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Good afternoon to all! I’m Sandra Torres and I’m pleased to present the communication entitled: Biogenic sulfur flocculation from pilot bioscrubber for landfill biogas desulfurization. The work has been performed in the department of Chemical engineering and food technology of the university of cadiz.
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Notas del ponente
Notas de la presentación
As a brief presentation, I am currently working as a PhD Student  in the University of Cádiz, an institution located in the South of Spain. My main research interests are the biological treatment of effluent gases
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Introduction

Revalorization of biogas

Biogas uses
Renewable energy
Combustion engine
Power generation

H2S Drawbacks
Toxic
Corrosive
Produce SO2 (combustion)

Anoxic
biodesulfurization

BIOGAS
45-75% CH4
20-50% CO2
10-25% N2
<1% O2
500-20.000 ppmv H2S
Other compounds
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• Desulfurization widely studied in BTFs DRAWBACKS

• Elemental sulfur accumulation
• Blockages
• Technical stop
• Reinoculation
• Operating cost increase

• Sulfate is not desirable because it can be reduced again to H2S in 
anaerobic conditions

Notas del ponente
Notas de la presentación
Biogas consists mainly of methane, carbon dioxide, nitrogen, oxygen and hydrogen sulfide. This biogas is used as a renewable energy source, but these uses are limited by the hydrogen sulfide contained in it, as it is a toxic, corrosive gas and generates sulfur oxide on combustion. 
This hydrogen sulfide can be removed by anoxic biodesulfurization. Traditionally this process has been studied in biotrickling filters showing high elimination capacities and robustness. 
However its main drawback is the elemental sulfur accumulation in the packing material which leads to blockages and technical stops causing an increase in the operating costs
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Anoxic biodesulfurization
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Introduction

Solution?

Allow S0

recovery

Use of suspended biomass bioreactors

Notas del ponente
Notas de la presentación
What could be the solution?
The use of suspended biomass bioreactors. In this way, due to the fact that there is no support on which the elemental sulphur can adhere, it can be easily removed. This sulphur can be used as a raw material in the sulphuric acid industry or as a fertiliser.
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Introduction

* Prototype installed at the Miramundo-Los
Hardales environmental ecopark (Cadiz, Spain)
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Main Project Objective
LIFE BIOGASNET European project demonstrates a new cost-effective and environmental friendly technology for biogas desulfurization 
based on biological processes. The project aims to boost the use of biogas as a sustainable energy source and to promote renewable 
energies production through the circular economy concept. 

NH4
+(liq)  →  NO2

-/NO3
-(liq)

Leachate

Landfill Biogas

Nitrification CSTR Biogas Bioscrubber Anoxic CSTR
Clean Biogas

Sulfur

Notas del ponente
Notas de la presentación
The LIFE BIOGASNET is a project focuses on promoting the production of renewable energies through the concept of circular economy. In fact, In the pilot plant that was installed in Cadiz, it consists of a nitrification bioreactor that is fed by landfill leachate with high ammonium concentration to produce nitrate required in the desulfurization unit.
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Main Project Objective
LIFE BIOGASNET European project demonstrates a new cost-effective and environmental friendly technology for biogas desulfurization 
based on biological processes. The project aims to boost the use of biogas as a sustainable energy source and to promote renewable 
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Leachate

Landfill Biogas

Nitrification CSTR Biogas Bioscrubber Anoxic CSTR
Clean Biogas

Sulfur

H2S(g) → H2S(l) 

Notas del ponente
Notas de la presentación
In a second stage, the removal of Hydrogen sulfide from biogas was carried out in a scrubber. 
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Main Project Objective
LIFE BIOGASNET European project demonstrates a new cost-effective and environmental friendly technology for biogas desulfurization 
based on biological processes. The project aims to boost the use of biogas as a sustainable energy source and to promote renewable 
energies production through the circular economy concept. 

