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ABSTRACT 

The present work analyses the effect on the reforming process of biodiesel crude 

glycerol of three impurities commonly found in this product. The influence of the 

presence of CH3OH (0-5 wt.%) and/or CH3COOH (0-3 wt.%) and/or KOH (0-2.8 wt.%) 

during the catalytic steam reforming of a 30 wt.% glycerol aqueous solution has been 

evaluated theoretically, studying the equilibrium composition of the gas, and 

experimentally in a fluidised bed reactor at 550 ºC. The presence of the aforementioned 

impurities has a weak impact on the thermodynamic gas composition. However, they 

significantly influence the product distribution (in carbon basis) obtained 

experimentally. The carbon of the feed converted into gas, solid and liquid products 

varied as follows: 75-100 %, 0-25% and 0-2.5%. CH3OH alone does not alter the results 

obtained with pure glycerol. In contrast, CH3COOH and KOH decrease the initial 

production of gases. This decrease is very high for KOH due to the formation of char. 

However, its progressive accumulation inside the reactor exerts a positive catalytic 

effect on the gasification of this char, augmenting the gas production over time. The 

composition of the gas was little affected by the presence of the impurities. The gas 

phase was made up of a mixture of H2 (66-70 vol.%), CO2 (24-29 vol.%), CO (3-6 

vol.%) and CH4 (0.5-2.5 vol.%). The liquid phase consisted of a mixture of alcohols, 

ketones, cyclic compounds, aldehydes and phenols. 
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1. Introduction 

 

As a result of environmental concerns and stricter regulations for fuels, worldwide 

biodiesel production is increasing dramatically. In the biodiesel production process, 

glycerol is obtained as a by-product (10 kg of biodiesel yields approximately 1 kg of 

crude glycerol), and consequently this increase in production could create a surplus of 

crude glycerol that might not be absorbed by its current market [1].  

 

The accumulation of crude glycerol may not only hamper the development of the 

biodiesel industry, but may also create both economic and environmental problems. In 

this context, various processes are being investigated in order to upgrade this biodiesel-

derived glycerol and thus improve the biodiesel economy and sustainability [2, 3]. A 

promising strategy is catalytic steam reforming, a catalytic process that allows the 

conversion of this biodiesel by-product into a hydrogen rich gas [4]. The valorisation of 

glycerol by catalytic steam reforming offers several advantages. It allows the generation 

of syngas and/or H2 from this renewable material, which can consequently help to 

improve the economy of the biodiesel production process. Moreover, the hydrogen 

obtained can be used in other processes. Depending on the reaction conditions and the 

catalyst used, different chemicals such as methanol, other alcohols and aldehydes could 

be produced from this H2 rich gas in a third generation bio-refinery [5]. In addition, a 

high purity H2 can be obtained making use of the innovative continuous sorption-

enhanced steam reforming concept developed by Dou et al. [6, 7], which not only 
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allows the production of high purity H2 but also permits the regeneration of the sorbent 

and catalyst in the same process.  

 

The catalytic steam reforming of glycerol has been studied in many works. However, as 

reviewed by Lin [3], these works were focused on understanding the effect of the 

operating conditions and the catalyst type during the reforming of reagent-grade 

glycerol. Ni based catalysts have been commonly used in this process since they meet 

the challenge of being active and selective towards H2, although they are susceptible to 

deactivation by coking. Therefore, they are modified with different active phase and 

support modifiers to enhance the steam reforming and WGS reaction as well as 

increasing their attrition resistance [8-13].  

 

Nevertheless, the glycerol discharged from biodiesel production plants consists not only 

of pure glycerol but also of many other chemicals [1]. The presence of these impurities 

in biodiesel-derived glycerol can significantly affect the catalytic steam reforming 

process.  

 

There are few works studying the catalytic steam reforming of crude glycerol [4, 14-

18]. The crude glycerol used in these works was made up of a mixture of glycerol, 

methanol, inorganic salts, polyglycerols and fatty acid impurities. In some of these 

works, the results obtained with reagent grade glycerol and crude glycerol were 

compared [4, 17].  

 

Slinn et al. [4] studied and optimised the steam reforming of glycerol using a Pt-Al2O3 

catalyst. They found optimum conditions for glycerol reforming at 860 °C, feeding 0.12 
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mol/min glycerol per kg of catalyst and employing a S/C ratio of 2.5 mol H2O/mol C. 

Under these reaction conditions, a comparison between crude and reagent grade 

glycerol was established. It was found that the conversions and yields with crude 

glycerol were 70% of those obtained with pure glycerol. They reported that the long 

chain fatty acid impurities were harder to reform and more likely to form carbon.   

 

Dou et al. [16] analysed the catalytic steam reforming of glycerol/crude glycerol 

with/without CO2 sorption. The crude glycerol consisted of 70-90 wt.% glycerol, a 

methanol content lower than 15 wt.% and some FAMES: linoleic, palmitic, oleic and 

stearic acid methyl esters. The glycerol conversion and the composition of the gas 

obtained during the steam reforming were studied and compared at different 

temperatures. The crude glycerol conversions were 71%, 96%, and 100% at 400 °C, 

500 °C, and 600 °C respectively. They were slightly higher than those of the pure 

glycerol under the same reaction conditions (63%, 92%, and 97%). It was suggested 

that the presence of thermally resistant residues was responsible for these differences. 

The H2 content using crude glycerol was slightly higher than using pure glycerol (67-68 

vol.% compared to 65-66 vol.%). It was concluded that the presence of methanol and 

FAMEs increased the H2 content compared to that of the pure glycerol due to 

stoichiometry. 

 

In the work of Valliyappan et al. [19]  the results obtained with a synthetic crude 

glycerol solution made up of  60 wt.% of glycerol, 31 wt.% of methanol, 7.5 wt.% of 

water and 1.5 wt.% of potassium hydroxide were compared with those obtained 

employing pure glycerol at 800 ºC. In the absence of catalyst, a higher yield to gas 

(94% v.s 91%) and a lower yield to solid (7% v.s 9%) were reported for pure glycerol 
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than for crude glycerol, respectively. These differences were attributed to the deposition 

of KOH in the reactor, which helped to increase char formation. As regards gas 

composition, few differences between the crude and pure glycerol were found. In the 

presence of catalyst, the production of hydrogen and the yield to gas from crude 

glycerol were higher than those from pure glycerol, while the formation of char was 

higher for crude glycerol. The authors reported that the presence of potassium 

hydroxide in the glycerol solution could favour the gasification reactions and char 

formation. 

 

The comparisons between crude and reagent grade glycerol show that higher coke 

contents were obtained when crude glycerol was used and indicate that the presence of 

fatty acid methyl esters in crude glycerol was one of the reasons. However, these global 

comparisons show contradictory results in some cases. Additionally, they do not show 

the individual effect of each of the most representative biodiesel-derived impurities on 

the process, that is to say, the rest of the alcohol and catalyst employed during the 

transesterification reaction (methanol and potassium hydroxide, respectively) as well as 

the possible effect of the presence of an acid. Sulphuric acid, phosphoric acid or acetic 

acid, among others, can be present in the glycerol solution if it is neutralised [1, 20].  

 

Taking this information into account, the objective of this work is to study the effect of 

the presence of acetic acid, potassium hydroxide and methanol during the reforming of 

glycerol. Acetic acid is an organic acid that can be used in glycerol neutralisation 

without poisoning the catalysts that are habitually used in steam reforming. Potassium 

hydroxide is commonly employed as a homogeneous catalyst in biodiesel production. 

Methanol is an alcohol generally used in biodiesel production as well as during the 
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glycerol purification step [21]. Specifically, instead of a global comparison between 

crude and reagent grade glycerol, this work provides information about the effect of the 

presence in a glycerol/water solution of the three impurities considered alone and all the 

binary and ternary combinations of these impurities in different proportions. 

