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ABSTRACT 

This work analyses the influence of the presence of varying amounts of three common 

biodiesel-derived impurities (CH3OH, CH3COOH and KOH) on the aqueous phase 

reforming of glycerol at 220 ºC and 44 bar using a Ni-La/Al2O3 catalyst. The 

experiments were planed according to a factorial 2k design and analysed by means of an 

analysis of variance (ANOVA) test to identify the effect of each impurity and all 

possible binary and ternary combinations. The presence of CH3OH in the solution 

decreased the glycerol conversion. CH3COOH and KOH decreased and increased the 

gas production, respectively, but they did not alter the conversion of glycerol. These 

variations were the consequence of the changes in the K+/OH- and K+/H+ ratios of the 

solutions that occur with the addition of the impurities. Catalyst deactivation took place 

under acidic conditions due to the loss of part of the active phase of the catalyst through 

leaching; the lower the pH of the solution, the greater was the deactivation of the 

catalyst. The gas phase was made up of H2, CO2, CO and CH4. KOH exerted the greatest 

influence on the gas composition, increasing H2 production due to the greater gas 
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production and the lower H2 consumption in the hydrogenation reactions under basic 

conditions. The liquid phase was made up of aldehydes, monohydric and polyhydric 

alcohols, C3 and C4 ketones and esters. CH3OH increased the proportion of 

monohydric alcohols, while KOH did not greatly vary the liquid product distribution 

obtained with pure glycerol. CH3COOH promoted dehydration reactions, favoured 

under acidic conditions, leading to a decrease in the proportion of monohydric alcohols 

and an increase in the relative amount of C3-ketones. 

 

Keywords: crude glycerol, aqueous phase reforming, acetic acid, methanol, potassium 

hydroxide 
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1. Introduction 

Renewable biomass sources are currently of considerable interest because they provide 

an interesting route for the production of chemicals and energy [1, 2]. Among the 

various biomass feedstocks, glycerol is an attractive resource due to its widespread 

availability as a by-product formed in biodiesel production (1 kg of crude glycerol is 

yielded with the production of 10 kg of biodiesel). Glycerol obtained in biodiesel 

manufacturing has become a cheap resource for which new valorisation routes need to 

be developed. In addition, the recent rapid growth of the biodiesel industry could create 

a surplus of glycerol unable to be absorbed by its current market, which may cause 

economic and environmental problems. This would hamper the development of the 

biodiesel industry [3]. 

 

A promising strategy for the valorisation of this biodiesel-derived glycerol is aqueous 

phase reforming (APR). APR is a catalytic process carried out at quite low temperatures 

and moderate pressures, producing different chemicals (gases and liquids) from an 

organic feedstock. The gas phase consists of a gas with a high H2 content while the 

liquid phase is a complex mixture of different organic compounds such as alcohols, 

ketones, acids, esters, paraffins, aldehydes and other oxygenated compounds in water. 

The yields and compositions of the gas and liquid phases depend on the operating 

conditions of the process, the catalyst type and the nature of the feed [4-7].  

 

Works dealing with the aqueous phase reforming of crude glycerol are extremely scarce 

[4, 7-9] and the vast majority of the publications in the literature are focused on 

understanding the effect of the catalyst type and the operating conditions during the 

APR of pure glycerol. The catalysts used in the process are noble metals based on Pt [9-
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14], Ni [9, 10, 14-18], Pt-Ni, Cu, Co or Ru [7, 10, 14, 16, 19] supported on different 

oxides such as Al2O3, ZrO2, MgO, SiO2, CeO2, or carbon [4, 20] and modified, in some 

cases, with promoters such as La, Ce, Mg and Zr. The influence of the operating 

variables (temperature, pressure, glycerol concentration, flow rate, catalyst loading and 

hourly space velocity) on the process has been studied using reagent grade glycerol in 

both batch and flow reactors [12, 17, 19, 21, 22].  

 

The studies reported to date provide valuable information on the APR process for pure 

glycerol, but the impurities accompanying the crude glycerol obtained from the 

biodiesel industry are expected to significantly reduce the yield and efficiencies of the 

APR process and to deactivate the catalysts. Crude glycerol consists not only of 

glycerol but also of many other chemicals such as methanol, soap, catalyst, salts and 

non-glycerol organic matter [3]. Therefore, it is very important to understand how the 

presence of the most common biodiesel-derived impurities affects the process for the 

development of this valorisation route. 

 

The comparisons between the results obtained with crude and reagent grade glycerol 

when subjected to the same valorisation process have shown that the efficiencies of the 

processes depend on the glycerol used. These results have been compared for 

valorisation processes including steam reforming, supercritical water reforming and 

aqueous phase reforming. For steam reforming, Slinn et al. [23] found that the 

conversions and yields with crude glycerol were 70% of those obtained with pure 

glycerol, Dou et al. [24] reported that crude glycerol conversions were slightly higher 

than those of pure glycerol under the same reaction conditions, and Valliyappan et al. 

[25] indicated that the production of hydrogen and the yield to gas from crude glycerol 
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were higher than those from pure glycerol. Remón et al. [26] analysed the effect of 

CH3OH, CH3COOH and KOH during glycerol steam reforming in a fluidised bed 

reactor. It was found that the three compounds had a significant impact on product 

distribution (gas, liquid and solid) in carbon basis; the composition of the gas being 

little affected. CH3OH alone did not alter the results obtained with pure glycerol. In 

contrast, CH3COOH and KOH decreased the initial production of gases, especially for 

KOH. However, the progressive accumulation of KOH inside the reactor exerted a 

positive catalytic effect on the gasification of this char, augmenting the gas production 

over time. For supercritical water reforming, it was reported that the use of crude 

glycerol led to higher catalyst deactivation than that obtained with pure glycerol [27]. 

 

To the best of the authors´ knowledge, there are only three studies currently available on 

aqueous phase reforming of crude glycerol, and only two of them analyse the effect of 

some biodiesel-derived impurities on the process. Lehnert and Claus [9] reported the 

aqueous phase reforming of pure and crude glycerol using different Pt-based catalysts at 

250 ºC and 20 bar Argon. They found a lower H2 selectivity and a higher catalyst 

deactivation with crude glycerol due to the presence of NaCl salts in the solution. King 

et al. [4] studied the aqueous phase reforming of a 10 wt.% glycerol solution containing 

KOH using different Pt and Re catalysts supported on carbon. The addition of 0.1 wt.% 

of KOH to the solution until reaching a pH of 12 increased both the glycerol conversion 

and the H2 production. It was reported that the pH of the solution exerted a great 

influence on the selectivity of the process.  Boga et al. [8] studied the aqueous phase 

reforming of glycerol and crude glycerol, establishing a comparison between both 

feedstocks and analysing the effect of some of the impurities commonly found in crude 

glycerol. The crude glycerol solution was made up of 6.85 wt.% glycerol, 1.62 wt.% 
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soaps, 1.55 wt.% methanol and 0.07 wt.% esters. The use of this crude glycerol solution 

resulted in a dramatic drop in APR activity compared to the corresponding 6.85 wt.% 

pure glycerol solution. The results obtained with different synthetic mixtures revealed 

that Na salts of fatty acids had a much more pronounced negative influence than NaOH 

and greatly inhibited H2 formation. Stearic acid, long chain aliphatics and olefins were 

shown to be formed and to be involved in the deactivation of the catalyst.  

 

This scenario suggests that the cost-effective reduction of some of the troublesome 

impurities present in crude glycerol, such as fatty acid methyl esters, (FAMES) and 

soaps, before the valorisation of this feedstock might be beneficial for increasing the 

yields and efficiencies of glycerol valorisation processes. This cost-effective strategy 

consists of the separation of the FAMES and the elimination of the soaps present in the 

solution by an initial acidification, normally with acetic, sulphuric or phosphoric acid 

[3, 28], and a subsequent liquid-liquid extraction with a polar solvent. The work of 

Manosak et al. [3] provides an in-depth study of this purification method.  

