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A B S T R A C T   

A new process for removing sulfur from gas using electricity is presented. The process combines electrochemical 
production of active oxidizing species with an oxidative scrubber for desulfurization. Reactions for the elec-
trochemical cell and the scrubbing tower are presented and a scrubbing set-up with a continuous electrolyte 
recirculation is validated on synthetic biogas. The test shows that a gas flow of 200 L/h with 1330 ppm H2S can 
be cleaned down to non-detectable levels of sulfur in a single step, at a current efficiency of 29%. This is a very 
high removal percentage for a high concentration of H2S. Solid sulfur can be removed from the system after the 
experiments. The sulfur has traces of NaClO and no other products were detected. A simple model based on 
estimated gas side mass transfer coefficients were used to estimate a scrubber height of only a few centimeters. 
The experiments supports the model. 

This technology allows for a robust implementation of sulfur free applications in a future green fuel and green 
chemistry like Power-to-X (PtX) and carbon capture and utilization (CCU). Sulfur compounds are poison for most 
heterogeneous catalysts, thus for carbon utilization, the carbon gas source has to be desulfurized.   

1. Introduction 

The renewable energy sector is booming and especially the biogas 
industry is growing [1]. Each year new biogas plants are constructed 
worldwide. In Europe alone there were 17,783 biogas plants in 2017 
with ≥ 10,000 in Germany [2]. Compared to solar and wind energy, 
biogas does not suffer from fluctuating and unstable production rates. 
This makes biogas even more suitable as a main constituent in a fossil- 
free society. 

Biogas consists roughly of 60% methane (CH4) and 40% carbon di-
oxide (CO2) with several impurities. The main impurity is hydrogen 
sulphide (H2S). Normal concentrations of H2S in biogas is above 1000 
ppm. However, siloxanes and mercaptanes are also often found to a 
lesser extent in the biogas [3]. H2S is both flammable, toxic and corro-
sive [4]. Thus, independently of the downstream application, H2S has to 
be removed from the biogas. 

Traditionally, biogas has been used in a combined heat and power 
engine for localized energy production. However, within the last decade, 
biogas upgrading has found its way to the market. Today, state-of-the- 

art upgrading of biogas refers to extraction of CH4 from biogas [5,6]. 
This type of CH4 is named biomethane [7] and is a renewable energy 
resource with many applications. On a commercial level, four different 
technologies are available for upgrading biogas: amine extraction, 
membrane separation, water scrubbing and pressure swing adsorption 
[8]. Future applications of biogas may differ significantly from the 
current state-of-the-art. Recently, the term “second generation biogas 
upgrading” has been proposed to distinguish between traditional biogas 
upgrading technologies and future upgrading technologies and pro-
cesses [9]. 

Using biogas as carbon source for biofuels is currently being inves-
tigated [10–15].Central to these applications is the reduction of CO2. 
Generally, there are three main methods for reducing CO2, i.e. biolog-
ical, electrochemical and thermochemical. All technologies require 
removal of H2S from the biogas, with biological conversion tolerating 
more H2S as compared to thermochemical and electrochemical CO2 
reduction reactions. 

Thermochemical treatment of biogas remains under development. 
Several projects are investigating methanation of biogas [14,15]. Solid 
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oxide fuel cells using biogas are also being investigated as a possible 
application of biogas [16]. For reduction of CO2 a nickel catalyst is most 
commonly used. It is well known that H2S is poison to basically all 
catalysts [17,18], with concentrations as low as 10 ppm having devas-
tating impact on the active catalytic sites. Thus, for future thermo-
chemical upgrading of biogas, cost-efficient, deep and stable 
desulfurization is mandatory. 