 

The effect of these impurities on the catalytic steam reforming of glycerol has been 

studied theoretically and experimentally. In the theoretical study, the presence of acetic 

acid and methanol in the glycerol solution has been evaluated at temperatures between 

400 and 700 ºC using the Gibbs energy minimization method. In the experimental 

study, the effect of the presence of acetic acid, methanol and potassium hydroxide in the 

glycerol solution has been investigated in a fluidised bed reactor at 550 ºC using a Ni-

based catalyst. The product distribution and the compositions of the gas and liquid 

phases have been analysed. 

 

2 Materials and methods 

 

2.1 Theoretical study 

The effect of the presence in a 30 wt.% glycerol aqueous solution of up to 3 wt.% of 

CH3COOH and up to 5 wt.% of CH3OH on the equilibrium gas composition at 

temperatures between 400 and 700 ºC has been theoretically evaluated. For this 

purpose, different simulations were conducted based on a 2 level (upper and lower), 3 

factor (temperature, wt.% CH3COOH and wt.% CH3OH) Box-Wilson Central 

Composite Face Centred (CCF, a: ± 1) design of experiments. In each simulation, the 

gas composition (vol.% of each gas) was calculated using the Gibbs energy 

minimisation method employing three different thermodynamic packages (PRSV, Twu-
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Sim-Tasonee and Lee-Kesler-Plöcker) and using Hysys 8.3 simulation software. The 

results were analysed by means of an ANOVA test with 95% confidence. The relative 

influence of the temperature and the concentrations of CH3OH and CH3COOH were 

calculated using the cause-effect Pareto Principle.  

 

2.2 Experimental study 

The influence of the presence of up to 5 wt.% of CH3OH, 3 wt.% of CH3COOH and 2.8 

wt.% of KOH in a 30 wt.% glycerol/water solution has been experimentally 

investigated. The experiments were carried out in a fluidised bed reactor for 3 h at 550 

ºC and atmospheric pressure using a coprecipitated Ni-Co/Al-Mg catalyst. The detailed 

preparation procedure of the catalyst and its characterisation results can be found in our 

previous communications [9, 11]. A spatial time defined as the mass of catalyst/mass 

flow rate of glycerol (W/mglycerol) ratio of 15 g catalyst min/g glycerol and a u/umf ratio 

of 6 defined as the ratio between the superficial gas velocity and the velocity of the 

theoretically calculated minimum fluidisation [22] were employed in all the 

experiments. N2 was used as a fluidising agent as well as an internal standard for the 

analysis of the gas phase.  

 

A detailed description of the fluidised bed installation can be found in our previous 

communication [11]. However, for this work, a tubular 2.54 cm inner diameter stainless 

steel fluidised bed reactor was used instead of the original quartz reactor due to the 

presence of KOH in some of the solutions. In addition, the condensation system was 

also modified. Three condensers were used in this work to collect the liquid condensates 

at intervals of 60 minutes in order to study the evolution over time of the liquid phase. 
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To study the effect of the presence of the individual impurities as well as the effect of 

all the possible binary and ternary combinations of the impurities (2 or 3 impurities), the 

experiments were designed using a 2k factorial design, where k indicates the number of 

factors studied (in this case 3 impurities) and 2k represents the number of runs (in this 

case 8). In addition, three replicates at the centre point (centre of the variation interval 

of each factor) were carried out in order to evaluate both the experimental error and the 

curvature shown by the evolution of each variable, i.e. whether or not this evolution is 

linear within the experimental range studied.  

 

2.3 Data analysis 

First of all, the evolution over time was studied. For each experiment, the results are 

divided into three intervals. Each interval corresponds to the average value of the 

studied response variables obtained during the first, second and third hour of the 

experiment. All these values (three per experiment) have been compared using a one-

way analysis of variance (one-way ANOVA) and Fisher´s least significant difference 

(LSD) test, both with 95% confidence. The results of the ANOVA analyses are 

provided as p-values. P-values lower than 0.05 indicate that at least two values are 

significantly different. Furthermore, the LSD test was used to compare pairs of data, i.e. 

either between two intervals of the same experiment or between two intervals of two 

different experiments. The results of the LSD tests are presented graphically in the form 

of LSD bars. To ensure significant differences between any pair of data, their LSD bars 

must not overlap.  

 

Secondly, the effect of the impurities was studied considering the results corresponding 

to the first hour using a statistical analysis of variance (one-way ANOVA) test with 
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95% confidence. This strategy allows not including the effect of the variations with time 

of the different response variables in the analysis. The ANOVA analyses evaluate 

whether the effect of the impurities, their interactions and the curvature have a 

significant influence or not on the response variables.  In addition, the cause-effect 

Pareto Principle was also used to calculate their relative importance.  

 

The response variables studied are: global glycerol conversion (X gly), carbon 

conversion to gases, liquids and solid products (CC gas, CC liq and CC sol) as well as 

the composition of the gas (N2 and H2O free, vol.%) and liquid (relative 

chromatographic area free of water and un-reacted glycerol, %). The CC sol was 

calculated by difference and includes both the carbon deposited on the catalyst (coke) 

and the carbon resulting from an incomplete vaporisation of the feed (char). The used 

catalyst was characterised by elemental analysis to calculate the amount of carbon 

deposited on the catalyst surface. The CC coke and the amount of C deposited with 

respect to the amount of catalyst and organics (glycerol, acetic acid and methanol) 

reacted (mg C/g catalyst g organics reacted) were calculated from these analyses. CC 

char was therefore calculated by difference. Table 1 summarises the response variables 

and the analytical methods used for their calculation.  

 

In the simulations made for the theoretical study and the fluidised bed experiments, the 

lower and upper limits of all the factors (temperature and concentration of CH3COOH 

and CH3OH for the theoretical study and the concentration of CH3COOH, CH3OH and 

KOH for the experimental investigation) were normalised from -1 to 1 (codec factors). 
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This codification permits that all factors vary within the same interval and helps to 

investigate their influence in comparable terms. 

 

3. Results and discussion 

 

3.1 Thermodynamic results 

Table 2 shows the temperature and the concentrations of each impurity in the 30 wt.% 

glycerol aqueous solutions employed in the simulations. The equilibrium volumetric 

compositions obtained for each simulation, expressed as the 95% confidence interval 

for the mean obtained with the three thermodynamic packages of each mixture, are also 

presented in Table 2. The thermodynamic results predict a 100% glycerol conversion 

into gases within the whole range of temperatures studied in this work. The gases 

comprise H2, CO2, CO and CH4. Depending on the temperature and the concentration of 

CH3COOH and CH3OH, the gas composition varies as follows: 46-70 vol.% H2, 21-33 

vol.% CO2, 0.73-12 vol.% CO and 0.03-21 vol.% CH4. The thermodynamic formation 

of solid C is considered negligible under the operating conditions employed, which is in 

accordance with the results of other thermodynamic studies [23-27]. 

 

The results of the ANOVA and Pareto Principle analyses are shown in Table 3. This 

table reveals that the temperature (including linear and quadratic terms) is the factor 

with the highest influence on the thermodynamic gas composition, having 84%  

importance for the relative amount of H2 and CH4, 81% for the CO2 and 77% for the 

CO. The presence of up to 3 and 5 wt.% of CH3COOH or CH3OH, respectively, has a 

significant influence (p-values < 0.05 in the ANOVA analysis) on the thermodynamic 
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gas composition. However, their relative importance is very low from a practical point 

of view, being lower than 10% according to the Pareto analysis.  

 

These results are in agreement with those published by Hajjaji et al. [28] where the 

effect of the temperature and the steam to carbon (S/C) ratio (mol/mol) on the 

thermodynamics of the autothermal reforming of crude glycerol was theoretically 

investigated. Furthermore, they are also consistent with the results reported by Silva et 

al. [26], who studied the effect of the temperature and the molar water/glycerol feed 

ratio (WGFR) on the thermodynamic results of glycerol steam reforming. Both studies 

reported that the reforming temperature exerts a greater impact than the S/C ratio or the 

WGFR on the thermodynamic results.  