Leachate

Landfill Biogas

Nitrification CSTR Biogas Bioscrubber Anoxic CSTR
Clean Biogas

Sulfur

NO2
-/NO3

-(aq)  →  N2(g)
H2S(l) →  S0 (solid)

Notas del ponente
Notas de la presentación
Finally, in an anoxic continuous stirred tank reactor the sulfide is biologically removed using the nitrate produced in the previous stage, producing a final by-product with high added value, such as sulfur. 
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Characteristics of sulfur

Biogenic sulfur
Negative charge at pH 8
Particles are hydrophilic
Stable colloidal suspension

Difficulty in 
settling

Chemical sulfur
Non-toxic
Low solubility in water

Solution Flocculation-
coagulation

Notas del ponente
Notas de la presentación
Chemical sulfur is non-toxic and insoluble in water, but the sulfur produced in bioreactors such as the one mentioned above has a hydrophilic character that makes its recovery difficult, so other techniques are needed to improve its sedimentation, such as flocculation-sedimentation.

Nota: Different physical and/or physicochemical methods can be used to separate the sulfur produced. The most popular such methods include gravity sedimentation [10], centrifugation [7], flotation [11], mem- brane separation [12], extraction [13] and coagulation-flocculation [14,15]. The method used usually depends on the characteristic properties of the biogenic sulfur. Despite gravity sedimentation being the most attractive method from a technical/economical point of view, the formation of easily settleable biogenic sulfur is rare. As such, flocculants and/or coagulants are typically added to increase the particle size and sedimentation rate
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Sulfur recovery methods

Factors

• Flocculant type
• Flocculant dose
• Stirring speed
• Mixing time
• pH
• Temperature

Coagulants Flocculants

Polyaluminum chloride (PAC)

Al2(SO4)3

FeCl3

NaAlO2

Polyacrylamide as:

• Anionic

• Cationic

• Non-ionic

Coagulation-
flocculationReagents addition Settling

JarTest method

Notas del ponente
Notas de la presentación
Sulfur recovery can be simplified into three stages:  Reagent addition, coagulation and flocculation, and sedimentation.  This is a technically very simple and cost-effective process with easy scale-up.  Various factors such as type and dosage of flocculant, agitation speed, mixing time, pH, and temperature must be taken into account. The evaluation of the optimal conditions of this process is normally carried out with the JarTest method. Among the flocculant used,  we can find mainly polyacrylamide in non-ionic, anionic, or cationic forms.

La recuperación de azufre se puede simplificar en tres etapas:  La adición de reactivos, la coagulación y la floculación, y la sedimentación.  Este es un proceso muy simple técnicamente y de bajo coste económico, con fácil escalamiento.  Se deben tener en cuenta diversos factores como, el tipo y la dosis del floculante, velocidad de agitación, tiempo de mezcla, pH y temperatura. La evaluación de las condiciones óptimas del proceso coagulación-floculación-sedimentación se lleva normalmente con el método JarTest. Dentro de los reactivos químicos empleados podemos encontrarnos con los coagulantes que principalmente se usa el policloruro de alumino, y los floculantes principalmente están formados por poliacrilamida en forma no iónica, aniónica o catiónica.
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Operating requirements of desulfurization stage

Material and methods
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Start-up
100 L of inoculum from STP
Tap water up to 761 L
Nutrients (Na2CO3; NaNO3; NH4Cl and 
fertilizer)

First stage
Feeding with Na2S in order to increase 
the biomass concentration

Long-Term Operation
Landfill Biogas:
[H2S]in 146.1 ± 54.2 ppmv

[O2]in 1.77 ± 0.91%
50 m3 h-1 (nominal value)

