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Abstract 18 

Tar removal by catalytic steam reforming has an important role to play in gasification 19 

hot gas treatment. Despite the importance of understanding the influence gas 20 

atmosphere has on this reaction, the effect of a full syngas mixture has not been 21 

comprehensively investigated. This study aims to bridge that gap by analyzing the 22 

effect of each component as well as their combinations on steam reforming of toluene 23 

as biomass gasification tar model over a Ni/Al2O3 catalyst. It has been found that H2, 24 

CO and CO2 have minor inhibitory effects, slightly decreasing the initial toluene 25 

conversion. On the other hand, while CO and CO2 do not lead to catalyst deactivation, 26 

H2 and CH4 deactivate Ni/Al2O3 by promoting coke deposition. Only 3 vol.% of CH4 27 

can significantly increase deactivation, despite being insignificant with toluene or CH4 28 

separately. The joint presence of CH4 and H2 causes further drops in conversion with 29 

time on stream. 30 

Keywords 31 

syngas, tar steam reforming, nickel catalyst, carbon deposition, catalyst deactivation. 32 

 33 

  34 



1. Introduction 35 

Biomass gasification can act as a source of renewable heat and power as well as 36 

chemicals. At the core of gasification-based processes is synthesis gas (syngas), a 37 

valuable mixture that can provide remarkable versatility in terms of products, including 38 

hydrogen, synthetic natural gas, liquid fuels through Fischer-Tropsch synthesis, 39 

methanol and others [1-3]. However, one of the major hindrances to technology 40 

development is the formation of tar, which consists of a complex mixture of high 41 

molecular weight organic material. Tar formed in the biomass gasification process will 42 

be present as an impurity in the syngas at high temperatures and could condense or 43 

react downstream of the gasifier, affecting power generation, as well as gas separation 44 

membranes [4] and catalysts [5], for example decreasing the conversion of methane 45 

by steam reforming [6, 7].  46 

Methods studied for tar abatement include optimizing gasifier design and operating 47 

parameters to limit their formation [8-10], physical removal (eg. scrubbers, filters) [11], 48 

and thermal, plasma or catalytic conversion downstream from the gasifier [12]. Among 49 

these technologies, tar catalytic reforming is particularly appealing as the process can 50 

take place without cooling the syngas and convert tar into valuable gases, especially 51 

H2, substantially reducing its concentration [1, 13]. 52 

Catalytic tar reforming can be applied in either in-situ or ex-situ gasification systems, 53 

to remove tar content as part of the treatment to the hot syngas downstream from the 54 

gasifier [13, 14]. Systems have been developed that can crack tars while enhancing 55 

H2 production by CO2 sorption simultaneous to the reforming reaction [15]. Various 56 

types of catalyst have been studied, including olivine, dolomite, zeolite, char, metal-57 

based (eg. Fe, Co, Ni, Zn, Pt, Ce, Ru, Rh), and alkali-based (K and Ca) [16-20]. Ni-58 

based catalysts are the most studied for tar removal, likely due to their widespread 59 

application in industrial steam reforming of natural gas and other hydrocarbons, 60 

representing a lower cost option to noble metals while still providing high activity [14, 61 

https://www.sciencedirect.com/topics/engineering/gasification-system
https://www.sciencedirect.com/topics/engineering/enzymatic-activity


21].  62 

The major challenge for Ni-based catalysts is deactivation caused by carbon 63 

deposition and sintering [19, 22, 23], which shortens their life cycle [24]. Carbon 64 

deposition on the catalyst may encapsulate the active metal particles and prevent the 65 

contact between reactants and the metal active sites [12]. Carbon can quickly diffuse 66 

into or form on the Ni catalyst surface, cover or block the pores of the active nickel and 67 

decrease Ni catalytic activity [25, 26]. Carbonaceous deposits (coke) are found in three 68 

forms: polymer, whisker and pyrolytic [27]. Pyrolytic carbon is formed due to the 69 

cracking of hydrocarbons which encapsulate the nickel active site [25], and has a 70 

significant influence on catalyst deactivation. High temperature (>600 °C) and the 71 

acidity of the catalyst promote its formation [12]. 72 

The main syngas components are H2, CO, CO2 and CH4. Tar concentrations in the 73 

syngas depend on the gasifier type and operating conditions. In moving beds, they 74 

can reach relatively high values (~100 g Nm-3) in updraft gasifiers. Downdraft 75 

configurations, as they allow cracking to take place in the hot char bed [28, 29], can 76 

reach values as low as ~ 1 g Nm-3. Fluidised beds present intermediate values, 77 

typically around 15 g Nm-3 [30].  78 

Not only is tar quantity but also its composition affected by the gasifier operating 79 

conditions. An attempt to rationalize the broad range of chemical species has involved 80 

grouping them into primary, secondary and tertiary tars [31, 32]. Primary tars are 81 

formed directly from solid biomass and composed of highly oxygenated compounds, 82 

like levoglucosan derived from cellulose and methoxyphenols originated in lignin. 83 

Secondary (phenols and light olefins) and tertiary tars, consisting largely of 84 

monoaromatic and polyaromatic hydrocarbons, are the products of subsequent 85 

reactions in the gas phase. Tar composition changes from primary to tertiary as it is 86 

exposed to higher temperatures for longer times, losing oxygen functionalities and 87 

showing predominance of mono- and polyaromatic hydrocarbons in the process. Thus, 88 

updraft gasification tars are richer in primary species while downdraft gasification 89 

https://www.sciencedirect.com/topics/engineering/nickel-metal


tends to produce tertiary tars [33]. An example of this trend is the reported composition 90 

of wood gasification tars in a fluidized bed gasifier operating at 940 °C and 5 bar, in 91 

which 65 wt.% of the tar was benzene and its derivatives, mostly toluene, styrene and 92 

indene, 33 wt.% polyaromatic hydrocarbons and only below 1 wt.% was in molecules 93 

containing heteroatoms, mostly as dibenzofurane with a small amount of phenol [34]. 94 

This tar distribution is also consistent with the tendency to dealkylation reactions, for 95 

example of xylenes, reported in the literature [35] and shows that even relatively short 96 

times at such high temperature suffice to remove nearly all heteroatoms in the tar as 97 

the freeboard residence time was only 4 s. Reports from fluidized bed gasifiers 98 

operating at lower temperatures (up to 850 °C) do not deviate substantially from this 99 

trend, reporting concentrations of benzene, toluene and naphthalene as the main 100 

components and only  0.7 wt.% of phenol [36].  101 

Work in the literature tends to make use of model compounds to compare the 102 

performance of different catalysts and assess their deactivation in catalytic reforming 103 

tests. These have included benzene [37], toluene [38], polyaromatic hydrocarbons [39], 104 

among others including phenol [40], although it is more typically used as a model 105 

compound for the catalytic steam reforming of pyrolysis oils [41, 42]. The use of 106 

monoaromatics as model compounds, in particular toluene, has been observed to 107 

represent a worst-case scenario for carbon formation on Ni materials in comparison 108 

with polyaromatics [37] and real tar samples [43, 44]. This was corroborated by a study 109 

showing that lighter tar fractions [45] led to greater carbon formation than heavier ones.  110 

 111 

Toluene steam reforming is described by Reaction 1. 112 

𝐶7𝐻8 + 7𝐻2𝑂 ↔ 7 𝐶𝑂 + 11 𝐻2     Reaction 1 113 

The water gas shift (WGS) reaction (Reaction 2) will affect the syngas composition as 114 

well as steam methane reforming (Reaction 3), which can happen simultaneously if 115 

methane is present. Methane addition has also been reported as a way to increase 116 



syngas quality after reforming [46] as Reaction 3 enhances H2 production. 117 

𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2       Reaction 2 118 

𝐶𝐻4 + 𝐻2𝑂 ↔ 𝐶𝑂 + 3𝐻2      Reaction 3 119 

Other relevant reactions in the presence of CO2 or CO are toluene dry reforming 120 

(Reaction 4) and the reverse Boudouard reaction (Reaction 5). 121 

𝐶7𝐻8 + 7 𝐶𝑂2 ↔ 14 𝐶𝑂 + 4 𝐻2     Reaction 4 122 

2 𝐶𝑂 ↔ 𝐶 + 𝐶𝑂2        Reaction 5 123 

Most past and current research on catalytic steam reforming of tars has the aim of 124 

developing new catalyst formulations that can suffer less from deactivation than 125 

standard industrial catalysts [13, 45, 46, 47]. Despite the complex reaction system 126 

given by Reactions 1-5, novel catalysts are more often than not tested in atmospheres 127 

only containing tar (usually a model compound) or other contaminants, such as H2S 128 

[39, 48] and NH3, and steam [49-51], in some cases with hydrogen added [52]. 129 

However, catalyst performance, in particular its activity and tendency to deactivation 130 

by carbon deposition, can be very different when all components of the syngas mixture 131 

are considered. A previous study has hinted at complex interactions between syngas 132 

components, affecting formation of carbon on Ni materials used in solid oxide fuel cell 133 

anodes [53], but the influence of syngas composition tends to be overlooked even in 134 

comprehensive reviews on this topic [12, 13, 54].  135 

Few research studies have focused on the effect of syngas composition on catalytic 136 

tar reforming process, with most of them focusing on varying steam and H2 137 

concentrations [37, 52]. It is well-known that steam addition increases conversion and 138 

decreases carbon deposition on the catalyst. An excess of steam over the reforming 139 

stoichiometric amount is necessary to avoid widespread carbon formation and catalyst 140 

deactivation. A steam to carbon (S/C) ratio of 1 has been shown to lead to the 141 

thermodynamic prediction of no carbon on the catalyst [55], but in practice this 142 



condition resulted in heavy coke formation. S/C ratios of 2 and above have been found 143 

suitable to operate the process without significant deactivation in steam/N2 144 

atmospheres [52, 56]. It has however been reported that S/C ratios of up to 20 keep 145 

producing an increase in toluene steam reforming [24]. 146 

H2 has been found to produce a negative impact on the reforming reactions, a feature 147 

that may be expected as it is a product from this reversible reaction, with a decrease 148 

in tar conversion as well as greater carbon formation as its concentration increases 149 

[52]. However, this effect may also be dependent on temperature, as enhancement of 150 

benzene and toluene reforming with H2 partial pressure has been observed in the low 151 

temperature treatment of these model compounds between 350-400 °C and S/C ratios 152 

from 0 to 1.25 [57].  153 

The effect of CO2 on tar reforming has been mostly studied as part of dry reforming 154 

research both in the presence [58] and absence [-59] of steam. Boudouard reaction 155 

was shown effective to lower carbon deposition even at the relatively low temperature 156 

of 650 °C and employing a CO2 to carbon ratio just below one [60]. However, an 157 

increase in temperature to 800 °C and in CO2 to carbon ratio to 4.5 nearly completely 158 

removed formation of deposits on various Ni/Palygorskites. In the presence of steam 159 

the extent of the Boudouard reaction seems to be small [61]. At lower temperatures, 160 

the Sabatier reaction to produce methane competes for the active sites, as observed 161 

on a Ni-CeO2/Al2O3 catalyst, and therefore some inhibition of the tar model compound 162 

reactions has been observed [57].  163 

A more complex syngas mixture containing CO, H2, CO2 and CH4 was used in a 164 

methane steam reforming studies [62, 63] including a comparison at fixed syngas 165 

concentrations between Ni and Rh catalysts in the presence of phenanthrene [63]. 166 

Similarly, Claude et al. [64] analyzed the behavior of four Ni/γ-Al2O3 catalysts with Ni 167 

loadings varying between 10 and 50 wt.% in a syngas atmosphere containing relatively 168 

fixed amounts of H2, CO, CO2 and H2O at 650 °C. Different scenarios involved injection 169 

of toluene only, CH4 only, and both toluene and CH4 with a focus to analyze Ni 170 



reduction by toluene under these conditions. 171 

Syngas composition was varied in a study related to air gasification [58], which 172 

therefore employed relatively diluted syngas, in which it was found that CO inhibited 173 

toluene conversion. It was also established that the reaction takes place mostly 174 

through steam rather than dry reforming when both reforming agents are present. 175 

Fe-containing silicates including ores and olivine as reference material were 176 

investigated as benzene reforming catalysts in a full simulated syngas atmosphere 177 

[65]. Variations in the syngas composition affected Fe redox chemistry, with increasing 178 

concentrations of reducing agents (H2 and CO) enhancing benzene conversions at 179 

800 °C while more oxidative atmospheres had the opposite effect.  180 

A recent study [61] focused on the simultaneous reforming of toluene, naphthalene, 181 

methane and higher hydrocarbons at S/C ratio of 2 and in a full syngas atmosphere in 182 

the context of sorbent enhanced gasification. This is a particular syngas composition, 183 

markedly different from a straight gasifier output, as it contains relatively small 184 

amounts of CO and CO2 (9% and 6%, respectively were used in this study), but high 185 

H2 (70%) and CH4 (13%) contents. It was concluded that there was a competition 186 

between hydrocarbons for the Ni active sites that affected the conversion of tars in the 187 

presence of non-condensable species and vice-versa. 188 

The objective of this work is to gain an understanding of the influence of reforming gas 189 

atmosphere on catalytic steam reforming by performing a systematic study where the 190 

effects of major (H2, CO) and minor (CO2, CH4) syngas components and their mixtures 191 

of increasing complexity are analyzed. These effects have been investigated using 192 

toluene as model compound over a standard Ni/Al2O3 catalyst. Toluene is deemed a 193 

very suitable model for high-temperature gasification tars and its propensity to carbon 194 

formation can be seen as a significant challenge to gasification followed by reforming 195 

systems, as discussed above. 196 



2. Experimental 197 

2.1 Catalyst preparation 198 

The Ni/Al2O3 catalyst used in the catalytic reforming tests was prepared by the 199 

wetness impregnation method, Nickel was impregnated onto an alumina support to 200 

produce 20 wt.% of NiO with the alumina support. To this effect Ni(NO3)2·6H2O 201 

( ≥97.0%, Sigma-Aldrich) was dissolved in acetone (≥99.8%, Sigma Aldrich); the 202 

support γ- Al2O3 (≥98.0% purity, Sasol) was added into the solution stirred for 2 h, then 203 

a rotating evaporator at 60 °C under vacuum was used to remove the acetone. The 204 

resulting solid was dried overnight at 110 °C and then calcined at 600 °C with a 205 

ramping rate of 2 °C·min-1 for 4 hours. Finally, it was sieved into particles ranging 206 

between 250 and 500 μm. The Ni content is 16.4 wt.% as fully reduced Ni. The catalyst 207 

specific surface area measured by BET was 153 m2 g-1. A full characterization of its 208 

textural properties was given in a previous study [56]. 209 

2.2 Catalytic toluene steam reforming tests 210 

Toluene steam reforming tests were carried out in a fixed bed reactor used in previous 211 

bio-oil reforming studies [66]. A scheme of the system employed, and a detailed 212 

drawing of the reactor have been given elsewhere [56]. Briefly, the reactor consists of 213 

an Incoloy alloy 625 tube (12 mm i.d., 2 mm thick, 253 mm long), equipped with an 214 

inner quartz tube (9 mm i.d., 1 mm thick and 300 mm long) to avoid potential reaction 215 

between reactant gas stream and the Incoloy tube walls.  Two copper electrodes 216 

controlled by a WEST 6100+ digital temperature controller were used to heat up the 217 

reactor by Joule effect. Two syringe pumps were installed at the top of the reactor to 218 

inject toluene and water into it.  219 

Before each experiment, the reactor was purged with N2 for 10 min to remove air. The 220 

catalyst was reduced under 50 mL·min-1 of H2 at 800 °C for 1 hour. Following catalyst 221 

reduction, the carrier gas was switched to the experimental atmosphere gas 222 



composition and allowed 10 min to stabilize. It was made sure the outlet gas pressure 223 

remained unchanged during this process as there are five different gas channels and 224 

slight pressure changes would affect the accuracy of the gas mixture. The injection of 225 

steam and toluene started when the reading of the analyzers stayed stable at desired 226 

input readings for at least 5 minutes. The liquid phase reactants were carried by the 227 

atmosphere gas and preheated at 200 °C in a bed of 1 g of SiC to vaporize them. 228 

Then, the reactant mixture gas entered a 500 mg of Ni/Al2O3 catalyst bed, which was 229 

held by wire mesh and quartz wool in the middle of the quartz tube. The bed 230 

temperature was continuously monitored by a K-type thermocouple.  231 

The product gases passed through two condensers in series to collect any liquid 232 

product as well as unreacted toluene and water. Ice and dry ice were used as coolant 233 

in the first and second condenser, respectively. The products identified in the gas 234 

phase were H2, CH4, CO2 and CO. Two on-line gas analyzers were used to determine 235 

product gas compositions: an MGA3000 (ADC, UK) Multi-Gas infrared analyzer for 236 

CO2, CH4 and CO, followed by a K1550 MLT (Eaton Electric Limited, UK) thermal 237 

conductivity H2 analyzer. The software started to collect gas data (product gas 238 

concentrations) when the reactant injection started, and the gas concentrations were 239 

recorded continuously for 5 hours. 240 

The reaction gas atmosphere was designed to simulate the syngas composition from 241 

biomass gasification processes. The main products include H2, CO, CO2 and CH4. The 242 

typical composition ranges of H2, CO, CO2 and CH4 in biomass gasification syngas 243 

are 20 – 50 vol%, 20 – 40 vol%, 10 – 30 vol% and 1 – 8 vol% respectively [21, 67, 68]. 244 

To investigate the influence of H2, CO, CO2 and CH4 on catalytic toluene steam 245 

reforming, their inlet concentrations were fixed at 30, 30, 20 and 3 vol%, respectively, 246 

and balanced with N2. Table 1 shows the detailed reforming atmosphere gas 247 

compositions of different toluene catalytic steam reforming tests.  248 



Table 1. Toluene steam reforming atmospheres used in this work (on dry basis). A S/C ratio of 3 was applied in all experiments. 249 

Experimental 

Condition 

Component Concentration (%vol) [Flowrate (mmol h-1)] 

