟐𝐎

[𝐦𝐋 𝐦𝐢𝐧]
𝐕𝐭𝐨𝐭

[𝐦𝐋 𝐦𝐢𝐧]

𝐓𝐛𝐮𝐛𝐛𝐥𝐞𝐫

[°𝐂]

0 346.2 6.6 184.8 40.9 58.7 637.1 49.6

25 220.3 54.9 117.6 59.8 88 540.6 64.2

50 127.5 90.5 68.1 73.75 109.6 469.5 75.3

75 56.4 117.8 30.1 84.85 126.2 414.9 87.4

100 0 139.4 0 92.9 139.4 371.7 93.5

336 In Figure 9, the voltage profile of the cell is given for the gas mixtures reported in Table 6. The cell voltage 

337 was quite stable during DIR 0, DIR 25 and DIR 50, while it oscillated at DIR 75. At DIR 100, technical 

338 limitations related to the maximum temperature achievable by the bubbler have reduced the voltage stability 

339 inducing the carbon deposition phenomena on the cell. At DIR 0%, an average voltage of 840 mV is 

340 attained, while at DIR 25 and at DIR 50, 850 mV and 860 mV are reached, respectively. The cell voltage 

341 increased up to DIR 50, which can be justified considering the calculated flows and the conditions that 

342 ideally should be present at the anode. Low  ratio allows to obtain a high-performance operation 𝐻2𝑂 𝐻2

343 because reactants do not lower their partial pressure at the anode. At the same time a suitable  ratio 𝐻2𝑂 𝐶𝐻4

344 should be present because the reforming reactions take place. 
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346 Figure 9. Voltage profile at different DIR condition.

347 The best biogas condition to feed the cell in terms of stable performance is closer to DIR 50 condition with a 

348 steam to methane and steam to hydrogen ratio comparable. 

349 The Electrolyte Impedance Spectroscopy analyses are reported below. The cell monitoring has been 

350 done at the beginning and at the end of the time intervals every 12 h. 

351 The results of the EIS analysis are shown in Figure 10 providing a comparison of the Nyquist diagrams 

352 obtained after 1 and 12 hours of operation in a given condition of DIR. The aim to reach in this phase is the 

353 determination of the optimal external reforming able to find a compromise between the cell performance and 

354 the economic impact. 

355
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356

357 Figure 10. EIS results for different DIR.

358 Taking in consideration the electrochemical impedance spectroscopy analysis, the entity of the different 

359 losses can be extrapolated using the model reported elsewhere (see table 7) [20]:

360 Table 7. Cell losses during operation.
DIR Time (h) 𝑹𝒐𝒉𝒎

[𝛀 ∙ 𝒄𝒎𝟐]

𝑹𝒆𝒍

[𝛀 ∙ 𝒄𝒎𝟐]

𝑹𝒕𝒓𝒂𝒏𝒑

[𝛀 ∙ 𝒄𝒎𝟐]

𝑹𝒑

[𝛀 ∙ 𝒄𝒎𝟐]

DIR0 1 h 0.67 0.07 0.11 0.83

DIR0 12 h 0.59 0.06 0.13 0.78

DIR 25 1 h 0.56 0.07 0.11 0.72

DIR 25 12 h 0.55 0.06 0.13 0.73

DIR 50 1 h 0.53 0.05 0.14 0.72

DIR 50 12 h 0.53 0.07 0.12 0.72

a)

c)

b)

d)
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DIR 75 1 h 0.55 0.05 0.1 0.7

DIR 75 12 h 0.55 0.05 0.14 0.72

361 Observing the results reported above, the ohmic losses are not subjected to drastic variations in the 12 h 

362 of observation for almost all the DIR analyzed. The only exception is represented by the DIR 0. However, 

363 the main cause for the shift of the intersection with the real axis toward the left direction when the biogas 

364 exposure time increases is a temperature variation at which the cell has been undergone when the reformate 

365 biogas has been sent and this situation has increased the electrolyte conductivity.

366 The first arch of Nyquist plot, as previously discussed exemplifies the activation and the 

367 electrochemical losses, which are stable in DIR 50 and DIR 75, while in the other two analyzed 

368 configurations tend to decrease when the biogas's exposure time increases [15,47]. Finally, the low frequency 

369 arch of Nyquist plot has tendency to increase its extension towards higher DIR because, being this arch 

370 representative of the concentration losses, it has a higher impact where it is required to diffuse molecules 

371 with higher dimensions. This situation happens when the gas mixture is over powered in methane and carbon 

372 dioxide.

