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Abstract 

This paper reports for the first time on the aqueous phase reforming (APR) of a brewery wastewater, 

which was synthetically prepared according to a real effluent composition. Home-made Pt (3 wt. %) 

catalysts supported on different carbon materials, have been tested for this purpose at temperatures of 

473 and 498 K. The effects of the supports and the organic load of the wastewater on the results of 

APR have been evaluated. Well characterized commercial carbons with different pH slurry and 

porous texture have been used as catalyst supports. A wide range of wastewater organic load has 

been tested, varying the COD from about 1500 to more than 11200 mg / L, which corresponded to 

TOC values around 500 and more than 4000 mg / L, respectively. The highest removal of TOC and 

COD was observed for catalyst supported on highly mesoporous carbon blacks with virtually no 

microporosity and high pH slurry. At the lowest wastewater organic load (1531 mg / L CODinitial), 

TOC and COD removal up 99 % was achieved and 93 % of the TOC was converted into gases, with 

H2 and alkanes representing more than 70 % of the total gas volume generated. The removal of 

organic matter in the liquid phase decreased at increasing its concentration in the starting wastewater, 

although the resulting gas contained a higher percentage of H2. Increasing the temperature allowed a 

higher TOC and COD removal, gas production, carbon conversion to gas and H2 yield. Some 
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deactivation of the catalysts was observed after five successive uses, which can be attributed to 

partial blockage of the active Pt sites by carbonaceous deposits. The results obtained allow 

considering APR as an environmentally promising solution for these biomass-derived wastewaters 

providing also an interesting way of valorisation to H2-rich gas. 

Keywords: brewery wastewater, aqueous phase reforming, Pt/C catalyst, hydrogen. 

1. Introduction 

Cortright et al. [1], in their pioneer work, showed that H2 and alkanes can be produced with both 

high selectivity and yield from organic oxygenated compounds by aqueous phase reforming (APR) 

under mild reaction conditions (473-523 K, 15-50 bar) using supported metal catalysts. Since then, 

many studies have been carried out with different compounds or substrates such as alcohols, polyols, 

sugar [2–8],  bio-oil [9,10], cellulose [11,12] and different types of lignocellulosic biomass [13,14], 

mainly for H2 production. The results reported highlight the APR process as a promising way of 

producing fuels from renewable sources, although some studies have shown that the cost of the 

feedstock may be an important drawback for the application of APR [15]. The use of APR could be 

extended to biomass-derived wastewater treatment, thus integrating wastewater treatment and 

valorisation of residues. Industries producing large volumes of wastewater with high loads of 

biomass-derived organic compounds, such as the brewing plants, are interesting candidates for the 

implementation of the treatment of wastewater by APR. The brewing industry generates 3 to 10 L of 

wastewater per liter of beer produced [16]. Generally, breweries perform treatments consisting of 

physical, chemical and/or biological operations before discharge. In the literature, some works 

studied the application of biological treatments combined with energy production in the form of 

biogas rich in CH4 or H2 from brewery wastewater [17]. The studies on the possible application of 

APR as both wastewater treatment and valorisation method for the production of valuable gases are 

very scarce. Most of the literature on the APR is focused on model simple compounds and is 

2 



 

  

 

  

 

  

  

     

  

   

   

 

 

 

   

 

 

 

  

 

  

   

 

     

addressed mainly to learn on the effect of the catalytic system and the reaction conditions on the 

performance of the process [18–20], while studies with more complex substrate are infrequent. There 

are only few studies that analyse the effect of impurities or mixtures of compounds on catalytic 

performance [21–25]. For instance, Lehnert and Claus [21], observed that the inorganic salts of crude 

glycerol strongly affect the catalytic activity, leading to lower H2 production compared to pure 

glycerol. That loss of activity is probably due to catalyst poisoning by blockage of active sites. Boga 

et al. [22] also found similar results for APR of crude glycerol using 1 wt. % Pt on Al2O3 as catalyst. 

They reported that the H2 selectivity decreased dramatically from 64 to 1 % with pure glycerol and 

crude glycerol, respectively. The deactivation was caused by fatty acids, such as stearic and oleic and 

their salts, long chain alkanes and olefins, formed from the fatty acid derivatives in the feed, which 

can block partially the Pt active sites. The use of activated carbon, instead of Al2O3 as support 

significantly improved glycerol conversion and H2 selectivity, due to adsorption of stearic acid on 

the carbon support. Remón et al. [23] analysed the effect of biodiesel-derived impurities (CH3OH, 

CH3COOH and KOH) on the APR of glycerol. The presence of KOH increased gas production, 

whereas that of CH3COOH and CH3OH led to decreased gas production and glycerol conversion, 

respectively.  

In addition to the composition of the substrate, the APR process is also strongly dependent on the 

catalytic system and the reaction conditions, including pressure, temperature and the type of reactor 

[4,18]. A diversity of catalytic systems, mainly based on VIII group metals, have been described in 

the literature for APR of oxygenated hydrocarbons [19,26,27]. Pt-based catalysts showed to be the 

most effective among monometallic catalysts in terms of activity and selectivity toward H2-rich gas 

[19].  