Several different desulphurization technologies are applied. Most 
technologies remove the H2S from the biogas with the distinct exception 
of iron chloride desulfurization. The iron chloride salts are added to the 
biomass before entering the biogas reactor. The iron inactivates the H2S 
and solidifies sulfur as iron sulfide. Biological desulphurization is widely 
used due to the low operating expenses (OPEX). The process has a rather 
large capital expenditure (CAPEX). Furthermore, the sulfur-oxidizing 
bacteria require nutrients and oxygen. Oxygen requires strict moni-
toring, as it is highly unwanted for upgrading purposes. Both iron 
chloride and biological desulfurization may lower the H2S concentration 
from ̴ 2000 ppm to ̴ 100 ppm. An additional desulfurization polishing 
system is required in order to reach acceptable H2S levels. Activated 
carbon can remove H2S down to very low concentrations. A clear 
drawback of the carbon absorption technologies is a noticeable OPEX 
and toxic waste production due to limited regeneration possibilities. 
Activated carbon is too expensive to be used for bulk H2S removal. 

Generally, biogas plants are decentralized. This favors the need for 
desulphurization technologies with local regeneration and without 
waste generation. Regeneration could be performed in-situ either by air, 
e.g. biological desulfurization and the Lo-Cat process [19], by heat, e.g. 
chemical scrubbers or by electricity. 

Among the desulfurization technologies used today, only the bio-
logical desulfurization technology uses local regeneration. However, the 
residual oxygen found in the cleaned gas is a large issue for the process 
[20]. For biogas plants with first generation upgrading facilities, this is a 
fundamental issue, as the maximum allowed oxygen content can be as 
low as 100 ppm for biomethane [21]. Another drawback of the biolog-
ical cleaning process is the slow response time when it comes to fluc-
tuating H2S levels. 

Electro-assisted scrubbers have local regeneration and do not pro-
duce any waste. Furthermore, they have the advantage that the elec-
trochemical nature of the scrubber allows for fast adjustment adapting 
to fluctuating H2S concentrations in the biogas. The term electro-
scrubbers is used to describe the gas cleaning processes where an elec-
trochemical cell is used to support the scrubber. The term was 
introduced by Govindan et al. in 2012 [22]. 

Electrochemically assisted scrubbers are widely used [23]. The 
operation is based on electrochemical regeneration of the scrubbing 
medium. Usually, the scrubbing medium consists of a suspended metal 
that may be electrochemically oxidized to a high oxidation state. The 
metal with the high oxidation state is then used to remove e.g. H2S and 
methyl mercaptanes [24–27]. The application of electrochemistry has 
received increased interest as it is considered an environmentally 
friendly process for chemical production. 

Currently, most of the electroscrubbing processes are being devel-
oped in the laboratory. However, Govindan et al. tested an electro-
scrubbing process for simultaneous removal of NO an SO2 at semipilot 
scale [22]. The semipilot tests demonstrated the potential to use the 
process previously developed in the laboratory [28–32]. The successful 
upscaling of the process developed in the laboratory indicates that this 
could also be possible for other electroscrubbing processes. 

Applying electro-assisted scrubbers to biogas could be beneficial 
when included in second generation biogas upgrading technologies. 
However, a water-based electrolyte would have to take the rather large 
amount of CO2 in the biogas into account. CO2 will be dissolved into the 
electrolyte and affect the pH-value. Generally, the pH-value is expected 
to reach a steady state level below neutral, due to the acidic properties of 
CO2. Therefore, an electro-assisted scrubbing process operating at 
moderately low pH values would be preferred for biogas applications. 

Electroscrubbers investigated in the literate generally have high 
removal rates (≥90 %) for low concentration pollutants [33–35]. 
Removal rates as high as 100% have been found when the concertation 
of the pollutants is low (15 ppm). This could be an issue for H2S removal 
from biogas. H2S is generally found in high concentrations (greater 
than1000 ppm) in biogas. The electroscrubbing process is therefore 
required to have high removal rates, even at high concentrations if it 
should be used to remove H2S from biogas. 