 

Given this background, the objective of this work is to study the effect on the APR 

process of the presence of three common biodiesel-derived glycerol impurities that may 

be present in the glycerol obtained from the biodiesel industry (crude and/or refined 

glycerol): acetic acid, potassium hydroxide and methanol. Acetic acid is an organic acid 

that can be used in glycerol neutralisation without poisoning the catalysts that are 

habitually used in APR, as occurs when using H2SO4 due to the presence of S, and that 

can contribute to H2 formation. 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 glycerol purification step [29]. Specifically, 
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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. This strategy not only allows a comparison to be made between pure and 

crude glycerol, but also leads to an understanding of the individual and synergetic 

effects on the process of the presence of these impurities in crude glycerol.  

 

The effect of the presence of these impurities has been investigated in a flow reactor at 

220 ºC and 44 bar using a Ni-La/Al2O3 catalyst, analysing how and to what extent the 

glycerol conversion, the product distribution in carbon basis (carbon converted to gas 

and liquid products) and the compositions of the gas and liquid phases are affected by 

the presence of these impurities. Given that the combined effect of the presence in crude 

glycerol of methanol, acetic acid and potassium hydroxide has never been studied 

before, and considering the limited number of studies dealing with crude glycerol, this 

work represents a novel investigation for gaining a better understanding of the aqueous 

phase reforming of crude glycerol. 

 

2. Experimental 

2.1 Experimental system  

The experiments were carried out in a small bench scale continuous unit for 3 hours 

employing a Ni-La/Al2O3 catalyst. The catalyst was prepared by coprecipitation, having 

28% (relative atomic percentage) of Ni expressed as Ni/(Ni+Al+La), an atomic La/Al 

ratio of 0.035 and a BET surface area of 187 m2/g. The experimental rig used in the 

experiments was a microactivity unit designed and built by PID (Process Integral 

Development Eng  Tech, Spain). It consists of a stainless steel tubular reactor with an 
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inner diameter of 9 mm, heated up by means of an electric furnace [30]. The system 

pressure is reached with the aid of a micrometric valve that automatically adapts its 

position with the help of a rotor. A pressure gauge, located at the exit of the reactor, 

measures the pressure of the reaction section. A PDI control system is used to keep the 

reactor pressure constant during the experiments. The aqueous solutions of glycerol are 

fed into the reactor by means of a high performance liquid chromatography (HPLC) 

pump (Gilson, model 307). The reaction products (gas and liquids) leave the reactor 

from its upper part, pass through the valve where they are depressurised, and arrive at 

the condensation system. This system consists of several condensers where the liquid 

products are separated from the gas mixture at intervals of 1 h to analyse the evolution 

over time of the liquid phase. The gas mixture is made up of N2, used as an internal 

standard, and the different gaseous products formed during the aqueous phase reforming 

reaction. An Agilent M3000 micro chromatograph equipped with thermal conductivity 

detectors (TCD) was used for the online analysis of the gas phase. The liquid fractions 

were collected and analysed offline with a gas chromatograph (Agilent 7890 GC-

system, model G3440A) equipped with Flame Ionization (FID), and Mass Spectrometry 

(MS) detectors. A schematic diagram of the experimental system is shown in Figure 1. 

 

2.2 Experimental design and data analysis 

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 at 44 bar and 220 ºC with a Ni-La/Al2O3 catalyst using a space-time 

defined as the mass of catalyst/mass flow rate of glycerol (W/mglycerol) ratio of 25 g 

catalyst min/g glycerol. The intervals of variation of these compounds in the mixture 
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were chosen having regard to the range that these impurities could have in crude and 

refined glycerol solutions [3, 31]. 

 

The response variables studied were the global glycerol conversion (X gly), carbon 

conversion to gases, liquid 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. Table 1 summarises the response variables and the analytical 

methods used for their calculation.  

 

To study the effect of the presence of the individual impurities as well as the effect of 

all their possible binary and ternary combinations (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. Table 2 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. The lower and upper limits of all the 

factors (the concentration of CH3COOH, CH3OH and KOH) were normalised from -1 to 

1 (codec factors). This codification permits that all factors vary within the same interval 

and helps to investigate their influence in comparable terms. 
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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 

95% confidence. This strategy means that it is unnecessary to include 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.  

 

2.3 Possible reaction network during the aqueous phase reforming of glycerol 

A plausible reaction pathway for the aqueous phase reforming of glycerol is shown in 

Figure 2. The reaction network includes the formation of gases and liquid products. 
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Three possible parallel routes explain the formation of intermediate liquids: glycerol 

dehydration to 1-hydroxypropan-2-one (A) [4, 5, 19, 32-35] and/or to 3-

hydroxypropanal (B) [5, 33-35] and/or glycerol dehydrogenation to 2,3-

dihydroxypropanal (C) [4, 5, 19, 32-35]. Gases, mainly H2 and CO, are produced by the 

thermal decomposition and/or reforming reactions of the glycerol and all the liquid 

intermediates (Eq.1) as well as by all the decarbonylation reactions that release CO. In 

addition, the water gas shift reaction (Eq.2) and methanation reactions (Eq.3-4) are also 

possible, explaining the presence of CO2 and CH4 in the gas phase [4, 5, 19, 32-35].  

 

CnHmOk + (n-k) H2O  n CO + (n+m/2 –k) H2     (Eq.1) 

CO + H2O  CO2 + H2       (Eq.2) 

CO + 3 H2  CH4 + H2O       (Eq.3) 

CO2 + 4 H2   CH4 + 2 H2O       (Eq.4) 

 

2.4.1 Formation of products via 1-hydroxypropan-2-one: route A 

1-hydroxypropan-2-one can undergo further hydrogenation to produce propane-1,2-diol 

[4, 5, 33-35] (the preferred and most reported route) and/or dehydration to form 

acryaldehyde [33], which can be transformed into propionic acid [33]. Propane-1,2-diol 

can subsequently be dehydrated to form propan-2-one and/or propionaldehyde, which 

can be hydrogenated to propan-2-ol and propan-1-ol, respectively [33]. Afterwards, 

these two chemicals can be further transformed into light alkanes, such as propane and 

butane, respectively, via Cannizzaro type reactions, organic rearrangement and 

dehydration, decarboxylation and hydrogenation reactions [5, 33-35]. Ethanol might be 
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formed from the cracking and hydrogenation of propan-2-ol [5].  

 

2.4.2 Formation of products via 3-hydroxypropanal: route B 

The presence of 3-hydroxypropanal in the liquid product has not been detected in the 

vast majority of works dealing with the aqueous phase reforming of glycerol. This 

indicates that dehydration forming 1-hydroxypropan-2-one is more likely to occur 

and/or that 3-hydroxypropanal may be instantaneously converted into other products in 

subsequent reactions. These reactions produce 3-hydroxypropionic acid, acetaldehyde 

and formaldehyde via the retro-aldol reaction [33], and/or propane-1,3-diol [32, 33] via 

hydrogenation. Propane-1,3-diol can be further dehydrated to produce propionaldehyde 

[33].  

 

2.4.3 Formation of products via 2,3-dihydroxypropanal: route C 

2,3-dihydroxypropanal can be transformed into 2,3-dihydroxypropionic acid, 

dehydrated to form 2-oxopropanal and/or decarbonylated to produce ethane-1,2-diol. 

Subsequently, 2-oxopropanal can be further hydrogenated to form propane-1,2-diol. 

Additionally, 2-hydroxyacetaldehyde can be obtained from the dehydrogenation of 

ethane-1,2-diol and might lead to the formation of methanol by decarbonylation [4, 5]. 

In addition, acetaldehyde and ethanol can be produced from the dehydration and the 

dehydration/hydrogenation of ethane-1,2-diol, respectively [4, 5, 34]. Acetaldehyde can 

subsequently be transformed into acetic acid and/or methane, while ethene and ethane 

can be produced from ethanol [4, 5, 34]. 
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3. Results 

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

Figure 3 displays the carbon conversion to gas and liquid (CC gas, CC liq) as well as 

the global glycerol conversion (X gly). The statistical analysis reveals significant 

differences between the results obtained in the experiments for the CC gas, CC liq and 

X gly (p-values < 0.001). Specifically, they vary by 12-32%, 33-70% and 47-92%, 

respectively. The effect of the impurities on the CC sol was not significant (p-value > 

0.05) and in all the experiments the CC sol was lower than 5%.  

