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ABSTRACT. Solid effluent obtained after wet oxidation (WO) of sewage sludge contains inorganic 

compounds that can be recovered, being phosphorus the most valuable. Significant amounts of heavy metals 

are also found. The objective of this study is maximized recovery of phosphorus by leaching minimizing 
both the chemical dosage and the extraction of heavy metals. Total phosphorus content was 36.48 mg P/g 

solid and a sequential extraction was performed using a weak base (NaHCO3, 0.5M), a strong base (NaOH, 

1M), a diluted acid (HCl, 1M) and a concentrated acid (HCl, 10M) heating up to 80ºC. Extraction with 
diluted acid reported high P recovery, so an extended study using four acids (HCl, HNO3, H2SO4 and citric 

acid) evaluating pH by varying the dosage (0.002 - 0.018M) was accomplished. Sulfuric acid reported the 

highest recovery values (35,8%) at the lowest dose used, although the optimum will depend on economic 

criteria. 
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Introduction 

WO is a well-known technology to treat aqueous wastes with high organic matter content, in an 
environmental and sustainable point of view. It is a particularly cost-effective treatment for wastes too 

diluted to be incinerated but too concentrated or refractory to biological processes, such sewage sludge, 

without dehydration needs. Large amounts of toxic and hazardous organic compounds are treated using high 
temperature (100-330ºC) and pressure (40-230bar) conditions using pure oxygen as oxidizing agent. These 

are the way to break the C-C bonds to transform the initial waste into CO2, H2O and readily biodegradable 

low molecular weight organic compounds, mainly acetic acid. In addition, the effluent obtained is free of 

pathogens [1,2]. 

It is key to ensure the liquid phase both to maximize the amount of dissolved oxygen in aqueous medium 

and to promote the oxidation kinetics [3]. OSCAR®, technology owned by ECOLOTUM Energía 

Recuperable S.L., is the implementation of this treatment operating in continuous flow under subcritical 
conditions. 

A stabilized solid effluent after WO is obtained, containing mainly inorganic compounds, with insoluble 

phosphorus being the most valuable to be recovered. High amounts of heavy metals are also found in the 

solid, which makes it hazardous for direct valorization. Because of the importance of phosphorus, the study 
focuses on its recovery by leaching the insoluble phosphorus present in the solid to a soluble form in the 

liquid phase, being as orthophosphate the most common. 

Phosphorus, an indispensable compound for the development of life, is obtained from phosphate rock mines. 
Its non-renewable nature, together with its widespread use as a fertilizer for crops, has generated a multitude 

of research studies on its recovery from waste, such as sewage sludge. Moreover, together with increasingly 

restrictive legislation regarding its discharge due to the risks of eutrophication, phosphorus becomes an 
element that must be recovered in the context of sustainability and the circular economy [4]. 

Incinerated sewage sludge ash (ISSA) is the most studied solid sewage sludge residue for the recovery of 

the phosphorus it contains, being a composition similar to the solid after WO. Several studies on chemical 

extraction by acid leaching have given good results [5], as well as other referring to solid effluent after WO 
[6]. The aim of this work is to determine the phosphorus content in the solid after WO carried out by 

OSCAR® technology and its possible recovery by leaching. For this purpose, a characterization of the solid 

was realized and different aqueous solutions were used to determine the best chemical extraction procedure. 
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Four acid solutions varying the dosage applied were employed to determine the optimum conditions for 
obtaining maximum phosphorus extraction while minimizing acid consumption. In addition, the metal 

leachate produced in the phosphorus recovery experiments was analysed. 

Material and Methods 

OSCAR® wet oxidation process 

WO process was carried out in a pilot plant owned by ECOLOTUM; Energía Recuperable S.L., situated in 

a Spanish wastewater treatment plant (WWTP). Sewage sludge used was obtained after the activated sludge 

process. The reactor operates in continuous flow and in subcritical conditions, but close to the critical point 
of the water. As oxidant agent was used pure oxygen in a slightly excess respect to the stochiometric. 

Specific operating conditions and other technical aspects are omitted in order to preserve business 

knowledge.  

The effluent after WO obtained, a mixture of liquid and solid, was characterized and separated by vacuum 

filtration on filter paper. Solid collected in the filter cake was dried at 105ºC during 12h and after that, was 

ground and sieved to 355µm. 

Characterization and leaching of phosphorus from solid effluent after WO. 

Both sequential extraction and leaching experiments was accomplished in stirred glass Erlenmeyer 250 mL 

flasks magnetically stirring fixed to 450 rpm, at room conditions and measuring pH in a continuous mode. 

Each sample pass through 0.45µm nylon microfilter to separate leachate to solid before measurement. 

As solid characterization, a sequential extraction of 1g of solid after WO was performed to determinate the 

fractions of phosphorus bound to other compounds in solid. Between each extraction, solid was washed 

with 20mL KCl, 1M and filtered again. The procedure was reached EN-12457:2002 [6] following the nest 
steps: First, dissolution of 20mL of NaHCO3, 0,5M to determinate P fraction weakly bound. Second, 20mL 

of NaOH, 0.1M to determinate Al and Fe bound P. Third, 20mL of HCl, 1M to define Ca bound P and fourth 

12mL of HCl, 10M in a water bath at 80ºC to extract stable P. This fraction needs a large amount of energy 

to be recovered. 