Biogas has many impurities other than H2S and an electro-assisted 
desulphurization process may additionally remove these impurities as 
well [24]. Generally, the desulfurization process is placed just down-
stream of the biogas reactor, and thus, will be the first downstream 
process encountering all types of impurities. Therefore, it may be ex-
pected that the electrolyte will require periodic replacement, depending 
on the amount of biogas impurities, the efficiency of the electrolyte 
regeneration, and the bulk electrolyte filtration process. For an expen-
sive electrolyte, the filtration process may be optimized for complete 
impurity removal. Clearly, this will increase the operational cost of the 
system. Ideally, the electrolyte is cheap, sustainably disposable and may 
thus be replaced periodically. 

In this paper we suggest a new and novel process which can be re-
generated in-situ and does not generate waste. The aim is to develop a 
cheap, stable and robust process that selectively removes H2S down to 
the very low ppm level, while leaving the CO2 in the biogas. One of the 
main problems that the process should solve is removing H2S at high 
concentrations with a high removal rate, i.e. remove H2S from more 
than 1000 ppm down to very low concentrations. For similar processes, 
this has proved difficult. 

The utilization of active chlorine as the oxidizing species is a novelty 
within the field of electroscrubbers. For the new process, suitable elec-
trochemical and scrubbing reactions are proposed. The electrolyte sys-
tem is tested on a lab-scale electroscrubber set-up interfaced with a gas 
mixture mimicking a real biogas. 

The process is an electrochemically assisted scrubbing system. The 
solvent selectively oxidizes the H2S content of the biogas into free sulfur. 
The process applies continuous solvent recirculation, which is regener-
ated in an undivided electrochemical cell. In Fig. 1, the mechanism is 
presented. The electrolyte comprises an aqueous solution and the elec-
trochemical mechanism is (Fig. 1c): 

Anode [36]:  

2Cl- = Cl2(aq) + 2e-                                                                        (1) 

Cathode:  

2H+ + 2e- = H2(g)                                                                          (2) 

Following the formation, chlorine reacts with water to form hypo-
chlorite (Fig. 1d) [37]:  

Cl2(aq) + H2O = H+ + Cl- + HClO(aq)                                             (3) 

Within the scrubber, the biogas interacts with the liquid. CH4 has 
been assumed to be inert and is in the experiments considered inter-
changeable with other similar inert low-soluble gasses such as N2 or 
higher hydrocarbons. The CO2 is expected to saturate the liquid over 
time due to CO2 dissolution:  

CO2(g) = CO2(aq)                                                                           (4)  

CO2(aq) + H2O = HCO3
– + H+ (5) 

The hydrogen sulfide is expected to dissolve and dissociate (Fig. 1a) 
[38]:  

H2S(g) = H2S(aq)                                                                            (6)  

H2S(aq) = HS- + H+ (7) 

And subsequently being oxidized by hypochlorite (Fig. 1b): 
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HS- + HClO(aq) = S(s) + H2O + Cl-                                                (8) 

The overall reaction is thus  

H2S(g) + electrical power = H2(g) + S(s)                                           (9) 

This reaction for removal of H2S in a synthetic biogas is tested in this 
paper. 

2. Scrubber model 

A simple model for determination of the scrubber height will be 
constructed. The aim of the model is to estimate a scaling up of the 
electroscrubber. The model will be based on the calculation of a 
scrubber height from the Height of a Transfer Unit (HTU) and the 
Number of Transfer Units (NTU). 

2.1. Height of scrubber 

The scrubber height (h) can be calculated based on the Height of a 
Transfer Unit (HTU) times the Number of Transfer Units (NTU) [39]: 

h = NTU × HTU (10) 

When the mass transfer from the gas to the scrubbing liquid is low, 
the molar gas flow (GM), the molar liquid flow (LM) and the overall gas 
phase mass transfer coefficient (Kg) can be assumed to be constant. For 
these conditions, both the equilibrium line and operating line, see Fig. 2 
(a), are straight [39]. The NTU and HTU can be calculated under these 
assumptions as [39]: 

NTU =
yi − yu

Δym
(11)  