H2 CO CO2 CH4 N2 

N2 0 0 0 0 100% [536] 

H2 30% [161] 0 0 0 70% [375] 

CO 0 30% [161]  0 0 70% [359] 

CO2 0 0 20% [107] 0 80% [429] 

CH4 0 0 0 3% [16]  97% [520] 

H2 & CO 30% [161] 30% [161] 0 0 40% [214] 

H2 & CH4 30% [161]  0 0 3% [16] 67% [359] 

Full gas mixture  30% [161] 30% [161] 20% [107] 3% [16] 17% [91] 

 250 



The catalytic reforming test conditions applied in catalytic steam reforming test are 251 

shown in Table 2, which were found to be optimal in previous work [56]. S/C ratio is 252 

defined as in Equation 1, where n is the molar flowrate of each species. This definition 253 

takes into account the carbon contents of toluene and methane, and is used 254 

throughout this work unless otherwise stated. 255 

S C⁄  =
𝑛𝐻2𝑂,𝑖𝑛

7 𝑛𝐶7𝐻8,𝑖𝑛+ 𝑛𝐶𝐻4,𝑖𝑛
   Eq.1 256 

Table 2. Experimental conditions  257 

Reforming parameters Value 

Temperature 800 °C 

S/C ratio 3 

GHSV 91800 h-1 

Carrier gas flow rate 200 mL min-1 

Toluene injection rate 1.38 mL h-1 (13 mmol h-1) 

Toluene concentration 100 g m-3 

Catalyst 500 mg Ni/Al2O3 

 258 

The performance of catalysts was evaluated by the toluene conversion (𝑋𝐶7𝐻8
) into 259 

gaseous products (based on a carbon balance between the reactor inlet and outlet), 260 

according to Equation 2: 261 

 𝑋𝐶7𝐻8
(%) =

(𝑛𝐶𝑂,𝑜𝑢𝑡−𝑛𝐶𝑂,𝑖𝑛)+(𝑛𝐶𝑂2,𝑜𝑢𝑡− 𝑛𝐶𝑂2,𝑖𝑛)+(𝑛𝐶𝐻4,𝑜𝑢𝑡− 𝑛𝐶𝐻4,𝑖𝑛) 

7 𝑛𝐶7𝐻8,𝑖𝑛
∗ 100  Eq.2 262 

CO, CO2 and H2 yield (Y) were defined as in Equations 3 to 5. In the case of H2, a 263 

100% yield was defined considering the WGS reaction was fully shifted to the right. 264 

𝑌𝐶𝑂(%)  =
(𝑛𝐶𝑂,𝑜𝑢𝑡−𝑛𝐶𝑂,𝑖𝑛)

7 𝑛𝐶7𝐻8,𝑖𝑛+𝑛𝐶𝐻4,𝑖𝑛
∗ 100   Eq. 3 265 

𝑌𝐶𝑂2
(%)  =

(𝑛𝐶𝑂2,𝑜𝑢𝑡− 𝑛𝐶𝑂2,𝑖𝑛)

7 𝑛𝐶7𝐻8,𝑖𝑛+𝑛𝐶𝐻4,𝑖𝑛
∗ 100  Eq. 4 266 



 𝑌𝐻2
(%) =

(𝑛𝐻2,𝑜𝑢𝑡− 𝑛𝐻2,𝑖𝑛)

18 𝑛𝐶7𝐻8,𝑖𝑛+4 𝑛𝐶𝐻4,𝑖𝑛
∗ 100   Eq. 5 267 

CO2 selectivity was also calculated to investigate the influence of different gas 268 

atmospheres on CO/CO2 selectivity and assess the extent of WGS reaction. As 269 

methane had a total conversion in all the experiments, CO2 selectivity is defined by 270 

the equation below where each term is in moles: 271 

 𝑆𝐶𝑂2
(%) =

(𝑛𝐶𝑂2,𝑜𝑢𝑡− 𝑛𝐶𝑂2,𝑖𝑛)

(𝑛𝐶𝑂2,𝑜𝑢𝑡− 𝑛𝐶𝑂2,𝑖𝑛)+(𝑛𝐶𝑂,𝑜𝑢𝑡−𝑛𝐶𝑂,𝑖𝑛) 
∗ 100  Eq. 6 272 

The experimental error in toluene conversion, gas selectivity and yield is ± 2%.  273 

 274 

Thermogravimetric analysis (TGA) was conducted to investigate the coke deposition 275 

on the spent catalyst using a Pyris 1 thermogravimetric analyzer from PerkinElmer. 276 

The samples were heated from room temperature to 900 °C at 10 °C·min-1 in air 277 

according to a procedure described elsewhere [69]. The derivative of the weight loss 278 

with time was calculated and normalized to compare regions of carbon burnout.  279 

2.3 Thermodynamic equilibrium simulation 280 

ASPEN V8.4 software was used to study the thermodynamic equilibrium of the toluene 281 

reforming reactions under different reaction atmospheres, using an ideal base property 282 

method and a RGIBBS reactor (based on Gibbs free energy minimization) to identify 283 

reforming products and yields. Material flows, reaction conditions (reforming 284 

temperature, pressure) are identical to those from the corresponding experiments.  285 

3. Results and discussion 286 

3.1 Influence of single syngas component atmosphere 287 

A first group of experiments was conducted to understand the influence of single gas 288 

atmospheres on toluene steam reforming over a Ni/Al2O3 catalyst at the conditions 289 



shown in Table 2. A baseline is provided by experiments with an inert atmosphere (100% 290 

N2). Figure 1 presents toluene conversion and product gas yields for H2, CO and CO2 291 

as a function of time on stream during reforming test for each of the single syngas 292 

component atmospheres (balanced in N2) with a S/C ratio of 3. It was observed (Figure 293 

1a) that toluene reforming in a N2 atmosphere led to steady gas yields and a 294 

conversion of nearly 95% over the 5-hour experiment. This experiment is used as the 295 

baseline to determine the effect of the presence of each syngas component and their 296 

mixtures.  The effect of these gases can be related to inhibition of the reforming 297 

reaction and/or catalyst deactivation. Inhibition is observed as a drop in the initial 298 

activity of the fresh catalyst (at the very beginning of a run) when a given syngas 299 

component is introduced respect to that obtained in N2. Catalyst deactivation is 300 

reflected by a decrease in toluene conversion with time on stream within a run. 301 

During the 5-hour test in 30% H2 atmosphere, shown in Figure 1b, the carbon 302 

conversion from toluene to gas steadily decreased from 94% to 88%, as CO yield was 303 

reduced from 67% to 62%, while a steady yield of 26 – 28 % was observed for CO2 304 

throughout the test. H2 yield declined slightly from 59% to 55%. These trends point to 305 

a certain deactivation of the catalyst taking place as a consequence of the presence 306 

of H2 in the gas.  307 

On the other hand, no significant deactivation was observed in CO or CO2 308 

atmospheres. The toluene conversion into gas products observed in a 30% CO 309 

atmosphere (Figure 1c) showed no significant change in 5 hours, and CO, CO2 yield 310 

remained stable at ~33% and ~58%, respectively, throughout the experiment. The 311 

input of CO in the carrier gas shifted the WGS reaction to produce more H2 and CO2, 312 

and H2 yield stayed above 75% in the 5-hour test. In 20% CO2, shown in Figure 1d, 313 

the overall conversion of toluene stayed higher than 90% during the 5 hours, while 314 

CO2 yield ranged from 17% to 19% and CO yield ranged from 71% to 76%. H2 yield 315 

also remained stable at ~58%. 316 



Two different conditions were tested with a 3% CH4 concentration to gain a better 317 

understanding on the behavior of the system with toluene and methane mixtures. In 318 

one of them, the molar ratio between steam and carbon in toluene was 3 (carbon in 319 

CH4 was not considered in the calculation, which is equivalent to S/C ratio of 2.55). In 320 

this case, the overall conversion from toluene to gases decreased from 90% to 79% 321 

after 5 hours, and H2 yield declined from 58% to 49% (Figure 1e). CO and CO2 yields 322 

decreased from 65% and 25% to 56% and 22%, respectively. CH4 conversion stayed 323 

at 100% throughout the test.  324 

In another experiment the steam feeding rate was increased to keep the S/C ratio at 325 

3, as per the definition in Equation 1 (considering all carbon in toluene and CH4). The 326 

product yield and total gas conversion trends are presented in Figure 1f. The toluene 327 

conversion into gases in first hour achieved 93% as a result of the increasing of S/C 328 

ratio from 2.55 to 3. Then the overall conversion decreased with time smoothly, and 329 

finally dropped to 79% during the fifth hour. H2, CO and CO2 yields decreased from 330 

72%, 59% and 36% to 64%, 52% and 31%, respectively. H2 yield also increased with 331 

the increasing of S/C ratio. Despite the initial increase in toluene conversion, the 332 

degree of deactivation in 5 hours was not significantly affected by the increase in 333 

S/C ratio with final yield values being very close for the two conditions. 334 



 335 
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 340 

Figure 1. Gas product yield and toluene conversion as a function of time on stream in 341 

steam reforming tests carried out in (a) 100% N2; (b) 30%H2; (c) 30% CO; (d) 20% CO2; 342 

(e) 3% CH4 with S/CToluene: 3 (only C in toluene considered); (f) 3% CH4. All atmospheres 343 

balanced in N2. All experiments performed with a bed of Ni/Al2O3 catalyst at 800 °C and 344 
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GHSV: 91,800 h-1. S/C 3 for all runs except for (e) as indicated. 345 

Figure 2 summarizes the CO and CO2 yield and toluene conversion into C-containing 346 

gases under different gas atmospheres at the first and fifth hours of the catalytic tests 347 

and compares these values with equilibrium results. The equilibrium calculation 348 

showed that all these atmospheres reach 100% toluene conversion into gas, and CH4 349 

yield stayed lower than 0.01% in all the equilibrium results. The experimental results 350 

showed that toluene conversion to gas under 100% N2, 30% CO in N2, 20% CO2 in N2 351 

atmosphere stayed over 90% throughout the 5-hour catalytic reforming tests, with very 352 

limited decreases in toluene conversion (< 2.5%) due to deactivation observed in 353 

these three atmospheres.  354 

100% N2 atmosphere presented the highest toluene conversion in the whole 5 hours 355 

on stream, while 30% CO in N2, 20% CO2 in N2 and 30% H2 in N2 atmospheres showed 356 

lower toluene conversions in the 5-hour experiments. In particular, in the case of CO2, 357 

it can be inferred that no significant extent of dry reforming was observed as toluene 358 

conversion did not exceed that obtained by steam reforming alone. This indicates that 359 

relatively high contents (>20%) of gasification syngas components (CO, H2, CO2) can 360 

slightly inhibit the reforming reaction of toluene. The use of CH4 did not show any 361 

obvious inhibition effects, presenting a similar initial toluene conversion to the 100% 362 

N2 atmosphere. However, catalyst deactivation in the presence of CH4 and toluene 363 

was large even though 3% CH4 on its own (also included in Figure 2) did not deactivate 364 

the catalyst to any observable extent. The experiment carried out with CH4 but no 365 

toluene presented nearly complete carbon conversion. It led to the formation of 0.112 366 

g of coke per g of catalyst, which represents around only 2.35% of the CH4 injected. 367 

CH4 was mostly steam reformed into CO, CO2 and H2, which is consistent with the fact 368 

that these experiments have been carried out a temperature much lower than the 369 

onset of CH4 pyrolysis, which is the main route to ethane, ethylene and carbon 370 

formation [70]. 371 



The injection of H2, CO, CO2 had a significant influence on gas product distribution 372 

both in experiments and equilibrium simulations. Equilibrium results confirmed that the 373 

WGS reaction played an important role in CO/CO2 selectivity and H2 production. It can 374 

be observed in Figure 2 that CO2 yield was typically lower than equilibrium calculations 375 

except for the CO2 atmosphere experiment. The presence of CO in the carrier gas 376 

favored the WGS reaction and more CO2 was produced than in the N2 atmosphere. 377 

On the other hand, feeding CO2 would largely increase CO yield to ~75%, pushing the 378 

reverse WGS reaction. The experimental CH4 yield in all tests was 0%. The absence 379 

of CH4 under all atmospheres indicated that CH4 had a total conversion over Ni/Al2O3 380 

catalyst even when the deactivation of toluene reforming took place. The CH4 381 

atmosphere test experienced the largest decrement in toluene conversion during an 382 

experiment as it dropped from ~94% to 81% in 5 hours, as well as in CO and CO2 383 

yields, followed by H2 atmosphere test. Considering that CH4 only had a concentration 384 

of 3 vol% in carrier gas, it is clear that CH4 plays a key role in reforming catalyst 385 

deactivation among syngas components. 386 



 387 

Figure 2. Toluene conversion to C-containing gases and CO/CO2 yield at different single 388 

gas atmospheres (S/C ratio: 3, GHSV:91800 h-1, reforming temperature 800 °C, all the 389 

gas atmospheres balanced with N2). Methane conversion is shown for the experiment 390 

containing CH4 but no toluene. 391 

Table 3 shows the gas product yields including CO, CO2 and H2 as mol/mol toluene at 392 

the first hour and the fifth hour under different atmospheres and compares with the 393 

respective equilibrium values. CO/CO2 product ratios at different atmospheres also 394 

changed towards the equilibrium results. Experimental CO2 selectivity under most 395 

atmospheres was lower than equilibrium predicted, indicating that toluene was 396 

reformed to CO first, which then underwent WGS reaction in the excess of steam to 397 

produce CO2. The only exception was the 20% CO2 atmosphere, which shifted the 398 

equilibrium towards a low CO2 yield and made reverse WGSR predominant.  399 

As a consequence of the WGS reaction equilibrium, the injection of CO promoted the 400 
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production of H2, while CO2 inhibited H2 yield. The addition of H2 also reduced H2 yield 401 

respect to the blank experiment in N2 atmosphere but it was not enough to change the 402 

predominant direction of the WGS reaction. 3% CH4 in N2 atmosphere test achieved 403 

the highest H2 at 16.5 mol/mol toluene during the first hour due to the additional H2 404 

production. This run showed the highest decrement (by 16%) at the fifth hour. 405 

Meanwhile, H2 yield of 30% H2 in N2 atmosphere test dropped by 7% from 11.2 to 10.4 406 

mol/mol toluene in the 5-hour test. The ratio of CO/CO2 stayed almost the same after 407 

5-hour test in all the experiments, suggesting that both reforming and WGS reaction 408 

functions were deactivated to the same extent. 409 

Table 3. Product yields for the gaseous products in the different reforming atmosphere 410 

(S/C ratio 3 GHSV:91800 h-1, reforming temperature 800 °C, N2: 100%N2, H2: 30% H2 in 411 

N2, CO: 30% CO in N2, CO2: 20% CO2 in N2, CH4: 3% CH4 in N2). 412 

Reforming 

Atmosphere 

CO2 (mol/mol 

toluene) 

CO (mol/mol 

toluene) 

H2 (mol/mol 

toluene) 

CO2 selectivity 

N2 (1st hour) 2.2 4.5 13.0 33% 

N2 (5th hour) 2.2 4.4 13.0 33% 

N2 (Equilibrium) (3.2) (3.8) (14.3) (46%) 

H2 (1st hour) 1.9 4.6 11.2 29% 

H2 (5th hour) 1.8 4.3 10.4 30% 

H2 (Equilibrium) (2.4) (4.6) (13.3) (34%) 

CO (1st hour) 4.1 2.3 14.7 64% 



CO (5th hour) 4.0 2.3 14.5 63% 

CO 

(Equilibrium) 

(6.3) (0.7) (17.3) (90%) 

CO2 (1st hour) 1.2 5.3 10.7 18% 

CO2 (5th hour) 1.2 5.1 10.6 19% 

CO2 

(Equilibrium) 

(0.6) (6.4) (11.6) (9%) 

CH4 (1st hour) 3.0 4.8 16.5 38% 

CH4 (5th hour) 2.5 4.1 13.8 38% 

CH4 

(Equilibrium) 

(3.5) (4.6) (18.0) (43%) 

 413 

Table 4 shows the carbon conversion from toluene to coke and the fraction of coke on 414 

the catalyst under different reforming atmospheres determined by thermogravimetric 415 

analysis on the spent catalysts. In the CH4 only (no C7H8) test, 2.35% of CH4 was 416 

converted into carbon deposits on the catalyst surface. The conversion to carbon 417 

deposits of 100% N2, 30% CO in N2 and 20% CO2 in N2 atmosphere was very close, 418 

which indicates that CO and CO2 contents have very limited influence on carbon 419 

deposition on the catalyst, which remained stable during the tests. The presence of 420 

30% H2 increased the coke weight, which matched the slight deactivation observed in 421 

toluene conversion to C-containing gases and the drop in H2 product yield. The 422 



presence of H2 might prevent coke reaction with steam, and shift the equilibrium 423 

towards more coke, an observation also made in the literature [52]. The mixed toluene-424 

CH4 atmosphere test led to the highest coke content and ratio, much higher than could 425 

be expected from the simple addition of effects observed with toluene and CH4 426 

separately. Catalyst deactivation was calculated from the H2 yields (𝑌𝐻2
) initially and 427 

after 5 hours on stream (Equation 7).  428 

𝐶𝑎𝑡. 𝐷𝑒𝑎𝑐. =  
 [𝑌𝐻2]

𝑡=0
−[𝑌𝐻2]

𝑡=5ℎ

[𝑌𝐻2]
𝑡=0

   Eq. 7 429 

A reasonable correlation between amount of coke on the catalyst and catalyst 430 

deactivation was observed, where the latter does not take place significantly at coke 431 

to catalyst ratios below a threshold of around 20 wt.% but increases markedly above 432 

that value.  433 

Table 4. Toluene conversion to coke, fraction of coke deposited on the catalyst and 434 

catalyst deactivation at different reforming atmospheres (800 °C, S/C:3, GHSV:91800 h-1, 435 

5-hour test. N2: 100%N2, H2: 30% H2 in N2, CO: 30% CO in N2, CO2: 20% CO2 in N2, CH4: 436 