 

The evolution over time of these variables shows significant reductions in the X gly and 

the CC liq, while minimal variations take place for the CC gas. These developments 

suggest a possible deactivation of the catalyst, which very interestingly does not affect 

gas production. Exceptionally, run 5, which contains KOH as an impurity, shows a 

steady evolution for the X gly and the CC liq. KOH has been reported to have a positive 

catalytic effect [36, 37] on the reforming of different oxygenates. In addition, King et al. 

[4] reported that the addition of KOH to the solution during the aqueous phase 

reforming of glycerol favours base-catalysed reactions, increasing glycerol conversion. 

Therefore, the presence of KOH in the solution can compensate for the deactivation of 

the catalyst in the process due to its own intrinsic catalytic activity.  

 

The effect on the deactivation of the catalyst of the presence in the glycerol solution of 

CH3COOH, CH3OH and KOH can be investigated by analysing the evolution over time 

of the X gly in the experiments. The addition of CH3COOH (run 2), CH3OH (run 3) 

individually or mixed (run 4) to the glycerol solution increases the reduction over time 

for the X gly compared to that obtained with glycerol (run 1). Interestingly, the decay in 
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the X gly over time for runs 6-11 is less pronounced than that observed for runs 2-4 due 

to the presence of KOH in the solution. In addition, this decay in the X gly over time 

also occurs for runs 6 and 7 in spite of the presence of KOH in the solution, as some 

interactions between the impurities can take place [26]. 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 [38], thus decreasing the positive catalytic effect of KOH. Additionally, the 

complete elimination of KOH is not possible for runs 8 and 9-11 due to the different 

amounts of impurities, and consequently the positive catalytic effect of KOH in the 

process softens the decay in the X gly over time. These interactions between impurities 

will be further discussed in connection with the results obtained during the first hour of 

reaction, making use of a statistical analysis. 

 

To gain a better insight into catalyst deactivation, the carbon deposited on the spent 

catalysts was determined by elemental analysis. Also, some liquid condensates were 

analysed by ICP to elucidate the cause of catalyst deactivation, whether coking and/or 

metal active phase leaching. The elemental analysis revealed that the carbon deposited 

on the catalyst surface was lower than 5 mg C/g catalyst g organics reacted (to form 

both gases and liquid products) for all the experiments, which indicates that coke 

formation is minimal under the operating conditions tested in this work. In a previous 

work, where a similar 28 wt.% Ni-based catalyst was used for the catalytic reforming of 

the aqueous fraction of bio-oil [39], steady conversions were achieved with an amount 

of C deposited on the catalyst of around 10 mg C/ g catalyst g organic reacted, which is 

in the same range as that obtained in this work. This suggests that catalyst deactivation 

by coking is not the main process responsible for the decreases observed in the X gly 
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over time. The analysis of the liquid condensates by ICP revealed the presence of Ni, Al 

and La in some of them, which indicates that the catalyst active phase and support can 

be lost by leaching during reaction. Table 3 lists the relative amounts (%) of Ni, Al and 

La leached from the catalyst to the liquid phase during the APR reaction with respect to 

the original amount of these metals initially loaded in the catalyst. In addition, a 

numerical quantification for the decay observed in the X gly over time is also provided. 

 

The greatest amounts of Ni and La leached from the catalyst occur for runs 1 and 4, 

which accounts for the experimental reductions observed in the X gly for these two 

experiments. Interestingly, run 5 shows a loss in the amount of Al in the catalyst, while 

no signs of catalyst deactivation were observed. Under basic conditions, the Al2O3 of 

the catalyst support can be transformed into Al(OH)3 (Eqs. 5 and 6) at the temperature 

and pressure used in this work [40]. 

 

Al2O3 + 2 KOH  2 KAlO2 + H2O      (Eq. 5) 

KAlO2 + CO2 + 3 H2O  2 Al(OH)3 + K2CO3    (Eq. 6) 

 

A multivariate analysis by means of Spearman´s test was carried out for the amounts of 

Ni, Al and La leached from the catalysts, the loss (numerically calculated) for the X gly 

over time and the pH of the solution to elucidate whether or not the catalyst deactivation 

is related to the loss of part of the active phase of the catalyst. This test revealed 

statistically significant relationships between the percentage of La leached both with the 

pH of the solution (p-value = 0.041; R2 = 0.82) and with the decay over time for the X 

gly (p-value = 0.045; R2 = 0.82). These relationships suggest that the loss of active 

phase during reaction is one of the main reasons for catalyst deactivation in this work. 
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The result of this test also indicates that the lower the pH of the solution, the greater is 

both the leaching of La from the catalyst to the liquid and the deactivation of the 

catalyst. This is consistent with results reported by other authors [41, 42] who have 

indicated that acidic conditions increase the solubility in water of various metals. 

 

Ni nanoparticles supported on carbon nanofibres (CNF) can be used in aqueous phase 

processes at elevated temperatures and pressures to control Ni oxidation and leaching. 

Haasterecht et al. [43] analysed the effect of the pH of the solution on the amount of Ni 

leached from the CNF catalysts during the APR of ethylene glycol. Ni leaching was 

found to be related to an increase in the Ni crystallite size. Concentrations of up to 7.1 

ppm of leached nickel were observed, which represented the 0.28% of the total amount 

of nickel in the catalyst. This is in the same range and the amount of Ni leached in this 

work. With the addition of KOH (pH = 8-10) to the feed solutions leaching of Ni was 

inhibited, as the addition of KOH to the solutions helps to hinder Ni crystal growth. The 

modification of the catalyst with promotors is also a plausible option to decrease crystal 

growth, thus preventing the dissolution of the active metals of the catalysts in the 

solution. Pham et al. [44] demonstrated that the addition of small amounts of silica (5 

wt.%) helps improve the activity and stability of Pd/niobia catalysts. They concluded 

that addition of silica to niobia not only improved the stability of the support but also 

helped to retain smaller crystallite sizes for the Pd phase, resulting in improved catalytic 

performance.  

 

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

APR of glycerol, the results obtained during the first hour of each experiment have been 
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statistically analysed and compared. The results of these analyses are summarised in 

Table 4 and Figure 4. The ANOVA analysis reveals that the presence of CH3COOH, 

CH3OH and KOH in the 30 wt.% glycerol solutions has a significant influence on the X 

gly, CC gas and CC liq obtained during the first hour of reaction. In contrast, these 

impurities do not exert any significant influence on the CC sol during the first hour and 

the CC sol is lower than 5% in all the experiments.  

 

The independent terms (intercepts) in the models for the X gly, CC gas and CC liq 

provide the value of these variables in the centre of variation for the impurities 

considered (runs 9-11), which correspond to the results obtained with a 30 wt.% 

glycerol solution having 1.5 wt.% of CH3COOH, 2.5 wt.% 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 

[3, 28]. Therefore, the comparison between these independent terms (or the results 

obtained in runs 9-11) with the results obtained in run 1 provides a direct comparison 

between the results obtained for a simulated refined glycerol and those for pure 

glycerol. The simulated refined glycerol provides lower X gly, CC gas and CC liq, 

which accounts for the results obtained by other authors [8] when comparing the APR 

of crude and reagent grade glycerol and, very importantly, highlights the significant 

influence of the biodiesel-derived impurities on the process. Specifically, in the 

presence of up to 5 wt.% of CH3OH, 3 wt.% of CH3COOH and 2.8 wt.% of KOH 

during the first hour of reaction, the X gly, CC gas and CC liq vary by 61-92%, 14-31% 

and 45-70%, respectively. 
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The ANOVA analysis (positive or negative coefficients in the model) indicates that 

CH3COOH and CH3OH decrease the X gly, CC gas and CC liq. In contrast, the 

presence of KOH decreases the X gly and CC liq, but increases the CC gas. The Pareto 

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

CH3OH followed by both CH3COOH and KOH. Furthermore, significant interactions 

between impurities are also detected and the analysis of the curvature for these variables 

shows a linear trend within the studied range with 95% confidence (p-value < 0.05). 

This indicates that with the experiments conducted the effect of the presence of the 

impurities can be evaluated from their absence in the glycerol solution to the upper limit 

considered for each impurity.	 