373 3.2.2.Trace compounds single effect: sulfur compounds

374 Considering an initial failure of the gas cleaning section ultra-low concentrations of H2S can reach the cell 

375 during the operation. The possibility to not damage irreversibly the cell was proved from literature results 

376 with a concentration of H2S below 1 ppm(v) [26,48,49]. The cell was tested at an operating temperature of 

377 750 °C for 50% pre-reformed biogas with a steam-to-carbon ratio equal to 1. An ultra-low concentration of 

378 H2S (0.46 ppm(v)) was sent to the anode of the cell. The test was carried out over 10 days and the EIS was 

379 performed every 24 h. The ASR starts from 0.71 cm2 after 24 h of test and every 24 h the ASR grew by an 

380 average of 2 cm2. The final ASR value reached was 0.98 cm2.

381

382 An initial voltage drop followed by a steady state cell voltage was observed, as reported also in other 

383 studies [32]. The degradation came about in the first 80 h of operation. In fact, the voltage assumes values 

384 from 0.85 V to 0.74 V in the 240 h of test, but the fastest degradation was recorded in the first 80 h. The long 

385 length of time required to achieve a stable condition is attributed to the low hydrogen sulphide concentration 

386 that determines a longer interval time to cover the first layer of catalytic sites. Sulfur poisoning of the Ni-

387 anode is a phenomenon that is partially reversible. Once the H2S flow is stopped, a voltage increase that 

388 suggests S desorption from Ni sites is observed. The desorption trends are quite similar to the corresponding 

389 adsorption trends. As reported by Rasmussen and Hagen (2009), once the H2S concentration of 2 ppm(v) is 

390 removed the cell performance is completely regenerated [48]. However, above 2 ppm(v) of H2S, the 

391 performance recovery is not complete. It is likely that some sulfur remains trapped in the three-phase 
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392 boundary (TPB), thus permanently increasing the anode polarization. This is supported by ASR value and 

393 EIS analysis. It can be seen that the H2S concentration in time leads to increases in the anode polarization 

394 due to concentration polarization, associated with the transport of gaseous fuel through the anode.

395
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396 Figure 11. Voltage trend at 10A during 10 days of test with H2S.

397 The stable condition is reached when the active surface achieves a high percentage of coverage. This 

398 situation determines a lower likelihood for the Sulphur to meet an active site. From this, a slowing in the 

399 coverage phenomenon is recorded. The main cause linked to the increase in the losses can be attributed 

400 overall to an increase in anodic over-potential respect to a variation of the ohmic effect. The main 

401 contribution is related to the low frequency term. This term is mainly affected by the presence of sulfur, this 

402 result is consistent with the results of other studies [50,51]. The frequency range of this arc is consistent with 

403 the range that can be expected for diffusion-related processes [52].

404 The presence of sulphur was found to have a greater effect on reforming reactions than electrochemical 

405 reactions, especially when compared to tests with hydrogen fuel on similar cells and condition [54]. This last 

406 statement allows us to consider the reforming reactions obstructed by the coverage caused by sulphur. 

407 Therefore, it is possible to deduce that the lack in reforming reactions leads to a high amount of no reacting 

408 methane that can take part in the cracking reaction. Consequence of the cracking is that the pores become 

409 blocked. This phenomenon manifests itself through an increase in the second arch of Nyquist plot. In fact, 
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410 the deposited carbon obstructs the entering of fresh fuel. However, the above mentioned is not the only 

411 reading that can be given at low frequency arch. 

412 Recent studies have shown that at SOFC operating temperature, also very small amounts of Sulphur (<1 

413 ppm(v)) can interact with nickel at microstructural level. Prolonged exposure to fuel containing H2S at 

414 elevated temperatures can lead to Ni coarsening due to adsorption [53]. The growth in Ni particles, results in 

415 loss of percolation and determines the difficulty to spread fresh fuel.

416 The next figure shows that the voltage recovery is around 94% of the value before H2S administration 

417 (Figure 12). The total voltage recovery is not fully respected because the degradation due to the previous 

418 Sulphur presence was not totally reversible. This occurred both because the adsorbed sulphur is not totally 

419 desorbed from the Ni-sites, as well as because the microstructural changings in Ni were not recovered.

420

421 Figure 12. Voltage trend after H2S removal.

422 3.2.3.Trace compounds effect: multiple species impact

423 The aim to test the single cell with biogas conditions closer to the reality other pollutants are added to the gas 

424 mixture. These trace compounds are detect in biogas and reported in previous studies, such as siloxanes, 

425 aromatic compounds and terpenes [1].
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426 3.2.3.1. Double trace compounds impact on SOFC performance: sulfur and siloxane

427 Few studies consider the impact of siloxane on SOFC performance but the combined effect with other 

428 pollutants are not reported [20,48]. Octamethylcyclotetrasiloxane (D4) was selected as model compound for 

429 siloxanes. Siloxanes were detected not only in biogas coming from WWTp, as reported in literature [54,55], 

430 but also in biogas coming from organic waste anaerobic digestion process [56]. D4 was detected in biogas 

431 coming from the dry anaerobic digestion of OFMSW with a range from 30 to 300 ppb(v). It is known that 

432 the more important siloxanes’ effect is the formation of SiO2. The tested siloxane is contained in certified 

433 bottles with 20 ppm(v) of D4 in pure H2. The experiments were carried out considering a D4 concentration 

434 equal to 0.15 ppm(v) that acts in a period of 72 h. The EIS was carried out with intervals of 12 h and what 

435 emerged is shown in the following figure. 
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437 Figure 13. EIS Nyquist diagram for H2S+D4.