The catalytic support used may also have an impact on the APR process. Basic supports resulted in 

higher activity and H2 yield, whereas acidic and neutral supports led to increased alkane formation 

[28]. Furthermore, the basic sites are of great significance for water–gas shift (WGS) reaction, 
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playing a key role in the production of H2, thus enhancing the performance of the APR process. Pt 

catalysts supported on solid basic oxides exhibited excellent activity in APR [29]and most of the 

publications on APR are focused on Pt supported on γ-Al2O3, due to the high selectivity to H2 

[2,20,30]. However, γ-Al2O3 has shown limited stability under APR conditions [20,30] and the 

activity of catalysts supported on γ-Al2O3 becomes generally poor when compared with those using 

other supports such as carbon materials [8]. Carbon materials have drawn attention as attractive 

supports in APR due to their high specific surface area, chemical and mechanical stability. Different 

types of activated carbons, carbon nanotubes and mesoporous carbons have been used as supports for 

APR catalysts [8,14,31–33]. The textural characteristics of the carbon support have also been found 

to have a strong influence on APR. Irregular pore arrangements, broad distribution of pore size and 

high microporosity have been reported to diminish the activity and reduce H2 selectivity [32]. 

The aim of this work is to evaluate for the first time the treatment and valorisation of brewery 

wastewater through APR with Pt catalysts using different carbon materials as supports. The effects 

of support type and the organic load of the wastewater on the process performance have been 

investigated at two temperatures (473 and 498 K). Likewise, the stability of the catalyst showing the 

best performance was evaluated upon successive runs. 

2. Experimental section 

2.1. Materials 

Hexachloroplatinic acid solution (8 wt. % in H2O), malt extract, yeast extract, wheat peptone, 

maltose monohydrate, ammonium sulphate and ethanol were purchased from Sigma-Aldrich; di-

sodium hydrogen phosphate and sodium di-hydrogen phosphate were purchased from Panreac. 

Commercial Norit®CAPSUPER activated carbon was supplied by Cabot Corporation (USA), 

ENSACO 250G and 350G carbon blacks were supplied by TIMCAL Canada Inc. (Canada) and 

mesoporous graphitized carbon black was supplied by Sigma-Aldrich (USA). 
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2.2. Preparation and characterization of supports and catalysts 

Pt/C catalysts (3 wt. % Pt, carbon basis) were prepared by incipient wetness impregnation using 

commercial activated carbon (CAP), two carbon blacks (ENS250 and ENS350) and mesoporous 

graphitized carbon black (C-MESO) as supports. Impregnation was carried out using an aqueous 

solution of hexachloroplatinic acid. The impregnated samples were dried overnight in an oven at 333 

K, calcined in air at 473 K during 2 h and then reduced under 25 N mL / min H2 flow at 573 K 

during 2 h. The porous texture of the supports and catalysts was characterized by nitrogen 

adsorption-desorption at 77 K (Micromeritics TriStar II). The pH slurry of the carbon materials and 

catalysts was determined measuring, until constant value, the pH of an aqueous suspension of the 

materials in distilled water (1 g of solid per 10 mL of water). Scanning transmission electron 

microscopy (STEM) of the catalysts was performed using a JEOL - 3000F at 300 kV microscope. 

Software ‘ImageJ 1.51k’ was used for counting and measuring Pt nanoparticles (NPs) on digital 

STEM images (more than 200 NPs were measured per catalyst). 

CO adsorption measurements were recorded using the Micromeritics ASAP 2020C instrument. The 

metal dispersion on the support was evaluated from the amount of chemisorbed CO by assuming the 

stoichiometry of CO/Pt = 1. X-ray photoelectronic spectroscopy (XPS) profiles were recorded using 

a PHI VersaProbe II instrument equipped with X-ray excitation source, 1486.6 eV. Software ‘XPS 

peak v4.1’ was used for the deconvolution of the spectra in order to obtain the relative amounts of 

Ptn+ and Pt0 species. The data analysis procedure involved smoothing, a Shirley background 

subtraction and mixed Gaussian–Lorentzian by a least-square method for curve fitting. C 1s peak 

(284.6 eV) was used as internal standard for binding energies corrections due to sample charging. 

2.3. Preparation and characterization of synthetic brewery wastewater 

Synthetic brewery wastewater was prepared based on pH and typical concentrations of Biological 

Oxygen Demand (BOD), Chemical Oxygen Demand (COD) and nutrients found in real brewery 

wastewater [34]. The standard sample contained 1000 mg / L malt extract, 500 mg / L yeast extract, 
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150 mg / L peptone, 860 mg / L maltose, 1000 mg / L (NH4)2SO4, 2.80 mL / L C2H5OH, 80 mg / L 

NaH2PO4 and 140 mg / L of Na2HPO4. The analytical characterization included Total Organic 

Carbon (TOC), using a TOC-VCSH apparatus (Shimadzu); COD, determined according to the 

standard method ASTM D1252, and ionic chromatography (IC) (883 Basic IC Plus, Metrohm) 

(Table S1, Supplementary Information). The TOC was close to 2000 mg / L and the COD was 

approximately 6200 mg / L, being the COD/TOC ratio about 3. This relatively high ratio suggests 

that there is a relative abundance of oxygen-containing organic species in the wastewater. The initial 

pH value was 6.9. The main anion species analysed by IC were chloride, glycolate, acetate, formate, 

phosphate and sulphate. Chloride was detected at low concentrations (4 mg / L), mainly ascribed to 

malt extract and peptone, which may contain chlorides. The glycolate concentration was 9 mg / L 

and acetate and formate were detected at much lower concentrations, not exceeding 1 mg / L, mainly 

ascribed to malt extract and maltose, which may contain different compounds including acetic, 

formic, fumaric, oxalic and glycolic acids. Phosphate and sulphate were the main anions (215 and 

772 mg / L, respectively) since they were diretly introduced in the preparation of the synthetic 

wastewater.  