 

3.1.1 Effect of one impurity 

Figure 4 shows the effect of each impurity as well as the binary and ternary mixtures on 

the X gly, CC gas and CC liq, making use of the interaction plots developed with the 

ANOVA analysis. The progressive addition of up to 5 wt.% of CH3OH to the glycerol 

solution decreases the X gly, CC gas and, very slightly, the CC liq. The effect of the 

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

comparing Figure 4 a with Figure 4 b (for the X gly), Figure 4 c with Figure 4 d (for the 

CC gas) and Figure 4 e with Figure 4 f (for the CC liq). These comparisons show how 

the CC gas decreases with the addition of CH3COOH while the X gly and the CC liq are 

unaffected.  

 

CH3OH and CH3COOH are products of the APR of glycerol, and their presence in the 

initial solution might modify the reaction pathways of the process, which could result in 

changes in the glycerol conversion and the product distribution in carbon basis (CC gas 
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and CC liq). In addition, the presence of these two organic compounds diminishes the 

space-time in carbon basis (W/mC, mass of catalyst/mass flow rate of C), which also 

accounts for the decreases in the glycerol conversion and changes in the product 

distribution. Boga et al. [8] reported that the addition of CH3OH to a glycerol solution 

in a similar CH3OH/organics ratio (0.17 g/g) as that used in this work (0.14 g/g) exerted 

a negligible effect on the glycerol conversion during the APR of glycerol in a semi-

batch reactor at 225 ºC and 29 bar. This discrepancy could be the consequence of 

having used a higher space-time (37 g catalyst min/g glycerol) than that used in this 

work (25 g catalyst min/g glycerol). However, Boga et al. reported a CH3OH 

conversion of 66%, which explains the decrease in the CC gas observed in the present 

work. Furthermore, the ratio between glycerol and methanol converted was found to 

vary with the catalyst used and with the composition of the crude glycerol, which 

explains the depletion in the glycerol conversion observed in our work. Vasiliadou et al. 

[45] studied the APR of glycerol in a batch reactor at 220-250 ºC and 35 bar N2 initial 

pressure with a Pt-SiO2 catalyst using CH3OH as a hydrogen donor. They demonstrated 

that 70% of the total H2 was produced from the reforming of CH3OH. Therefore, these 

two works indicate that the reactivity of CH3OH under APR conditions depends on the 

catalyst and the composition of the crude glycerol. 

 

In addition, it should be borne in mind that in this work the CC liq includes both 

CH3OH and CH3COOH, since they are also glycerol APR liquid products. This 

accounts for the small and negligible variations observed in the CC liq with the addition 

of CH3OH and CH3COOH to the glycerol solution, respectively, probably due to the 

compensatory effect of two developments: their production from glycerol APR 
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reactions and their elimination during reaction due to their initial presence in the 

solution. 

 

The chemical analysis of the liquid phase revealed a negligible concentration of acetic 

acid in the liquid for all experiments; with indicates both a small CH3COOH production 

from glycerol and that 100% of the CH3COOH fed with the glycerol solution /produced 

from glycerol was converted into gases and/or other liquid products. Conversely, in the 

case of CH3OH, the concentration of this compound in the liquid for runs 1-4 is as 

follows: 0.31, 0.26, 2.05 and 1.58 wt.%. Therefore, the conversion of CH3OH in run 3, 

having regard to the fact that the CH3OH produced from glycerol (run 1), is around 

53%, which confirms the relatively low reactivity of this impurity under the operating 

conditions tested in this work.  

 

As regards the presence of KOH in the glycerol solution, up to 2.8 wt.% of KOH could 

be added to the solution without exerting any statistically significant influence on either 

the X gly or the CC liq, but slightly increasing the CC gas. King et al [4] also reported 

an increase in gas production with the addition of 0.1 wt.% of KOH to a 10 wt.% 

glycerol solution (until a pH of 12 was reached) during the aqueous phase reforming of 

this mixture at 225 ºC and 30 bar. Gas formation occurs via C-C scission, which takes 

place via a base-catalysed pathway and is facilitated at high pH [4, 46]. 

 

3.1.2 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 when accompanied by CH3OH or CH3COOH due to the existence of 
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significant interactions between the impurities. The addition of CH3OH or CH3COOH 

to a glycerol solution containing KOH decreases the X gly, CC gas and CC liq, as can 

be seen from Figures 4 a, c and e for the addition of CH3OH and comparing these with 

Figures 4 b, d and f in the case of adding CH3COOH. These results can be explained by 

the progressive removal of KOH and its transformation into CH3OK (Eq. 7) [47] or 

CH3COOK (Eq. 8), creating a CH3COOH/CH3COO- buffer solution for the latter, and 

thus decreasing the effect that KOH exerts on the process in both cases. The occurrence 

of these reactions was also observed in a previous work reporting the effect of these 

impurities during the steam reforming of glycerol [26].  

 

CH3OH + KOH  CH3OK + H2O       (Eq. 7) 

CH3COOH + KOH  CH3COOK + H2O   (Eq. 8) 

 

King et al. [4] reported the positive effect that the addition of KOH to a glycerol 

solution exerts on the APR process using a Pt-based catalyst. They proposed that K 

could ascribe the increase in activity with the addition of KOH to the modification of 

active metal phase in the catalyst. The promotional effect of the addition of K+ makes 

the active metal phase of the catalyst more electron-deficient. However, as KOH was 

added to the solution and both K+ and OH- can interact with the surface of the catalyst, 

they were unable to distinguish between the K+ and/or OH- promotional effects. 

Conversely, the strategy used in this work to evaluate the influence of the different 

individual, binary and ternary mixtures helps to gain a better insight into the relative 

influence of H+, OH- and K+ on the process.  
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The results of this work suggest that the decreases observed in X gly, CC gas and CC 

liq when adding CH3OH or CH3COOH to a solution containing glycerol and KOH 

might be the consequence of the increases in the K+/OH- and K+/H+ ratios of the 

solutions, respectively. No significant differences were found between the results 

obtained with only CH3OH or with the binary mixture CH3OH + KOH, probably due to 

the transformation of CH3OH into CH3OK as described by Eq. 7. This suggests that in 

the presence of CH3OH, the addition of K+ to the solution does not exert a positive 

catalytic influence on the process and thus the same results are obtained with the 

presence of either CH3OH or CH3OK in the glycerol solution. Therefore, the increase 

observed in the CC gas with the addition of KOH is believed to have been caused by the 

presence of OH- in the glycerol solution rather than by K+. This accounts for higher C-C 

scissions producing gases which occur via a base-catalysed pathway facilitated by a 

high OH- concentration in the reaction medium [4, 46]. 

 

Interestingly, the addition of CH3COOH to the glycerol solution does not change the X 

gly obtained with pure glycerol (as describe above) in spite of the increase in the C 

content of the feed which decreases the space-time in carbon basis (g catalyst min/g 

carbon). The space-time decreases from 64 g catalyst min/g C for pure glycerol to 58 

and 55 g catalyst min/g C with the addition of CH3COOH and CH3OH, respectively. 

These decreases in the space-time are very similar (10 and 13%, respectively). 

However, a sharp decay in the glycerol conversion with the addition of CH3OH is, 

observed, which suggests that the presence of H+ in the solution can compensate for the 

decrease in space velocity. This indicates that H+ might have a positive catalytic effect 

on the process as it favours acid-catalysed dehydrations in hot compressed water [48, 

49], which increases the CC liq and X gly. Conversely, the CC gas decreases as the 
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reaction media becomes more acidic, suggesting that gas formation is not favoured 

under acid conditions, as reported by Davda et al. [48]. Therefore, the progressive 

addition of KOH to a solution containing glycerol and CH3COOH decreases the X gly 

and CC liq and increases the CC gas due to the increase in the K+/H+ ratio and the 

decrease in the K+/OH- ratio of the solution occurring when the CH3COOH is 

progressively transformed into CH3COOK. In addition, the addition of KOH to the 

glycerol/ CH3COOH solution decreases its acidity thus allowing OH- catalysis for H2 

production rather than H+ catalysis that leads to dehydration.  

 

As regards the CH3OH-CH3COOH mixture, Figures 4 b, d and f show how the 

progressive addition of CH3OH to a glycerol solution containing 3 wt.% CH3COOH 

does not modify the X gly, CC gas or CC liq. The presence of these two impurities can 

lead to the formation of CH3COOCH3 by esterification (Eq. 9) [26], but the pH of the 

solution is not greatly modified as it shifts from 2.46 to 2.53 with the addition of 

CH3OH. 