438 Table 8. Losses recorded in the EIS analysis using the electric circuit model approach.

Test condition Time (h) 𝑹𝒐𝒉𝒎

[𝛀 ∙ 𝒄𝒎𝟐]

𝑹𝒆𝒍

[𝛀 ∙ 𝒄𝒎𝟐]

𝑹𝒕𝒓𝒂𝒏𝒑

[𝛀 ∙ 𝒄𝒎𝟐]

𝑹𝒑

[𝛀 ∙ 𝒄𝒎𝟐]

H2S (last) 240 0.53 0.3 0.15 0.98

H2S+D4 1 0.53 0.3 0.16 0.99



ACCEPTED MANUSCRIPT

21

H2S+D4 72 0.53 0.36 0.21 1.08

439 After 1 h of exposure of the second pollutant, the polarization loss assumed a value similar to that 

440 detected in the last test with the H2S only. The situation appeared to be slightly different after 72 h, when the 

441 increase in the total loss was about 0.09  compared to the H2S case. The losses were due to a 65% to Ω ∙ 𝑐𝑚2

442 activation and to a 34% to transportation, determining an increase of 0.06  and 0.05  in the Ω ∙ 𝑐𝑚2 Ω ∙ 𝑐𝑚2

443 high and low frequency arches, respectively. The total losses increased to 0.35  compared to the clean  Ω ∙ 𝑐𝑚2

444 biogas, but 0.25  were recorded when only H2S acts. As other studies confirm [48], Si is able to  Ω ∙ 𝑐𝑚2

445 deposit and condense not only at the TPB, as happens with Sulphur, but deposits everywhere from the 

446 distribution channel to the interface anode-electrolyte. However, after 72 h a condition of stability had still 

447 not been reached because the D4 acted very slow (the rate is 0.04 V/50 h). Hence, slow but durable in time 

448 degradation is attributed to silicon that can deposit it everywhere. This mechanism is deleterious from the 

449 SOFC performance point of view; in fact the siloxanes act heavily on the cell decreasing as reported below.
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451 Figure 14. Voltage trend at 10A during 72 h of test with H2S+D4.

452 3.2.3.2. Triple trace compounds impact on SOFC performance: sulfur, siloxane and 

453 toluene

454 Another trace compound was added to the gas mixture and cell performance are recorded and reported in 

455 terms of EIS analysis and voltage profile along the test. The considered TAR was the toluene (C7H8). This is 
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456 one of the lightest TAR compounds and it can be easily detected in biogas from organic waste [1,5]. Toluene 

457 is one of the TAR with the lower molecular weight thus highly reactive, for this reason, it represents the 

458 worst condition for the cell operation.

459 The SOFC was fed with a concentration of toluene equal to 45.7 ppm(v). The tests were carried out over 

460 six days, and the EIS was performed at intervals of 24 h each. As for the ohmic contribution, no variations 

461 were recorded. However, the overall polarization tended to increase.

462 Losses increase of 0.15  and mostly affect the low frequency arch of Nyquist plot. This last Ω ∙ 𝑐𝑚2

463 aspect is verifiable observing that the high frequencies account only for 20% of the total. Considering all the 

464 pollutants introduced, the C7H8 had the highest consequences on the diffusivity of fresh fuel at the anode. 

465 Being the second arch related to the mass transport mechanisms, carbon deposition could have occurred. 

466 This hypothesis is also confirmed by previous studies [20]. The presence of hydrocarbons in the biogas feed 

467 could lead to the the cracking of molecules. This situation induces a decrease in the active sites that are 

468 normally the promoter of reforming or electrochemical reactions. Under these conditions, methane is more 

469 prone to take part in the cracking reaction compared to the reforming reactions. The carbon released by 

470 cracking is deposited in the anode layer, so obstructing the inlet of fresh fuel. 