In order to analyse the influence of organic load, wastewater samples with COD values within the 

usual range in breweries were prepared, diluting or concentrating the standard sample described 

above [34]. Table 1 shows the TOC and COD for all of the wastewater concentrations studied in this 

work. 

Table 1. TOC and COD of the synthetic wastewaters tested with different organic load 

TOC (mg / L) COD (mg / L) 
474 ± 47 1531 ± 120 
974 ± 24 3046 ± 62 
1968 ± 111 6229 ± 341 
4124 ± 222 11204 ± 1486 
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2.4. Aqueous Phase Reforming experiments 

APR runs were carried out batch wise in 50 mL stainless steel stoppered reactors (BR100, Berghoff). 

After previous experiments, the reaction time was established in 4 h, using 15 mL of brewery 

wastewater and 0.3 g of catalyst. The reactor was purged several times with Ar before heating up and 

stirring (500 rpm). The experiments were performed at 473 and 498 K in order to study the effect of 

the reaction temperature. The total reaction pressure (24-29 bar) was the result of contribution of the 

vapour pressure of water, the pressure of the gases produced and the initial Ar pressure set at 10 bar 

for the experiments performed at 473 K and 5 bar for those conducted at 498 K.  

After 4 h of reaction, the heating system was stopped and the reactor was cooled down to room 

temperature. The gases produced during the reaction were collected in multilayer foil sample bags 

(Supelco, USA). The volume was measured using a gas burette and it is expressed in normal 

conditions (NTP). The gases were analysed by a GC/FID/TCD (7820A, Agilent) using 2 packed 

columns and a molecular sieve. This system allowed analysing H2, CO, CO2, CH4 and C2H6. The 

final effluents of batch reactions were filtered and processed to measure TOC, COD and ionic 

species (IC). All APR experiments were performed at least by duplicate. 

Catalyst stability was assessed in 5 cycles of use. After each cycle of use, the catalyst was separated 

by filtration and simply dried in an oven at 333 K overnight. Then it was used for the next cycle. Pt 

leaching was below the TXRF detection limits after the APR experiments, therefore leaching can be 

considered negligible. 

The TOC and COD removal, carbon conversion to gas (CC gas) and H2 yield (YH2) were calculated 

as: 

 ( ⁄ )    ( ⁄ )    (%) = × %  (1) ( ⁄ ) 
where X is the TOC or COD value, 
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  ( )  (%) =  × %  (2) ( ) 
 ( )mmol  =  (3) g   ( ) 

3. Results and discussion 

3.1.  Supports and catalysts characterization 

Table 2 shows the BET surface area (SBET), external or non-microporous area (Aext), pore volume 

and pH slurry of the supports and catalysts. The CAP support yielded the highest surface area (1750 

m2 / g), followed by ENS350, also with a fairly high value (932 m2 / g). The ENS250 and C-MESO 

supports gave significantly lower surface area values (65 and 100 m2 / g, respectively). All the 

supports showed some contribution of mesoporosity and only CAP and ENS350 had a significant 

microporosity. The pH slurry varied from frankly acidic (CAP: 2.9) to slightly basic (C-MESO: 7.5) 

and basic (ENS250: 8.9, ENS350: 10.3). Impregnation with Pt did not produce any significant 

variation of the porous texture and pH slurry. 

Table 2. Characterization of the carbon supports and catalysts 

Samples SBET 
(m2 / g) 

Aext 
(m2 / g) 

Micropore 
volume (cm3 / g) 

Mesopore volume 
(cm3 / g) 

pH 
slurry 

CAP 1750 706 0.48 0.75 2.6 
ENS250 65 65 <0.001 0.09 8.9 
ENS350 932 655 0.12 0.74 10.3 
C-MESO 100 100 <0.001 0.25 7.5 
Pt/CAP 1360 676 0.31 0.75 2.9 
Pt/ENS250 64 64 <0.001 0.09 8.6 
Pt/ENS350 901 623 0.12 0.69 9.9 
Pt/C-MESO 90 90 <0.001 0,14 7.3 

Figure 1 shows STEM images and the corresponding size distribution of the Pt NPs of the catalysts. 