 

Furthermore, in this work the variation interval for the temperature (400-700 ºC) is 

higher than that for the S/C ratio. A 30 wt.% glycerol water solution without impurities 

has a S/C ratio of 3.98, which decreases as the concentration of impurities in the 

solution increases, reaching its lowest value (2.79) for a 30 wt.% glycerol solution 

having 5 wt.% of CH3OH and 3 wt.% of CH3COOH.  

 

Fig. 1 shows the volumetric composition of the gas obtained during the reforming of a 

30 wt.% glycerol solution, as well as the volumetric gas composition for two 30 wt.% 

glycerol solutions, one having 3 wt.% of CH3COOH and the other 5 wt.% of CH3OH, 

predicted from the empirical models calculated from the ANOVA analysis. Since a 

quadratic model was used, a negative concentration of CH4 is predicted at temperatures 

higher than 600 ºC, instead of the real asymptotic evolution.  
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Regarding the effect of the temperature, an increase from 400 to 700 ºC augments the 

relative amount of H2 and CO in all cases due to the endothermic nature of the steam 

reforming of glycerol [3], acetic acid [29] and methanol [30] (Eqs.1-3). In addition, the 

water gas shift (WGS) reaction (Eq.4) is exothermic [29], therefore the relative amount 

of CO in the gas increases as the temperature increases. Conversely, this increase in 

temperature reduces the concentration of CO2 and CH4 in the gas due to the exothermic 

nature of the WGS and methanation reactions (Eq.5), as well as the endothermicity of 

the methane reforming reaction (Eq.6) [28].  An optimum temperature for H2 

production is found at temperatures around 580-610ºC, which is in agreement with 

those reported by other authors [21, 26, 31, 32].  

 

C3H8O3 + 3 H2O à 7 H2 + 3 CO2       (Eq.1) 

CH3OH + H2O à 3 H2 + CO2         (Eq.2) 

CH3COOH + 2 H2O à 4 H2 + 2 CO2      (Eq.3) 

CO + H2O Û H2 + CO2         (Eq.4) 

CO + 3 H2 Û CH4 + H2O        (Eq.5) 

CH4 + H2O Û 4 H2 + CO2         (Eq.6) 

 

The presence of the impurities slightly changes the composition of the gas, as was 

predicted by the Pareto test, and their effect depends on the reforming temperature. At 

temperatures lower than 500 ºC, the addition of up to 3 wt.% of CH3COOH or 5 wt.% 

of CH3OH to the 30 wt.% glycerol solution diminishes the concentration of H2, 

increasing the concentration of CO and CH4. The addition of CH3COOH increases the 

proportion of CO2, while the addition of CH3OH decreases it.  
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At temperatures higher than 500 ºC, the effect of the impurities is slightly different. A 

decrease in the concentration of CO2 together with an increase in the concentration of 

CO is observed when the glycerol solution contains either CH3OH or CH3COOH. The 

addition of up to 3 wt.% of CH3OH to the glycerol solution has a negligible effect on 

the concentration of H2, while the addition of CH3COOH decreases the proportion of H2 

in the gas. The relative amount of CH4 in the gas increases with the addition of both 

impurities. At temperatures higher than 600 ºC the effect of the impurities is not 

significant and the proportion of CH4 in the gas drops to zero in all cases. 

 

These results are the consequence of two factors, the stoichiometry of the reforming 

reactions and the S/C ratio of the solutions, which depend on the concentration of the 

impurities. According to their stoichiometry, the steam reforming of glycerol, methanol 

and acetic acid (Eqs. 1-3) gives 2.33 mol H2/mol C, 3 mol H2/mol C and 2 mol H2/mol 

C, respectively. The S/C ratios for a 30 wt.% glycerol solution without impurities and 

for two 30 wt.% glycerol solutions having 3 wt.% of CH3COOH or 5 wt.% of CH3OH 

are 3.98, 3.45 and 3.18, respectively. 

 

At temperatures lower than 500 ºC the methane reforming reaction is not favoured due 

to its endothermic nature, and the gas contains a high concentration of CH4. In this case 

the proportion of CH4 in the gas also depends on the S/C ratio of the solution. The lower 

the S/C ratio, the lower the reforming of methane. Consequently, the proportion of CH4 

in the gas increases as the S/C of the different solutions decreases. This trend also 

applies for the proportion of CO in the gas. The lower the S/C ratio, the lesser the shift 

of the WGS reaction towards the production of H2 and CO2 and, consequently, the 

higher the proportion of CO in the gas. 
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This decrease in the S/C ratio also causes a lower proportion of H2 in the gas when 

either CH3OH or CH3COOH are added to the solution. The lower the S/C ratio, the 

higher the proportion of CH4 and the lower the concentration of H2 in the gas, since the 

reforming reaction towards H2 is not favoured at low temperatures. However, the 

stoichiometry also influences the proportion of H2. As a result, the same proportion of 

H2 in the gas is obtained with solutions containing 30 wt.% of glycerol with 3 wt.% of 

CH3COOH or 5 wt.% of CH3OH at temperatures lower than 500 ºC.  

 

A decrease in the proportion of CO2 is noticed when a 5 wt.% of CH3OH is added to the 

solution, due to the increase in the concentration of CH4. The addition of 3 wt.% of 

CH3COOH slightly increases the proportion of CO2. In this case, the drop in the 

concentration of H2 is not compensated for by the increase in the concentration of CH4. 

 

At temperatures higher than 500 ºC, the proportion of CH4 in the gas becomes 

negligible and consequently the impurities do not exert any influence on the proportion 

of this gas. However, the WGS reaction, due to its exothermic nature, has a lesser 

tendency towards the production of H2 and CO2. Consequently, the effect of the S/C 

ratio exerts a greater influence on the proportion of CO at high than at low 

temperatures. This provokes a greater increase in the proportion of CO together with a 

decrease in the concentration of CO2 with the decrease in the S/C ratio. 

 

In contrast, the effect of the S/C ratio is less important than the effect of the 

stoichiometry for the relative amount of H2 in the gas, since at high temperatures the 

reforming process is favoured. Consequently, the variations in the concentration of H2 
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in the gas are mainly related to stoichiometry. The concentration of H2 slightly increases 

when the 30 wt.% glycerol solution contains 5 wt.% of CH3OH and decreases when it 

contains 3 wt.% of acetic acid (Eqs. 1-3). 

 

3.2 Experimental results 

From the theoretical study an optimum temperature for H2 production can be found at 

temperatures around 580-610 ºC. However, the catalytic steam reforming experiments 

were carried out at 550 ºC. This slightly lower temperature was chosen having regard to 

the energetic aspects of the process, as well as aiming to have a gas made up of all the 

gases considered, H2, CO2, CO and CH4, in order to study the increases and decreases in 

their concentrations with the presence of the impurities. Table 4 shows the composition 

(in actual and codec factors), the S/C ratio and the pH of the 30 wt.% glycerol solutions 

employed in the experiments according to the 2k design.  

 

3.2.1 Glycerol conversion and carbon distribution (CC gas, CC liq and CC sol) 

A complete glycerol conversion (X gly = 100%) is achieved for all the experiments, 

indicating that all the glycerol was converted into gas, liquid and solid products. Fig. 2 

shows the CC gas, CC liq and CC sol obtained for the different experiments represented 

in three intervals of 1 hour. The ANOVA analyses revealed statistically significant 

differences for the CC gas (p-value = 0.01), CC liq (p-value = 0.025) and CC sol (p-

value = 0.012) obtained in the experiments. Specifically, the CC gas, CC liq and CC sol 

varied as follows: 75-100%, 0-2.5% and 0-25%, respectively.  

 

As regards the temporal evolution, an increase in the CC gas over time together with a 

decrease for the CC sol are detected for the experiments containing KOH (runs 5, 8 and 
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9-11). The presence of KOH in the solutions might hinder the evaporation of the other 

organic compounds in the feed, leading to low initial (1st h) CC gas and high CC sol. 