HTU =
GM

AaKg
(12)  

where yi is the mole fraction of the pollutant in the gas at the inlet of the 
bottom of the scrubber (see Fig. 2(a)), yuis the mole fraction of the 
pollutant in the gas at the outlet of the top of the scrubber, A is the cross 
sectional area of the scrubber, a the specific surface area of the packing 
material and the log mean concentration difference (Δym) is given by 
[39]: 

Δym =

(
yi − y⋆

i

)
− (yu − y⋆

u )

ln(yi − y⋆
i ) − ln(yu − y⋆

u )
(13)  

where y⋆
i/u is the mole fraction of the pollutant in the gas that is in 

equilibrium with the liquid at the bottom (i) or the top of the scrubber 
(u). Thus, the difference, yi − y⋆

i , corresponds to the driving force of the 
mass transfer at the bottom of the scrubber and vice versa for yu − y⋆

u . 
The values A, a, GM, yi and yu are either given (see Fig. 2(b)), e.g. GM, yi 

and yu, or part of the design of the scrubber, e.g. A and a. Kg is calculated 
as [40]: 

Kg =
1

m
Ekl

+ 1
kg

(14)  

where kl/g is the mole fraction mass transfer coefficient in the liquid (l) 
or the gas phase (g), E is the enhancement factor and m is the equilib-
rium constant, given by y = mx where x is the mole fraction of the of the 
pollutant in the solution, see Fig. 2(a). The enhancement factor, E, in-
dicates the improved performance of a reactive solvent when compared 
with a non-reactive solvent. A reactive solvent has E≫1, and this is 
expected to be the case for electroscrubbers. The enhancement factor is a 
well developed concept that has been a subject in several text books, 
including Danckwerts [40] and Astarita [41]. 

2.2. Estimation of the mole fraction gas side mass transfer coefficient 

An approximation of kg is obtained by using the method derived in 
Absorption Towers by Morris and Jackson [42], as presented in Kemiske 
enhedsoperationer by Kiørboe et al. [39]. Several different methods for 
calculations ofkg exist. This includes models far more complicated that 
what have been used here. Initial calculations and assumptions indi-
cated that the more advanced models were not required to give a fair 
estimation of the height. The implementation of more complicated 
models was therefore not applied. According to Morris and Jackson, kg 

can be calculated [39,42]: 

kg = kcg
ρg

Mg
(15)  

where Mg is the molar mass of the gas, ρg is the density of the gas and kcg 

is the mole fraction mass transfer in the gas phase. kcg can be calculated 
as: 

kcg = 0.04CgRe− 0.25Sc− 0.5 v
xBm

(16)  

where Cg is the gas film factor,xBm is the logarithm of the average 
fraction of the solvent (B) in the liquid film, v is the superficial gas 

Fig. 1. The reactions in the electro-scrubber. a) Hydrogen sulfide enters the 
scrubber and is dissolved and dissociated (Eq. (6) and (7)). b) The dissociated 
sulfide is oxidized by hypochlorite (Eq. (8)). The elemental sulfur formed is 
insoluble in the electrolyte. c) The electrochemical cell forms chlorine at the 
anode (Eq. (1)) and hydrogen at the cathode (Eq. (2)). d) The chlorine formed 
reacts with water to form hypochlorite (Eq. (3)). 
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velocity, Re is Reynold’s number and Sc is Schmidt’s number. The su-
perficial gas velocity is given by: 

v =
GV

A
(17)  

where GV is the gas volume flow. Sc is given by: 

Sc =
ηg

Dcgρg
, (18)  

where ηg is the viscosity of the gas and Dcg is the diffusion coefficient of 
the gas phase. Reynold’s number is given by: 

Re =
dhvρg

ηg
(19)  

where, dh is the hydraulic diameters of the packing material given by: 

dh =
4ε
a

(20)  

where ε is the porosity of the packing material. 