All of them showed quite similar values of mean NP size (within 4.0-4.7 nm), which were quite 

homogeneously distributed in all cases (standard deviation within 2.2-3.3 nm). 
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Figure 1. STEM images of a) Pt/CAP, b) Pt/ENS250, c) Pt/ENS350 and d) Pt/C-MESO 

catalysts 

3.2. Performance of the Pt/C catalysts 

3.2.1. Effect of the support 

The effect of the support on the performance of the catalysts in the APR of brewery wastewater 

(CODinitial = 6229 mg / L) was investigated at 473 and 498 K. Figure 2 shows the TOC and COD 

removal after the 4 h APR experiments. The results of blank tests (without catalysts) are also 

included. In general, the removal was higher at 498 K than at 473 K, which indicates that C-C and C-

O bond cleavage is favoured by increasing the temperature [35]. 

Blank experiments resulted in TOC and COD removal values between 48-54 %, which can be partly 

ascribed to hydrothermal carbonization (HTC), since a dark brown solid was recovered by filtration 

after the treatment. Table S2 of Supplementary Information shows the elemental composition of the 

solid recovered after blank experiments, which is similar to those found in the literature for 

hydrochars [36].  The TOC and COD removal was improved from ca. 50 % in blank runs to ca. 80 % 

in catalyzed ones, particularly in the case of Pt/CAP, Pt/ENS250 and Pt/ENS350 catalysts.  In spite 

of their significantly different surface area, these three catalysts showed quite similar efficiency for 

the conversion of the organic matter present in brewery wastewater upon APR. The porous texture 

neither seems to be a determining factor looking at the dramatically different pore size distribution of 

the microporous activated carbon (CAP) and the ENS250 carbon black and their similar results in 

terms of organic matter breakdown. 
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Figure 2. TOC and COD removal after APR experiments at 473 and 498 Ka 

aReaction conditions: initial Ar pressure: 10 bar at 473 K and 5 bar at 498 K; total reaction pressure: 24-29 bar; 15 mL of 
wastewater (1968 mg / L TOCinitial, 6229 mg / L CODinitial); 0,3 g catalyst; 500 rpm, 4 h. 

Figure 3 depicts the concentrations of the main organic anions analysed in the initial and APR-

treated wastewater (4h). Other anionic species such as chloride, phosphate and sulphate were 

detected by IC, however, they were not significantly affected by the APR treatment. Only in the 

reactions carried out with Pt/CAP the phosphate concentration raised up to 1092-1263 mg / L, which 

can be ascribed to release from the support, which was manufactured by activation with phosphoric 

acid. 

In the case of the blank experiments, the formate and glycolate concentrations decreased at higher 

temperature. Glycolic, acetic and formic acids are secondary/tertiary byproducts from glucose decay 

upon HTC. Glycolic acid can be produced through intermediates such as erythrose or 

glycolaldehyde, acetic acid through intermediates such as erythrose or 1,6-anhydro-glucose and 

formic acid through several intermediates such as erythrose, 1,6-anhydro-glucose, 

hydroxymethylfurfural or lactic acid [37]. This can explain the higher levels of glycolate, acetate and 

formate in these blank experiments, where HTC must be the main process. Glycolate, acetate and 

TO
C

 a
nd

 C
O

D
 R

em
ov

al
 (%

) 

COD (473 K)
 COD (498 K)

 TOC (473 K)
 TOC (498 K) 

Blank Pt/CAP Pt/ENS250 Pt/ENS350 Pt/C-MESO 

11 



 

 

     

   

 

 

    

 

 

 

 

 

 

 

 

 

   

  

  

  

 

formate were detected in very low concentrations in the initial brewery wastewater and increased up 

to over 113-136 mg / L, 62-68 mg / L and 54-106 mg / L, respectively, in the blank experiments 

(equivalent to 7-9 % of TOC of the final liquid phase). Increasing the temperature, the glycolate 

concentration in the final effluent decreased (from 136 to 113 mg / L) as well as formate 

concentration (from 106 to 54 mg / L), while acetate concentration hardly varied. Higher 

temperatures generally increase gas production by HTC and it is more likely that glycolic and formic 

acids are converted to gaseous products [37,38]. Similar results were found by Quitain et al. [39] 

who reported that formic acid was readily produced at lower temperature but it easily decomposed at 

increasing temperature. Knezevic et al. [37] also found that acetic acid did not contribute to gas 

production, while glycolic and formic acids produced significant amounts of gas upon glucose 

conversion. 

Catalytic APR can produce a diversity of oxygenated compounds (aldehydes, alcohols, carboxylic 

acids) as a result of series/parallel reactions such as dehydration or isomerization [40]. In the current 

work the amount of glycolate, acetate and formate detected corresponded to 7-15 % of TOC of the 

final effluent at 473 K and this proportion increased to 10-17 % at 498 K. Similar results were found 

by Remón et al. [41] who observed that at high catalyst/glycerol ratio increasing the temperature 

increased in the proportion of carboxylic acids in the liquid phase. Acetate was not converted easily 

upon the APR process with the Pt catalysts tested, indicating its refractory character under the 

operating conditions. The anions glycolate and formate were found at much lower concentrations 

than in the blank experiments since they can be reformed to CO2 and H2 and/or CO and H2O. 