471 The low-frequency arch, as already specified, is also affected by the H2S impact, even if this produces 

472 consequences that are not alarming. In fact, the losses related to combined effect accounts for 0.15  in Ω ∙ 𝑐𝑚2

473 the most degraded condition, otherwise, the only H2S effect is of 0.02 . This means that, the losses Ω ∙ 𝑐𝑚2

474 related to the C7H8 assume values around 0.12 . Considering Figure 15 the voltage profile shows the Ω ∙ 𝑐𝑚2

475 cell performance decreasing when three different trace compounds are added to the SOFC cell. The 

476 performance achieved are quite stable at the end, this demonstrates how the cell is not broken but it is 

477 irreversibly affected by the trace compounds considered, when these compounds are removed from the gas 

478 mixture, see Figure 16. 
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480 Figure 15. Voltage trend at 10A during 6 days of test with H2S+D4+C7H8.

481 Figure 16 shows the iV curve made at the beginning of the test and after the removal of trace compounds, 

482 demonstrating that the SOFC performance are irreversibly affected. 
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484 Figure 16. iV curve in hydrogen made at the beginning and at the end of the test session.

485

486 4. Conclusions

487 A Ni/Al2O3 catalyst appears suitable for the steam reforming of biogas including contaminants, under 

488 the operative conditions adopted (CH4/CO2=60/40 vol.%, T=1073 K, H2O/CH4=2 mol/mol and 

489 GHSV=15,000 h-1). Some tolerance towards the presence of one or more poisoning compounds in the inlet 

490 gas stream has been shown (among H2S≤0.4 ppm(v), C2-C3 hydrocarbons mixture ≤200 ppm(v), and D5≤0.5 

491 ppm(v)). The combined effect of two poisoning compounds in the feed does not seem to affect the Ni 

492 catalyst stability (if the concentration of the contaminants are below a threshold limit) when the biogas is 

493 composed of a methane to carbon dioxide ratio >1 under the tested operating conditions.  

494 On the contrary, the effect of a biogas stream with composition CH4/CO2=50/50 vol. % is much more 

495 harmful under steam reforming conditions both in terms of activity and stability, probably due mainly to the 

496 CO2-promoted Boudouard reaction that leads to extensive carbon formation on the catalyst surface. Under 

497 this condition, sulfur and D5 compounds in the biogas have a significant impact on the longevity of the Ni 

498 catalyst. Hence, the carbon formation rate is affected by the degree of catalyst poisoning due to adsorption 

499 and/or deposition of other species (i.e. sulfur and/or silicon oxide) on catalytic sites.

500 The Ni-anode SOFC performance was investigated varying the DIR condition and testing the impact of trace 

501 compounds. DIR investigation proved that the single cell was able to withstand stable up to DIR 50. The best 
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502 performance was achieved in this condition given the low  ratio that allows to obtain a high-𝐻2𝑂 𝐻2

503 performance operation because reactants do not lower their partial pressure at the anode. At the same time a 

504 suitable  ratio should be present because the reforming reactions take place. The combinations 𝐻2𝑂 𝐶𝐻4

505 from these conditions are well verified in the DIR50 condition. 

506 Considering the trace compounds impact on SOFC performance, H2S single compound plus D4 and C7H8 as 

507 model compounds for sulfurs, siloxanes, and aromatic compounds were investigated. Some conclusions are 

508 resumed below, considering the EIS analysis: 

509  Ohmic losses: the presence of any species of contaminant in the feeding biogas does not damage the 

510 electrolytic layer that preserves unchanged its conductive characteristics.

511  Activation Losses: the drop in the activation losses is recorded to reach the highest value when the 

512 H2S is sent to the anode, in fact, the increasing of the activation losses is of 0.26 . Even if C7H8 and Ω ∙ 𝑐𝑚2

513 D4 have an influence on the performance, they produce an increase in losses equal to 0.03  and 0.04 Ω ∙ 𝑐𝑚2

514 , respectively. The justification linked to these behaviours can be found on the effect that each Ω ∙ 𝑐𝑚2

515 pollutant produces, i.e. the adsorption/desorption in the catalytic sites and the capability to deposit itself 

516 everywhere in the cell structure, respectively. 

517  Transportation losses: the low frequency arch of the Nyquist plot is mostly affected by the presence 

518 of C7H8, while the D4 concentration, below 150 ppb(v) and H2S do not influence most this loss. In fact, the 

519 aromatic compound leads to an increase in the losses of about 0.12  compared to the case when only Ω ∙ 𝑐𝑚2

520 D4 and H2S act. This is mostly due to the carbon deposition that follows the reduced capacity of Ni sites to 

521 promote reforming reactions.

522
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Highlights

 Ni catalyst stability is achieved with biogas mixture with CH4/CO2>1

 CH4/CO2=50/50 vol. % is much more harmful under steam reforming conditions both in terms of activity 

and stability

 The impact of trace contaminants not removed from the cleaning section from biogas are investigated on 

SOFCs