Liquid Nitrified:
Pump on/off

• PID control
• H-L control

Landfill biogas

Sulfur

Clean biogas

NO2
-/NO3

-

Biogas
Bioscrubber

Anoxic
CSTR

Settler

Notas del ponente
Notas de la presentación
Next, I'm going to continue with the section on materials and methods. The inoculum used in the anoxic bioreactor was obtained from a non-aerated bioreactor of a wastewater treatment plant in Rota (Spain). During this first stage, the bioreactor was fed using sodium sulfide salt to increase the biomass concentration. 
In the long-term operation, the biogas was supplied by a blower to the scrubbing tower where the gas/liquid transfer of hydrogen sulfide takes place. This biogas had an average concentration of 146 ppm hydrogen sulfide and 1.8% oxygen.  Finally, in the anoxic tank reactor, the sulfide is biologically removed using the nitrate produced in the previous stage. The sulfur produced is removed in a settler by the addition of cationic flocculant.
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Operational parameters:
pH in CSTR
ORP in CSTR
Temperature in CSTR
Level in CSTR
H2S and O2 in biogas outlet
Pressure in Bioscrruber
Recirculation flow
Biogas Flow

Notas del ponente
Notas de la presentación
During the full operation, parameters such as pH, redoxpotential, temperature, H2S and O2 concentration in biogas outlet, biogas flow, etc. were monitored.
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Material and methods
Flocculation Rate-Jar Test

Sampling for determination of 
final S0 concentration (Af)

Flocculation rate

𝜃𝜃 % =
𝐴𝐴𝑖𝑖 − 𝐴𝐴𝐴𝐴

𝐴𝐴𝑖𝑖
× 100

Working volume 0.3 L
Temperature 25°C 

Sampling for determination of 
initial S0 concentration (Ai)

1) Addition of cationic flocculant (Bifloc 690)

2) 300 rpm
3 min

3) 30-150 rpm
10 min

4) 30 min to settle

Step 1 Initial S0 solution Step 2 Flocculation and settling S0 Step 3 Clarified S0 solution

*Torres-herrera, S., González-Cortés, J.J., Almenglo, F., Yeste, M.P., Ramírez, M., Cantero, D.: Optimization of biogenic sulfur flocculation from an anoxic 
desulfurization bioreactor using response surface methodology. Fuel. 323, 124367 (2022). https://doi.org/10.1016/j.fuel.2022.124367

𝜃𝜃 sulfur
𝜃𝜃 TSS
𝜃𝜃 COD

Concentrations: 10, 15, 25, 40, 55, 75, and 150 mg L–1

Notas del ponente
Notas de la presentación
In order to study the flocculation process, the Jar-Test methodology was employed in the laboratory. The bioreactor sample was divided into beakers with a final volume of 300 mL. Flocculation experiments were carried out in a flocculator, and the cationic flocculant dose concentrations studied were in the range of 10 to 150 mg per liter. Once the flocculant is added, the solution was mixed for 3 minutes at a high stirring speed and then for 10 minutes at a lower stirring speed. Subsequently, the solution was settled for 30 minutes. The biogenic sulfur (θ, %), chemical oxygen dissolved (COD), and total suspended solids (TSS) flocculation rates were then determined. 
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Long-Term Operation

Results and discussion

274,801 m3 of biogas were desulfurized 
266 days (38 weeks) 
Average biogas flow rate: 43.0 ± 12.2 m3 h–1

Average EC of 8.4 ± 3.6 gS-H2S m-3 h-1

RE of 83.0 ± 10.3%. 

Demand of 
NO3

- (g) 850 469 292 2
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Notas del ponente
Notas de la presentación
Starting to comment on summary results of the prototype operation during 38 weeks of feeding with landfill biogas.

A total of about two hundred and seventy thousand cubic meters of biogas were desulfurized. An average elimination capacity of 8.4 grams of sulfur per cubic meter hour has been obtained by the system with a removal ratio of 83.0%. 
In the first figure shown in the slide, we can see that the biogas flow rate was increasing along the weeks of operation, but even so, we can see how the inlet loads applied to the bioreactor have generally been low due to the limited H2S present in the biogas (an average of 146 ppmv). Also, the consumption of nitrate dropped from 850 to 2 g nitrogen nitrate grams, probably by the oxygen content in the inlet biogas stream. 
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Test the sulfide removal limits of the system, adding sulfide salt solution.