3% CH4 in N2). 437 

Reforming Atmosphere 
N2 H2 CO CO2 CH4 CH4 (no 

C7H8) 

Coke/C in toluene 0.68% 0.90% 0.61% 0.64% 1.54% - 

Coke/Catalyst (gC/gcat) 0.184 0.245 0.165 0.173 0.417 0.112 

Catalyst Deactivation (%) 0 7 1 1 16 0 

 438 



3.2 Influence of multi-gas atmospheres on toluene steam reforming 439 

While previous tests focused on the influence of single gas in N2, this section presents 440 

the impact of syngas component mixtures on toluene steam reforming. First, a mixture 441 

of 30% H2 and 30% CO balance N2 is presented, followed by 3% CH4 and 30% H2 in 442 

N2 and finally a full syngas mixture consisting of 3% CH4, 30% H2, 30% CO and 20% 443 

CO2 in N2, typical of a gasifier under normal operation conditions [48, 49] 444 

 445 

Figure 3. Product yield trend and conversion of toluene steam reforming test in 30% H2 446 

and 30% CO balanced N2 atmosphere (5-hour test, Ni/Al2O3 catalyst, 800 °C, S/C ratio 3, 447 

GHSV: 91800 h-1). 448 

Figure 3 shows the gas product yield and conversion of toluene steam reforming 449 

5-hour test in 30% H2 and 30% CO balanced N2 atmosphere. Product yields of CO 450 

and H2 were very stable in the first 2.5 hours, and then started to drop slowly until the 451 

end of the tests. The overall conversion from toluene to gases also decreased below 452 
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90% at 160 mins to reach a final value of 84%, lower than achieved in CO and H2 453 

separately. Table 5 shows CO2, CO and H2 yields (in mol/mol toluene) declined by 454 

~10% in the 5-hour test, but selectivity towards CO2 was not affected by catalyst 455 

deactivation as discussed above. 456 

Table 5. Product yields for the gaseous products in 30% H2 and 30% CO balanced N2 457 

atmospheres (5-hour test, Ni/Al2O3 catalyst, 800 °C, S/C ratio 3, GHSV: 91800 h-1) 458 

Atmosphere CO2 (mol/mol 

toluene) 

CO (mol/mol 

toluene) 

H2 (mol/mol 

toluene) 

CO2 

selectivity 

H2 & CO (1st hour) 2.8 3.7 11.9 43% 

H2 & CO (5th hour) 2.6 3.3 11.1 44% 

(Equilibrium) (4.3) (2.7) (15.3) (61%) 

Figure 4 summarizes toluene conversion to C-containing gases and CO, CO2 yields 459 

at H2, CO and mixture gas atmosphere. CO content in the carrier gas had no obvious 460 

effect on catalyst deactivation in multi-gas mixture atmosphere. Instead, the decrease 461 

in toluene conversion was led by the presence of H2, as the overall toluene conversion 462 

showed similar trends in 30% H2 in N2 and 30% CO, 30%H2 in N2 atmosphere tests. 463 

The equilibrium and experimental results both showed that CO had more significant 464 

influence on the selectivity of product CO/CO2 than H2. When equal concentrations of 465 

CO and H2 were introduced to the reaction system, the equilibrium shifted to produce 466 

more CO2 when comparing to inert N2 atmosphere and the experimental results 467 

followed this behavior. 468 



 469 

Figure 4. Toluene conversion to C-containing gases and CO, CO2 yields at H2, CO and 470 

mixture gas atmospheres (S/C ratio 3 GHSV:91800 h-1, reforming temperature 800 °C, 471 

all the gas atmosphere balanced with N2). 472 

The results presented so far showed that CH4 and H2 atmosphere had relatively more 473 

influence on toluene conversion and carbon deposition than CO and CO2. Next, the 474 

impact of CH4 and H2 mixture atmosphere on toluene steam reforming is discussed. 475 

To compare with the previous results, the reforming gas atmosphere was designed as 476 

3% CH4 and 30% H2 in N2 with a S/C ratio of 3, including CH4.  477 
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 478 

Figure 5. Product yield trend and toluene conversion of steam reforming test in 3% CH4 479 

and 30% H2 balanced N2 atmosphere (5-hour test, Ni/Al2O3 catalyst, 800 °C, S/C ratio 3, 480 

GHSV: 91800 h-1) 481 

  482 
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Table 6. Product yields for the gaseous products in 3% CH4 and 30% H2 balanced N2 483 

atmosphere (5-hour test, Ni/Al2O3 catalyst, 800 °C, S/C ratio 3, GHSV: 91800 h-1) 484 

Atmosphere CO2 

(mol/mol 

toluene) 

CO 

(mol/mol 

toluene) 

H2 (mol/mol 

toluene) 

CO2 

selectivity 

H2 & CH4(1st hour) 2.5 5.2 15.1 32% 

H2 & CH4 (5th hour) 1.8 3.8 10.9 32% 

(Equilibrium) (2.8) (5.3) (17.1) 35% 

Figure 5 shows the gas product yield and toluene conversion into gases in 3% CH4 485 

and 30% H2 balanced N2 atmosphere. The toluene conversion and CO, CO2 and H2 486 

yield started to decrease after 100 min and declined steadily until the end of the test. 487 

The conversion of toluene dropped markedly from 93% to 69%, while the CO, H2 and 488 

CO2 yields decreased from 64%, 66% and 29% to 46%, 54% and 22%, respectively. 489 

The CH4 and H2 combined atmosphere showed a more significant decrement in gas 490 

production from toluene steam reforming respect to the two gases separately.  491 

Table 6 presents CO, CO2 and H2 production during the first and fifth hours on stream 492 

and compares them with equilibrium results. H2 production yield decreased by 28%, 493 

from 15.1 to 10.9 mol/mol toluene, which was larger than expected based on the 494 

behavior of the individual gases. According to Table 4, the decreases in H2 yield in 30% 495 

H2 in N2 atmosphere and 3% CH4 in N2 atmosphere were 7% and 16%, respectively. 496 

The presence of CH4 and H2 can deactivate the Ni/Al2O3 catalyst much more rapidly 497 

than CH4 or H2 single gas atmosphere (Figure 6). 498 



 499 

Figure 6. Toluene conversion to C-containing gases and CO, CO2 yield at H2, CH4 and 500 

mixture gas atmosphere (S/C ratio 3, GHSV:91800 h-1, reforming temperature 800 °C, all 501 

the gas atmosphere balanced with N2). 502 

Finally, a full gas mixture composed of 3% CH4, 30% H2, 30% CO and 20% CO2 in N2 503 

was chosen to simulate a typical biomass gasification syngas. Figure 7.7 shows the 504 

gas product yield and toluene conversion in this simulated gasification atmosphere. 505 

Toluene conversion and gas yields started to decline slightly in the second hour, and 506 

then decreased significantly in the rest 3 hours. The conversion of toluene dropped 507 

from 92% to 66% in the 5-hour test. The trend was similar to the test in 3% CH4 and 508 

30% H2 atmosphere, which indicated that CO and CO2 had limited influence on the 509 

deactivation of the catalyst. 510 
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 511 

Figure 7. Product yield trend and conversion of toluene steam reforming test in 3% CH4, 512 

30% H2, 30% CO and 20% CO2 balanced N2 atmosphere (Ni/Al2O3 catalyst, 800 °C, S/C 513 

ratio 3, GHSV: 91800 h-1) 514 

Table 7 and Figure 8 summarize the toluene conversion to C-containing gases and 515 

CO, CO2 yields in all the CH4–containing atmospheres and compares with the 516 

experiments in the N2 atmosphere. Although the concentration of CH4 in carrier gas 517 

was fixed at 3 vol%, which was much lower than the concentration of CO, CO2 and H2, 518 

CH4 was the main reason for catalyst deactivation. The injected H2 could largely 519 

decrease the toluene conversion to gases with the presence of a small amount of CH4. 520 
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 521 

Figure 8. Toluene conversion to C-containing gases and CO, CO2 yield at CO, CO2, H2, 522 

CH4 and mixture gas atmosphere (S/C ratio 3 GHSV:91800 h-1, reforming temperature 523 

800 °C, all the gas atmosphere balanced with N2). 524 
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Table 7. Product yields for the gaseous products in 3% CH4, 30% H2, 30% CO and 526 

20%CO2 balanced N2 atmosphere (5-hour test, Ni/Al2O3 catalyst, 800 °C, S/C ratio 3, 527 

GHSV: 91800 h-1) 528 

Atmosphere CO2 (mol/mol 

toluene) 

CO (mol/mol 

toluene) 

H2 (mol/mol 

toluene) 

CO2 

selectivity 

Full gas (1st hour) 1.3 6.2 12.0 17% 

Full gas (5th hour) 1.0 4.8 8.7 17% 

(Equilibrium) (1.6) (6.5) (15.5) (20%) 

As shown in Table 8, coke formation was favored by the complex gas atmosphere, in 529 

particular when a mixture containing H2 and CH4 was applied. The amount of coke 530 

over the Ni/Al2O3 catalyst when 3% CH4 and 30% H2 balanced N2 were employed as 531 

well as with the full syngas atmosphere was much larger than observed in any 532 

single-gas composition. On the other hand, under 30% H2 and 30% CO balanced N2, 533 

the coke formation was nearly identical to that observed under H2 only, reinforcing the 534 

role of CH4 as a trigger in toluene conversion to coke. CO and CO2 were observed to 535 

have no influence on coke formation, with the difference between the full syngas with 536 

the CH4 and H2 atmosphere being around 1%. The large coke formation in the 537 

atmospheres containing H2 and CH4 markedly deactivated the Ni/Al2O3 catalyst in the 538 

first 5 hours on stream (Table 8).  539 

  540 



Table 8. Toluene conversion to coke, fraction of coke deposited on the catalyst and 541 

catalyst deactivation at different reforming atmosphere (800 °C, S/C:3, GHSV:91800 h-1, 542 

5-hour test. CO & H2 in N2: 30% H2 and 30% CO balanced N2, CH4 & H2 in N2: 3% CH4 and 543 

30% H2 balanced N2, Full gas mixtures: 3% CH4, 30% H2, 30% CO and 20%CO2 balanced 544 

N2). 545 

Reforming Atmosphere CO & H2 in N2 CH4 & H2 in N2 Full gas mixture 

Coke/C in toluene 0.88% 2.53% 2.49% 

Coke/Catalyst (gC/gcat) 0.238 0.684 0.676 

Catalyst Deactivation (%) 7 28 27 

3.3 Discussion of potential pathways for influence of syngas composition on the 546 

balance between syngas and carbon formation 547 

A further insight on the type of carbon formed on the catalyst was obtained by 548 

analyzing the derivative thermogravimetric profiles obtained during temperature 549 

programmed oxidation (DTG-TPO) of the spent catalysts. These are shown in Figure 9, 550 

where each profile was normalized to the maximum peak to facilitate comparison. No 551 

low-temperature DTG-TPO peak corresponding to gum carbon formation are 552 

observed in any of the spent catalysts. This is expected given the high temperature of 553 

the reforming experiments, well above the range (typically reported as up to 450 °C 554 

[12]) in which gum formation is favored. Two DTG-TPO peaks are visible in most of 555 

the spent catalysts, the one at lower temperature corresponding to pyrolytic carbon 556 

and the other related to whisker structures. The threshold between both has been 557 

estimated to be around 650 °C in the literature [46, 71], which is consistent with the 558 

temperature of the shoulder observed in these DTG-TPO curves. It can be seen that 559 



pyrolytic carbon is predominant in all atmospheres, although there is still a significant 560 

contribution from whisker carbon. 561 

 562 

 563 



 564 

Figure 9. DTG-TPO analysis for the spent catalysts at different reforming atmospheres 565 

(800 °C, S/C:3, GHSV:91800 h-1, 5-hour test). (a) N2: 100%N2, H2: 30% H2 in N2, CO: 30% 566 

CO in N2, CO2: 30% CO2 in N2, CH4: 3% CH4 in N2 with and without toluene). (b) CO & H2 567 

in N2: 30% H2 and 30% CO balanced N2, CH4 & H2 in N2: 3% CH4 and 30% H2 balanced N2, 568 

All gas mixture: 3% CH4, 30% H2, 30% CO and 20%CO2 balanced N2.  Each trace has 569 

been normalized. 570 

As differences in carbon formation between different atmospheres appear to be 571 

quantitative rather than qualitative, an attempt can be made to rationalize them based 572 

on a common reaction pathway. The simplified steam reforming reaction scheme 573 

shown in Figure 10 has been proposed [72].  Following adsorption on the catalyst the 574 

hydrocarbons undergo hydrocracking to produce adsorbed C and H. These carbon 575 

species can then either react with adsorbed OH from the dissociation of water, to 576 

produce CO, which can be desorbed into the gas phase or further react to CO2 with 577 

adsorbed OH, or associate with other adsorbed C to form carbon deposits. The latter 578 

may involve migration through the Ni particle in the case of whisker carbon. Adsorbed 579 



H species can recombine and undergo desorption to produce H2 in the gas phase. 580 

This scheme can be linked to the observations in this work to explain the effect of 581 

syngas components.  582 

 583 

Figure 10. Simplified scheme for the steam reforming reaction of hydrocarbons on a Ni 584 

catalyst based on [72]. 585 

Taking the experiment in N2 as the baseline, it was observed that H2 led to inhibition 586 

and a moderate increase in carbon formation. Higher partial pressures of H2 would 587 

tend to counteract the dissociation of the hydrocarbon on the catalyst active site and 588 

therefore cause the inhibition detected in the experiments. At the same time, the higher 589 

hydrogen pressure would decrease the concentration of surface OH, favoring the 590 

competing pathway towards carbon formation. 591 

CO and CO2 led to very slight inhibition and a decrease in carbon formation. Both 592 

could be the result of competition with toluene for adsorption on the catalyst, the very 593 

first step on the scheme. As the potential for carbon formation of both gases is low, in 594 

the case of CO because the high temperature does not favor reverse Boudouard 595 

reaction (Reaction 5), a small substitution of toluene by CO and CO2 would lead to 596 



slightly lower carbon formation as well as diminished toluene conversion. On the other 597 

hand, CH4 leads to more adsorbed carbon (C(ad)) on the catalyst through 598 

hydrocracking, enhancing the potential for carbon formation. 599 

A more detailed reaction mechanism specific for toluene steam reforming has been 600 

developed in a study [5] using density functional theory combined with in-situ infrared 601 

measurements. It showed that the preferential hydrocracking mechanism would 602 

involve full dehydrogenation of the methyl group first to produce a radical C6H5-C
. 603 

adsorbed on the catalyst. This structure subsequently losses an aromatic H atom from  604 

one of the β C atoms, which then leads to ring opening by cleavage of the aryl carbon 605 

bond resulting in a seven-carbon linear chain. Subsequent C-C dissociation leads to 606 

shorter chains with three- and four-carbon linear structures being the more 607 

energetically favorable. These structures undergo oxidation with O produced from 608 

steam dissociation and subsequent C-H bond scissions to finally produce CO and CO2 609 

through aldehyde intermediates. Again, the availability of extra H would tend to reverse 610 

the C-H bond scissions, causing a degree of inhibition while hindering conversion of 611 

the linear structures into aldehydes and increasing the chances of repolymerization to 612 

carbon. In this scheme it is also clear that extra carbon species originated in CH4 would 613 

potentiate the pathways leading to carbon formation over the formation of the aldehyde 614 

intermediate. 615 

4. Conclusions 616 

This analysis of the effect of reforming gas atmosphere on the catalytic steam 617 

reforming of tar using a conventional Ni/Al2O3 catalyst shows how the conversion of 618 

toluene is markedly affected by the presence of some syngas components, even at 619 

constant steam to carbon ratio and despite full equilibrium conversion being expected 620 

in all cases. While only slight inhibition and no significant deactivation can be 621 

concluded from the presence of CO and CO2, H2 and CH4 have been found to have a 622 



significant adverse effect on the reforming of toluene in terms of catalyst deactivation. 623 

H2 also showed a mild inhibitory effect, which interestingly was not observed when 624 

CH4 only was used, albeit this may be due to the low concentration employed. Strong 625 

interactions between gas components were observed, with the joint presence of 626 

toluene and CH4 leading to greater carbon formation, which could not have been 627 

predicted from separate steam reforming experiments with each of them. Moreover, 628 

the simultaneous exposure of the toluene reforming system to H2 and CH4 causes a 629 

marked deactivation of the catalyst by carbon deposition with each gas potentiating 630 

the negative effects of the other. In view of these results, the importance of testing tar 631 

reforming catalysts with full syngas compositions to avoid misleading, typically too 632 

optimistic, outcomes cannot be overemphasized.  633 
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Abstract 

Tar removal by catalytic steam reforming has an important role to play in gasification 

systems as part of the treatment to the hot product gas from the gasifier. Despite the 

importance of understanding the influence gas atmosphere has on this reaction, the 

effect of a full synthesis gas mixture has not been comprehensively investigated. This 

study aims to bridge that gap by analyzing the effect of each single synthesis gas 

component, including H2, CO, CO2 and CH4, as well as their combinations on steam 

reforming of toluene as a biomass gasification tar model over a Ni/Al2O3 catalyst. It 

has been found that H2, CO and CO2 have minor inhibitory effects, slightly decreasing 

the initial toluene conversion. On the other hand, while CO and CO2 do not lead to 

catalyst deactivation, H2 and CH4 deactivate the Ni/Al2O3 by promoting coke deposition. 

A small amount (3%) of CH4 can significantly increase coke deposition, despite 

deactivation been insignificant with toluene or CH4 used separately, and the joint 

presence of CH4 and H2 causes further drops in toluene conversion with time on 

stream. 