 

CH3COOH + CH3OH  CH3COOCH3 + H2O    (Eq. 9) 

 

Very interestingly, the comparison between Figures 4 a with b and 4 e with f reveals 

that the addition of 3 wt.% CH3COOH to a solution containing 5 wt.% of CH3OH 

slightly increases the X gly and CC liq due to the increase in the pH of the solution, 

providing evidence of the positive effect that H+ ions have on the process. This addition 

exerts a negligible effect on the CC gas, suggesting that H+ exerts a positive effect on 

glycerol conversion into liquid products. This is due to a greater spread of the 

dehydration reactions which produce intermediate liquid products [48, 49].  
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3.1.3 Effect of the three impurities  

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

7-11) can take place depending on their concentrations [26].  Most of these reactions 

might take place during the preparation of the solutions. In addition, some of them can 

occur when the solutions are fed to the reactor, either before reaching the reactor or in 

the bottom part of the reactor, prior to reach the catalytic bed. 

 

CH3COOK + CH3OH  CH3COOCH3 + KOH (Eq.10) 

CH3COOH + CH3OK  CH3COOCH3 + KOH (Eq.11) 

 

Figures 4 b, d and f show the effect of the presence of the three impurities on the X gly, 

CC gas and CC liq, respectively. These figures show how the progressive addition of 

CH3OH to a glycerol solution containing CH3COOH and KOH slightly decreases the 

CC gas (from 21 to 18%) without exerting any significant effect on either the X gly or 

the CC liq. The addition of CH3OH to this binary mixture leads to the formation of 

CH3OK [26], thus increasing the K+/OH- ratio which accounts for the decrease observed 

in the CC gas. Furthermore, the progressive addition of KOH to a glycerol solution 

containing CH3COOH and CH3OH decreases the X gly. In this case the addition of 

KOH to the solution leads to the formation of CH3COOK and CH3OK, which increases 

the K+/OH- ratio. 

 

The comparison between Figures 4 a with b, c with d and e with f reveals that when the 

glycerol solution contains the highest amount of the three impurities, lower amounts of 

X gly, CC gas and CC liq are achieved in comparison to those obtained with pure 
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glycerol. This is in good agreement with other works comparing the results obtained 

with pure and crude glycerol [8]. 

 

3.2 Gas composition 

Figure 5 shows the gas composition obtained for the different experiments. The 

impurities have a statistically significant influence on the relative amount of H2, CO2, 

CO and CH4 (p-values < 0.05) which varied as follows: 22-48%, 36-51%, 1-7% and 13-

22%, respectively. 

 

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

variations for the proportions of H2, CO2 and CH4. Slight increases were detected for 

CO although the relative amount of this gas is quite low. This indicates that catalyst 

deactivation does not greatly affect gas selectivity, i.e. lower amounts of all the gases 

are produced but without modifying the composition of the gas. One exception is run 5, 

which contains KOH as the only impurity. In this case there were increases in the 

proportions of H2 and CO2 along with decreases in the concentrations of CO and CH4. 

This suggests that the presence of KOH in the solution potentiates methane reforming 

(CH4 + 2 H2O  CO2 + 4 H2) and the WGS (CO + H2O  CO2 + H2) reactions. 

Borowiecki et al. [50] and Nagaraja et al. [51] concluded that the modification of Ni-

based catalysts with K increases the activity of the catalyst. This catalyst modification 

with K can occur in situ during the reaction, as reported by King et al. [4] who found 

that the K+ ions present in the glycerol solution can interact with the active metal phase 

of the catalyst under APR conditions. This interaction could increase with the reaction 

time, as the contact time between the catalyst and K+ ions increases. This accounts for 

the change in the gas selectivity over time observed in this work. To gain a better 
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insight into the effect of the modification of the catalyst with K, some of the used 

catalyst were characterised by ICP. The amount of K deposited on the catalyst for runs 

5 and 9-11 was 10.480.14 mg K/g catalyst g K fed and 4.460.48 mg K/g catalyst g K 

fed, respectively. This corresponds to K depositions of 7.860.11% and 3.500.36% 

respectively, with respect to the total amount of K fed during the 3 h of experiment. 

This indicates that K deposition depends on the pH of the solution and higher the pH, 

the greater are both the deposition of K on the catalyst and the increase in its catalytic 

activity.  

 

Table 5 lists 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 

ANOVA analysis reveals that the impurities exert a significant influence on the 

concentration of H2, CO and CO2 in the gas during the first hour of experiment. The 

analysis of the curvature for these variables shows a linear trend within the studied 

range with 95% confidence (p-value < 0.05). Figure 6 plots the effects of each impurity 

as well as the binary and ternary mixtures on the proportions of H2, CO2 and CO in the 

gas, obtained with the ANOVA analysis. The concentrations of these gases range from 

23 to 43 vol.%, from 36 to 51 vol.% and from 0.4 to 5 vol.%, respectively. Conversely, 

the relative amount of CH4 during the first hour is around 17 vol.% regardless of the 

presence of the impurities considered. The comparison between the gas compositions 

obtained for run 1 and the intercepts of Table 5 (or runs 9-11) reveals a higher 

proportion of H2 and lower proportions of CO and CO2 in the gas when feeding 

simulated crude glycerol than when using pure glycerol. 
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KOH has the greatest influence on the composition of the gas, followed by CH3OH and 

CH3COOH, both with a similar influence. The coefficients of the models indicate that 

the addition of KOH to the glycerol solution considerably increases the relative amount 

of H2 and decreases the proportions of CO and CO2 in the gas. The addition of 

CH3COOH to the solution slightly decreases the proportion of H2 and increases the 

proportions of CO2 and CO, while CH3OH slightly increases the proportions of H2 and 

CO and decreases the relative amount of CO2 in the gas. However, significant 

interactions between the impurities were detected which means that the effect of each 

impurity is dependent on the others.  

 

3.2.1 Effect of one impurity 

Figure 6 shows how the addition of up to 5 wt.% of CH3OH alone to the glycerol 

solution increases the proportion of H2 in the gas very slightly, while the addition of 

CH3COOH leads to a small increase in the proportion of CO2. However, as predicted by 

the Pareto analysis, the effect of the presence of either of these two impurities alone on 

the composition of the gas is very weak and the variations observed can be within the 

experimental uncertainty. Conversely, the addition of KOH to the solution exerts a great 

impact on the composition of the gas. The proportion of H2 increases sharply and the 

relative amounts of CO and CO2 decrease severely. Gas formation occurs via C-C 

scission, which occurs via a base-catalysed pathway facilitated at high pH [4, 46]. 

Therefore, this increase in the proportion of H2 in the gas could be the consequence of 

the increase in gas production, which causes a reduction in the production of 

intermediate liquids. This decreases the H2 consumption in the hydrogenation reactions, 

which accounts for the increase observed in the relative amount of H2 in the gas. King et 

al. [4] also reported an increase in the H2 selectivity with the addition of KOH to a 
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glycerol solution using a Pt-Re/C catalyst. They concluded that this development was 

the consequence of lower H2 consumption in the hydrogenation reactions, as KOH 

disfavours dehydration reactions and C-O scissions.  

 

3.2.2 Effect of two impurities 

In relation to the binary combinations 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. Figures 6 a, c and e show how the progressive addition of 

CH3OH to a glycerol solution containing KOH does not greatly modify the effect of the 

presence of KOH alone, probably because the pH of the solution is not greatly modified 

(it varies from 13.29 to 13.40). The proportions of H2 and CO in the gas remain 

invariable, while a small increase in the proportion of CO2 occurs. Conversely, the 

addition of CH3COOH to a glycerol solution containing KOH significantly changes the 

composition of the gas. Specifically, the comparisons between Figures 6 a with b, c 

with d and e with f show how this addition causes a reduction in the proportion of H2 

and an increase in the proportion of CO2, while the relative amount of CO in the gas 

remains unaffected. The progressive addition of up to 3 wt.% of CH3COOH to a 

glycerol solution having 2.8 wt.% of KOH decreases the pH of the solution from 13.29 

to 11.84, which decreases the concentration of OH- in the solution and thus diminishes 

the production of H2 [4]. 