Results and discussion

A maximum IL of 66.4 gS-H2S m–3 h–1 was reached.

Maximum EC of 49.5 ± 0.6 gS-H2S m–3 h–1 

RE of 96.5 ± 1.1%
Maximum sulfur production of 61% 
Nitrate demand: 318 g N-NO3

- d–1
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Notas del ponente
Notas de la presentación
The low maximum average inlet load led to low nitrate demand and no sulfur production. The input load was increased by adding sodium sulfide salt.

In the first seven days, an adaptation of the system was carried out by adding a liquid inlet load of around 8 grams of sulfur-hydrogen sulfide per cubic meter per hour in addition to the biogas load, a total input load of 17.4 was achieved.  In the following days, 1-day experiments were proposed, progressively increasing the load. A maximum inlet load of 66.4 grams of sulfur per cubic meter per hour was reached.

For an inlet load of 51.2, a maximum elimination capacity of 49.5 grams of sulfur per cubic meter per hour has been obtained by the system with a removal efficiency of 96.5%. Maximum sulfur production of 61% was obtained for these conditions.
During the inlet load of 51, there was a nitrate demand of 318 grams of nitrogen nitrate, which gives us an indicator that anoxic desulfurization occurred.

(Therefore, in this experiment, the critical value to pay attention is the maximum EC but not the H2S RE, because a longer operation time will allow for a higher biomass concentration and a better RE. Moreover, in the case biogas with high inlet H2S concentration, the mass transfer is enhanced by the increase in the concentration gradient, avoiding the stripping phenomena.)
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Results and discussion
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Application of flocculation method

θ sulfur = 97.6 ± 0.9% 
θ COD = 72.5 ± 0.3% 
θ TSS = 91.9 ± 4.2%

Cationic flocculant
Bifloc 690

300 rpm       3 min 
30 rpm 10 min 
30 min to settle

Initial sample characteristics
Sulfur = 3,696 ± 77 mg S0 L–1

COD = 9,574 ± 177 mg O2 L–1

TSS = 9,633 ± 1,347 mg L–1

Notas del ponente
Notas de la presentación
During the flocculation experiment, the initial concentration of sulfur was 3,696 milligrams of elemental sulfur per liter, while the COD and TSS concentrations were 9,574 milligrams of O2 per liter and 9,633 milligrams per liter, respectively. The maximum sulfur flocculation rate of 97.6% was achieved with a flocculant cationic dose of 75 milligrams per liter. Furthermore, with this dose, chemical oxygen demands flocculation rate of 72.5% and a total suspended solids flocculation rate of 91.9% were obtained. 

Nota: en las pruebas con azufre coloidal el gasto de floculante para obtener una ratio de 97,1% fue de 0,47 mg floc / g S0
En este caso el gasto de floculante es de 20,23 mg floc / g S0
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• The desulfurization of real biogas has been successfully carried out on a pilot-scale
standing as a feasible alternative to the current physical-chemical processes.

• Low H2S concentration and high O2 concentration at the inlet biogas stream caused a
decrease in nitrate demand, leading to aerobic H2S oxidation.

• For an IL of 51.2 gS-H2S m–3 h–1 (using sodium sulfide), the BIOGASNET technology can
reach a maximum EC of 49.5 ± 5.3 gS-H2S m–3 h–1 and a maximum RE of 96.5 ± 1.1%.
In these conditions, the value of sulfur production was 61%.

• A flocculation sulfur rate of 97.6 ± 0.9% was achieved for an initial sulfur
concentration of 3,696 ± 77 mg S0 L–1.

Conclusions
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