Additionally, it was observed that, except with the Pt/C-MESO catalyst, the final concentration of 

glycolate was significantly higher at lower temperature, an effect that was not observed for acetate 

and formate. Finally, the Pt/CAP catalyst produced a treated wastewater with a higher acetate and 

lower formate concentration than the other catalysts. 
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Figure 3. Main anions detected by IC in the initial brewery wastewater and after APR 
experimentsa 

aReaction conditions: initial Ar pressure: 10 bar at 473 K and 5 bar at 498 K; total reaction pressure: 24-29 bar; 15 mL of 
wastewater (1968 mg / L TOCinitial, 6229 mg / L CODinitial); 0,3 g catalyst; 500 rpm, 4 h. 

The main components identified in the gas fraction from APR were H2, CO2, CH4 and C2H6 with all 

the catalysts tested. CO was only detected in the blank experiments, amounting between 5.3-5.5 % 

mol of the gas fraction. The virtual absence of CO in the catalysed experiments can be attributed to 

the activation of the WGS reaction by Pt. Table 3 shows the amount of gas produced and the 

composition of the gas fraction (except CO) obtained in the APR experiments together with the 

corresponding CC gas and YH2 values. Blank experiments produced a very low gas volume (2.2-3.3 

mL), consisting mainly of CO2, essentially ascribed to HTC [38]. Catalysed APR increased 

substantially the volume of gas produced (15.3-56.1 mL) with high percentage of valuable gases, H2 

and alkanes (41.7-71.6 %). It can be seen that the production of gases strongly depends on the 

catalyst used, thus indicating some important effects of the support. The reaction temperature is also 

important. At the highest temperature (498 K) the gas volume, the percentage of H2 and therefore 

YH2, were significantly higher with all the catalysts, while the percentage of alkanes (CH4 and C2H6) 

and CO2 were smaller, due to a lower extent of methanation and alkanes formation reactions, which 
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are thermodynamically favoured at lower temperatures. The value of CC gas also increased with 

temperature, consequently the remaining TOC of the liquid phase decreased, due to the favoured 

fragmentation of the organic matter through C-C and C-O bonds cleavage [35]. Although catalytic 

APR allowed always a significant increase of the CC gas, this varied within a fairly broad range 

(22.0-50.0 %) depending on the catalyst and temperature. Pt/ENS250 yielded the highest gas 

volume, CC gas and H2 percentage in the gas fraction at the two temperatures tested. This catalyst 

was also the one for which the effect of temperature was more pronounced. Pt/C-MESO also allowed 

a high percentage of H2 in the gas, although the gas volume obtained with this catalyst was lower. 

The percentage of CH4 in the gas was higher with the Pt/CAP catalyst, representing more than 30 % 

of that component in the gas fraction. The performance of Pt/ENS350 and Pt/C-MESO catalysts, in 

terms of gas production, CC gas and YH2, was quite similar.  

The best performance observed for Pt/ENS250 could be partially attributed to the effect of the basic 

character of the support. This has been found to be beneficial for carbon conversion into gas products 

and H2 formation [42], while acid supports have been reported to favour alkane formation [28]. 

Moreover, catalysts with basic sites improve the APR process through the promotion of the WGS 

reaction [29]. However, the basicity of the support must not be the only responsible of the better 

catalytic performance, since Pt/ENS350 has the support with the highest pH slurry but showed lower 

gas production, CC gas and YH2 than Pt/ENS250. The textural properties of the carbon support have 

also been claimed to strongly effect the results of APR [42]. Thus, some authors have associated the 

textural properties, such as irregular pore arrangement and high microporosity, to mass-transfer 

limitations [43,44]. Kim et al. [32] and Wang et al. [45] suggested that a high mesopore volume 

would facilitate the transport of reactants and products, whereas microporosity limits mass transfer, 

thus affecting to yield and products distribution. Likewise, Kim  et al. [46] reported that in APR of 

glycerol mesoporous carbon-supported Pt catalysts showed better performance in terms of CC gas, 

H2 selectivity, yield and H2 production rate than Pt catalysts supported on commercial activated 
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carbon of essentially microporous texture. Therefore, the best performance shown by Pt/ENS250 can 

be most likely associated to both the moderate basic character of the support and its mesoporous 

texture. The similar performance showed by Pt/C-MESO and Pt/ENS350 catalysts could be also 

explained by the mesoporous structure of the support C-MESO.  

The maximum YH2 values in the APR of brewery wastewater were obtained with Pt/ENS250 at 498 

K (293.9 mL H2/g COD). Some works in literature studied the production of H2 from brewery 

wastewater by batch anaerobic digestion [17]. At the optimum H2 production conditions YH2 reached 

values of 149.6 mL H2/g COD from a wastewater of similar composition to the one used in this work 

(CODinitial = 6000 mg / L) [47]. Therefore, in this context the APR process clearly outperforms the 

production of H2 by anaerobic digestion and shows an interesting potential for the treatment of 

wastewater. Moreover the gas heating values calculated from gas composition (Table 3) ranged 

within 2600-3200 kcal/kg, supporting the interest of the potential application of APR to this type of 

biomass derived wastewater. 