Inorganic salts in a water solution decrease the evaporation rate of the other organic 

compounds [33], which might result in a higher formation of carbonaceous deposits 

(char) [34]. However, as the reaction advances and KOH progressively accumulates 

inside the reactor, their presence exerts a positive catalytic effect [35, 36], aiding the 

gasification of these carbon deposits. The accumulation of salts in the catalyst bed was 

also reported in the work of Fermoso et al. [17]. They observed NaOH in the upper part 

of the bed when using a fixed bed reactor for the reforming of crude glycerol where 

NaOH had been employed in the transesterification step. 

 

The feed solutions for runs 6 and 7 also contain KOH. However, the increase in the CC 

gas over time did not take place. These solutions contain CH3COOH or CH3OH, which 

can transform KOH into CH3COOK, a colourless liquid at standard temperature and 

pressure, or into CH3OK, a white to yellow hydroscopic powder that decomposes at 

temperatures higher than 50 ºC, respectively [37]. The interaction between impurities 

can explain the results observed for runs 6 and 7. Additionally, the complete elimination 

of KOH is not possible for runs 8 and 9-11 due to the different amounts of impurities, 

and consequently an increase in the CC gas over time is observed. These interactions 

between impurities will be further discussed for the results obtained during the first hour 

of reaction, making use of a statistical analysis. 

 

Decreases in the CC gas along with increases in the CC liq with time are also detected. 

These trends are noticeable for runs 1, 2 and 6, where the CC liq slightly increases with 
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time, suggesting a small catalyst deactivation. This deactivation is not severe and the 

corresponding decrease in the CC gas is only noticeable in experiment 1.  

 

To study the specific effect of the impurities as well as their possible interactions on the 

catalytic steam reforming of glycerol, the results obtained during the first hour of each 

experiment have been statistically analysed and compared. The results of these analyses 

are summarised in Table 5 and Fig. 3, where the most important interactions between 

the impurities are shown. 

 

The ANOVA analysis reveals that the presence of CH3COOH, CH3OH and KOH in the 

30 wt.% glycerol solutions has a significant influence on the CC gas and CC sol 

obtained during the first hour. Furthermore, significant interactions between impurities 

are also detected. The analysis of the curvature for the CC gas and CC sol shows a 

linear trend for both variables within the studied range with 95% confidence (p-value < 

0.05). In contrast, the impurities do not exert any significant influence on the CC liq 

during the first hour and the CC liq is lower than 1.5% in all the experiments. Thus, the 

possible effect of CH3COOH and CH3OH on the glycerol reforming pathway is 

considered negligible under the operating conditions employed. The effect on the 

reforming results of all the different glycerol/impurity mixtures is discussed below in 

sections 3.2.1.1-3.2.1.3, making use of the statistical analyses of the results. 

 

3.2.1.1 Effect of one impurity 

As regards the presence of only one impurity, the ANOVA analysis (positive or 

negative coefficients in the model) indicates that the presence in the glycerol solution of 

CH3COOH and KOH provokes a decrease in the CC gas along with an increase in the 
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CC sol, while the presence of CH3OH exerts the opposite effect. The Pareto analysis 

reveals that the impurities with the highest influence on these results are the KOH 

(28%) and CH3OH (27-28%), followed by CH3COOH (15%).  

 

Fig. 3 shows the effect of each impurity as well as the binary and ternary mixtures on 

the CC gas and CC sol. As regards the presence of only one impurity, it can be seen that 

up to 5 wt.% of CH3OH can be added to the glycerol solution without exerting any 

statistically significant influence on either the CC gas or the CC sol. CH3OH is very 

reactive in the reforming process and has a low tendency to char formation thanks to its 

low boiling point and molecular mass. This negligible effect of CH3OH has also been 

reported in the catalytic gasification of a simulated crude glycerol solution having 

CH3OH and KOH as impurities [19].  

 

Conversely, the progressive addition of up to 2.8 wt.% of KOH to the solution 

diminishes the CC gas from 95% to 76%, and increases the CC sol from 3 to 22%. As 

previously remarked, inorganic salts decrease the evaporation rate of the other organic 

compounds [33], leading to a higher formation of carbonaceous deposits [34].  

 

The effect of the addition of up to 3 wt.% CH3COOH to the glycerol solution can be 

gathered comparing Fig. 3a with Fig. 3b (for the CC gas) and Fig. 3c with Fig. 3d (for 

the CC sol). This comparison shows how the CC gas decreases from 95 to 86% and the 

CC sol increases from 3 to 13%. The addition of CH3COOH to the glycerol solution 

might lead to the formation of different esterification products [38], such as glyceryl 

monoacetate (Eq.7), glyceryl diacetate (Eq.8) and glyceryl triacetate (Eq.9). These 

reactions can occur during the preparation of the solutions and/or during the feeding of 
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the solution into the reactor, where these reactions can be intensified thanks to the 

temperature of the feeding system (70 ºC). The presence of small amounts of these 

compounds in some of the liquid condensates supports this hypothesis. 

 

C3H8O3 + CH3COOH à C3H7O2(CH3COO)     (Eq.7) 

C3H7O2(CH3COO) + CH3COOH à C3H6O(CH3COO)2     (Eq.8) 

C3H6O(CH3COO)2 + CH3COOH à CH3H5(CH3COO)3     (Eq.9) 

 

The formation of these compounds, therefore, might increase the formation of 

carbonaceous deposits due to their relatively high molecular mass. An increase in the 

molecular mass leads to bigger droplet sizes, causing the evaporation of the feed to take 

place at lower heating rates, increasing the CC sol [34]. 

 

3.2.1.1 Effect of two impurities  

In relation to the binary combinations (KOH-CH3OH, KOH-CH3COOH and CH3OH-

CH3COOH), it is worth mentioning that the effect of the presence of KOH is different 

when it is alone or accompanied by CH3COOH than when it is accompanied by 

CH3OH. Figs. 3a and 3c show how the progressive addition of CH3OH to a glycerol 

solution having 2.8 wt.% of KOH reduces the negative effect of the KOH, i.e. it 

increases and decreases the CC gas and CC sol, respectively. These results can be 

explained by the progressive removal of KOH and its transformation into CH3OK 

(Eq.10), decreasing the negative effect that KOH exerts on the evaporation of the other 

organic compounds in the feed.  

 

CH3OH + KOH à CH3OK + H2O         (Eq. 10) 
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CH3OK decomposes at temperatures higher than 50 ºC [37] and the effect of having a 

solid compound in the solution disappears. This confirms the fact that some inorganic 

salts decrease the evaporation rates of organic compounds [33].   

 

Conversely, the effect of the addition of CH3COOH to a glycerol solution containing 

2.8 wt.% of KOH does not exert any effect on either the CC gas or the CC sol, as can be 

gathered comparing Fig 3.a with 3b and Fig 3.c with d, respectively. According to Eq. 

11, when CH3COOH is added to the solution, part of the acid can be progressively 

transformed into CH3COOK, a colourless liquid at standard temperature and pressure 

[37], creating a CH3COOH/CH3COO- buffer solution.  

 

KOH + CH3COOH à CH3COOK       (Eq.11) 

 

In this case, glyceryl acetates can also be produced from the reaction of glycerol with 

either CH3COOH and/or CH3COOK, and a decrease in the CC gas and an increase in 

the CC sol are experimentally observed. In addition, since the same molar concentration 

of CH3COOH and KOH are present in the solution when the highest amounts of these 

two impurities are considered, the complete removal of KOH might not be possible. The 

presence of KOH in the solution, as explained above, also provokes a decrease and an 

increase in the CC gas and CC sol, respectively. Furthermore, Fig. 3b and 3d illustrate 

how the addition of 2.8 wt.% of KOH to a glycerol solution containing 3 wt.% of 

CH3COOH enhances the negative effect of the acid. This suggests that either the 

complete removal of KOH is not possible or the formation of glyceryl acetates from 
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glycerol could be more favoured with CH3COOK than with CH3COOH, probably due 

to its higher basic character.  