Keywords 

syngas, tar steam reforming, nickel catalyst, carbon deposition, catalyst deactivation. 
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1. Introduction 

Biomass gasification can act as a source of renewable heat and power as well as 

chemicals. At the core of gasification-based processes is synthesis gas (syngas), a 

valuable product that can provide remarkable versatility in terms of products, including 

hydrogen, synthetic natural gas, liquid fuels through Fischer-Tropsch synthesis, 

methanol and others [1-3]. However, one of the major hindrances to technology 

development is the formation of tar, which consists of a complex mixture of high 

molecular weight organic material. Tar formed in the biomass gasification process will 

be present as an impurity in the syngas at high temperatures and could condense or 

react downstream of the gasifier, affecting power generation, as well as gas separation 

membranes [4] and catalysts [5], for example decreasing the conversion of methane 

by steam reforming [6, 7].  

Methods studied for tar abatement include optimizing gasifier design and operating 

parameters to limit their formation [8-10], physical removal (eg. scrubbers, filters) [11], 

and thermal, plasma or catalytic conversion downstream from the gasifier [12]. Among 

these technologies, tar catalytic reforming is particularly appealing as the process can 

take place without cooling the syngas and convert tar into valuable gases, especially 

H2, substantially reducing its concentration in the syngas [1, 13]. 

Catalytic tar reforming can be applied in either in-situ or ex-situ gasification systems, 

to remove tar content in the gasification gas, as part of the treatment to the hot product 

gas from the gasifier [13, 14]. Various types of catalyst have been studied, including 

olivine, dolomite, zeolite, char, metal-based (eg. Fe, Co, Ni, Zn, Pt, Ce, Ru, Rh), Alkali-

based (K and Ca) [15-19]. Nickel-based catalysts are the most common catalyst for 

tar removal, mainly due to their low cost, high catalytic activity and easy regeneration 

[14, 20].  

The major challenge for Ni-based catalysts is deactivation caused by carbon 

deposition and sintering [18, 21, 22], which shortens their life cycle [23]. Carbon 

deposition on the catalyst may encapsulate the active metal particles and prevent the 

contact between reactants and the metal active sites [12]. Carbon can quickly diffuse 
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into or form on the Ni catalyst surface, cover or block the pores of the active nickel and 

decrease Ni catalytic activity [24, 25]. The carbonaceous deposit (coke) can be in three 

forms: polymer, whisker and pyrolytic [26]. The pyrolytic carbon is formed due to the 

cracking of hydrocarbons which encapsulate the nickel active site [24], and has a 

significant influence on catalyst deactivation, high temperature (>600 °C) and the 

acidity of the catalyst could promote its formation [12]. 

The main syngas components are H2, CO, CO2 and CH4. Tar concentrations in the 

syngas depend on the gasifier type and operating conditions. In moving beds, they 

can reach relatively high values (~100 g Nm-3) in updraft gasifiers. Downdraft 

configurations, as they allow cracking to take place in the hot char bed [27, 28], can 

reach values as low as ~ 1 g Nm-3. Fluidised beds present intermediate values, 

typically around 15 g Nm-3 [29]. Work in the literature tends to make use of model 

compounds to compare the performance of different catalysts and assess their 

deactivation in catalytic reforming tests. These have included benzene [30], toluene 

[31], phenol [32], polyaromatic hydrocarbons [33], among others. The use of 

monoaromatics as model compounds, in particular toluene, has been observed to 

represent a worst-case scenario for carbon formation on Ni materials in comparison 

with polyaromatics [30] and real tar samples [34, 35]. This was corroborated by a study 

showing that lighter tar fractions [36] led to greater carbon formation than heavier ones.  

 

Toluene steam reforming is described by Reaction 1. 

𝐶7𝐻8 + 7𝐻2𝑂 ↔ 7 𝐶𝑂 + 11 𝐻2     Reaction 1 

The water gas shift (WGS) reaction (Reaction 2) will affect the syngas composition as 

well as steam methane reforming (Reaction 3), which can happen simultaneously if 

methane is present. 

𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2       Reaction 2 

𝐶𝐻4 + 𝐻2𝑂 ↔ 𝐶𝑂 + 3𝐻2      Reaction 3 
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Other relevant reactions in the presence of CO2 or CO are toluene dry reforming 

(Reaction 4) and the reverse Boudouard reaction (Reaction 5). 

𝐶7𝐻8 + 7 𝐶𝑂2 ↔ 14 𝐶𝑂 + 4 𝐻2     Reaction 4 

2 𝐶𝑂 ↔ 𝐶 + 𝐶𝑂2        Reaction 5 

Despite this complex reaction system, catalytic steam reforming of tar is typically 

studied in atmospheres only containing tar (usually a model compound) or other 

contaminants, such as H2S [33, 37], and NH3, and steam [38-40], in some cases with 

hydrogen added [41]. Few research studies have focused on the effect of syngas 

composition on catalytic tar reforming process, and those that did have tended to focus 

on varying steam and H2 concentrations [30, 41]. A previous study has hinted at 

complex interactions between syngas components, affecting formation of carbon on 

Ni materials [42]. 

The objective of this work is to gain an understanding of the influence of reforming gas 

atmosphere on catalytic steam reforming by performing a systematic study where the 

effect of each gas (H2, CO, CO2 and CH4) and their mixtures is analyzed. These effects 

have been investigated using toluene as model compound over a standard Ni/Al2O3 

catalyst. Toluene was deemed a very suitable model due to its propensity to carbon 

formation as discussed above. 

2. Experimental 

2.1 Catalyst preparation 

The Ni/Al2O3 catalyst used in the catalytic reforming tests was prepared by the 

wetness impregnation method, Nickel was impregnated onto an alumina support to 

produce 20 wt.% of NiO with the alumina support. To this effect Ni(NO3)2·6H2O 

( ≥97.0%, Sigma-Aldrich) was dissolved in acetone (≥99.8%, Sigma Aldrich); the 

support γ- Al2O3 (≥98.0% purity, Sasol) was added into the solution stirred for 2 h, then 

a rotating evaporator at 60 °C under vacuum was used to remove the acetone. The 
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resulting solid was dried overnight at 110 °C and then calcined at 600 °C with a 

ramping rate of 2 °C·min-1 for 4 hours. Finally, it was sieved into particles ranging 

between 250 and 500 μm. The obtained catalyst sample was labelled Ni/Al2O3. The 

reduced Ni content is 16.4 wt.% (assuming 100% reduction). 

2.2 Catalytic toluene steam reforming tests 

Toluene steam reforming tests were carried out in a fixed bed reactor used in previous 

bio-oil reforming studies [43]. A scheme of the system employed, and a detailed 

drawing of the reactor have been given elsewhere [44]. Briefly, the reactor consists of 

an Incoloy alloy 625 tube (12 mm i.d., 2 mm thick, 253 mm long), equipped with an 

inner quartz tube (9 mm i.d., 1 mm thick and 300 mm long) to avoid potential reaction 

between reactant gas stream and the Incoloy tube walls.  Two copper electrodes 

controlled by a WEST 6100+ digital temperature controller were used to heat up the 

reactor by Joule effect. Two syringe pumps were installed at the top of the reactor to 

inject toluene and water into the reactor.  

Before each experiment, the reactor was purged with N2 for 10 min to remove air. The 

catalyst was reduced under 50 mL·min-1 of H2 at 800 °C for 1 hour. After activating the 

catalyst, the carrier gas was then switched to the experimental atmosphere gas 

composition and allowed 10 min to stabilize. It was made sure the outlet gas pressure 

remained unchanged during this process as there are five different gas channels and 

slight pressure changes would affect the accuracy of the gas mixture. The injection of 

steam and toluene started when the reading of the analyzers stayed stable at desired 

input readings for at least 5 minutes. The liquid phase reactants were carried by the 

atmosphere gas and preheated at 200 °C in a bed of 1 g of SiC to vaporize them. 

Then, the reactant mixture gas entered a 500 mg of Ni/Al2O3 catalyst bed, which was 

held by wire mesh and quartz wool in the middle of the quartz tube. The bed 

temperature was continuously monitored by a K-type thermocouple.  

The product gases passed through two condensers in series to collect any liquid 

product as well as unreacted toluene and water. Ice and dry ice were used as coolant 
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in the first and second condenser, respectively. The products identified in the gas 

phase were H2, CH4, CO2 and CO. Two on-line gas analyzers were used to determine 

product gas compositions: an MGA3000 Multi-Gas infrared analyzer for CO2, CH4 and 

CO, followed by a K1550 thermal conductivity H2 analyzer. The software started to 

collect gas data (product gas concentrations) when the reactant injection 

started, the gas concentration was recorded continuously for 5 hours. 

The reaction gas atmosphere was designed to simulate the gas composition from 

biomass gasification processes. The main products include H2, CO, CO2 and CH4. The 

typical composition ranges of H2, CO, CO2 and CH4 in biomass gasification gas 

products are 20 – 50 vol%, 20 – 40 vol%, 10 – 30 vol% and 1 – 8 vol% respectively 

[20, 45, 46].To investigate the influence of H2, CO, CO2 and CH4 on catalytic toluene 

steam reforming, their inlet concentrations were fixed at 30, 30, 20 and 3 vol%, 

respectively, and balanced with N2.   
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Table 1 shows the detailed reforming atmosphere gas compositions of different 

toluene catalytic steam reforming tests. 
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Table 1. Toluene steam reforming atmospheres used in this work (on dry basis). A S:C ratio of 3 was applied in all experiments. 

Component Concentration (%vol) [Flowrate (mmol h-1)] 

H2 CO CO2 CH4 N2 

0 0 0 0 100% [536] 

30% [161] 0 0 0 70% [375] 

0 30% [161]  0 0 70% [359] 

0 0 20% [107] 0 80% [429] 

0 0 0 3% [16]  97% [520] 

30% [161] 30% [161] 0 0 40% [214] 

30% [161]  0 0 3% [16] 67% [359] 

30% [161] 30% [161] 20% [107] 3% [16] 17% [91] 
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The catalytic reforming test conditions applied in catalytic steam reforming test are 

shown in Table 2, which were found to be optimal in previous work [44]. Steam to 

Carbon (S/C) ratio is defined as in Equation 1, where n is the molar flowrate of each 

species. This definition takes into account the carbon contents of toluene and methane, 

and is used throughout this work unless otherwise stated. 

S C⁄  =
𝑛𝐻2𝑂,𝑖𝑛

7 𝑛𝐶7𝐻8,𝑖𝑛+ 𝑛𝐶𝐻4,𝑖𝑛
   Eq.1 

Table 2. Experimental conditions  

Reforming parameters Value 

Temperature 800 °C 

S/C ratio 3 

GHSV 91800 h-1 

Carrier gas flow rate 200 mL min-1 

Toluene injection rate 1.38 mL h-1 (13 mmol h-1) 

Catalyst 500 mg Ni/Al2O3 

 

The performance of catalysts was evaluated by the toluene conversion (𝑋𝐶7𝐻8
) into 

gaseous products (based on a carbon balance between the reactor inlet and outlet), 

according to Equation 2: 

 𝑋𝐶7𝐻8
(%) =

(𝑛𝐶𝑂,𝑜𝑢𝑡−𝑛𝐶𝑂,𝑖𝑛)+(𝑛𝐶𝑂2,𝑜𝑢𝑡− 𝑛𝐶𝑂2,𝑖𝑛)+(𝑛𝐶𝐻4,𝑜𝑢𝑡− 𝑛𝐶𝐻4,𝑖𝑛) 

7 𝑛𝐶7𝐻8,𝑖𝑛
∗ 100  Eq.2 

CO, CO2 and H2 yield (Y) were defined as in Equations 3 to 5. In the case of H2, a 

100% yield was defined considering the WGS reaction was fully shifted to the right. 

𝑌𝐶𝑂(%)  =
(𝑛𝐶𝑂,𝑜𝑢𝑡−𝑛𝐶𝑂,𝑖𝑛)

7 𝑛𝐶7𝐻8,𝑖𝑛+𝑛𝐶𝐻4,𝑖𝑛
∗ 100   Eq. 3 

𝑌𝐶𝑂2
(%)  =

(𝑛𝐶𝑂2,𝑜𝑢𝑡− 𝑛𝐶𝑂2,𝑖𝑛)

7 𝑛𝐶7𝐻8,𝑖𝑛+𝑛𝐶𝐻4,𝑖𝑛
∗ 100  Eq. 4 

 𝑌𝐻2
(%) =

(𝑛𝐻2,𝑜𝑢𝑡− 𝑛𝐻2,𝑖𝑛)

18 𝑛𝐶7𝐻8,𝑖𝑛+4 𝑛𝐶𝐻4,𝑖𝑛
∗ 100   Eq. 5 
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CO2 selectivity was also calculated to investigate the influence of different gas 

atmospheres on CO/CO2 selectivity and assess the extent of WGS reaction. As 

methane had a total conversion in all the experiments, CO2 selectivity is defined by 

the equation below where each term is in moles: 

 𝑆𝐶𝑂2
(%) =

(𝑛𝐶𝑂2,𝑜𝑢𝑡− 𝑛𝐶𝑂2,𝑖𝑛)

(𝑛𝐶𝑂2,𝑜𝑢𝑡− 𝑛𝐶𝑂2,𝑖𝑛)+(𝑛𝐶𝑂,𝑜𝑢𝑡−𝑛𝐶𝑂,𝑖𝑛) 
∗ 100  Eq. 6 

The experimental error in toluene conversion, gas selectivity and yield is ± 2%.  

 

Thermogravimetric analysis (TGA) was conducted to investigate the coke deposition 

on the spent catalyst using a Pyris 1 thermogravimetric analyzer from PerkinElmer. 

The samples were heated from room temperature to 900 °C at 10 °C·min-1 in air 

according to a procedure described elsewhere [47].  

2.3 Thermodynamic equilibrium simulation 

ASPEN V8.4 software was used to study the thermodynamic equilibrium of the toluene 

reforming reactions under different reaction atmospheres, using an ideal base property 

method, a RGIBBS reactor (based on Gibbs free energy minimization) to identify 

reforming products and yields. Material flows, reaction conditions (reforming 

temperature, pressure) are identical to those from the corresponding experiments.  

3. Results and discussion 

3.1 Influence of single syngas component atmosphere 

A first group of experiments was conducted to understand the influence of single gas 

atmospheres on toluene steam reforming over a Ni/Al2O3 catalyst at the conditions 

shown in Table 2. A baseline is provided by experiments with an inert atmosphere (100% 

N2). Error! Reference source not found.1 presents toluene conversion and product 

gas yields for H2, CO and CO2 as a function of time on stream during reforming test 
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for each of the single syngas component atmospheres (balanced in N2) with a steam 

to carbon ratio of 3. It was observed (Figure 1a) that toluene reforming in a N2 

atmosphere led to steady gas yields and a conversion of nearly 95% over the 5-hour 

experiment.  

During the 5-hour test in 30% H2 atmosphere, shown in Figure 3, the carbon 

conversion from toluene to gas steadily decreased from 94% to 88%, as CO yield was 

reduced from 67% to 62%, while a steady yield of 26 – 28 % was observed for CO2 

throughout the test. H2 yield declined slightly from 59% to 55%. These trends point to 

a certain deactivation of the catalyst taking place as a consequence of the presence 

of H2 in the gas.  

On the other hand, no significant deactivation was observed in CO or CO2 

atmospheres. The toluene conversion into gas products observed in a 30% CO 

atmosphere (Figure 1c) showed no significant change in 5 hours, and CO, CO2 yield 

remained stable at ~33% and ~58%, respectively, throughout the experiment. The 

input of CO in the carrier gas shifted the WGS reaction to produce more H2 and CO2, 

and H2 yield stayed above 75% in the 5-hour test. In 20% CO2, shown Error! 

Reference source not found. the overall conversion of toluene stayed higher than 

90% during the 5 hours, while CO2 yield ranged from 17% to 19% and CO yield ranged 

from 71% to 76%. H2 yield also remained stable at ~58%. 

Two different conditions were tested with a 3% CH4 concentration to gain a better 

understanding on the behavior of the system with toluene and methane mixtures. In 

one of them, the molar ratio between steam and carbon in toluene was 3 (carbon in 

CH4 was not considered in the calculation, which is equivalent to S/C ratio of 2.55). In 

this case, the overall conversion from toluene to gases decreased from 90% to 79% 

after 5 hours, and H2 yield declined from 58% to 49% (Figure 1e). CO and CO2 yields 

decreased from 65% and 25% to 56% and 22%, respectively. CH4 conversion stayed 

100% throughout the test. An experiment carried out with CH4 without toluene led to 

the formation of 0.112 g of coke per g of catalyst, which represents around 2.4% of the 
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CH4 injected. Therefore, CH4 was mostly steam reformed into CO, CO2 and H2. 

In another experiment the steam feeding rate was increased to keep the S/C ratio at 

3, as per the definition in Equation 1. The product yield and total gas conversion trends 

are presented in Figure 1f. The toluene conversion into gases in first hour achieved 

93% as a result of the increasing of S/C ratio from 2.55 to 3. Then the overall 

conversion decreased with time smoothly, and finally dropped to 79% during the fifth 

hour. H2, CO and CO2 yields decreased from 72%, 59% and 36% to 64%, 52% and 

31%, respectively. H2 yield also increased with the increasing of S/C ratio. Despite the 

initial increase in toluene conversion, the degree of deactivation in 5 hours was not 

significantly affected by the increase in S/C ratio with final yield values being very close 

for the two conditions. 
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Figure 1. Gas product yield and toluene conversion as a function of time on stream in 

steam reforming tests carried out in (a) 100% N2; (b) 30%H2; (c) 30% CO; (d) 20% CO2; 

(e) 3% CH4 with S/CToluene: 3 (only C in toluene considered); (f) 3% CH4. All atmospheres 

balanced in N2. All experiments performed with a bed of Ni/Al2O3 catalyst at 800 °C and 

GHSV: 91,800 h-1. S/C 3 for all runs except for (e) as indicated. 