Table 3. Gas volume, composition of the gas fraction, CC gas and YH2 in the APR experimentsa 

Gas Gas composition (% mol) YH2T CC gas Catalyst volume (mmol H2 / g(K) H2 CO2 CH4 C2H6 (%)(mL) CODi) 
473 2.2 ± 0.4 2.2 ± 0.4 87.5 ± 3.7 3.3 ± 3.5 1.6 ± 1.9 3.8 ± 0.8 <0.1 Blank 498 3.3 ± 0.7 4.2 ± 1.9 80.1 ± 5.6 8.2 ± 4.0 2.0 ± 0.2 5.7 ± 1.0 0.1 ± 0.1 
473 17.7 ± 0.5 5.7 ± 2.7 58.3 ± 1.2 33.9 ± 1.7 2.2 ± 0.2 28.9 ± 0.1 0.4 ± 0.2 Pt/CAP 498 23.1 ± 2.5 19.1 ± 1.0 48.6 ± 1.8 30.4 ± 0.9 2.0 ± 0.1 32.3 ± 3.0 2.0 ± 0.3 
473 29.8 ± 2.1 35.4 ± 1.7 37.8 ± 3.6 23.9 ± 1.7 2.9 ± 0.2 34.0 ± 3.1 4.7 ± 0.1 Pt/ENS250 498 56.1 ± 4.6 48.9 ± 0.9 28.4 ± 0.5 21.0 ± 0.3 1.7 ± 0.1 50.0 ± 3.3 12.2 ± 1.2 
473 15.3 ± 1.6 19.2 ± 0.9 54.0 ± 3.7 22.6 ± 2.3 4.2 ± 0.4 22.0 ± 2.4 1.3 ± 0.1 Pt/ENS350 498 28.6 ± 0.9 34.3 ± 0.7 41.7 ± 1.5 20.6 ± 0.6 3.3 ± 0.1 33.3 ± 1.3 4.4 ± 0.1 
473 19.4 ± 1.4 33.2 ± 1.6 45.5 ± 3.2 18.5 ± 1.3 2.8 ± 0.2 22.9 ± 2.1 2.9 ± 0.1 Pt/C-MESO 498 25.0 ± 1.0 41.1 ± 1.2 39.2 ± 2.0 17.1 ± 0.7 2.5 ± 0.1 26.0 ± 1.5 4.6 ± 0.1 

aReaction conditions: initial Ar pressure: 10 bar at 473 K and 5 bar at 498 K; total reaction pressure: 24-29 bar; 15 mL of 
wastewater (1968 mg / L TOCinitial, 6229 mg / L CODinitial); 0,3 g catalyst; 500 rpm, 4 h. 

3.2.2. Effect of the organic load 

The effect of the organic load of the wastewater was investigated at the two temperatures of 473 and 

498 K with the Pt/ENS250 catalyst, the one showing the best performance so far. Figure 4 shows the 
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values of TOC and COD removal at different starting organic loads. At the lowest organic load 

tested (CODinitial = 1531 mg / L), removal values in the range of 80-99 % were obtained. Nearly 

identical removal rates were achieved when the CODinitial was increased to 3046 mg / L, while at 

11204 mg / L of CODinitial, the TOC and COD removal decreased to 51-77 %. The trend observed is 

in good agreement with Kirilin et al. [35], who reported that the reforming of more concentrated 

feedstocks resulted in a reduction of the transformation of organic matter to gaseous products. 
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Figure 4. TOC and COD removal upon APR at 473 and 498 K at different organic loada 

aReaction conditions: initial Ar pressure: 10 bar at 473 K and 5 bar at 498 K; total reaction pressure: 24-29 bar; 15 mL of 

wastewater; 0,3 g Pt/ENS250 catalyst; 500 rpm, 4 h. 

Figure 5 depicts the concentration of the main organic anions detected after these APR experiments. 

Increasing the starting concentration from 1531 to 11204 mg / L CODinitial caused a clear increase of 

the final concentration of anionic species in the liquid phase. The concentration of glycolate, acetate 

and formate reached maximum values of 180, 139 and 16 mg / L, respectively. No significant 

differences were observed in the individual anions species with temperature, except for glycolate in 

some cases. However, the relative amount of these species with respect to TOC increased with the 

temperature at all organic loads tested, varying within 4-51 % of TOC in the final effluent. 

Moreover, increasing the starting COD from 3046 to 11204 mg / L caused a decrease of the final 
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proportion of these species, respect to TOC, from 51% to 12% at 498 K. In this sense, Remón et al. 

C
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[41] also observed that the proportion of carboxylic acids in the liquid phase decreased at increasing 

concentration of glycerol . 
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Figure 5. Main anions detected at 473 and 498 K at different organic loada 

aReaction conditions: initial Ar pressure: 10 bar at 473 K and 5 bar at 498 K; total reaction pressure: 24-29 bar; 15 mL of 

wastewater; 0,3 g Pt/ENS250 catalyst; 500 rpm, 4 h. 

Table 4 shows the gas volume produced, the CC gas, the composition of the gas fraction and the YH2 

obtained in the experiments of Figure 4. The gas volume produced increased gradually at increasing 

organic loads, up to a value of 59.7 mL at the highest concentration and temperature tested. No 

systematic trends could be observed respect to the composition of the gaseous products at 473 K. 