 

Additionally, although experimentally KOH and CH3COOK exert the same effect on 

the initial results, their presence in the solution does not have the same consequences for 

the evolution over time of the CC gas and CC sol. Fig.2 shows how the progressive 

accumulation of KOH in the reactor progressively increases the CC gas with time 

thanks to its catalytic effect on char gasification (run 5). However, in run 6 (CH3COOH 

and KOH) this catalytic effect is not observed, which indicates a decrease in the 

concentration of KOH in the solution.  

  

As regards the presence of CH3COOH and CH3OH in the glycerol solution, Figs. 3b 

and 3d show how the negative effect of CH3COOH on the CC gas is reduced as the 

amount of CH3OH in the solution progressively increases as a result of the plausible 

esterification reaction between the two impurities (Eq. 12).  

 

CH3COOH + CH3OH à CH3COOCH3 + H2O       (Eq. 12) 

 

These results seem to indicate that the presence in the solution of CH3COOCH3, a 

colourless liquid with a relatively low normal boiling point (57 ºC) [37], does not favour 

the formation of carbonaceous deposits from the feed.  

 

3.2.1.3 Effect of the three impurities  

Figs. 3 b and d show the effect of the presence of the three impurities on the CC gas and 

CC sol, respectively. It is observed how the addition of KOH to a glycerol solution 
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containing 3 wt.% of CH3COOH results in a reduction of the CC gas and an increase in 

the CC sol regardless of the concentration of CH3OH present in the solution. As the 

concentration of CH3OH in the solution increases, the CC gas increases and the CC sol 

decreases. However, in the presence of the three impurities the positive effect of the 

addition of CH3OH does not produce as much CC gas as that obtained in the absence of 

KOH. The CC gas is higher for the binary CH3COOH-CH3OH mixture than for the 

ternary CH3COOH-CH3OH-KOH mixture. In addition, in the presence of CH3COOH, 

the positive effect of CH3OH in compensating for the negative effect of KOH is also 

reduced. Consequently, the CC gas for the ternary CH3COOH-CH3OH-KOH mixture is 

lower than that for the binary mixture KOH-CH3OH. 

 

When the three impurities are present in the glycerol solution, different reactions (Eqs. 

10-13) can take place depending on the concentration of the impurities. 

 

CH3COOK + CH3OH à CH3COOCH3 + KOH (Eq.13) 

 

When the glycerol solution contains the maximum amount of the three impurities 

considered in this work, according to Eqs.10-13 the negative effect of the formation of 

CH3COOK is reduced as the concentration of CH3OH increases to its highest value. 

This can be seen in Figs. 3 b and d. However, the addition of CH3OH also leads to the 

formation KOH (Eq. 13). This suggests that in the ternary mixture with the highest 

amounts of all the impurities, the KOH is not completely removed. This result is in 

agreement with that experimentally observed when analysing the evolution of the CC 

gas and CC sol over time (Fig. 2). Run 8 refers to the reforming of a glycerol solution 

containing the highest amount of impurities, and relatively little CC gas is obtained. 
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This CC gas is lower than the amount obtained in the absence of impurities but higher 

than that obtained with the highest amount of KOH. In addition, an increase in the CC 

gas along with a decrease in the CC sol over time is also observed, which suggests that 

KOH is still present in the solution. 

 

3.2.2 Overall carbon distribution 

To corroborate the relationship observed between the CC gas and CC sol, a multivariate 

analysis by means of Spearman´s test was carried out for the CC gas, CC sol and CC liq 

obtained in all the experiments, including the three values per experiment. A 

statistically significant and high relationship (p-value = 0.0001; R2 = 0.96) was found 

between the CC gas and CC sol. This confirms that the low CC gas is a result of high 

CC sol due to the formation of carbon deposits that diminish the amount of C in the gas 

phase. 

 

Additionally, to distinguish between the carbon deposited on the catalyst (coke) and the 

carbonaceous deposits originated from an incomplete vaporisation of the feed (char), 

the used catalysts were characterised by elemental analysis.  Table 6 shows the 3-hour 

overall carbon distribution (CC sol, CC char and CC coke) as well as the carbon 

deposited on the catalyst expressed as mg C/ g catalyst g organics reacted [39] obtained 

for all the experiments. These values were compared between the different experiments 

using an ANOVA analysis with 95% confidence and are also presented in Table 6. 

 

The CC coke and C deposited on the catalyst are lower than 0.82% and 1.13 mg C/g 

catalyst g org reacted, respectively. These values suggest a low catalyst deactivation. As 

an example, in a previous work where this catalyst was used for the catalytic reforming 
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of the aqueous fraction of bio-oil in a fluidised bed [11], both CC gas and gas 

composition were reported steady over time with an amount of C deposited on the 

catalyst (10 mg C/ g catalyst g organic reacted) higher than that obtained in this work. 

Moreover, analysing the C distribution obtained in the present work, more than 80% of 

the total solid C is due to char formation, indicating that the vast majority of the CC sol 

is due to the formation of char. 

 

3.2.3 Gas composition 

Fig. 4 shows the gas composition obtained for the different experiments. The impurities 

have a statistically significant influence on the relative amount of H2 (p-value = 0.003), 

CO2 (p-value = 0.002), CO (p-value = 0.001) and CH4 (p-value = 0.006). The relative 

amount (vol.%) of H2, CO2, CO and CH4 varied from 66-70%, 24-29%, 3-6% and 0.5-

2.5%. These small variations are in agreement with those reported in works comparing 

reforming results obtained with crude and reagent grade glycerol [4, 16, 19, 32]. 

 

Studying the evolution of the gas over time, the general tendency shows small 

variations. This indicates a low catalyst deactivation, which is in agreement with the 

low values obtained for the CC coke and the small amounts of C (mg C/g catalyst g org) 

quantified in the used catalysts. One exception is run 5, which contains KOH, and 

where a decrease in the proportion of H2 along with increases in the concentrations of 

CO and CH4 take place. Moreover, in this run a substantial increase in the CC gas over 

time is noticed, which could be the consequence of the progressive gasification of 

carbon deposits (Eqs. 14-16), augmenting the proportion of C in the gas.  

 

C + H2O Û CO + H2  (Eq. 14) 
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C + 2 H2 Û CH4  (Eq. 15) 

C + CO2 Û 2 CO  (Eq. 16) 

 

The results obtained during the first hour of experiment have been statistically analysed 

and compared making use of an ANOVA test with 95% confidence. Table 7 shows the 

relative influence of the impurities on the gas composition (Pareto analysis) as well as 

their positive or negative effect (terms in the codec model). 

 

The concentration of H2 and CO2 during the first hour of experiment ranges from 67.0 

to 69.8 vol.%, and from 24.5 to 27.15 vol.%, respectively. These small variations 

indicate that the effect of the impurities on these variables is small. According to Table 

7, the impurity with the highest influence on the proportion of H2 is CH3COOH (24%), 

followed by CH3OH (17%) and KOH (13%), while for the relative amount of CO2, 

CH3OH and CH3COOH, with 28% and 15% influence respectively, are the impurities 

with the highest influence. The concentrations of CO and CH4 in the gas are little 

affected by the presence of the impurities; there are small variations in the proportions 

of these two gases. CH3OH is the only impurity affecting the proportion of CO. The 

relative amount of CH4 was affected by the presence of CH3COOH (22%) and CH3OH 

(61%).  

 

The variations in the composition of the gas in the presence of the impurities can have a 

thermodynamic and/or kinetic background. The thermodynamic and experimental gas 

compositions can be compared by looking at Tables 3 and 7. The experiments were 

carried out at 550 ºC, which corresponds to a codec value of zero for the temperature in 

the thermodynamic model as it is the centre of the variation of the temperature. 
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Consequently, at 550 ºC the experimental and thermodynamic terms for the 

concentrations of CH3OH and CH3COOH in the thermodynamic and experimental 

models can be directly compared.  

