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Abstract 

An estimated 1.3 billion tons is wasted globally each year, which decompose in municipal landfills leading 
to aquatic and air pollution. Hydrothermal liquefaction (HTL) is a process capable of breaking down food 
waste into carbon rich bio-oil, bio-char and residual aqueous phases. Bio-oil can be refined into 
transportation fuels, but organics partitioned into the HTL water phase reduce oil recovery and require 
costly water purification steps. Therefore, it is desirable to reduce water-soluble organic HTL products by 
catalytically shifting the product distribution into the oil phase. Heterogeneous oxide catalysts can 
promote coupling reactions that increase product molecular weight and hydrophobicity; thereby 
partitioning HTL oil yields by reducing water-soluble hydrocarbons. In particular, red mud is considered 
a waste, making it a promising candidate as a HTL oxide catalyst. In our study, we evaluated the catalytic 
viability of inexpensive oxides during batch HTL reactions on representative consumer food waste at 300 
°C and 20.7 MPa. HTL oil products were evaluated for their energy content using higher heating values 
and total organic content of the aqueous phase product was determined using ICP-MS. Preliminary results 
show that red mud improves total oil recovery relative to uncatalyzed HTL reactions by reacting water-
soluble organics. 
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Introduction 

Green processes that upgrade biomass feedstocks and 
recycled bio-waste can both help meet our growing energy 
demands as well as reduce our overall carbon footprint. One 
promising technology is hydrothermal liquefaction (HTL), 
which breaks down wet organic solids at moderate 
temperatures and high pressures to form a carbon rich oil 
phase. While the bio-oil formed has a high heating value, 
the process often produces other byproducts such as solid 
biochar, carbon dioxide and wide distribution of organics 
that are water-soluble. To design an economical HTL 
process, the water-soluble organic byproducts must be 
minimized to increase oil product yields and reduce 
wastewater generation (Zhu et al., 2014).  

CeZrOx is a promising catalyst for the HTL upgrading 
of bio-oil from food waste. Previously, we have reported  

 
 
 

that CeZrOx promotes C-C coupling reactions producing 
greater oil phase product and hence reduced water treatment 
costs using the heterogeneous catalyst (Maag et al., 2018). 
However, because CeZrOx contains the rare earth element 
cerium, the economics of a process based on this catalyst 
may prove unfavorable. Work with CeZrOx has provided 
key insight on the effectiveness of metal oxide catalysts 
which combine Lewis acid and Brønsted base activity. In 
fact, many less expensive materials possess these traits. 
Accordingly, we have evaluated several low-cost acid and 
base solid catalysts for use in HTL of food waste, including 
red art clay (a natural clay used in ceramics), red mud (a 
waste byproduct of aluminum production and fly ash (waste 
product from coal firing plants). 



  
 
 Results and Discussion 

Figure 1 compares the mass distribution of the major 
food waste HTL products, as oil, aqueous, char, and gas 
phases. Non-catalytic HTL yielded 13.8% of the organic in 
the oil phase, with the solid char phase containing 24.6% of 
the organics. As shown in Figure 1, the addition of fly ash 
and red mud as a catalyst reduced coke formation by 12.4 
and 71% relative to the thermal HTL reaction, respectively. 
Red clay did not reduce coke formation, but had the highest 
oil yield, with 24.1% of the organics. Similarly, fly ash and 
red mud had improved oil yields relative non-catalytic HTL 
reactions, with 18.4 and 16.7% of the organics in the oil 
phase, respectively. 

 
Figure 1. HTL yields using different HTL catalysts. 
Reactions carried out at 300 °C for one hour. 

Table 1 compares the properties of the representative 
food waste to the bio-oil obtained without catalyst, and bio-
oil obtained with mixed oxide catalysts (fly ash, red mud, 
red clay). The food waste initially starts with a high oxygen 
content and corresponding low higher heating value (HHV) 
of 24.6%. The uncatalyzed run reduced the oxygen and 
increased the carbon content of food waste, which produced 
an oil phase with a HHV of 32.1 MJ/kg. In contrast, fly ash 
has a reduced oil HHV relative to thermal HTL reaction, 
despite having an improved the HTL oil yield relative to 
uncatalyzed HTL reactions, the higher oxygen content in 
the oil phase. In fact, only red mud had an improved oil 
property relative to the uncatalyzed HTL reaction, with a 
HHV 32.6 MJ/kg.  

Table 1 also compares the total organic content (TOC) 
of the aqueous phase products. Based on the results 
provided in Table 1, thermal runs have the highest amount 
of water-soluble organics. The use of a heterogeneous 
catalyst reduced aqueous organics in varying degrees, with 
fly ash and red mud with the lowest TOC values. These 
reduced TOC reported with oxide catalysts is desirable in 
order to reduce downstream wastewater treatment by 
improving the oil phase partitioning. 

 Table 1. Food waste properties and properties of the 
HTL water and oil products using different catalysts. 

An energy recovery calculation is performed to 
evaluate the effectiveness of catalytically upgrading the 
organics into the oil phase during the HTL process. Energy 
recovery is calculated as using equation (1): 

ER (%) = (HHVoil/HHVFood)*YOil*100 (1) 

Where Yoil is the oil yield and ER is the energy 
recovery yield, in percent. Due to the low oil yield, the 
energy recovery from the thermal HTL reaction is 16.4%. 
In comparison, fly ash, red clay, and red mud have energy 
recoveries of 19.0, 34.3 and 39.3%, respectively. These 
results establish the benefits of using inexpensive, mixed 
oxide catalysts for HTL upgrading of food waste. 

Conclusions 

The properties of the oil and aqueous phases of the 
HTL reaction are evaluated for both uncatalyzed and 
catalyzed with the use of inexpensive oxides. Red clay and 
red mud produce high bio-oil yields and energy recoveries 
compared to uncatalyzed reactions, with red mud having the 
lowest organics in the aqueous phase. These results suggest 
that red mud is a promising heterogeneous catalyst for 
upgrading HTL aqueous organics into the oil phase. 
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HTL 
Catalyst 

Elemental Analysis  HHV 
[MJ/ 
kg] 

Water 
TOC 
[ppm] 

C 
[%] 

H 
[%] 

O 
[%] 

N 
[%] 

Food 
Waste 58.3 10.3 29.3 2.0 24.6 N/A 

Thermal 70.0 8.3 17.9 3.7 32.1 24,000 
Fly Ash 61.9 8.4 26.1 3.6 28.2 5,180 

Red 
Clay 67.7 8.4 20.2 3.7 31.0 16,700 

Red 
Mud 70.6 8.5 16.6 4.2 32.6 6,060 
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