However, in the experiments carried out at 498 K, the percentage of H2 increased monotonically with 

the starting organic load of the wastewater, reaching almost 50 % at the highest CODinitial tested. An 

opposite trend was observed for alkanes (CH4 and C2H6) although of relatively low significance. In a 

previous work on the APR of glycerol, Luo et al. [20] reported that increasing the feed concentration 

of glycerol from 5 to 10 wt. % increased by about 10 % the H2 selectivity while slightly decreasing 

the selectivity to CH4. The CC gas and YH2 decreased gradually at increasing the starting organic 

load, which is in good agreement with the reported by Luo et al. [20]. For the lowest wastewater 
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concentration, CC gas values up to 73.4 % and 93.0 % were obtained at 473 and 498 K, respectively, 

while those values decreased dramatically (18.4 % and 25.4 %) at the highest organic load tested. 

Similar trend was observed for YH2, with also a pronounced decrease when increasing the COD of 

the starting wastewater. 

Table 4. Gas volume, composition of the gas fraction, CC gas and YH2 at different organic loada 

Gas composition (% mol) YH2CODinitial T Gas volume CC gas (mmol H2 /(mg / L) (K) (mL) H2 CO2 CH4 C2H6 (%) g CODi) 
473 17.1 ± 1.1 40.7 ± 1.9 35.4 ± 3.5 22.0 ± 1.4 1.9 ± 0.1 73.4 ± 6.9 12.6 ± 0.2 1531 ± 120 498 21.0 ± 0.8 40.5 ± 1.1 35.0 ± 2.0 20.8 ± 0.8 3.6 ± 0.1 93.0 ± 4.9 15.4 ± 0.2 
473 24.0 ± 1.6 44.2 ± 2.2 32.0 ± 3.8 22.1 ± 1.5 1.8 ± 0.1 47.3 ± 4.8 9.7 ± 0.2 3046 ± 62 498 33.0 ± 1.1 46.7 ± 1.2 30.0 ± 2.0 21.2 ± 0.7 2.1 ± 0.1 62.3 ± 3.3 14.0 ± 0.1 
473 29.8 ± 2.1 35.4 ± 1.7 37.8 ± 3.6 23.9 ± 1.7 2.9 ± 0.2 34.0 ± 3.1 4.7 ± 0.1 6229 ± 341 498 56.1 ± 4.6 48.9 ± 0.9 28.4 ± 0.5 21.0 ± 0.3 1.7 ± 0.1 50.0 ± 3.3 12.2 ± 1.2 
473 33.2 ± 1.8 34.1 ± 1.2 43.5 ± 2.4 19.7 ± 1.0 2.7 ± 0.1 18.4 ± 1.3 2.8 ± 0.1 11204 ± 1486 498 59.7 ± 1.3 49.4 ± 0.8 30.6 ± 1.3 17.8 ± 0.4 2.2 ± 0.1 25.4 ± 0.9 7.3 ± 0.1 

aReaction conditions: initial Ar pressure: 10 bar at 473 K and 5 bar at 498 K; total reaction pressure: 24-29 bar; 15 mL of 

wastewater; 0,3 g Pt/ENS250 catalyst; 500 rpm, 4 h. 

3.2.3. Catalyst stability 

The stability of the Pt/ENS250 catalyst was investigated upon 5 successive APR cycles (4 h reaction 

each) at 498 K with the starting wastewater at 6229 mg / L of COD. Figure 6 a) shows the results 

obtained based on TOC and COD removal and b) referred to the main organic anions detected. The 

removal of TOC and COD decreased slowly along the 4 first cycles and then recovered although to 

values somewhat below those of the fresh catalyst. These results indicate a fairly stable performance 

of the catalyst, supported also by the evolution of the anionic species given in Figure 6 b). 
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Figure 6. a) TOC and COD removal and b) anions detected upon 5 successive APR cyclesa 

aReaction conditions: temperature: 498 K; initial Ar pressure: 5 bar; total reaction pressure: 26-29 bar; 15 mL of 

wastewater (1968 mg / L TOCinitial, 6229 mg / L CODinitial); 0,3 g Pt/ENS250 catalyst; 500 rpm, 4 h. 

The gas volume produced, the composition of the gas fraction, the YH2 and the CC gas obtained in 

each cycle are summarized in Table 5. The production of gases and the CC gas decreased 

monotonically upon the cycles, showing these results a poorer stability of the catalyst than the 

suggested by the previous ones based on TOC and COD removal. As a result of the lower production 

of gases, YH2 also decreased gradually up to about one half of the obtained with the fresh catalysts 

after the 5th cycle. However, the results on the composition of the gas fraction were more stable, with 

a relatively small decrease of H2  (  10 %) and a moderate increase of CO2  (  25 %) in the gas 

composition. 