Figure 2 summarizes the CO and CO2 yield and toluene conversion into C-containing 

gases under different gas atmospheres at the first and fifth hours of the catalytic tests 

and compares these values with equilibrium results. The equilibrium calculation 

showed that all these atmospheres reach 100% toluene conversion into gas, and CH4 

yield stayed lower than 0.01% in all the equilibrium results. The experimental results 

showed that toluene conversion to gas under 100% N2, 30% CO in N2, 20% CO2 in N2 

atmosphere stayed over 90% throughout the 5-hour catalytic reforming tests, with very 

limited decreases in toluene conversion (< 2.5%) due to deactivation observed in 

these three atmospheres.  
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100% N2 atmosphere presented the highest toluene conversion in the whole 5 hours 

on stream, while 30% CO in N2, 20% CO2 in N2 and 30% H2 in N2 atmospheres showed 

lower toluene conversions in the 5-hour experiments. In particular, in the case of CO2, 

it can be inferred that no significant extent of dry reforming was observed as toluene 

conversion did not exceed that obtained by steam reforming alone. This indicates that 

relatively high contents (>20%) of gasification gas products (CO, H2, CO2) can slightly 

inhibit the reforming reaction of toluene. The use of CH4 did not show any obvious 

inhibition effects, probably due to its low concentration, presenting a similar initial 

toluene conversion to the 100% N2 atmosphere. However, catalyst deactivation in the 

presence of CH4 and toluene was large even though 3% CH4 on its own (also included 

in Figure 2) did not deactivate the catalyst to any observable extent. 

The injection of H2, CO, CO2 had a significant influence on gas product distribution 

both in experiments and equilibrium simulations. Equilibrium results confirmed that 

WGS reaction played an important role in CO/CO2 selectivity and H2 production. It can 

be observed in Figure 2 that CO2 yield was typically lower than equilibrium calculations 

except for the CO2 atmosphere experiment. The presence of CO in the carrier gas 

favored the WGSR reaction and more CO2 was produced than in the N2 atmosphere. 

On the other hand, feeding CO2 would largely increase CO yield to ~75%, pushing the 

reverse WGS reaction. The experimental CH4 yield in all tests was 0%. The absence 

of CH4 under all atmospheres indicated that CH4 had a total conversion over Ni/Al2O3 

catalyst even when the deactivation of toluene reforming took place. The CH4 

atmosphere test experienced the largest decrement in toluene conversion during an 

experiment as it dropped from ~94% to 81% in 5 hours, as well as in CO and CO2 

yields, followed by H2 atmosphere test. Considering that CH4 only had a concentration 

of 3 vol% in carrier gas, it is clear that CH4 plays a key role in reforming catalyst 

deactivation among syngas components. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

Figure 2. Toluene conversion to C-containing gases and CO/CO2 yield at different single 

gas atmosphere (S/C ratio: 3, GHSV:91800 h-1, reforming temperature 800 °C, all the gas 

atmospheres balanced with N2). 

Table 3 shows the gas product yields including CO, CO2 and H2 as mol/mol toluene at 

the first hour and the fifth hour under different atmospheres and compares with the 

respective equilibrium values. CO/CO2 product ratios at different atmospheres also 

changed towards the equilibrium results. Experimental CO2 selectivity under most 

atmospheres was lower than equilibrium predicted, indicating that toluene was 

reformed to CO first, which then underwent WGS reaction in the excess of steam to 

produce CO2. The only exception was the 20% CO2 atmosphere, which shifted the 

equilibrium towards a low CO2 yield and made reverse WGSR predominant.  

As a consequence of the WGSR equilibrium, the injection of CO promoted the 

production of H2, while CO2 inhibited H2 yield. The addition of H2 also reduced H2 yield 

respect to the blank experiment in N2 atmosphere but it was not enough to change the 

100% N2 30% H2 30% CO 20% CO2 3% CH4 3% CH4 

(no C7H8)

0

10

20

30

40

50

60

70

80

90

100
T

o
lu

e
n

e
 c

o
n

v
e

rs
io

n
 t
o

 C
-c

o
n

ta
in

in
g

 g
a

s
e

s
 

a
n

d
 C

O
, 
C

O
2
 y

ie
ld

(%
)

Reforming Atmosphere

 CO  (5th hour)

 CO2 (5th hour)

 CO (eq)

 CO2 (eq)
 CO  (1st hour)

 CO2 (1st hour)

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



predominant direction of the WGSR. 3% CH4 in N2 atmosphere test achieved the 

highest H2 at 16.5 mol/mol toluene during the first hour due to the additional H2 

production. This run showed the highest decrement (by 16%) at the fifth hour. 

Meanwhile, H2 yield of 30% H2 in N2 atmosphere test dropped by 7% from 11.2 to 10.4 

mol/mol toluene in the 5-hour test. The ratio of CO/CO2 stayed almost the same after 

5-hour test in all the experiments, suggesting that both reforming and WGSR functions 

were deactivated to the same extent. 

Table 3. Product yields for the gaseous products in the different reforming atmosphere 

(S/C ratio 3 GHSV:91800 h-1, reforming temperature 800 °C, N2: 100%N2, H2: 30% H2 in 

N2, CO: 30% CO in N2, CO2: 20% CO2 in N2, CH4: 3% CH4 in N2). 

Reforming 

Atmosphere 

CO2 (mol/mol 

toluene) 

CO (mol/mol 

toluene) 

H2 (mol/mol 

toluene) 

CO2 selectivity 

N2 (1st hour) 2.2 4.5 13.0 33% 

N2 (5th hour) 2.2 4.4 13.0 33% 

N2 (Equilibrium) (3.2) (3.8) (14.3) (46%) 

H2 (1st hour) 1.9 4.6 11.2 29% 

H2 (5th hour) 1.8 4.3 10.4 30% 

H2 (Equilibrium) (2.4) (4.6) (13.3) (34%) 

CO (1st hour) 4.1 2.3 14.7 64% 

CO (5th hour) 4.0 2.3 14.5 63% 
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CO 

(Equilibrium) 

(6.3) (0.7) (17.3) (90%) 

CO2 (1st hour) 1.2 5.3 10.7 18% 

CO2 (5th hour) 1.2 5.1 10.6 19% 

CO2 

(Equilibrium) 

(0.6) (6.4) (11.6) (9%) 

CH4 (1st hour) 3.0 4.8 16.5 38% 

CH4 (5th hour) 2.5 4.1 13.8 38% 

CH4 

(Equilibrium) 

(3.5) (4.6) (18.0) (43%) 

 

 

Table 4 shows the carbon conversion from toluene to coke and the fraction of coke on 

the catalyst under different reforming atmospheres determined by thermogravimetric 

analysis on the spent catalysts. In the CH4 only (no C7H8) test, 2.35% of CH4 converted 

into carbon deposition on the catalyst surface. The conversion to carbon deposits of 

100% N2, 30% CO in N2 and 20% CO2 in N2 atmosphere was very close, which 

indicates that CO and CO2 contents have very limited influence on carbon deposition 

on the catalyst, which remained stable during the tests. The presence of 30% H2 

increased the coke weight, which matched the slight deactivation observed in toluene 

conversion to C-containing gases and the drop in H2 product yield. The presence of 

H2 might prevent coke reaction with steam, and shift the equilibrium towards more 
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coke, an observation also made by Cao, Ren [41]. The mixed toluene-CH4 atmosphere 

test led to the highest coke content and ratio, much higher than could be expected 

from the simple addition of effects observed with toluene and CH4 separately. Catalyst 

deactivation was calculated from the H2 yields (𝑌𝐻2
) initially and after 5 hours on stream 

(Equation 7).  

𝐶𝑎𝑡. 𝐷𝑒𝑎𝑐. =  
 [𝑌𝐻2]

𝑡=0
−[𝑌𝐻2]

𝑡=5ℎ

[𝑌𝐻2]
𝑡=0

   Eq. 7 

A reasonable correlation between amount of coke on the catalyst and catalyst 

deactivation was observed, where the latter does not take place significantly at coke 

to catalyst ratios below a threshold of around 20 wt% but increases markedly above 

that value.  

 

Table 4. Toluene conversion to coke, fraction of coke deposited on the catalyst and 

catalyst deactivation at different reforming atmospheres (800 °C, S/C:3, GHSV:91800 h-1, 

5-hour test. N2: 100%N2, H2: 30% H2 in N2, CO: 30% CO in N2, CO2: 20% CO2 in N2, CH4: 

3% CH4 in N2). 

Reforming Atmosphere N2 H2 CO CO2 CH4 CH4 (no 

C7H8) 

Coke/C in toluene 0.68% 0.90% 0.61% 0.64% 1.54% - 

Coke/Catalyst (gC/gcat) 0.184 0.245 0.165 0.173 0.417 0.112 

Catalyst Deactivation (%) 0 7 1 1 16 0 
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3.2 Influence of multi-gas atmospheres on toluene steam reforming 

While previous tests focused on the influence of single gas in N2, this section presents 

the impact of syngas component mixtures on toluene steam reforming. First, a mixture 

of 30% H2 and 30% CO balance N2 is presented, followed by 3% CH4 and 30% H2 in 

N2 and finally a full syngas mixture consisting of 3% CH4, 30% H2, 30% CO and 20% 

CO2 in N2, typical of a gasifier under normal operation conditions [45, 46] 

 

Figure 3. Product yield trend and conversion of toluene steam reforming test in 30% H2 

and 30% CO balanced N2 atmosphere (5-hour test, Ni/Al2O3 catalyst, 800 °C, S/C ratio 3, 

GHSV: 91800 h-1) 

Figure  shows the gas product yield and conversion of toluene steam reforming 5-hour 

test in 30% H2 and 30% CO balanced N2 atmosphere. Product yields of CO and H2 

were very stable in the first 2.5 hours, and then started to drop slowly until the end of 

the tests. The overall conversion from toluene to gases also decreased below 90% at 
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160 mins to reach a final value of 84%, lower than achieved in CO and H2 separately. 

Error! Not a valid bookmark self-reference. shows CO2, CO and H2 yields (in 

mol/mol toluene) declined by ~10% in the 5-hour test, but selectivity towards CO2 was 

not affected by catalyst deactivation as discussed above. 

Table 5. Product yields for the gaseous products in 30% H2 and 30% CO balanced N2 

atmosphere (5-hour test, Ni/Al2O3 catalyst, 800 °C, S/C ratio 3, GHSV: 91800 h-1) 

Atmosphere CO2 (mol/mol 

toluene) 

CO (mol/mol 

toluene) 

H2 (mol/mol 

toluene) 

CO2 

selectivity 

H2 & CO (1st hour) 2.8 3.7 11.9 43% 

H2 & CO (5th hour) 2.6 3.3 11.1 44% 

(Equilibrium) (4.3) (2.7) (15.3) (61%) 

Figure  summarizes toluene conversion to C-containing gases and CO, CO2 yields at 

H2, CO and mixture gas atmosphere. CO content in the carrier gas had no obvious 

effect on catalyst deactivation in multi-gas mixture atmosphere. Instead, the decrease 

in toluene conversion was led by the presence of H2, as the overall toluene conversion 

showed similar trends in 30% H2 in N2 and 30% CO, 30%H2 in N2 atmosphere tests. 

The equilibrium and experimental results both showed that CO had more significant 

influence on the selectivity of product CO/CO2 than H2. When equal concentrations of 

CO and H2 were introduced to the reaction system, the equilibrium shifted to produce 

more CO2 when comparing to inert N2 atmosphere and the experimental results 

followed this behavior. 
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Figure 4. Toluene conversion to C-containing gases and CO, CO2 yields at H2, CO and 

mixture gas atmosphere (S/C ratio 3 GHSV:91800 h-1, reforming temperature 800 °C, all 

the gas atmosphere balanced with N2). 

The results presented so far showed that CH4 and H2 atmosphere had relatively more 

influence on toluene conversion and carbon deposition than CO and CO2. Next, the 

impact of CH4 and H2 mixture atmosphere on toluene steam reforming is discussed. 

To compare with the previous results, the reforming gas atmosphere was designed as 

3% CH4 and 30% H2 in N2 with a S/C ratio of 3, including CH4.  
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Figure 5. Product yield trend and toluene conversion of steam reforming test in 3% CH4 

and 30% H2 balanced N2 atmosphere (5-hour test, Ni/Al2O3 catalyst, 800 °C, S/C ratio 3, 

GHSV: 91800 h-1) 

  

0 50 100 150 200 250 300
0

10

20

30

40

50

60

70

80

90

100

P
ro

d
u

c
t 
Y

ie
ld

 (
%

)

Time(min)

 Carbon Dioxide

 Carbon Monoxide

 Hydrogen

 Toluene Conversion

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Table 6. Product yields for the gaseous products in 3% CH4 and 30% H2 balanced N2 

atmosphere (5-hour test, Ni/Al2O3 catalyst, 800 °C, S/C ratio 3, GHSV: 91800 h-1) 

Atmosphere CO2 

(mol/mol 

toluene) 

CO 

(mol/mol 

toluene) 

H2 (mol/mol 

toluene) 

CO2 

selectivity 

H2 & CH4(1st hour) 2.5 5.2 15.1 32% 

H2 & CH4 (5th hour) 1.8 3.8 10.9 32% 

(Equilibrium) (2.8) (5.3) (17.1) 35% 

Error! Reference source not found. shows the gas product yield and toluene 

conversion into gases in 3% CH4 and 30% H2 balanced N2 atmosphere. The toluene 

conversion and CO, CO2 and H2 yield started to decrease after 100 min and declined 

steadily until the end of the test. The conversion of toluene dropped markedly from 93% 

to 69%, while the CO, H2 and CO2 yields decreased from 64%, 66% and 29% to 46%, 

54% and 22%, respectively. The CH4 and H2 combined atmosphere showed a more 

significant decrement in gas production from toluene steam reforming respect to the 

two gases separately. 
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Table 6 presents CO, CO2 and H2 production during the first and fifth hours on stream 

and compares them with equilibrium results. H2 production yield decreased by 28%, 

from 15.1 to 10.9 mol/mol toluene, which was larger than expected based on the 

behavior of the individual gases. According to Table 3, the decreases in H2 yield in 30% 

H2 in N2 atmosphere and 3% CH4 in N2 atmosphere were 7% and 16%, respectively. 

The presence of CH4 and H2 can deactivate the Ni/Al2O3 catalyst much more rapidly 

than CH4 or H2 single gas atmosphere (Figure 6). 

 

Figure 6. Toluene conversion to C-containing gases and CO, CO2 yield at H2, CH4 and 

mixture gas atmosphere (S/C ratio 3, GHSV:91800 h-1, reforming temperature 800 °C, all 

the gas atmosphere balanced with N2). 

Finally, a full gas mixture composed of 3% CH4, 30% H2, 30% CO and 20% CO2 in N2 

was chosen to simulate a typical biomass gasification gas product. Figure 7.7 shows 

the gas product yield and toluene conversion in this simulated gasification atmosphere. 

Toluene conversion and gas yields started to decline slightly in the second hour, and 
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then decreased significantly in the rest 3 hours. The conversion of toluene dropped 

from 92% to 66% in the 5-hour test. The trend was similar to the test in 3% CH4 and 

30% H2 atmosphere, which indicated that CO and CO2 had limited influence on the 

deactivation of the catalyst. 

 

Figure 7. Product yield trend and conversion of toluene steam reforming test in 3% CH4, 

30% H2, 30% CO and 20% CO2 balanced N2 atmosphere (Ni/Al2O3 catalyst, 800 °C, S/C 

ratio 3, GHSV: 91800 h-1) 

Table 7 and Figure  summarize the toluene conversion to C-containing gases and CO, 

CO2 yields in all the CH4–containing atmospheres and compares with the experiments 

in the N2 atmosphere. Although the concentration of CH4 in carrier gas was fixed at 3 

vol%, which was much lower than the concentration of CO, CO2 and H2, CH4 was the 

main reason for catalyst deactivation. The injected H2 could largely decrease the 

toluene conversion to gases with the presence of a small amount of CH4. 
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Figure 8. Toluene conversion to C-containing gases and CO, CO2 yield at CO, CO2, H2, 

CH4 and mixture gas atmosphere (S/C ratio 3 GHSV:91800 h-1, reforming temperature 

800 °C, all the gas atmosphere balanced with N2). 
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Table 7. Product yields for the gaseous products in 3% CH4, 30% H2, 30% CO and 

20%CO2 balanced N2 atmosphere (5-hour test, Ni/Al2O3 catalyst, 800 °C, S/C ratio 3, 

GHSV: 91800 h-1) 

Atmosphere CO2 (mol/mol 

toluene) 

CO (mol/mol 

toluene) 

H2 (mol/mol 

toluene) 

CO2 

selectivity 

All gas (1st hour) 1.3 6.2 12.0 17% 

All gas (5th hour) 1.0 4.8 8.7 17% 

(Equilibrium) (1.6) (6.5) (15.5) (20%) 

As shown in Table 8, coke formation was favored by the complex gas atmosphere, in 

particular when a mixture containing H2 and CH4 was applied. The amount of coke 

over the Ni/Al2O3 catalyst when 3% CH4 and 30% H2 balanced N2 were employed as 

well as with the full syngas atmosphere was much larger than observed in any 

single-gas composition. On the other hand, under 30% H2 and 30% CO balanced N2, 

the coke formation was nearly identical to that observed under H2 only, reinforcing the 

role of CH4 as a trigger in toluene conversion to coke. CO and CO2 were observed to 

have no influence on coke formation, with the difference between the full syngas with 

the CH4 and H2 atmosphere being around 1%. The large coke formation in the 

atmospheres containing H2 and CH4 markedly deactivated the Ni/Al2O3 catalyst in the 

first 5 hours on stream (Table 8).  
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Table 8. Toluene conversion to coke, fraction of coke deposited on the catalyst and 

catalyst deactivation at different reforming atmosphere (800 °C, S/C:3, GHSV:91800 h-1, 

5-hour test. CO & H2 in N2: 30% H2 and 30% CO balanced N2, CH4 & H2 in N2: 3% CH4 and 

30% H2 balanced N2, All gas mixtures: 3% CH4, 30% H2, 30% CO and 20%CO2 balanced 

N2). 