 

As regards the combination of the two organic impurities (CH3OH-CH3COOH), Figures 

6 b, d and f show how the progressive addition of CH3OH to a glycerol solution 

containing the highest amount of CH3COOH considered in this work slightly increases 

the proportion of H2 and decreases the proportion of CO2 to the same levels as those 
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achieved with the presence of CH3OH alone. Very similar developments occur in the 

proportions of H2 and CO with the addition of CH3OH alone as when it is added in the 

presence of the highest amount of CH3COOH. CH3OH is a final liquid product in the 

APR of glycerol and can be transformed into H2 by reforming in the final steps of the 

process. It is therefore hardly affected by the presence of CH3COOH in the glycerol 

solution.   

 

3.2.3 Effect of three impurities 

Figures 6 b, d and f show the effect of the presence of the three impurities on the 

proportions of H2, CO2 and CO in the gas, respectively. It is observed how the 

proportion of H2 in the gas increases, while the relative amounts of CO and CO2 in the 

gas decrease in comparison with the results obtained with pure glycerol. The addition of 

a third impurity to the different binary mixtures has different consequences for the 

composition of the gas. Specifically, up to 5 wt.% of CH3OH can be added to a glycerol 

solution containing CH3COOH and KOH without modifying the gas composition of the 

binary mixture. Conversely, the addition of CH3COOH to the binary mixture CH3OH-

KOH decreases the proportion of H2 in the gas. This depletion is the consequence of the 

progressive neutralisation of KOH with the addition of CH3COOH which decreases the 

pH of the solution, thus decreasing the relative amount of H2 in the gas [4].  

 

The gas composition obtained with the binary organic mixture CH3OH-CH3COOH is 

modified with the addition of KOH to the solution: an increase in the proportion of H2 

together with a drop in the relative amount of CO in the gas takes place. The addition of 

KOH increases the pH of the solution due to the increase in the concentration of OH- [4, 
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46]. In addition, K+ exerts a positive catalytic effect on gas production and the water gas 

shift reaction [36, 37].  

 

3.3 Liquid composition 

Figure 7 summarises the relative amount of the different families of compounds present 

in the liquid for the experiments. The liquid phase is made up of a mixture of alcohols, 

aldehydes, ketones, and esters together with unreacted glycerol and water. The alcohols 

include monohydric alcohols (majorly methanol and ethanol and in lower proportion 2-

butanol, 2-pentanol and 3-pentanol), polyhydric alcohols (propane-1,2-diol, ethane-1,2-

diol and butane-2,3-diol) and, in lower proportions, monohydric substituted and 

alicyclic alcohols. The ketones include C3-ketones such as propan-2-one (acetone) and 

1-hydroxy-propan-2-one and C4-ketones such as 3-hydroxy-butan-2-one. Acetaldehyde 

is the most abundant compound for the aldehydes. The presence of these compounds in 

the condensates is consistent with the pathway proposed in Figure 2 and those proposed 

by several authors who have studied the APR of glycerol [4, 5, 19, 32-35]. Acetic acid 

methyl ester and 1,2-propanediol-2 acetate are the most abundant ester compounds, 

which suggest that esterification reactions can also take place with the presence of some 

impurities.  

 

Increases and decreases in the proportions of these families with time are detected. 

Monohydric alcohols and C3-ketones show the greatest variations in composition over 

time. Specifically, decreases over time occur for the proportions of monohydric alcohols 

in the vast majority of the experiments while C3-ketones show increases over time for 

some of them. Many of the decreases observed in the proportions of the former take 

place along with increases in the proportions of the latter. The multivariate Spearman´s 
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test detected a significant relationship (p-value < 0.05) between the increases and 

decreases of these two families of compounds with time. In contrast, the proportions of 

aldehydes, polyhydric alcohols, C4-ketones and esters remain relatively steady over 

time for the vast majority of the experiments.   

 

The statistical analysis of the results (Table 6) indicates that the impurities exert a 

significant influence during the first hour of reaction on the proportions of monohydric 

alcohols, polyhydric alcohols, aldehydes and C3-ketones, the proportion of esters being 

unaffected. The presence of CH3COOH and CH3OH exerts the highest influence on the 

proportions of monohydric and polyhydric alcohols, while KOH has a great influence 

on the relative amounts of aldehydes and C3-ketones. The relative amount of the liquid 

compounds shows a linear trend within the studied range of the concentration of 

impurities with 95% confidence (p-value < 0.05). Figure 8 shows the effect of the 

individual presence of CH3OH, CH3COOH and KOH together with the different binary 

and ternary mixtures of these compounds on the relative amounts of monohydric and 

polyhydric alcohols, aldehydes and C3-ketones. 

 

 

3.3.1 Effect of one impurity 

The addition of up to 5 wt.% of CH3OH to the glycerol solution does not exert any 

significant influence on the proportions of these families of compounds. However, it 

was found that the addition of CH3OH as a impurity to the glycerol solution increases 

the proportion of CH3OH from 1 to 12% and decreases the relative amounts of ethanol 

(from 16 to 10%) and 2-butanol (from 4 to 0%) in the liquid product. This does not 

significantly modify the proportion of monohydric alcohols in the liquid. It is believed 
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that the increase in the proportion of CH3OH in the liquid is a direct consequence of its 

presence in the initial glycerol solution, as the liquid phases for runs 3, 7 and 8 have the 

highest proportions of this compound (around 12.5%). Furthermore, the APR of runs 9-

11, having half the initial concentration of CH3OH in the glycerol solution than that 

used for runs 3, 4, 7 and 8, gives a liquid product with half the relative amount of 

CH3OH (6.6%). These developments together with the low CH3OH conversions 

(section 3.1.1) confirm the low reactivity of this impurity under the operating conditions 

tested in this work. 

 

The addition of CH3COOH to the glycerol solution causes a significant decrease in the 

proportions of monohydric alcohols (both methanol and ethanol, the most abundant) 

and an increase in the relative amount of 1-hydroxypropan-2-one , without modifying 

the proportion of acetone in the liquid. This variation accounts for an increase in 

glycerol dehydration reactions, which suggests that route A prevails over route C under 

acidic conditions. Several authors have reported that acidic conditions cause more 

widespread dehydration reactions [4, 34, 52-54].  In addition, under acidic conditions, 

the 2,3-dihydroxypropanal (glyceraldehyde) dehydration/hydrogenation route to 

propane-1,2-diol prevails over the decarbonylation to ethane-1,2-diol [4], which 

accounts for the decrease observed in the proportions of methanol and ethanol (mostly 

produced in the final steps of route C), and the increase observed in the proportions of 

liquid products obtained from route A.  

 

The presence of up to 2.8 wt.% of KOH alone in the glycerol solution does not 

significantly influence the composition of the liquid phase. As an exception, the 
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proportion of aldehydes in the liquid decreases, suggesting that either acetaldehyde 

decomposition is favoured or its formation is hindered under an alkali pH. 

 

3.3.2 Effect of two impurities 

The progressive addition of KOH to a glycerol solution containing either CH3OH or 

CH3COOH changes the effect that these two organic impurities exert alone. When KOH 

is added to a glycerol solution containing CH3OH (Figures 8 a, c, e and g), the 

proportion of polyhydric alcohols increases due to the increase in the relative amount of 

butane-2,3-diol, while the relative amount of aldehydes decreases. CH3OK, which has a 

mid nucleophilic character, can be formed in the presence of these two impurities (Eq. 

7) [26], and can promote the formation of alcohols with a higher number of carbon 

atoms via Cannizzaro type reactions [5, 33-35]. The decrease in the proportion of 

aldehydes might have been caused by the positive effect that KOH exerts on its 

decomposition and/or because basic conditions hinder its formation, as explained above. 

Conversely, statistically significant variations for the other families of compounds are 

not observed.  

 

The addition of KOH to a glycerol solution containing CH3COOH (Figures 8 b, d, f and 

h) produces a decrease in the proportion of C3-ketones in the liquid, while the relative 

amounts of monohydric and polyhydric alcohols and aldehydes are unaffected. The 

chemical analysis of the liquid reveals that the depletion observed in the proportion of 

C3-ketones accounts for a decrease in the relative amount of 1-hydroxy propan-2-one. 