Table 5. Gas volume, composition of the gas fraction, CC gas and YH2 obtained upon 5 
successive APR cyclesa 

Gas composition (% mol) YH2 (mmol Catalyst Gas volume CC gas (%) H2 / gcycle (mL) H2 CO2 CH4 C2H6 CODi) 
1st 56.1 ± 4.6 48.9 ± 0.9 28.4 ± 0.5 21.0 ± 0.3 1.7 ± 0.1 50.0 ± 3.3 12.2 ± 1.2 
2nd 48.6 ± 0.8 47.7 ± 0.6 30.9 ± 0.9 19.5 ± 0.3 1.9 ± 0.1 44.6 ± 1.2 10.3 ± 0.1 
3rd 40.2 ± 1.0 46.9 ± 0.9 31.8 ± 1.5 19.3 ± 0.5 2.0 ± 0.1 37.4 ± 1.6 8.4 ± 0.1 
4th 37.5 ± 0.7 46.3 ± 0.7 31.6 ± 1.1 20.0 ± 0.4 2.1 ± 0.1 35.3 ± 1.1 7.7 ± 0.1 
5th 29.2 ± 1.1 43.6 ± 1.3 35.7 ± 2.1 18.5 ± 0.7 2.2 ± 0.1 34.7 ± 1.7 6.8 ± 0.1 
aReaction conditions: temperature: 498 K; initial Ar pressure: 5 bar; total reaction pressure: 26-29 bar; 15 mL of 

wastewater (1968 mg / L TOCinitial, 6229 mg / L CODinitial); 0,3 g Pt/ENS250 catalyst; 500 rpm, 4 h. 
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To learn more on the performance of the catalyst upon successive cycles, the fresh and used 

Pt/ENS250 were characterized by adsorption-desorption of nitrogen, STEM, XPS and CO 

chemisorption. The results are collected in Table 6. The BET surface area remained almost constant 

upon use. The electrodeficient to zerovalent Pt ratio increased after the 1st cycle but then remained 

almost constant, so that it cannot be conclusively associated to the loss of catalytic activity. The 

mean size of Pt NPs, as obtained from STEM, suffered only a slow monotonical increase. However, 

major changes were evidenced by CO chemisorption. Pt dispersion decreased dramatically, which is 

not consistent with the particle size obtained by STEM. These discrepancies can be explained 

through the formation of carbonaceous deposits covering Pt NPs, thus hindering CO chemisorption. 

That would explain the decreased activity with a lower effect on the selectivity [48]. Interestingly, 

deactivation of the catalyst by acetic acid has been also observed in reforming reactions with Pt-

based catalysts, promoting the generation of coke precursors [49]. 

Table 6. Characterization of the fresh and used Pt/ENS250 catalyst upon 5 successive APR 
cyclesa 

Catalysts Mean Pt NPs Sizeb 

(nm) 
SBET 
(m2 / g) 

Ptn+ / Pt0 

ratio 
Pt dispersionc 

(%) 
initial 4.7 ± 2.5 64 0.2 21 
after 1st cycle 
after 3rd cycle 
after 5th cycle 

5.2 ± 2.8 
5.5 ± 3.3 
6.5 ± 3.9 

63 
61 
61 

0.6 
0.5 
0.6 

-
9 
3 

aReaction conditions: temperature: 498 K; initial Ar pressure: 5 bar; total reaction pressure: 26-29 bar; 15 mL of 

wastewater (1968 mg / L TOCinitial, 6229 mg / L CODinitial); 0,3 g Pt/ENS250 catalyst; 500 rpm, 4 h. 
bFrom STEM images. 
cFrom CO chemisorption. 

4. Conclusion 

The APR of brewery wastewater was studied for the first time using Pt catalysts (3 wt. %) supported 

on different carbon materials. Two working temperatures 473 and 498 K were tested. In the absence 

of catalysts, HTC was the main process, leading to moderate TOC and COD removal (48-54 %) and 
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fairly low production of gas consisting mainly of CO2. With the Pt/C catalysts tested, APR led to 

substantially higher TOC and COD removal, with some significant differences between the catalysts 

depending on the carbon support used. The highest values of gas production were obtained with 

Pt/ENS250 at 498 K, possibly due to the effect of the basic character and the mesoporous texture of 

the support (a non-microporous commercial carbon black). 

The organic load (expressed as COD) of the starting wastewater exerts a significant influence on the 

catalytic performance and the results of APR. At the lowest wastewater concentration (1531 mg /L of 

CODinitial), TOC and COD removal values up 99 % were obtained, while at the highest concentration 

(11204 mg /L of CODinitial), these values were reduced dramatically to 51 %. However, the 

percentage of H2 in the gas fraction increased with the concentration of the wastewater. The results 

indicate that APR can be a promising technology for biomass-derived wastewater through the 

production of H2 and alkanes. 

The activity of the catalysts decreased upon successive cycles of use, although no substantial 

changes were observed in the composition of the gas produced. Formation of carbonaceous deposits 

on the metal surface, appears a main cause of catalyst deactivation. The loss of activity affected 

mostly to the gas production and the H2 yield and in a much lower extent to the removal of TOC and 

COD from the wastewater. 
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Highlights 

First study on APR of brewery wastewater 

Basic and mesoporous supports led to increase the production of gases and hydrogen 

Hydrogen and alkanes representing more than 70 % of the total gas volume generated 

No significant changes were observed in the composition of the gas upon cycles of use 



  
Supplementary Material 
Click here to download Supplementary Material: Supplementary Material.docx 


	plantilla_actualizada_ELSEVIER (1).pdf
	5461544.pdf