Reforming Atmosphere CO & H2 in N2 CH4 & H2 in N2 All gas mixture 

Coke/C in toluene 0.88% 2.53% 2.49% 

Coke/Catalyst (gC/gcat) 0.238 0.684 0.676 

Catalyst Deactivation (%) 7 28 27 

 

4. Conclusions 

This analysis of the effect of reforming gas atmosphere on the catalytic steam 

reforming of tar using a conventional Ni/Al2O3 catalyst shows how the conversion of 

toluene is markedly affected by the presence of some syngas components, even at 

constant steam to carbon ratio and despite full equilibrium conversion being expected 

in all cases. These effects related to inhibition, observed as a drop in the initial toluene 

conversion respect to that in a N2 atmosphere, and catalyst deactivation, evidenced 

by a decrease in toluene conversion with time on stream. While only slight inhibition 

and no significant deactivation can be concluded from the presence of CO and CO2, 

H2 and CH4 have been found to have a significant adverse effect on the reforming of 

toluene in terms of catalyst deactivation. H2 also showed a mild inhibitory effect, which 

interestingly was not observed when CH4 only was used, albeit this may be due to the 

low concentration employed. 
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Strong interactions between gas components were observed, with the joint presence 

of toluene and CH4 leading to greater carbon formation, which could not have been 

predicted from separate steam reforming experiments with each of them. Moreover, 

the simultaneous exposure of the toluene reforming system to H2 and CH4 causes a 

marked deactivation of the catalyst by carbon deposition with each gas potentiating 

the negative effects of the other. In view of these results, the importance of testing tar 

reforming catalysts with full syngas compositions to avoid misleading, typically too 

optimistic, outcomes cannot be overemphasized.  
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Abstract 18 

Tar removal by catalytic steam reforming has an important role to play in gasification 19 

hot gas treatment. Despite the importance of understanding the influence gas 20 

atmosphere has on this reaction, the effect of a full syngas mixture has not been 21 

comprehensively investigated. This study aims to bridge that gap by analyzing the 22 

effect of each component as well as their combinations on steam reforming of toluene 23 

as biomass gasification tar model over a Ni/Al2O3 catalyst. It has been found that H2, 24 

CO and CO2 have minor inhibitory effects, slightly decreasing the initial toluene 25 

conversion. On the other hand, while CO and CO2 do not lead to catalyst deactivation, 26 

H2 and CH4 deactivate Ni/Al2O3 by promoting coke deposition. Only 3 vol.% of CH4 27 

can significantly increase deactivation, despite being insignificant with toluene or CH4 28 

separately. The joint presence of CH4 and H2 causes further drops in conversion with 29 

time on stream. 30 

Keywords 31 

syngas, tar steam reforming, nickel catalyst, carbon deposition, catalyst deactivation. 32 

 33 

  34 



1. Introduction 35 

Biomass gasification can act as a source of renewable heat and power as well as 36 

chemicals. At the core of gasification-based processes is synthesis gas (syngas), a 37 

valuable mixture that can provide remarkable versatility in terms of products, including 38 

hydrogen, synthetic natural gas, liquid fuels through Fischer-Tropsch synthesis, 39 

methanol and others [1-3]. However, one of the major hindrances to technology 40 

development is the formation of tar, which consists of a complex mixture of high 41 

molecular weight organic material. Tar formed in the biomass gasification process will 42 

be present as an impurity in the syngas at high temperatures and could condense or 43 

react downstream of the gasifier, affecting power generation, as well as gas separation 44 

membranes [4] and catalysts [5], for example decreasing the conversion of methane 45 

by steam reforming [6, 7].  46 

Methods studied for tar abatement include optimizing gasifier design and operating 47 

parameters to limit their formation [8-10], physical removal (eg. scrubbers, filters) [11], 48 

and thermal, plasma or catalytic conversion downstream from the gasifier [12]. Among 49 

these technologies, tar catalytic reforming is particularly appealing as the process can 50 

take place without cooling the syngas and convert tar into valuable gases, especially 51 

H2, substantially reducing its concentration [1, 13]. 52 

Catalytic tar reforming can be applied in either in-situ or ex-situ gasification systems, 53 

to remove tar content as part of the treatment to the hot syngas downstream from the 54 

gasifier [13, 14]. Systems have been developed that can crack tars while enhancing 55 

H2 production by CO2 sorption simultaneous to the reforming reaction [15]. Various 56 

types of catalyst have been studied, including olivine, dolomite, zeolite, char, metal-57 

based (eg. Fe, Co, Ni, Zn, Pt, Ce, Ru, Rh), and alkali-based (K and Ca) [16-20]. Ni-58 

based catalysts are the most studied for tar removal, likely due to their widespread 59 

application in industrial steam reforming of natural gas and other hydrocarbons, 60 

representing a lower cost option to noble metals while still providing high activity [14, 61 

https://www.sciencedirect.com/topics/engineering/gasification-system
https://www.sciencedirect.com/topics/engineering/enzymatic-activity


21].  62 

The major challenge for Ni-based catalysts is deactivation caused by carbon 63 

deposition and sintering [19, 22, 23], which shortens their life cycle [24]. Carbon 64 

deposition on the catalyst may encapsulate the active metal particles and prevent the 65 

contact between reactants and the metal active sites [12]. Carbon can quickly diffuse 66 

into or form on the Ni catalyst surface, cover or block the pores of the active nickel and 67 

decrease Ni catalytic activity [25, 26]. Carbonaceous deposits (coke) are found in three 68 

forms: polymer, whisker and pyrolytic [27]. Pyrolytic carbon is formed due to the 69 

cracking of hydrocarbons which encapsulate the nickel active site [25], and has a 70 

significant influence on catalyst deactivation. High temperature (>600 °C) and the 71 

acidity of the catalyst promote its formation [12]. 72 

The main syngas components are H2, CO, CO2 and CH4. Tar concentrations in the 73 

syngas depend on the gasifier type and operating conditions. In moving beds, they 74 

can reach relatively high values (~100 g Nm-3) in updraft gasifiers. Downdraft 75 

configurations, as they allow cracking to take place in the hot char bed [28, 29], can 76 

reach values as low as ~ 1 g Nm-3. Fluidised beds present intermediate values, 77 

typically around 15 g Nm-3 [30].  78 

Not only is tar quantity but also its composition affected by the gasifier operating 79 

conditions. An attempt to rationalize the broad range of chemical species has involved 80 

grouping them into primary, secondary and tertiary tars [31, 32]. Primary tars are 81 

formed directly from solid biomass and composed of highly oxygenated compounds, 82 

like levoglucosan derived from cellulose and methoxyphenols originated in lignin. 83 

Secondary (phenols and light olefins) and tertiary tars, consisting largely of 84 

monoaromatic and polyaromatic hydrocarbons, are the products of subsequent 85 

reactions in the gas phase. Tar composition changes from primary to tertiary as it is 86 

exposed to higher temperatures for longer times, losing oxygen functionalities and 87 

showing predominance of mono- and polyaromatic hydrocarbons in the process. Thus, 88 

updraft gasification tars are richer in primary species while downdraft gasification 89 

https://www.sciencedirect.com/topics/engineering/nickel-metal


tends to produce tertiary tars [33]. An example of this trend is the reported composition 90 

of wood gasification tars in a fluidized bed gasifier operating at 940 °C and 5 bar, in 91 

which 65 wt.% of the tar was benzene and its derivatives, mostly toluene, styrene and 92 

indene, 33 wt.% polyaromatic hydrocarbons and only below 1 wt.% was in molecules 93 

containing heteroatoms, mostly as dibenzofurane with a small amount of phenol [34]. 94 

This tar distribution is also consistent with the tendency to dealkylation reactions, for 95 

example of xylenes, reported in the literature [35] and shows that even relatively short 96 

times at such high temperature suffice to remove nearly all heteroatoms in the tar as 97 

the freeboard residence time was only 4 s. Reports from fluidized bed gasifiers 98 

operating at lower temperatures (up to 850 °C) do not deviate substantially from this 99 

trend, reporting concentrations of benzene, toluene and naphthalene as the main 100 

components and only  0.7 wt.% of phenol [36].  101 

Work in the literature tends to make use of model compounds to compare the 102 

performance of different catalysts and assess their deactivation in catalytic reforming 103 

tests. These have included benzene [37], toluene [38], polyaromatic hydrocarbons [39], 104 

among others including phenol [40], although it is more typically used as a model 105 

compound for the catalytic steam reforming of pyrolysis oils [41, 42]. The use of 106 

monoaromatics as model compounds, in particular toluene, has been observed to 107 

represent a worst-case scenario for carbon formation on Ni materials in comparison 108 

with polyaromatics [37] and real tar samples [43, 44]. This was corroborated by a study 109 

showing that lighter tar fractions [45] led to greater carbon formation than heavier ones.  110 

 111 

Toluene steam reforming is described by Reaction 1. 112 

𝐶7𝐻8 + 7𝐻2𝑂 ↔ 7 𝐶𝑂 + 11 𝐻2     Reaction 1 113 

The water gas shift (WGS) reaction (Reaction 2) will affect the syngas composition as 114 

well as steam methane reforming (Reaction 3), which can happen simultaneously if 115 

methane is present. Methane addition has also been reported as a way to increase 116 



syngas quality after reforming [46] as Reaction 3 enhances H2 production. 117 

𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2       Reaction 2 118 

𝐶𝐻4 + 𝐻2𝑂 ↔ 𝐶𝑂 + 3𝐻2      Reaction 3 119 

Other relevant reactions in the presence of CO2 or CO are toluene dry reforming 120 

(Reaction 4) and the reverse Boudouard reaction (Reaction 5). 121 

𝐶7𝐻8 + 7 𝐶𝑂2 ↔ 14 𝐶𝑂 + 4 𝐻2     Reaction 4 122 

2 𝐶𝑂 ↔ 𝐶 + 𝐶𝑂2        Reaction 5 123 

Most past and current research on catalytic steam reforming of tars has the aim of 124 

developing new catalyst formulations that can suffer less from deactivation than 125 

standard industrial catalysts [13, 45, 46, 47]. Despite the complex reaction system 126 

given by Reactions 1-5, novel catalysts are more often than not tested in atmospheres 127 

only containing tar (usually a model compound) or other contaminants, such as H2S 128 

[39, 48] and NH3, and steam [49-51], in some cases with hydrogen added [52]. 129 

However, catalyst performance, in particular its activity and tendency to deactivation 130 

by carbon deposition, can be very different when all components of the syngas mixture 131 

are considered. A previous study has hinted at complex interactions between syngas 132 

components, affecting formation of carbon on Ni materials used in solid oxide fuel cell 133 

anodes [53], but the influence of syngas composition tends to be overlooked even in 134 

comprehensive reviews on this topic [12, 13, 54].  135 

Few research studies have focused on the effect of syngas composition on catalytic 136 

tar reforming process, with most of them focusing on varying steam and H2 137 

concentrations [37, 52]. It is well-known that steam addition increases conversion and 138 

decreases carbon deposition on the catalyst. An excess of steam over the reforming 139 

stoichiometric amount is necessary to avoid widespread carbon formation and catalyst 140 

deactivation. A steam to carbon (S/C) ratio of 1 has been shown to lead to the 141 

thermodynamic prediction of no carbon on the catalyst [55], but in practice this 142 



condition resulted in heavy coke formation. S/C ratios of 2 and above have been found 143 

suitable to operate the process without significant deactivation in steam/N2 144 

atmospheres [52, 56]. It has however been reported that S/C ratios of up to 20 keep 145 

producing an increase in toluene steam reforming [24]. 146 

H2 has been found to produce a negative impact on the reforming reactions, a feature 147 

that may be expected as it is a product from this reversible reaction, with a decrease 148 

in tar conversion as well as greater carbon formation as its concentration increases 149 

[52]. However, this effect may also be dependent on temperature, as enhancement of 150 

benzene and toluene reforming with H2 partial pressure has been observed in the low 151 

temperature treatment of these model compounds between 350-400 °C and S/C ratios 152 

from 0 to 1.25 [57].  153 

The effect of CO2 on tar reforming has been mostly studied as part of dry reforming 154 

research both in the presence [58] and absence [-59] of steam. Boudouard reaction 155 

was shown effective to lower carbon deposition even at the relatively low temperature 156 

of 650 °C and employing a CO2 to carbon ratio just below one [60]. However, an 157 

increase in temperature to 800 °C and in CO2 to carbon ratio to 4.5 nearly completely 158 

removed formation of deposits on various Ni/Palygorskites. In the presence of steam 159 

the extent of the Boudouard reaction seems to be small [61]. At lower temperatures, 160 

the Sabatier reaction to produce methane competes for the active sites, as observed 161 

on a Ni-CeO2/Al2O3 catalyst, and therefore some inhibition of the tar model compound 162 

reactions has been observed [57].  163 

A more complex syngas mixture containing CO, H2, CO2 and CH4 was used in a 164 

methane steam reforming studies [62, 63] including a comparison at fixed syngas 165 

concentrations between Ni and Rh catalysts in the presence of phenanthrene [63]. 166 

Similarly, Claude et al. [64] analyzed the behavior of four Ni/γ-Al2O3 catalysts with Ni 167 

loadings varying between 10 and 50 wt.% in a syngas atmosphere containing relatively 168 

fixed amounts of H2, CO, CO2 and H2O at 650 °C. Different scenarios involved injection 169 

of toluene only, CH4 only, and both toluene and CH4 with a focus to analyze Ni 170 



reduction by toluene under these conditions. 171 

Syngas composition was varied in a study related to air gasification [58], which 172 

therefore employed relatively diluted syngas, in which it was found that CO inhibited 173 

toluene conversion. It was also established that the reaction takes place mostly 174 

through steam rather than dry reforming when both reforming agents are present. 175 

Fe-containing silicates including ores and olivine as reference material were 176 

investigated as benzene reforming catalysts in a full simulated syngas atmosphere 177 

[65]. Variations in the syngas composition affected Fe redox chemistry, with increasing 178 

concentrations of reducing agents (H2 and CO) enhancing benzene conversions at 179 

800 °C while more oxidative atmospheres had the opposite effect.  180 

A recent study [61] focused on the simultaneous reforming of toluene, naphthalene, 181 

methane and higher hydrocarbons at S/C ratio of 2 and in a full syngas atmosphere in 182 

the context of sorbent enhanced gasification. This is a particular syngas composition, 183 

markedly different from a straight gasifier output, as it contains relatively small 184 

amounts of CO and CO2 (9% and 6%, respectively were used in this study), but high 185 

H2 (70%) and CH4 (13%) contents. It was concluded that there was a competition 186 

between hydrocarbons for the Ni active sites that affected the conversion of tars in the 187 

presence of non-condensable species and vice-versa. 188 

The objective of this work is to gain an understanding of the influence of reforming gas 189 

atmosphere on catalytic steam reforming by performing a systematic study where the 190 

effects of major (H2, CO) and minor (CO2, CH4) syngas components and their mixtures 191 

of increasing complexity are analyzed. These effects have been investigated using 192 

toluene as model compound over a standard Ni/Al2O3 catalyst. Toluene is deemed a 193 

very suitable model for high-temperature gasification tars and its propensity to carbon 194 

formation can be seen as a significant challenge to gasification followed by reforming 195 

systems, as discussed above. 196 



2. Experimental 197 

2.1 Catalyst preparation 198 

The Ni/Al2O3 catalyst used in the catalytic reforming tests was prepared by the 199 

wetness impregnation method, Nickel was impregnated onto an alumina support to 200 

produce 20 wt.% of NiO with the alumina support. To this effect Ni(NO3)2·6H2O 201 

( ≥97.0%, Sigma-Aldrich) was dissolved in acetone (≥99.8%, Sigma Aldrich); the 202 

support γ- Al2O3 (≥98.0% purity, Sasol) was added into the solution stirred for 2 h, then 203 

a rotating evaporator at 60 °C under vacuum was used to remove the acetone. The 204 

resulting solid was dried overnight at 110 °C and then calcined at 600 °C with a 205 

ramping rate of 2 °C·min-1 for 4 hours. Finally, it was sieved into particles ranging 206 

between 250 and 500 μm. The Ni content is 16.4 wt.% as fully reduced Ni. The catalyst 207 

specific surface area measured by BET was 153 m2 g-1. A full characterization of its 208 

textural properties was given in a previous study [56]. 209 

2.2 Catalytic toluene steam reforming tests 210 

Toluene steam reforming tests were carried out in a fixed bed reactor used in previous 211 

bio-oil reforming studies [66]. A scheme of the system employed, and a detailed 212 

drawing of the reactor have been given elsewhere [56]. Briefly, the reactor consists of 213 

an Incoloy alloy 625 tube (12 mm i.d., 2 mm thick, 253 mm long), equipped with an 214 

inner quartz tube (9 mm i.d., 1 mm thick and 300 mm long) to avoid potential reaction 215 

between reactant gas stream and the Incoloy tube walls.  Two copper electrodes 216 

controlled by a WEST 6100+ digital temperature controller were used to heat up the 217 

reactor by Joule effect. Two syringe pumps were installed at the top of the reactor to 218 

inject toluene and water into it.  219 

Before each experiment, the reactor was purged with N2 for 10 min to remove air. The 220 

catalyst was reduced under 50 mL·min-1 of H2 at 800 °C for 1 hour. Following catalyst 221 

reduction, the carrier gas was switched to the experimental atmosphere gas 222 



composition and allowed 10 min to stabilize. It was made sure the outlet gas pressure 223 

remained unchanged during this process as there are five different gas channels and 224 

slight pressure changes would affect the accuracy of the gas mixture. The injection of 225 

steam and toluene started when the reading of the analyzers stayed stable at desired 226 

input readings for at least 5 minutes. The liquid phase reactants were carried by the 227 

atmosphere gas and preheated at 200 °C in a bed of 1 g of SiC to vaporize them. 228 

Then, the reactant mixture gas entered a 500 mg of Ni/Al2O3 catalyst bed, which was 229 

held by wire mesh and quartz wool in the middle of the quartz tube. The bed 230 

temperature was continuously monitored by a K-type thermocouple.  231 

The product gases passed through two condensers in series to collect any liquid 232 

product as well as unreacted toluene and water. Ice and dry ice were used as coolant 233 

in the first and second condenser, respectively. The products identified in the gas 234 

phase were H2, CH4, CO2 and CO. Two on-line gas analyzers were used to determine 235 

product gas compositions: an MGA3000 (ADC, UK) Multi-Gas infrared analyzer for 236 