 

The comparison between the independent terms of Table 3 and Table 7 provides a direct 

comparison between the thermodynamic and experimental results of a 30 wt.% glycerol 

solution having 1.5 wt.% of CH3COOH, 2.5 % of CH3OH and 1.4 wt.% of KOH. The 

concentrations of these impurities in a 30 wt.% glycerol solution are very similar to the 

values obtained when the biodiesel derived-glycerol is neutralised with CH3COOH and 

refined with a vacuum distillation to recover CH3OH and CH3COOH [1, 20]. This 

comparison shows that the experimental gas compositions are very similar to the 

thermodynamically predicted compositions. A slightly higher concentration of H2 and 

lower concentrations of CO and CH4 are obtained experimentally. These small 

differences could be due to the formation of carbonaceous deposits, the majority as 

char.  

 

As regards the effect of the presence of the impurities in the glycerol solution, the small 

values of the coefficients for their concentrations in Tables 3 and 7 confirm the small 

variations caused by the impurities on the thermodynamic and experimental gas 

compositions.  

 

The coefficient for CH3COOH in Table 7 shows how its presence alone in the glycerol 

solution increases the concentrations of CO2 and CH4 in the gas and reduces the 

proportion of H2, while the concentration of CO is unaffected. The decrease in the 

proportion of H2 and the increase in CH4 are thermodynamically predicted (Table 3). In 
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addition, the similar values for their coefficients in the thermodynamic and 

experimental models suggest that the variations can be thermodynamically explained. 

However, the increase in the proportion of CO2 must have a kinetic origin, perhaps 

related to the decomposition of CH3COOH into CO2 [40].  

 

The presence of CH3OH as the only impurity increases the concentrations of CO and 

CH4 in the gas, decreasing the proportion of H2 and CO2. The increases in CO and CH4 

are thermodynamically predicted and the similar values for their coefficients in the 

thermodynamic and experimental models suggest a thermodynamic origin for these two 

variations. However, the variations observed for H2 and CO2 are not wholly predicted 

by the thermodynamics. The decrease in the proportion of H2 is higher in the 

experimental model than the thermodynamic model while the decrease in the CO2 is 

lower. The higher experimental decrease in the proportion of H2 can be explained by the 

decrease in the S/C ratio and spatial time. The spatial time in carbon basis decreases 

from 460 g catalyst min/mol C (for a 30 wt.% glycerol solution) to 397 g catalyst 

min/mol C (for a 30 wt.% glycerol solution having 5 wt.% of CH3OH). Thus the 

reforming and the water gas shift reactions do not generate the thermodynamically 

predicted hydrogen content.  

 

An increase in the concentration of KOH leads to a gas with a higher concentration of 

H2 and lower proportions of CO and CO2. This might indicate that this impurity exerts a 

positive catalytic effect in the reforming process [35, 36]. Conversely, it does not exert 

any significant influence on the relative amount of CH4, which might suggest that this 

impurity does not exert any noticeable catalytic effect on methane reforming under the 

operating conditions used in this work. 
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3.2.4 Liquid composition 

The liquid phase was made up of a mixture of alcohols (methanol and ethanol), 

aldehydes (acetaldehyde), ketones (1-hydroxy-2-propanone, acetone), phenols (phenol, 

phenol-2methyl, phenol-3-methyl), cyclic compounds and small amounts of glyceryl 

acetates.  

 

Fig. 5 shows the concentration of the most abundant families of compounds. The 

statistical analysis of the results shows that the impurities exert a statistically significant 

influence on the relative amount of aldehydes (p-value = 0.007), alcohols (p-value = 

0.013), phenols (p-value = 0.003), ketones (p-value = 0.019), and cyclic compounds (p-

value = 0.001).  However, the low CC liq obtained in all the experiments must be taken 

into consideration (CC liq <  2.5 %).  

 

The relative amount of aldehydes varies from 0 to 15% while alcohols vary from 0 to 

around 70%. The presence of methanol in the liquid may be the consequence of its 

presence in the feed and/or its production during glycerol reforming [3]. Phenols and 

cyclic compounds vary from 0-90% and 0-28%, respectively. A huge increase in these 

compounds can be seen when the glycerol solution only contains KOH. The presence of 

KOH might favour the formation of cyclic compounds during the reforming of glycerol, 

which is in agreement with the pathway proposed in the work of Lin [3]. The relative 

amount of ketones shifts from 0 to 90%. In addition, the proportion of ketones becomes 

negligible when KOH is the only impurity. These results suggest that when the glycerol 

solution has a high amount of KOH, a possible catalytic effect of this impurity on the 

glycerol condensation reaction with ketones might take place [41]. 
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4. Conclusions 

 

The effect has been studied of the presence in a 30 wt.% glycerol aqueous solution of up 

to 3 wt.% CH3COOH, 2.8 wt.% KOH and 5 wt.% CH3OH on the catalytic steam 

reforming process both theoretically and experimentally in a fluidised bed reactor at 550 

ºC. The most significant conclusions are summarised as follows. 

 

1. The theoretical study showed that the temperature is the factor with the highest 

influence on the thermodynamic results. The presence of the studied amounts of 

CH3COOH and CH3OH barely influences the thermodynamic composition of the gas.  

 

2. The experimental results indicated that the carbon conversion to gas and solid are 

strongly affected by the presence of CH3COOH, CH3OH and KOH. Specifically, the 

CC gas and CC sol and vary from 75 to100 % and 0 to 25%, respectively. The carbon 

conversion to liquid varies from 0 to 2.5%. The composition of the gas is little affected 

by the presence of the impurities. In contrast, the impurities significantly affect the 

liquid composition. 

 

3. Regarding the presence of the impurities alone, CH3OH does not statistically 

influence the initial CC gas and CC sol. In contrast, CH3COOH and KOH decrease the 

initial CC gas and increase the CC sol. However, when the glycerol solution contains 

KOH, its progressive accumulation inside the reactor exerts a positive catalytic effect on 

the gasification of the carbonaceous deposits, decreasing the CC sol over time. 
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4. When two or more impurities are present together in the glycerol solution, other 

reactions between the impurities such as neutralisation and esterification can occur prior 

to or during the reforming reactions, explaining the results observed in this work. 
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FIGURE CAPTIONS 

 

Fig. 1 Evolution with temperature of the thermodynamic concentration (vol.%) of H2 

(a), CO2 (b), CO (c) and CH4 (d) for the reforming of a 30 wt.% glycerol aqueous 

solution without impurities and two 30 wt.% glycerol aqueous solutions, one having 3 

wt.% of CH3COOH and the other 5 wt.% of CH3OH. 

 

Fig. 2 Carbon Conversion to gas (a), liquid (b) and solid (c) obtained during the 

reforming experiments. Results are presented as the overall values obtained in each one 

of the 3 h of experiment and expressed as mean ± 0.5 Fisher LSD intervals with 95% 

confidence. 

 

Fig. 3 Interaction plots between CH3OH and KOH for the initial CC gas (a and b) and 

CC solid (c and d) without and with CH3COOH, respectively. Bars are LSD intervals 

with 95% confidence. 

 

Fig. 4 Relative amount (vol.%) of H2 (a), CO2 (b) CO (c) and CH4 (d) in the gas 

obtained during the reforming experiments. Results are presented as the overall values 

obtained in each one of the 3 h of experiment and expressed as mean ± 0.5 Fisher LSD 

intervals with 95% confidence. 

 

Fig. 5 Relative amount (% chromatographic area) of aldehydes (a), alcohols (b), ketones 

(c), phenols (d), and cyclic compounds (e) obtained during the reforming experiments. 

Results are presented as the overall values obtained in each one of the 3 h of experiment 

and expressed as mean ± 0.5 Fisher LSD intervals with 95% confidence. 
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TABLES 

 

Table 1. Response variables. Definitions and analytical techniques used in their determination. 