Leaching experiments were performed employing solutions of four different acids (HCl, H2SO4, HNO3 and 

citric acid) varying the dosage to evaluate recovery in a range of concentration (0.002-0.018M) which is 

related to pH. The contact time and liquid-solid ratio used remained constant in all experiments. 

Analytical methods 

Both the inlet sewage sludge and the outlet stream from the WO process were analyzed to evaluate the 

organic matter and solid content using standard methods [7]. Parameters measured were chemical oxygen 

demand (COD), total solids (TS), total volatile solids (TVS) and total fixed solids (TFS). 

The solid after WO was analyzed by X-ray fluorescence (XRF) and elemental microanalysis to determinate 

both heavy metals and other inorganic compounds to organic C and N content. 

Total phosphorus content in solid was solubilized as orthophosphates by digestion in aqua regia following 
the UNE-EN 13657:2003 prior to be measured using commercial tests in a UV-Vis photometer following 

the molybdate/ascorbic acid blue method. Leachate also is characterized both by XRF and using the same 

commercial test. pH was measured using micropH 2002 by Crison Instruments. 

Results and Discussion 

OSCAR® wet oxidation process 

Results of the WO process are summarized in Table 1. High reductions in organic matter and total solids 

are achieved, emphasizing the high removal of volatile solids, those associated with particulate organic 
matter. 
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Table 1. WO of sewage sludge results using OSCAR® technology. 

 COD (g O2/L) TS (g/kg) TVS (g/kg) TFS (g/kg) 

Inlet sewage sludge 7,70 10,25 7,34 2,90 

Outlet effluent WO 1,40 1,82 0,46 1,35 

%   Reduction 81,8% 82,26% 93,68% 53,35% 

Fixed solids, on the other hand, undergo less conversion due to their inorganic character. They are the major 

part of the solid present in the effluent after WO and therefore, the raw material in this work. 

Characterization and leaching of phosphorus from solid effluent after WO. 

Total phosphorus content on solid after WO was measured (36.48 mgP/g solid) and the results of sequential 

extraction are shown in Figure 1. The fractions of phosphorus extractable with basic solutions are negligible, 
reaching 2,65% recovery, while that extracted with dilute HCl, related to Ca-bound P, represents 41,96% of 

the phosphorus present. Since the rest requires much more energy to be recovered, it is considered that the 

fraction extractable using dilute acid is the majority and on which the recovery study is focused. 

 

Figure 1. Sequential extraction of P of the solid after WO. 

Taking as reference 41,6% of phosphorus recovered using HCl, 1M in sequential extraction, leaching 
experiments results shown in Figure 2 are compared. 

The maximum values of extracted phosphorus correspond to the experiments accomplished with H2SO4 

(35.8%) and HCl (35.4%), slightly higher than those obtained using HNO3 (32.8%) or citric acid (31.1%). 
All of them were achieved with the higher concentration in range evaluated (0.018M), about fifty times 

more diluted and achieving 6% less recovery, at best, with respect to the reference. 

Evaluating phosphorus extraction at each acid concentration profile (right, Figure 2), both sulfuric and 
hydrochloric acid provide high phosphorus recovery values (>30%) from 0.004M. Thereafter, the recovery 

slowly increases from that value, asymptotically. In case of citric acid, the recovery profile is unstable, while 

using nitric acid the recovery profile increases linearly up to the last two most concentrated experiments. 

Although the recovery with these two acids is also high, it is lower than that achieved with HCl and H2SO4 

in the whole range of concentrations. The values obtained using sulfuric acid are slightly higher than 

hydrochloric, which is related to pH.  

The pH profile (left, Figure 2) indicates that phosphorus recovery is related in a linear way to increase of 
acidity. As pH decreases, phosphorus recovery increases linearly and does not depend on the acid used. 

Therefore, pH is the real factor controlling phosphorus recovery. Since the objective is not only to achieve 

maximum recovery but also to minimize acid consumption, pH analysis allows us to identify that leaching 
using sulfuric acid is the most cost-effective. Figure 2 shows that sulfuric acid gives solutions of lower pH 

than any other acid, slightly lower than hydrochloric and therefore provides the highest recovery values in 

each experiment performed. 

However, the optimum value of acid concentration to be used for phosphorus recovery has to be defined 
including economic criteria. Due to the slow increase in phosphorus recovery with H2SO4 concentration 

NaHCO3; 0,21%
NaOH; 2,44%

HCl diluted; 41,96%HCl concentrated and hot; 
46,90%

Not extracted; 8,50%
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(from 31.3% at 0.004M to 35.8% at 0.018M), the optimum value should be optimized by also evaluating 
the acid consumption. This factor will be included in future studies. 

Conclusions 

A high amount of phosphorus recoverable (41.6%) present in solid effluent after WO of sewage sludge is 

extractable using a dilute acid solution (HCl, 1M) at ambient conditions. Sulfuric acid provides highest 
recovery results (35.8%) followed by HCl (35.4%), HNO3 (32.8%) and citric acid (31.1%) in the 

concentration range studied (0.002-0.018M). This is because sulfuric acid achieves lower pH than any of 

the other acids, and therefore less acid is needed. the optimum acid dosage for recovery is based on economic 
criteria, which will be studied in the future. 
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Figure 2. Phosphorus leaching experiments with respect to pH (left) and acid concentration (right). 