Acidic conditions cause more widespread dehydration reactions [4, 34, 52-54] thus 

promoting dehydration/hydrogenation routes [4]. Route A thus prevails over route C. 
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However, the pH of the solution increases with the addition of KOH, shifting the 

reactions in the liquid phase towards route C.  

 

As regards the binary mixture of the two organic impurities, it was found that the 

addition of CH3OH to a glycerol solution containing CH3COOH increases the relative 

amount of monohydric alcohols and decreases the polyhydric alcohols. The proportions 

of aldehydes and C3-ketones are unaffected. The increase in the concentration of 

monohydric alcohols is the consequence of the initial presence of CH3OH in the 

glycerol solution, since this organic compound is not very reactive under the operating 

conditions considered in this work. Very interestingly, there are no significant 

differences between the compositions of the liquid phase obtained with the presence of 

CH3OH alone in the glycerol solution and with the binary mixture CH3OH-CH3COOH. 

This suggests that CH3OH is responsible for the change in the composition of the liquid 

phase observed in the presence of these two impurities. 

 

 3.3.3 Effect of three impurities 

The addition of a third impurity to the different binary mixtures has different 

consequences for the composition of the liquid phase.  Figures 8 b, d, f and h show the 

effects of the addition of KOH to the binary mixture CH3COOH-CH3OH and the 

addition of CH3OH to the binary mixture CH3COOH-KOH. 

The addition of KOH to a glycerol solution containing 3 wt.% of CH3COOH and 5 

wt.% of CH3OH increases the proportion of polyhydric alcohols and decreases the 

relative amounts of aldehydes and C3-ketones in the liquid. However, this addition does 

not significantly modify the proportion of monohydric alcohols. The variations in the 

proportions of polyhydric alcohols and C3-ketones account for the increase in the 
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proportion of propane-1,2-diol and the decrease in the relative amount of 1-

hydroxypropan-2-one, respectively; while acetaldehyde is responsible for the decrease 

observed in the proportion of  aldehydes. These variations are the consequence of two 

developments: the increase in the pH of the solution originated with the addition of 

KOH and the presence of CH3OH in the feed. Basic pHs favour route C over A; 

however, the presence of CH3OH in the solution might shift the advancement of the 

reactions involved in route C towards the formation of 2-oxopropanal via dehydration. 

This latter compound can subsequently be hydrogenated to produce propane-1,2-diol 

since a basic a pH also favours H2 production and aids hydrogenation reactions. This 

route has also been reported to occur at basic pHs [4]. It therefore explains the increase 

in the proportion of propane-1,2-diol, the decrease in the proportion of 1-

hydroxypropan-2-one and the steady evolution of CH3OH in the liquid product with the 

addition of KOH to the initial 3 wt.% CH3COOH, 5 wt.% CH3OH, 30 wt.% glycerol 

solution. 

 

The addition of CH3OH to the binary mixture CH3COOH-KOH increases the 

proportion of monohydric alcohols in a similar manner to that observed for the binary 

mixture CH3OH-CH3COOH. The increase in the proportion of CH3OH is responsible 

for this variation and is the consequence of its initial presence in the solution due to the 

low reactivity of this alcohol under the operating conditions tested. The proportions of 

aldehydes and C3-ketones, as in the binary mixture, and the proportion of polyhydric 

alcohols are not modified with the addition of CH3OH to the solution. 

 

The comparison between Figures 8 a, c, e and g with Figures 8 b, d, f and h illustrates 

the effect of the addition of CH3COOH to the binary CH3OH-KOH mixture for the 
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relative amounts of monohydric and polyhydric alcohols, aldehydes and C3-ketones, 

respectively. This comparison reveals minor changes in the composition of the liquid 

phase: a small decrease in the proportion of C3-ketones together with a small increase 

in the relative amount of aldehydes. In addition, the comparison between the results 

obtained with pure glycerol and with the glycerol solution having the highest amount of 

the impurities considered in this work reveals similar compositions for the liquid phases 

with both feedstocks. Exceptionally, the liquid product obtained from the glycerol 

solution containing impurities has a lower amount of acetaldehyde.  

 

3.4 Optimal values for the concentration of the impurities to optimise the APR of crude 

glycerol 

Optimal values for the concentrations of CH3COOH, CH3OH and KOH in the 30 wt.% 

glycerol solutions were sought making use of the experimental models developed. The 

predicted R2 of all the models is higher than 0.90, allowing their use for prediction 

purposes. Three different optimisations were carried out. The first aims at the 

production of a gas with a high H2 content, and therefore comprises the maximisation of 

the CC gas, the X gly and the relative amount of H2 in the gas. The second and the third 

are directed towards valuable liquid production, thus maximising the proportions of 

monohydric and polyhydric alcohols, respectively, as well as the CC liq and X gly in 

both cases. 

 

To meet these objectives, a solution that strikes a compromise between the optimum 

values for all the response variables was sought for each optimisation. To do this, a 

relative importance (from 1 to 5) was given to each one of the objectives in order to 

come up with a solution that satisfies all the criteria. To globally maximise gas and 
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liquid production, a relative importance of 5 was assigned to the X gly, CC gas and CC 

liq, while a relative importance of 3 was given to the properties of the gas or liquid (vol. 

H2 and relative amounts of monohydric and polyhydric alcohols).  

 

Taking these restrictions into account, the three optimisations predicted maxima for the 

variables considered in the absence of CH3COOH and CH3OH and with the highest 

amount of KOH considered in this work (2.8 wt.%). This corresponds to the values that 

these impurities have in run 5. The APR results predicted in the optimisation and 

obtained with the statistical model (not shown) are not significantly different, with 95% 

confidence (p-value > 0.05), to those obtained in run 5, proving the validity of the 

empirical model developed. This convergent solution indicates that the presence of 

KOH in the glycerol solution is beneficial for the valorisation of crude glycerol by APR. 

Conversely, the concentrations of CH3COOH and CH3OH in the feedstock should be 

reduced as much as possible in the purification step.  

 

4. Conclusions 

This work addresses the effects of the presence (individual, binary and ternary 

combinations) of up to 3 wt.% CH3COOH, 5 wt.% CH3OH and 2.8 wt.% KOH on the 

aqueous phase reforming (APR) of a 30 wt.% glycerol solution at a temperature of 220 

ºC and 44 bar of pressure, with a Ni-La/Al2O3 catalyst using a W/mglycerol ratio of 25 g 

glycerol min/g catalyst. The most relevant conclusions are summarised as follows. 

1. The presence of CH3COOH, CH3OH and KOH exerts a significant influence on the 

aqueous phase reforming (APR) of glycerol. Specifically, the presence of CH3OH in the 

glycerol solution decreased the X gly, CC gas and CC liq compared to the results 

obtained with pure glycerol. CH3COOH and KOH decreased and increased the CC gas, 
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respectively, without modifying the X gly and CC liq obtained with pure glycerol. The 

variations observed for the X gly, CC gas and CC liq are the consequence of the 

variations in the K+/OH- and K+/H+ ratios of the solutions that occur with the addition of 

the impurities (either alone or binary/ternary mixed) to the glycerol solution. 

2. KOH is the impurity with the greatest influence on the gas composition, increasing 

the concentration of H2 and decreasing the relative amounts of CO and CO2 in the gas.  

3. The addition of CH3COOH, CH3OH and KOH to the glycerol solution significantly 

changes the composition of the liquid phase obtained in the APR of glycerol. The 

presence of CH3OH in the glycerol solution slightly changes the results obtained with 

glycerol alone. The proportion of this compound increases due to its initial presence in 

the solution and its low reactivity under the operating conditions tested. The addition of 

CH3COOH causes a significant decrease in the proportion of monohydric alcohols and 

increases the relative amount of C3-ketones. Acidic conditions promote dehydration 

reactions, making route A (liquid production via 1-hydroxypropan-2-one) prevalent 

over route C (liquid production via 2,3-dihydroxypropanal). The presence of up to 2.8 

wt.% of KOH alone in the glycerol solution does not significantly influence the 

composition of the liquid phase. Only a small reduction in the amount of aldehydes was 

observed. 

4. When two or more impurities are present together in the glycerol solution (binary and 

ternary mixtures), other reactions between the impurities such as neutralisation and 

esterification can occur prior to or during the reforming reactions. This modifies the 

K+/OH- and K+/H+ ratios and the pH of the solutions, thus varying the effects that these 

impurities exert alone.  