CO2, CH4 and CO, followed by a K1550 MLT (Eaton Electric Limited, UK) thermal 237 

conductivity H2 analyzer. The software started to collect gas data (product gas 238 

concentrations) when the reactant injection started, and the gas concentrations were 239 

recorded continuously for 5 hours. 240 

The reaction gas atmosphere was designed to simulate the syngas composition from 241 

biomass gasification processes. The main products include H2, CO, CO2 and CH4. The 242 

typical composition ranges of H2, CO, CO2 and CH4 in biomass gasification syngas 243 

are 20 – 50 vol%, 20 – 40 vol%, 10 – 30 vol% and 1 – 8 vol% respectively [21, 67, 68]. 244 

To investigate the influence of H2, CO, CO2 and CH4 on catalytic toluene steam 245 

reforming, their inlet concentrations were fixed at 30, 30, 20 and 3 vol%, respectively, 246 

and balanced with N2. Table 1 shows the detailed reforming atmosphere gas 247 

compositions of different toluene catalytic steam reforming tests.  248 



Table 1. Toluene steam reforming atmospheres used in this work (on dry basis). A S/C ratio of 3 was applied in all experiments. 249 

Experimental 

Condition 

Component Concentration (%vol) [Flowrate (mmol h-1)] 

H2 CO CO2 CH4 N2 

N2 0 0 0 0 100% [536] 

H2 30% [161] 0 0 0 70% [375] 

CO 0 30% [161]  0 0 70% [359] 

CO2 0 0 20% [107] 0 80% [429] 

CH4 0 0 0 3% [16]  97% [520] 

H2 & CO 30% [161] 30% [161] 0 0 40% [214] 

H2 & CH4 30% [161]  0 0 3% [16] 67% [359] 

Full gas mixture  30% [161] 30% [161] 20% [107] 3% [16] 17% [91] 

 250 



The catalytic reforming test conditions applied in catalytic steam reforming test are 251 

shown in Table 2, which were found to be optimal in previous work [56]. S/C ratio is 252 

defined as in Equation 1, where n is the molar flowrate of each species. This definition 253 

takes into account the carbon contents of toluene and methane, and is used 254 

throughout this work unless otherwise stated. 255 

S C⁄  =
𝑛𝐻2𝑂,𝑖𝑛

7 𝑛𝐶7𝐻8,𝑖𝑛+ 𝑛𝐶𝐻4,𝑖𝑛
   Eq.1 256 

Table 2. Experimental conditions  257 

Reforming parameters Value 

Temperature 800 °C 

S/C ratio 3 

GHSV 91800 h-1 

Carrier gas flow rate 200 mL min-1 

Toluene injection rate 1.38 mL h-1 (13 mmol h-1) 

Toluene concentration 100 g m-3 

Catalyst 500 mg Ni/Al2O3 

 258 

The performance of catalysts was evaluated by the toluene conversion (𝑋𝐶7𝐻8
) into 259 

gaseous products (based on a carbon balance between the reactor inlet and outlet), 260 

according to Equation 2: 261 

 𝑋𝐶7𝐻8
(%) =

(𝑛𝐶𝑂,𝑜𝑢𝑡−𝑛𝐶𝑂,𝑖𝑛)+(𝑛𝐶𝑂2,𝑜𝑢𝑡− 𝑛𝐶𝑂2,𝑖𝑛)+(𝑛𝐶𝐻4,𝑜𝑢𝑡− 𝑛𝐶𝐻4,𝑖𝑛) 

7 𝑛𝐶7𝐻8,𝑖𝑛
∗ 100  Eq.2 262 

CO, CO2 and H2 yield (Y) were defined as in Equations 3 to 5. In the case of H2, a 263 

100% yield was defined considering the WGS reaction was fully shifted to the right. 264 

𝑌𝐶𝑂(%)  =
(𝑛𝐶𝑂,𝑜𝑢𝑡−𝑛𝐶𝑂,𝑖𝑛)

7 𝑛𝐶7𝐻8,𝑖𝑛+𝑛𝐶𝐻4,𝑖𝑛
∗ 100   Eq. 3 265 

𝑌𝐶𝑂2
(%)  =

(𝑛𝐶𝑂2,𝑜𝑢𝑡− 𝑛𝐶𝑂2,𝑖𝑛)

7 𝑛𝐶7𝐻8,𝑖𝑛+𝑛𝐶𝐻4,𝑖𝑛
∗ 100  Eq. 4 266 



 𝑌𝐻2
(%) =

(𝑛𝐻2,𝑜𝑢𝑡− 𝑛𝐻2,𝑖𝑛)

18 𝑛𝐶7𝐻8,𝑖𝑛+4 𝑛𝐶𝐻4,𝑖𝑛
∗ 100   Eq. 5 267 

CO2 selectivity was also calculated to investigate the influence of different gas 268 

atmospheres on CO/CO2 selectivity and assess the extent of WGS reaction. As 269 

methane had a total conversion in all the experiments, CO2 selectivity is defined by 270 

the equation below where each term is in moles: 271 

 𝑆𝐶𝑂2
(%) =

(𝑛𝐶𝑂2,𝑜𝑢𝑡− 𝑛𝐶𝑂2,𝑖𝑛)

(𝑛𝐶𝑂2,𝑜𝑢𝑡− 𝑛𝐶𝑂2,𝑖𝑛)+(𝑛𝐶𝑂,𝑜𝑢𝑡−𝑛𝐶𝑂,𝑖𝑛) 
∗ 100  Eq. 6 272 

The experimental error in toluene conversion, gas selectivity and yield is ± 2%.  273 

 274 

Thermogravimetric analysis (TGA) was conducted to investigate the coke deposition 275 

on the spent catalyst using a Pyris 1 thermogravimetric analyzer from PerkinElmer. 276 

The samples were heated from room temperature to 900 °C at 10 °C·min-1 in air 277 

according to a procedure described elsewhere [69]. The derivative of the weight loss 278 

with time was calculated and normalized to compare regions of carbon burnout.  279 

2.3 Thermodynamic equilibrium simulation 280 

ASPEN V8.4 software was used to study the thermodynamic equilibrium of the toluene 281 

reforming reactions under different reaction atmospheres, using an ideal base property 282 

method and a RGIBBS reactor (based on Gibbs free energy minimization) to identify 283 

reforming products and yields. Material flows, reaction conditions (reforming 284 

temperature, pressure) are identical to those from the corresponding experiments.  285 

3. Results and discussion 286 

3.1 Influence of single syngas component atmosphere 287 

A first group of experiments was conducted to understand the influence of single gas 288 

atmospheres on toluene steam reforming over a Ni/Al2O3 catalyst at the conditions 289 



shown in Table 2. A baseline is provided by experiments with an inert atmosphere (100% 290 

N2). Figure 1 presents toluene conversion and product gas yields for H2, CO and CO2 291 

as a function of time on stream during reforming test for each of the single syngas 292 

component atmospheres (balanced in N2) with a S/C ratio of 3. It was observed (Figure 293 

1a) that toluene reforming in a N2 atmosphere led to steady gas yields and a 294 

conversion of nearly 95% over the 5-hour experiment. This experiment is used as the 295 

baseline to determine the effect of the presence of each syngas component and their 296 

mixtures.  The effect of these gases can be related to inhibition of the reforming 297 

reaction and/or catalyst deactivation. Inhibition is observed as a drop in the initial 298 

activity of the fresh catalyst (at the very beginning of a run) when a given syngas 299 

component is introduced respect to that obtained in N2. Catalyst deactivation is 300 

reflected by a decrease in toluene conversion with time on stream within a run. 301 

During the 5-hour test in 30% H2 atmosphere, shown in Figure 1b, the carbon 302 

conversion from toluene to gas steadily decreased from 94% to 88%, as CO yield was 303 

reduced from 67% to 62%, while a steady yield of 26 – 28 % was observed for CO2 304 

throughout the test. H2 yield declined slightly from 59% to 55%. These trends point to 305 

a certain deactivation of the catalyst taking place as a consequence of the presence 306 

of H2 in the gas.  307 

On the other hand, no significant deactivation was observed in CO or CO2 308 

atmospheres. The toluene conversion into gas products observed in a 30% CO 309 

atmosphere (Figure 1c) showed no significant change in 5 hours, and CO, CO2 yield 310 

remained stable at ~33% and ~58%, respectively, throughout the experiment. The 311 

input of CO in the carrier gas shifted the WGS reaction to produce more H2 and CO2, 312 

and H2 yield stayed above 75% in the 5-hour test. In 20% CO2, shown in Figure 1d, 313 

the overall conversion of toluene stayed higher than 90% during the 5 hours, while 314 

CO2 yield ranged from 17% to 19% and CO yield ranged from 71% to 76%. H2 yield 315 

also remained stable at ~58%. 316 



Two different conditions were tested with a 3% CH4 concentration to gain a better 317 

understanding on the behavior of the system with toluene and methane mixtures. In 318 

one of them, the molar ratio between steam and carbon in toluene was 3 (carbon in 319 

CH4 was not considered in the calculation, which is equivalent to S/C ratio of 2.55). In 320 

this case, the overall conversion from toluene to gases decreased from 90% to 79% 321 

after 5 hours, and H2 yield declined from 58% to 49% (Figure 1e). CO and CO2 yields 322 

decreased from 65% and 25% to 56% and 22%, respectively. CH4 conversion stayed 323 

at 100% throughout the test.  324 

In another experiment the steam feeding rate was increased to keep the S/C ratio at 325 

3, as per the definition in Equation 1 (considering all carbon in toluene and CH4). The 326 

product yield and total gas conversion trends are presented in Figure 1f. The toluene 327 

conversion into gases in first hour achieved 93% as a result of the increasing of S/C 328 

ratio from 2.55 to 3. Then the overall conversion decreased with time smoothly, and 329 

finally dropped to 79% during the fifth hour. H2, CO and CO2 yields decreased from 330 

72%, 59% and 36% to 64%, 52% and 31%, respectively. H2 yield also increased with 331 

the increasing of S/C ratio. Despite the initial increase in toluene conversion, the 332 

degree of deactivation in 5 hours was not significantly affected by the increase in 333 

S/C ratio with final yield values being very close for the two conditions. 334 



 335 
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 340 

Figure 1. Gas product yield and toluene conversion as a function of time on stream in 341 

steam reforming tests carried out in (a) 100% N2; (b) 30%H2; (c) 30% CO; (d) 20% CO2; 342 

(e) 3% CH4 with S/CToluene: 3 (only C in toluene considered); (f) 3% CH4. All atmospheres 343 

balanced in N2. All experiments performed with a bed of Ni/Al2O3 catalyst at 800 °C and 344 
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GHSV: 91,800 h-1. S/C 3 for all runs except for (e) as indicated. 345 

Figure 2 summarizes the CO and CO2 yield and toluene conversion into C-containing 346 

gases under different gas atmospheres at the first and fifth hours of the catalytic tests 347 

and compares these values with equilibrium results. The equilibrium calculation 348 

showed that all these atmospheres reach 100% toluene conversion into gas, and CH4 349 

yield stayed lower than 0.01% in all the equilibrium results. The experimental results 350 

showed that toluene conversion to gas under 100% N2, 30% CO in N2, 20% CO2 in N2 351 

atmosphere stayed over 90% throughout the 5-hour catalytic reforming tests, with very 352 

limited decreases in toluene conversion (< 2.5%) due to deactivation observed in 353 

these three atmospheres.  354 

100% N2 atmosphere presented the highest toluene conversion in the whole 5 hours 355 

on stream, while 30% CO in N2, 20% CO2 in N2 and 30% H2 in N2 atmospheres showed 356 

lower toluene conversions in the 5-hour experiments. In particular, in the case of CO2, 357 

it can be inferred that no significant extent of dry reforming was observed as toluene 358 

conversion did not exceed that obtained by steam reforming alone. This indicates that 359 

relatively high contents (>20%) of gasification syngas components (CO, H2, CO2) can 360 

slightly inhibit the reforming reaction of toluene. The use of CH4 did not show any 361 

obvious inhibition effects, presenting a similar initial toluene conversion to the 100% 362 

N2 atmosphere. However, catalyst deactivation in the presence of CH4 and toluene 363 

was large even though 3% CH4 on its own (also included in Figure 2) did not deactivate 364 

the catalyst to any observable extent. The experiment carried out with CH4 but no 365 

toluene presented nearly complete carbon conversion. It led to the formation of 0.112 366 

g of coke per g of catalyst, which represents around only 2.35% of the CH4 injected. 367 

CH4 was mostly steam reformed into CO, CO2 and H2, which is consistent with the fact 368 

that these experiments have been carried out a temperature much lower than the 369 

onset of CH4 pyrolysis, which is the main route to ethane, ethylene and carbon 370 

formation [70]. 371 



The injection of H2, CO, CO2 had a significant influence on gas product distribution 372 

both in experiments and equilibrium simulations. Equilibrium results confirmed that the 373 

WGS reaction played an important role in CO/CO2 selectivity and H2 production. It can 374 

be observed in Figure 2 that CO2 yield was typically lower than equilibrium calculations 375 

except for the CO2 atmosphere experiment. The presence of CO in the carrier gas 376 

favored the WGS reaction and more CO2 was produced than in the N2 atmosphere. 377 

On the other hand, feeding CO2 would largely increase CO yield to ~75%, pushing the 378 

reverse WGS reaction. The experimental CH4 yield in all tests was 0%. The absence 379 

of CH4 under all atmospheres indicated that CH4 had a total conversion over Ni/Al2O3 380 

catalyst even when the deactivation of toluene reforming took place. The CH4 381 

atmosphere test experienced the largest decrement in toluene conversion during an 382 

experiment as it dropped from ~94% to 81% in 5 hours, as well as in CO and CO2 383 

yields, followed by H2 atmosphere test. Considering that CH4 only had a concentration 384 

of 3 vol% in carrier gas, it is clear that CH4 plays a key role in reforming catalyst 385 

deactivation among syngas components. 386 



 387 

Figure 2. Toluene conversion to C-containing gases and CO/CO2 yield at different single 388 

gas atmospheres (S/C ratio: 3, GHSV:91800 h-1, reforming temperature 800 °C, all the 389 

gas atmospheres balanced with N2). Methane conversion is shown for the experiment 390 

containing CH4 but no toluene. 391 

Table 3 shows the gas product yields including CO, CO2 and H2 as mol/mol toluene at 392 

the first hour and the fifth hour under different atmospheres and compares with the 393 

respective equilibrium values. CO/CO2 product ratios at different atmospheres also 394 

changed towards the equilibrium results. Experimental CO2 selectivity under most 395 

atmospheres was lower than equilibrium predicted, indicating that toluene was 396 

reformed to CO first, which then underwent WGS reaction in the excess of steam to 397 

produce CO2. The only exception was the 20% CO2 atmosphere, which shifted the 398 

equilibrium towards a low CO2 yield and made reverse WGSR predominant.  399 

As a consequence of the WGS reaction equilibrium, the injection of CO promoted the 400 
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production of H2, while CO2 inhibited H2 yield. The addition of H2 also reduced H2 yield 401 

respect to the blank experiment in N2 atmosphere but it was not enough to change the 402 

predominant direction of the WGS reaction. 3% CH4 in N2 atmosphere test achieved 403 

the highest H2 at 16.5 mol/mol toluene during the first hour due to the additional H2 404 

production. This run showed the highest decrement (by 16%) at the fifth hour. 405 

Meanwhile, H2 yield of 30% H2 in N2 atmosphere test dropped by 7% from 11.2 to 10.4 406 

mol/mol toluene in the 5-hour test. The ratio of CO/CO2 stayed almost the same after 407 

5-hour test in all the experiments, suggesting that both reforming and WGS reaction 408 

functions were deactivated to the same extent. 409 

Table 3. Product yields for the gaseous products in the different reforming atmosphere 410 

(S/C ratio 3 GHSV:91800 h-1, reforming temperature 800 °C, N2: 100%N2, H2: 30% H2 in 411 

N2, CO: 30% CO in N2, CO2: 20% CO2 in N2, CH4: 3% CH4 in N2). 412 

Reforming 

Atmosphere 

CO2 (mol/mol 

toluene) 

CO (mol/mol 

toluene) 

H2 (mol/mol 

toluene) 

CO2 selectivity 

N2 (1st hour) 2.2 4.5 13.0 33% 

N2 (5th hour) 2.2 4.4 13.0 33% 

N2 (Equilibrium) (3.2) (3.8) (14.3) (46%) 

H2 (1st hour) 1.9 4.6 11.2 29% 

H2 (5th hour) 1.8 4.3 10.4 30% 

H2 (Equilibrium) (2.4) (4.6) (13.3) (34%) 

CO (1st hour) 4.1 2.3 14.7 64% 



CO (5th hour) 4.0 2.3 14.5 63% 

CO 

(Equilibrium) 

(6.3) (0.7) (17.3) (90%) 

CO2 (1st hour) 1.2 5.3 10.7 18% 

CO2 (5th hour) 1.2 5.1 10.6 19% 

CO2 

(Equilibrium) 

(0.6) (6.4) (11.6) (9%) 

CH4 (1st hour) 3.0 4.8 16.5 38% 

CH4 (5th hour) 2.5 4.1 13.8 38% 

CH4 

(Equilibrium) 

(3.5) (4.6) (18.0) (43%) 

 413 

Table 4 shows the carbon conversion from toluene to coke and the fraction of coke on 414 

the catalyst under different reforming atmospheres determined by thermogravimetric 415 

analysis on the spent catalysts. In the CH4 only (no C7H8) test, 2.35% of CH4 was 416 

converted into carbon deposits on the catalyst surface. The conversion to carbon 417 

deposits of 100% N2, 30% CO in N2 and 20% CO2 in N2 atmosphere was very close, 418 

which indicates that CO and CO2 contents have very limited influence on carbon 419 

deposition on the catalyst, which remained stable during the tests. The presence of 420 