 

Product Response variable Analytical method 

 

Gas 
𝐶𝐶	𝑔𝑎𝑠	(%) = 	

𝐶	𝑖𝑛	𝑡ℎ𝑒	𝑔𝑎𝑠	(𝑔)
𝐶	𝑓𝑒𝑑	(𝑔) 	100 

Micro Gas Chromatograph (Micro 

GC). N2 as internal standard 

Online analyses 𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛	(𝑣𝑜𝑙.%) = 	
𝑚𝑜𝑙	𝑜𝑓	𝑒𝑎𝑐ℎ	𝑔𝑎𝑠	
𝑡𝑜𝑡𝑎𝑙	𝑚𝑜𝑙	𝑜𝑓	𝑔𝑎𝑠 	100 

 

 

Liquid 

𝐶𝐶	𝑙𝑖𝑞	(%) = 	
𝐶	𝑖𝑛	𝑡ℎ𝑒	𝑙𝑖𝑞𝑢𝑖𝑑	𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠	(𝑔)

𝐶	𝑓𝑒𝑑	(𝑔) 	100 
Total Organic Carbon (TOC).  

𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛	(𝑎𝑟𝑒𝑎	%) = 	
𝑎𝑟𝑒𝑎	𝑜𝑓	𝑒𝑎𝑐ℎ	𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑	

𝑡𝑜𝑡𝑎𝑙	𝑎𝑟𝑒𝑎 	100 GC-MS (Gas Chromatography-Mass 

Spectroscopy).  

𝑋	𝑔𝑙𝑦	(%) = 	
𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙	𝑓𝑒𝑑	(𝑔) − 𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙	𝑖𝑛	𝑡ℎ𝑒	𝑙𝑖𝑞𝑢𝑖𝑑	(𝑔)		

𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙	𝑓𝑒𝑑	(𝑔) 	100 
GC-FID (Gas Chromatography-

Flame ionization detector)  

Offline analyses 

 

Solid 

𝐶𝐶	𝑠𝑜𝑙	(%) = 100 − 𝐶𝐶	𝑔𝑎𝑠	(%) − 𝐶𝐶	𝑙𝑖𝑞∗	(%)  

𝐶𝐶	𝑐𝑜𝑘𝑒	(%) = 	
𝐶	𝑜𝑛	𝑡ℎ𝑒	𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡	(𝑔)

𝐶	𝑓𝑒𝑑	(𝑔) 	100 
Elemental Analysis.  

Offline analysis 

𝐶𝐶	𝑐ℎ𝑎𝑟	(%) = 𝐶𝐶	𝑠𝑜𝑙	(%) − 𝐶𝐶	𝑐𝑜𝑘𝑒	(%)  

 
C	(mg	/g	cat. g	org. ) 	= 	

𝐶	𝑜𝑛	𝑡ℎ𝑒	𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡	(𝑔) ∗ 1000
g	catalyst	g	organics	reacted	 	 

 

 

CC liq = Carbon conversion to liquid products (unreacted glycerol free). 

CC liq* = Carbon conversion to liquids including unreacted glycerol 
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Table 2. Thermodynamic gas composition results for the simulations. The gas composition is expressed 

as the 95% confidence interval for the mean. 

 
Simulation HAc 

(wt.%) 
MeOH 
(wt.%) 

T  
(ºC) 

S/C 
 (mol H2O/mol C) 

H2 
(vol.%) 

CO2 
(vol.%) 

CO 
(vol.%) 

CH4 
(vol.%) 

 Codec Actual Codec Actual Codec Actual      

1, 2, 3 -1 0 -1 0 -1 400 3.98 51.31 – 51.34 32.55– 32.56 0.72 – 0.73 10.36 – 10.39 

4, 5, 6 1 3 -1 0 -1 400 3.45 48.74 – 48.77 33.34 – 33.35 0.77 – 0.78 17.09 – 17.12 

7, 8, 9 -1 0 1 5 -1 400 3.18 48.29 – 48.32 31.83 – 31.84 0.77 – 0.78 19.05 – 19.08 

10, 11, 12 1 3 1 5 -1 400 2.79 45.86 – 45.89 32.61 – 32.62 0.82 – 0.83 20.65 – 20.68 

13, 14, 15 -1 0 -1 0 1 700 3.98 67.23 – 67.26 23.61 – 23.62 9.11 – 9.12 0.00 – 0.028 

16, 17, 18 1 3 -1 0 1 700 3.45 66.58 – 66.61 23.14 – 23.15 10.23 – 10.24 0.00 – 0.028 

19, 20, 21 -1 0 1 5 1 700 3.18 67.58 – 67.61 21.48 – 21.49 10.88 – 10.89 0.007 – 0.038 

22, 23, 24 1 3 1 5 1 700 2.79 66.90 – 66.93 20.99 – 21.00 12.04 – 12.05 0.017 – 0.048 

25, 26, 27 0 1,5 0 2,5 0 550 3.31 67.06 – 67.07 26.07 – 26.08 5.52 – 5.53 1.31 – 1.33 

28, 29, 30 -1 0 0 2,5 0 550 3.55 67.59 – 67.61 26.08 – 26.09 5.21 – 5.22 1.08 – 1.11 

31, 32, 33 1 3 0 2,5 0 550 3.10 66.58 – 66.60 26.04 – 26.05 5.84 – 5.85 1.49 – 1.52 

34, 35, 36 0 1,5 -1 0 0 550 3.70 67.22 – 67.24 26.81 – 26.82 5.03 – 5.04 0.90 – 0.93 

37, 38, 39 0 1,5 1 5 0 550 2.98 66.82 – 66.84 25.39 – 25.40 6.01 – 6.02 1.73 – 1.76 

40, 41, 42 0 1,5 0 2,5 -1 400 3.31 48.54 – 48.57 32.57 – 32.58 0.77 – 0.78 18.07 – 18.10 

43, 44, 45 0 1,5 0 2,5 1 700 3.31 67.12 – 67.14 22.28 – 22.29 10.55 – 10.56 0.00 – 0.023 
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Table 3. Relative influence of the studied variables and interactions on the thermodynamic composition 

of the gas according to the ANOVA analysis  

 R2 Inter. [Ac] [Me] T [Ac]*[Me] [Ac]*T [Me]*T [Ac]2 [Me]2 T2 [Ac]*[Me]*T [Ac]2*T [Ac]*T2 [Me]*T2 

H2 

(vol%) 
1 

67.08 -0.51 -0.20 9.29 0.014 0.46 0.82 0.017 -0.048 -9.24 -0.021 -0.027 -0.29 -0.45 

 (4) (3) (52) (0.07) (2) (4) (0.04) (0.11) (32) (0.11) (0.06) (1) (1) 

CO2 

(vol.%) 
1 

26.07 -0.02 -0.71 -5.14 0 -0.32 -0.35 0 0.034 1.36 -0.001 0.006 0.1 -0.006 

 (1) (10) (69) (0.05) (4) (4) (0.06) (0.21) (11) (0.02) (0.04) (1) (0.03) 

CO 

(vol.%) 
1 

5.53 0.31 0.49 4.48 0.005 0.27 0.44 0.005 0 0.14 0.005 0.007 -0.017 -0.03 

 (5) (7) (76) (0.07) (4) (6) (0.05) (0) (1) (0.07) (0.02) (0.11) (0.05) 

CH4 

(vol.%) 
1 

1.31 0.20 0.42 -9.04 -0.015 -0.42 -0.90 -0.01 0.02 7.73 0.018 0.020 0.21 0.49 

 (2) (5) (55) (0.08) (2) (5) (0.06) (0.02) (29) (0.1) (0.02) (1) (1) 

 

 [Ac], [Me], T. Acetic acid concentration, methanol concentration and temperature in codec factors (-1 to +1) 

Numbers in brackets indicate the percentage Pareto influence of each factor on the response variable. Pareto values represent the 
percentage of the orthogonal estimated total value 