5. Part of the active phase (Ni and La) and the support (Al) of the catalyst were lost by 

leaching during the APR reaction in some experiments. The loss of La by leaching was 
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favoured under acidic conditions and might be responsible for the deactivation of the 

catalyst under the operating conditions tested. Basic conditions favoured Al leaching 

from the catalyst support, but the activity of the catalyst was unaffected. 
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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	ሺ%ሻ ൌ

C in the gas ሺgሻ
C fed ሺgሻ

100 
Micro Gas Chromatograph (Micro 

GC). N2 as internal standard 

Online analyses Composition	ሺvol.%ሻ ൌ
mol of each gas
total mol of gas

100 

 

 

Liquid 

CC	liq	ሺ%ሻ ൌ 	
C	in	the liquid products ሺgሻ

C fed ሺgሻ
100 

Total Organic Carbon (TOC) 

Composition	ሺarea	%ሻ ൌ
area of each compound

total area
100 

GC-MS (Gas Chromatography-

Mass Spectrometry)  

X	gly	ሺ%ሻ ൌ 	
glycerol	fed	ሺgሻ െ glycerol in the liquid ሺgሻ

glycerol fed ሺgሻ
100 

GC-FID (Gas Chromatography-

Flame ionization detector)  

Offline analyses 

Solid CC	sol	ሺ%ሻ ൌ 100 െ CC gas ሺ%ሻ െ CC liq∗ ሺ%ሻ  

CC gas = Carbon conversion to gas; CC liq = Carbon conversion to liquid products (unreacted glycerol free); X gly = Glycerol 

Conversion and CC liq* = Carbon conversion to liquids including unreacted glycerol. 

 

 

 

Table 2. Concentration (wt.%) of acetic acid, methanol potassium hydroxide (expressed 
in codec and actual values), pH (mean  standard deviation) and water/carbon (W/C) 
ratio of the 30 wt.% glycerol solutions  
 

Run [CH3COOH] 
(wt.%) 

[CH3OH]  
(wt.%) 

[KOH] 
(wt.%) 

pH W/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 3. Percentage of active phase metals leached and numerical decay for the glycerol 

conversion 

Run Ni leached (%) Al leached (%) La leached (%) Loss in X gly (%) 

1 0.067 B 0.012 B 9.70 B 16 

4 0.152 A  0.006 B 46.96 A 18 

5 0.012 C 1.479 A 0.01 C 0 

6 0.08 C 0.010 B 1.81 C 5 

9, 10, 11 0.00650.02 C 0.0250.03 B 3.270.27 C 0 

p-value 0.024 0.034 0.014  

A, B and C in each column represents statistically significant groups with 95 % confidence 

 

Table 4. Relative influence of the impurities on the X gly, CC gas and CC liq during the 
first hour of experiment according to the ANOVA analysis 

Response R2 Intercept AcH MeOH KOH AcH *MeOH AcH *KOH MeOH *KOH AcH *MeOH * KOH 

X gly (%)( 0.93 
76.59 -2.69 -7.28 -3.96 3.79 -3.38 ns ns 

 (13) (34) (19) (18) (16)   

CC gas (%) 0.96 
18.00 -1.92 -3.70 1.39 2.45 ns 2.00 ns 

 (17) (32) (12) (21)  (17)  

CC liq (%) 0.95 
56.49 -2.15 -4.16 -2.36 3.39 -4.32 ns 2.19 

 (12) (22) (13) (18) (23)  (12) 
ns

  Not significant with 95 % confidence  

Response = Intercept + AcH coefficient * [AcH] + MeOH coefficient * [MeOH] + KOH coefficient * [KOH] + AcH*MeOH 
coefficient * [AcH]*[MeOH]   + AcH*KOH  coefficient * [AcH]*[KOH] + AcH*MeOH*KOH coefficient *[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 5. Relative influence of the impurities on the gas composition obtained during the 
first hour of experiment according to the ANOVA analysis 

Response R2 Intercept AcH MeOH KOH AcH *MeOH AcH *KOH MeOH *KOH AcH *MeOH * KOH 

H2 (vol.%) 0.95 
33.25 -1.70 1.48 5.84 ns -1.29 -1.59 ns 

 (14) (13) (49)  (11) (13)  

CO2 (vol.%) 0.97 
44.37 1.27 -0.97 -2.93 -1.52 1.15 1.58 ns 

 (13) (10) (31) (16) (12) (17)  

CO (vol.%) 0.90 
1.85 0.39 0.33 -1.36 ns ns -0.32 ns 

 (16) (14) (57)   (13)  

CH4 (vol.%) na 19.34 ns ns ns ns ns ns ns 

ns
  Not significant with 95 % confidence  

na Nor analysed 

Response = Intercept + AcH coefficient * [AcH] + MeOH coefficient * [MeOH] + KOH coefficient * [KOH] + AcH*MeOH 
coefficient * [AcH]*[MeOH]   + AcH*KOH  coefficient * [AcH]*[KOH] + AcH*MeOH*KOH coefficient *[AcH]* 
[MeOH]*[KOH] 

[AcH], [MeOH] and [KOH] are the concentrations of acetic acid, methanol and potassium hydroxide, respectively, in the 30 wt.% 
glycerol solution expressed 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 
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Table 6. Relative influence of the impurities on the liquid composition obtained during 
the first hour of experiment according to the ANOVA analysis 

Response R2 Intercept AcH MeOH KOH AcH *MeOH AcH *KOH MeOH *KOH AcH *MeOH * KOH 
Mono-Alcohols 
(Area %) 

0.90 
24.62 -2.70 2.61 ns 2.03 -1.00 ns ns 

 (32) (31)  (24) (12)   
Poly-Alcohols 
(Area -%) 

0.73 
70.05 0.39 -1.47 ns -1.99 ns 3.08 ns 

 (32) (31)  (24)  (12)  
Aldehydes  
(Area %) 

0.92 0.75 0.12 ns -0.30 ns 0.15 ns 0.09 
 18  (45)  (23)  (14) 

C3-ketones 
(Area %) 

0.76 
12.50 ns 1.27 -2.33 ns -1.44 ns ns 

  (23) (47)  (30)   

	
ns

  Not significant with 95 % confidence  

Response = Intercept + AcH coefficient * [AcH] + MeOH coefficient * [MeOH] + KOH coefficient * [KOH] + AcH*MeOH 
coefficient * [AcH]*[MeOH]   + AcH*KOH  coefficient * [AcH]*[KOH] + AcH*MeOH*KOH coefficient *[AcH]* 
[MeOH]*[KOH] 

[AcH], [MeOH] and [KOH] are the concentrations of acetic acid, methanol and potassium hydroxide, respectively, in the 30 wt.% 
glycerol solution expressed 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 
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Figure 2. Possible reaction pathways during the aqueous phase reforming of glycerol. 
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Figure 3. Conversion to gas (a), liquid (b) and global glycerol conversion (c) obtained 

during the APR experiments. Results are presented as the overall values obtained every 

60 minutes and expressed as mean  0.5 Fisher LSD intervals with 95% confidence. 
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Figure 4. Interaction plots for the initial X gly (a and b), CC gas (c and d) and CC liq (e 

and f). Bars are LSD intervals with 95% confidence. 
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Figure 5. Relative amounts (vol.%) of H2 (a), CO2 (b) CO (c) and CH4 (d) in the gas 

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

obtained every 60 minutes and expressed as mean  0.5 Fisher LSD intervals with 95% 

confidence. 
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Figure 6. Interaction plots for the initial proportions of H2 (a and b), CO2 (c and d) and 

CO (e and f) in the gas. Bars are LSD intervals with 95% confidence. 
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Figure 7. Proportions (%chromatographic Area) of aldehydes (a), monohydric alcohols 

(b), polyhydric alcohols (c), C3-ketones (d), C4-ketones (e) and esters (f) in the liquid 

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

obtained every 60 minutes and expressed as mean  0.5 Fisher LSD intervals with 95% 

confidence. 
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Figure 8. Interaction plots for the initial proportions of monohydric alcohols (a and b), 

polyhydric alcohols (c and d), aldehydes (e and f) and C3-ketones (g and h) in the liquid 

product. Bars are LSD intervals with 95% confidence. 
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