30% H2 increased the coke weight, which matched the slight deactivation observed in 421 

toluene conversion to C-containing gases and the drop in H2 product yield. The 422 



presence of H2 might prevent coke reaction with steam, and shift the equilibrium 423 

towards more coke, an observation also made in the literature [52]. The mixed toluene-424 

CH4 atmosphere test led to the highest coke content and ratio, much higher than could 425 

be expected from the simple addition of effects observed with toluene and CH4 426 

separately. Catalyst deactivation was calculated from the H2 yields (𝑌𝐻2
) initially and 427 

after 5 hours on stream (Equation 7).  428 

𝐶𝑎𝑡. 𝐷𝑒𝑎𝑐. =  
 [𝑌𝐻2]

𝑡=0
−[𝑌𝐻2]

𝑡=5ℎ

[𝑌𝐻2]
𝑡=0

   Eq. 7 429 

A reasonable correlation between amount of coke on the catalyst and catalyst 430 

deactivation was observed, where the latter does not take place significantly at coke 431 

to catalyst ratios below a threshold of around 20 wt.% but increases markedly above 432 

that value.  433 

Table 4. Toluene conversion to coke, fraction of coke deposited on the catalyst and 434 

catalyst deactivation at different reforming atmospheres (800 °C, S/C:3, GHSV:91800 h-1, 435 

5-hour test. N2: 100%N2, H2: 30% H2 in N2, CO: 30% CO in N2, CO2: 20% CO2 in N2, CH4: 436 

3% CH4 in N2). 437 

Reforming Atmosphere 
N2 H2 CO CO2 CH4 CH4 (no 

C7H8) 

Coke/C in toluene 0.68% 0.90% 0.61% 0.64% 1.54% - 

Coke/Catalyst (gC/gcat) 0.184 0.245 0.165 0.173 0.417 0.112 

Catalyst Deactivation (%) 0 7 1 1 16 0 

 438 



3.2 Influence of multi-gas atmospheres on toluene steam reforming 439 

While previous tests focused on the influence of single gas in N2, this section presents 440 

the impact of syngas component mixtures on toluene steam reforming. First, a mixture 441 

of 30% H2 and 30% CO balance N2 is presented, followed by 3% CH4 and 30% H2 in 442 

N2 and finally a full syngas mixture consisting of 3% CH4, 30% H2, 30% CO and 20% 443 

CO2 in N2, typical of a gasifier under normal operation conditions [48, 49] 444 

 445 

Figure 3. Product yield trend and conversion of toluene steam reforming test in 30% H2 446 

and 30% CO balanced N2 atmosphere (5-hour test, Ni/Al2O3 catalyst, 800 °C, S/C ratio 3, 447 

GHSV: 91800 h-1). 448 

Figure 3 shows the gas product yield and conversion of toluene steam reforming 449 

5-hour test in 30% H2 and 30% CO balanced N2 atmosphere. Product yields of CO 450 

and H2 were very stable in the first 2.5 hours, and then started to drop slowly until the 451 

end of the tests. The overall conversion from toluene to gases also decreased below 452 
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90% at 160 mins to reach a final value of 84%, lower than achieved in CO and H2 453 

separately. Table 5 shows CO2, CO and H2 yields (in mol/mol toluene) declined by ~10% 454 

in the 5-hour test, but selectivity towards CO2 was not affected by catalyst deactivation 455 

as discussed above. 456 

Table 5. Product yields for the gaseous products in 30% H2 and 30% CO balanced N2 457 

atmospheres (5-hour test, Ni/Al2O3 catalyst, 800 °C, S/C ratio 3, GHSV: 91800 h-1) 458 

Atmosphere CO2 (mol/mol 

toluene) 

CO (mol/mol 

toluene) 

H2 (mol/mol 

toluene) 

CO2 

selectivity 

H2 & CO (1st hour) 2.8 3.7 11.9 43% 

H2 & CO (5th hour) 2.6 3.3 11.1 44% 

(Equilibrium) (4.3) (2.7) (15.3) (61%) 

Figure 4 summarizes toluene conversion to C-containing gases and CO, CO2 yields 459 

at H2, CO and mixture gas atmosphere. CO content in the carrier gas had no obvious 460 

effect on catalyst deactivation in multi-gas mixture atmosphere. Instead, the decrease 461 

in toluene conversion was led by the presence of H2, as the overall toluene conversion 462 

showed similar trends in 30% H2 in N2 and 30% CO, 30%H2 in N2 atmosphere tests. 463 

The equilibrium and experimental results both showed that CO had more significant 464 

influence on the selectivity of product CO/CO2 than H2. When equal concentrations of 465 

CO and H2 were introduced to the reaction system, the equilibrium shifted to produce 466 

more CO2 when comparing to inert N2 atmosphere and the experimental results 467 

followed this behavior. 468 



 469 

Figure 4. Toluene conversion to C-containing gases and CO, CO2 yields at H2, CO and 470 

mixture gas atmospheres (S/C ratio 3 GHSV:91800 h-1, reforming temperature 800 °C, 471 

all the gas atmosphere balanced with N2). 472 

The results presented so far showed that CH4 and H2 atmosphere had relatively more 473 

influence on toluene conversion and carbon deposition than CO and CO2. Next, the 474 

impact of CH4 and H2 mixture atmosphere on toluene steam reforming is discussed. 475 

To compare with the previous results, the reforming gas atmosphere was designed as 476 

3% CH4 and 30% H2 in N2 with a S/C ratio of 3, including CH4.  477 
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 478 

Figure 5. Product yield trend and toluene conversion of steam reforming test in 3% CH4 479 

and 30% H2 balanced N2 atmosphere (5-hour test, Ni/Al2O3 catalyst, 800 °C, S/C ratio 3, 480 

GHSV: 91800 h-1) 481 
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Table 6. Product yields for the gaseous products in 3% CH4 and 30% H2 balanced N2 483 

atmosphere (5-hour test, Ni/Al2O3 catalyst, 800 °C, S/C ratio 3, GHSV: 91800 h-1) 484 

Atmosphere CO2 

(mol/mol 

toluene) 

CO 

(mol/mol 

toluene) 

H2 (mol/mol 

toluene) 

CO2 

selectivity 

H2 & CH4(1st hour) 2.5 5.2 15.1 32% 

H2 & CH4 (5th hour) 1.8 3.8 10.9 32% 

(Equilibrium) (2.8) (5.3) (17.1) 35% 

Figure 5 shows the gas product yield and toluene conversion into gases in 3% CH4 485 

and 30% H2 balanced N2 atmosphere. The toluene conversion and CO, CO2 and H2 486 

yield started to decrease after 100 min and declined steadily until the end of the test. 487 

The conversion of toluene dropped markedly from 93% to 69%, while the CO, H2 and 488 

CO2 yields decreased from 64%, 66% and 29% to 46%, 54% and 22%, respectively. 489 

The CH4 and H2 combined atmosphere showed a more significant decrement in gas 490 

production from toluene steam reforming respect to the two gases separately.  491 

Table 6 presents CO, CO2 and H2 production during the first and fifth hours on stream 492 

and compares them with equilibrium results. H2 production yield decreased by 28%, 493 

from 15.1 to 10.9 mol/mol toluene, which was larger than expected based on the 494 

behavior of the individual gases. According to Table 4, the decreases in H2 yield in 30% 495 

H2 in N2 atmosphere and 3% CH4 in N2 atmosphere were 7% and 16%, respectively. 496 

The presence of CH4 and H2 can deactivate the Ni/Al2O3 catalyst much more rapidly 497 

than CH4 or H2 single gas atmosphere (Figure 6). 498 



 499 

Figure 6. Toluene conversion to C-containing gases and CO, CO2 yield at H2, CH4 and 500 

mixture gas atmosphere (S/C ratio 3, GHSV:91800 h-1, reforming temperature 800 °C, all 501 

the gas atmosphere balanced with N2). 502 

Finally, a full gas mixture composed of 3% CH4, 30% H2, 30% CO and 20% CO2 in N2 503 

was chosen to simulate a typical biomass gasification syngas. Figure 7.7 shows the 504 

gas product yield and toluene conversion in this simulated gasification atmosphere. 505 

Toluene conversion and gas yields started to decline slightly in the second hour, and 506 

then decreased significantly in the rest 3 hours. The conversion of toluene dropped 507 

from 92% to 66% in the 5-hour test. The trend was similar to the test in 3% CH4 and 508 

30% H2 atmosphere, which indicated that CO and CO2 had limited influence on the 509 

deactivation of the catalyst. 510 
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 511 

Figure 7. Product yield trend and conversion of toluene steam reforming test in 3% CH4, 512 

30% H2, 30% CO and 20% CO2 balanced N2 atmosphere (Ni/Al2O3 catalyst, 800 °C, S/C 513 

ratio 3, GHSV: 91800 h-1) 514 

Table 7 and Figure 8 summarize the toluene conversion to C-containing gases and 515 

CO, CO2 yields in all the CH4–containing atmospheres and compares with the 516 

experiments in the N2 atmosphere. Although the concentration of CH4 in carrier gas 517 

was fixed at 3 vol%, which was much lower than the concentration of CO, CO2 and H2, 518 

CH4 was the main reason for catalyst deactivation. The injected H2 could largely 519 

decrease the toluene conversion to gases with the presence of a small amount of CH4. 520 
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 521 

Figure 8. Toluene conversion to C-containing gases and CO, CO2 yield at CO, CO2, H2, 522 

CH4 and mixture gas atmosphere (S/C ratio 3 GHSV:91800 h-1, reforming temperature 523 

800 °C, all the gas atmosphere balanced with N2). 524 
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Table 7. Product yields for the gaseous products in 3% CH4, 30% H2, 30% CO and 526 

20%CO2 balanced N2 atmosphere (5-hour test, Ni/Al2O3 catalyst, 800 °C, S/C ratio 3, 527 

GHSV: 91800 h-1) 528 

Atmosphere CO2 (mol/mol 

toluene) 

CO (mol/mol 

toluene) 

H2 (mol/mol 

toluene) 

CO2 

selectivity 

Full gas (1st hour) 1.3 6.2 12.0 17% 

Full gas (5th hour) 1.0 4.8 8.7 17% 

(Equilibrium) (1.6) (6.5) (15.5) (20%) 

As shown in Table 8, coke formation was favored by the complex gas atmosphere, in 529 

particular when a mixture containing H2 and CH4 was applied. The amount of coke 530 

over the Ni/Al2O3 catalyst when 3% CH4 and 30% H2 balanced N2 were employed as 531 

well as with the full syngas atmosphere was much larger than observed in any 532 

single-gas composition. On the other hand, under 30% H2 and 30% CO balanced N2, 533 

the coke formation was nearly identical to that observed under H2 only, reinforcing the 534 

role of CH4 as a trigger in toluene conversion to coke. CO and CO2 were observed to 535 

have no influence on coke formation, with the difference between the full syngas with 536 

the CH4 and H2 atmosphere being around 1%. The large coke formation in the 537 

atmospheres containing H2 and CH4 markedly deactivated the Ni/Al2O3 catalyst in the 538 

first 5 hours on stream (Table 8).  539 

  540 



Table 8. Toluene conversion to coke, fraction of coke deposited on the catalyst and 541 

catalyst deactivation at different reforming atmosphere (800 °C, S/C:3, GHSV:91800 h-1, 542 

5-hour test. CO & H2 in N2: 30% H2 and 30% CO balanced N2, CH4 & H2 in N2: 3% CH4 and 543 

30% H2 balanced N2, Full gas mixtures: 3% CH4, 30% H2, 30% CO and 20%CO2 balanced 544 

N2). 545 

Reforming Atmosphere CO & H2 in N2 CH4 & H2 in N2 Full gas mixture 

Coke/C in toluene 0.88% 2.53% 2.49% 

Coke/Catalyst (gC/gcat) 0.238 0.684 0.676 

Catalyst Deactivation (%) 7 28 27 

3.3 Discussion of potential pathways for influence of syngas composition on the 546 

balance between syngas and carbon formation 547 

A further insight on the type of carbon formed on the catalyst was obtained by 548 

analyzing the derivative thermogravimetric profiles obtained during temperature 549 

programmed oxidation (DTG-TPO) of the spent catalysts. These are shown in Figure 9, 550 

where each profile was normalized to the maximum peak to facilitate comparison. No 551 

low-temperature DTG-TPO peak corresponding to gum carbon formation are 552 

observed in any of the spent catalysts. This is expected given the high temperature of 553 

the reforming experiments, well above the range (typically reported as up to 450 °C 554 

[12]) in which gum formation is favored. Two DTG-TPO peaks are visible in most of 555 

the spent catalysts, the one at lower temperature corresponding to pyrolytic carbon 556 

and the other related to whisker structures. The threshold between both has been 557 

estimated to be around 650 °C in the literature [46, 71], which is consistent with the 558 

temperature of the shoulder observed in these DTG-TPO curves. It can be seen that 559 



pyrolytic carbon is predominant in all atmospheres, although there is still a significant 560 

contribution from whisker carbon. 561 

 562 

 563 



 564 

Figure 9. DTG-TPO analysis for the spent catalysts at different reforming atmospheres 565 

(800 °C, S/C:3, GHSV:91800 h-1, 5-hour test). (a) N2: 100%N2, H2: 30% H2 in N2, CO: 30% 566 

CO in N2, CO2: 30% CO2 in N2, CH4: 3% CH4 in N2 with and without toluene). (b) CO & H2 567 

in N2: 30% H2 and 30% CO balanced N2, CH4 & H2 in N2: 3% CH4 and 30% H2 balanced N2, 568 

All gas mixture: 3% CH4, 30% H2, 30% CO and 20%CO2 balanced N2.  Each trace has 569 

been normalized. 570 

As differences in carbon formation between different atmospheres appear to be 571 

quantitative rather than qualitative, an attempt can be made to rationalize them based 572 

on a common reaction pathway. The simplified steam reforming reaction scheme 573 

shown in Figure 10 has been proposed [72].  Following adsorption on the catalyst the 574 

hydrocarbons undergo hydrocracking to produce adsorbed C and H. These carbon 575 

species can then either react with adsorbed OH from the dissociation of water, to 576 

produce CO, which can be desorbed into the gas phase or further react to CO2 with 577 

adsorbed OH, or associate with other adsorbed C to form carbon deposits. The latter 578 

may involve migration through the Ni particle in the case of whisker carbon. Adsorbed 579 



H species can recombine and undergo desorption to produce H2 in the gas phase. 580 

This scheme can be linked to the observations in this work to explain the effect of 581 

syngas components.  582 

 583 

Figure 10. Simplified scheme for the steam reforming reaction of hydrocarbons on a Ni 584 

catalyst based on [72]. 585 

Taking the experiment in N2 as the baseline, it was observed that H2 led to inhibition 586 

and a moderate increase in carbon formation. Higher partial pressures of H2 would 587 

tend to counteract the dissociation of the hydrocarbon on the catalyst active site and 588 

therefore cause the inhibition detected in the experiments. At the same time, the higher 589 

hydrogen pressure would decrease the concentration of surface OH, favoring the 590 

competing pathway towards carbon formation. 591 

CO and CO2 led to very slight inhibition and a decrease in carbon formation. Both 592 

could be the result of competition with toluene for adsorption on the catalyst, the very 593 

first step on the scheme. As the potential for carbon formation of both gases is low, in 594 

the case of CO because the high temperature does not favor reverse Boudouard 595 

reaction (Reaction 5), a small substitution of toluene by CO and CO2 would lead to 596 



slightly lower carbon formation as well as diminished toluene conversion. On the other 597 

hand, CH4 leads to more adsorbed carbon (C(ad)) on the catalyst through 598 

hydrocracking, enhancing the potential for carbon formation. 599 

A more detailed reaction mechanism specific for toluene steam reforming has been 600 

developed in a study [5] using density functional theory combined with in-situ infrared 601 

measurements. It showed that the preferential hydrocracking mechanism would 602 

involve full dehydrogenation of the methyl group first to produce a radical C6H5-C
. 603 

adsorbed on the catalyst. This structure subsequently losses an aromatic H atom from  604 

one of the β C atoms, which then leads to ring opening by cleavage of the aryl carbon 605 

bond resulting in a seven-carbon linear chain. Subsequent C-C dissociation leads to 606 

shorter chains with three- and four-carbon linear structures being the more 607 

energetically favorable. These structures undergo oxidation with O produced from 608 

steam dissociation and subsequent C-H bond scissions to finally produce CO and CO2 609 

through aldehyde intermediates. Again, the availability of extra H would tend to reverse 610 

the C-H bond scissions, causing a degree of inhibition while hindering conversion of 611 

the linear structures into aldehydes and increasing the chances of repolymerization to 612 

carbon. In this scheme it is also clear that extra carbon species originated in CH4 would 613 

potentiate the pathways leading to carbon formation over the formation of the aldehyde 614 

intermediate. 615 

4. Conclusions 616 

This analysis of the effect of reforming gas atmosphere on the catalytic steam 617 

reforming of tar using a conventional Ni/Al2O3 catalyst shows how the conversion of 618 

toluene is markedly affected by the presence of some syngas components, even at 619 

constant steam to carbon ratio and despite full equilibrium conversion being expected 620 

in all cases. While only slight inhibition and no significant deactivation can be 621 

concluded from the presence of CO and CO2, H2 and CH4 have been found to have a 622 



significant adverse effect on the reforming of toluene in terms of catalyst deactivation. 623 

H2 also showed a mild inhibitory effect, which interestingly was not observed when 624 

CH4 only was used, albeit this may be due to the low concentration employed. Strong 625 

interactions between gas components were observed, with the joint presence of 626 

toluene and CH4 leading to greater carbon formation, which could not have been 627 

predicted from separate steam reforming experiments with each of them. Moreover, 628 

the simultaneous exposure of the toluene reforming system to H2 and CH4 causes a 629 

marked deactivation of the catalyst by carbon deposition with each gas potentiating 630 

the negative effects of the other. In view of these results, the importance of testing tar 631 

reforming catalysts with full syngas compositions to avoid misleading, typically too 632 

optimistic, outcomes cannot be overemphasized.  633 

 634 
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