Response in terms of codec factors = Inter.+ [Ac] * (Ac term) + [Me] * (Me term) + T * (T term) + [Ac] * [Me]  (Ac*Me term) + 

[Ac] * T * (Ac * T term) + [Me] * T *(Me * T term) + [Ac]2 * (Ac2 term) + [Me]2 * (Me2 term) + T2 * (T2 term) + [Ac] * [Me] * T 

* (Ac * Me * T term) + [Ac]2 * T * (Ac2 * T term) + [Ac] * T2 * (Ac * T2 term) +  + [Me] * T2 *(Me * T2 term) 

 

 

Table 4. Concentration (wt.%) of acetic acid, methanol potassium hydroxide (expressed in codec and 
actual values), pH (mean ± standard deviation) and S/C ratio of the 30 wt.% glycerol solutions  
 

Run [CH3COOH] 
(wt.%) 

[CH3OH]  
(wt.%) 

[KOH] 
(wt.%) 

pH S/C  
(mol H2O/mol C) 

 Codec Actual Codec  Actual Codec Actual   
1 -1 0 -1  0 -1 0 5.76 ± 0.22 3.98 
2 1 3 -1  0 -1 0 2.46 ± 0.06 3.45 
3 -1 0 1  5 -1 0 6.46 ± 0.30 3.18 
4 1 3 1  5 -1 0 2.53 ± 0.22 2.79 
5 -1 0 -1  0 1 2.8 13.29 ± 0.41 3.82 
6 1 3 -1  0 1 2.8 11.84 ± 0.31 3.31 
7 -1 0 1  5 1 2.8 13.40 ± 0.47 3.05 
8 1 3 1  5 1 2.8 11.93 ± 0.37 2.66 

9,10,11 0 1.5 0  2.5 0 1.4 6.50 ± 0.06 3.24 
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Table 5. Relative influence of the impurities on the CC gas, CC sol and CC liq during the first hour of 
experiment according to the ANOVA analysis 

 
Response 

 
R2 

 
Independent 

term 

 
[AcH] 

 
[MeOH] 

 
[KOH] 

[AcH] * 
[MeOH] 

[AcH] * 
[KOH] 

[MeOH] 
*[KOH] 

[AcH] * 
[MeOH] * [KOH] 

 
CC gas 

(%) 

 
0.97 

 
88.71 

 
-2.39 

 
4.61 

 
-4.58 

 
n.s. 

 
n.s. 

 
2.19 

 
-2.48 

 
 

 
(15) 

 
(28) 

 
(28) 

 
 

 
 

 
(13) 

 
(15) 

 
CC sol. 

(%) 

 
0.95 

 
10.53 

 
2.46 

 
-4.47 

 
4.65 

 
n.s. 

 
n.s. 

 
-2.24 

 
2.50 

 
 

 
(15) 

 
(27) 

 
(28) 

 
 

 
 

 
(14) 

 
(15) 

CC liq. 
(%) 

 
n.a 

1.50 n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

        
n.s.  Not significant with 95% confidence 

n.a.  Not analysed 

Response in terms of codec factors = Independent term + AcH term * [AcH] + MeOH term * [MeOH] + KOH term * [KOH] + 
AcH*MeOH term * [AcH]*[MeOH] + AcH*KOH term * [AcH]*[KOH] + AcH*MeOH*KOH term *[AcH]* [MeOH]*[KOH] 

Numbers in brackets indicate the percentage Pareto influence of each factor on the response variable. Pareto values represent the 
percentage of the orthogonal estimated total value 

 

 

 

Table 6. Solid carbon distribution. Overall carbon conversion to solid, char and coke and C deposited on 

the catalyst during three hours of experiment. 

Run 1 2 3 4 5 6 7 8 9,10,11 

CC solid (%) 3.93B 14.22AB 1.44B 4.46B 9.48AB 19.16A 6.02B 7.80AB 6.86 ± 2.14B 

CC char (%) 3.19B 13.39AB 0.63B 4.23B 9.25AB 18.85A 5.62B 7.56AB 6.54 ± 2.14B 

CC coke (%) 0.73AB 0.82A 0.81A 0.22C 0.22C 0.31C 0.41BC 0.24C 0.32 ± 0.07C 

mg C/g cat. g org. 0.90AB 1.13A 0.96AB 0.27C 0.83B 0.44C 0.50C 0.31C 0.45 ± 0.04C 

 

A,B and C in each column represents statistically significant groups with 95% confidence. 
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Table 7. Relative influence of the impurities on the gas composition obtained during the first hour of 
experiment according to the ANOVA analysis 

Response R2 
 

Independent 
term 

 
[AcH] 

 
[MeOH] 

 
[KOH] 

[AcH]* 
[MeOH] 

[AcH]* 
[KOH] 

[MeOH] 
*[KOH] 

[AcH] * 
[MeOH]*[KOH] 

H2  

(vol.%) 
0.98 

 
68.31 

 
-0.56 

 
-0.39 

 
0.30 

 
0.49 

 
0.21 

 
0.23 

 
0.16 

 
 

 
(24) 

 
(17) 

 
(13) 

 
(21) 

 
(9) 

 
(10) 

 
(7) 

CO2 
(vol.%) 

0.86 

 
25.90 

 
0.27 

 
-0,52 

 
ns 

 
-0.30 

 
-0.33 

 
-0.40 

 
ns 

 
 

 
(15) 

 
(28) 

 
 

 
(16) 

 
(18) 

 
(22) 

 
 

CO 
(vol.%) 

0.78 

 
4.57 

 
ns 

 
0.41 

 
ns 

 
ns 

 
ns 

 
ns 

 
-0.25 

 
 

 
na 

 
na 

 
na 

 
na 

 
na 

 
na 

 
na 

CH4 

(vol.%) 
0.97 

 
1.22 

 
0.18 

 
0.49 

 
ns 

 
-0.13 

 
ns 

 
ns 

 
ns 

 
 

 
(22) 

 
(61) 

 
 

 
(16) 

 
 

 
 

 
 

 

ns  Not significant with 95% confidence 

na  Not analysed 

Response in terms of codec factors = Independent term + AcH term * [AcH] + MeOH term * [MeOH] + KOH term * [KOH] + 
AcH*MeOH term * [AcH]*[MeOH] + AcH*KOH term * [AcH]*[KOH] + AcH*MeOH*KOH term *[AcH]* [MeOH]*[KOH] 

Numbers in brackets indicate the percentage Pareto influence of each factor on the response variable. Pareto values represent the 
percentage of the orthogonal estimated total value 
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FIGURES 

 

Fig. 1 
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Fig. 2 
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Fig. 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.0 2.5 5.0
70

75

80

85

90

95

100

CH3OH (wt. %)

C
ar

bo
n 

C
on

ve
rs

io
n 

to
 g

as
 (%

)

KOH = 0 wt.%
KOH = 2.8 wt.%

Experimental Points
CH3COOH = 0 wt.%

1

5

3
7

CH3OH (wt. %)

C
ar

bo
n 

C
on

ve
rs

io
n 

to
 g

as
 (%

)

0.0 2.5 5.0
70

75

80

85

90

95

100

CH3COOH = 3 wt.%
Experimental Points

KOH = 0 wt.%
KOH = 2.8 wt.%

2

6

4

8

a ) b )

0.0 2.5 5.0

0

10

20

30

CH3OH (wt. %)

C
ar

bo
n 

C
on

ve
rs

io
n 

to
 s

ol
id

 (%
)

KOH = 0 wt.%

KOH = 2.8 wt.%

Experimental Points
CH3COOH = 0 wt.%

1

5

3
7

CH3OH (wt.%)

C
ar

bo
n 

C
on

ve
rs

io
n 

to
 s

ol
id

 (%
)

0.0 2.5 5.0

0

10

20

30

KOH = 0 wt.%
KOH = 2.8 wt.%

Experimental Points
CH3COOH = 3 wt.%

2

6

4

8

c ) d )



	 42	

Fig.4 
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Fig. 5 
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