2.3. Calculation of the electroscrubber height 

Kg for the laboratory electroscrubber is calculated under several 
assumption. It is assumed that Lm, Gm and Kg are constant. The oxidation 
of HS− is reported as fast and has a high K-value. Therefore, the con-
centration of the pollutant, i.e. HS− , in the liquid may be assumed to be 
~ 0 [43]. The high reactivity may be assumed to result in a high 
enhancement factor E. The equilibrium between H2S in the gas phase 
and in the liquid phase for the given oxidative system is expected to 
result in very low m-values. The partial pressure of the H2S is very small 
for any concentration in the liquid phase. This is equivalent to a very 
small m-value. For a large E and a small m, Kg = kg according to Eq. (14). 
This is in accordance with Ramm’s rule [39]. Kg is then calculated as kg 

using Eq. (15). The physical parameters used for the calculation of kgare 
presented in Table 1. 

3. Materials and methods for the developed electrochemically 
scrubber system 

In Fig. 3, the set-up used during the experiments is presented. Details 
regarding the scrubbing system, electrochemical cell and the gas flow & 

analysis is found in the sections below. Overall, a gas-mixture of nitro-
gen (N2) and H2S is mixed with CO2. N2 is used instead of CH4 to avoid 
flammable and explosive mixtures exiting the scrubbing system in the 
laboratory. Within the electroscrubber, the CH4 is not an explosive risk 
as no O2 is present. Both N2 and CH4 are expected to be inert gasses in 
the process. The mixed gas then enters a home-made scrubbing set-up 
where it interacts with the electrolyte. Here, oxidative species from 
the liquid is used to oxidize H2S. The oxidative species is regenerated in 
the electrochemical cell that is positioned in the bottom of the scrubber. 
When the liquid is regenerated, it is pumped back into the scrubber. The 
liquid goes through this cycle in less than 50 s, ensuring a fast response 
to changes in operating parameters, such as the applied potential. 

3.1. Scrubbing system 

A scrubbing system was constructed using standardized tubing de-
vices and equipment based on an internal diameter of 110 mm. The 
tower and liquid container were made from PMMA (Plexiglas) allowing 
for visual inspection of the liquid flow and electrochemical cell under 
operation. A water circulation pump with a brushless motor capable of 
5.5 m lift was used together with a showerhead which resulted in a 
liquid flow of 1.26 L/min. evenly distributed within the scrubbing 
tower. Simple uncoated Lightweight Expanded Clay Aggregate (LECA) 
balls with a density between 210 and 280 kg/m3 were used as packing 
material with suitable gas-to-liquid wetting abilities. 

3.2. Electrochemical cell 

The undivided electrochemical cell was positioned in the bottom of 
the scrubber unit and consisted of two graphite electrodes from Fred-
eriksen Scientific A/S, with a diameter of 6 mm and a total length of 250 
mm. 150 mm of the electrodes were inside the reactor and 100 mm 
outside for connection purposes. No degradation of the carbon elec-
trodes were observed during the experiments. The voltage and current 
were applied by a Voltcraft LSP-1403 80 W switching DC power supply. 
An electrolyte consisting of 1 L of demineralized water mixed with 200 g 
NaCl was used within the system. The concentration of solvent was 
chosen as a high amount of NaCl to ensure a high conductivity of the 
solvent. However, over-saturation of the solvent is also unwanted and 
the NaCl concentration was therefore kept below the maximum value 
(360 g NaCl per liter of water). 

Fig. 2. a) Operating line and equilibrium line for the scrubber. b) The scrubber parameters presented.  
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3.3. Gas flow and analysis 

The gas flow rate was controlled by a combination of two mass flow 
controllers (MFC). The H2S containing gas was controlled by a Brooks 
SLA5851 MFC, and the CO2 was controlled by an MKS 
GE50A025503SBN010 MFC. All gasses were supplied by Strandmøllen. 
The gas compositions entering and exiting the system were measured 
with an MRU SWG 100 stationary biogas analyzer, where the CO2 is 
measured between 0 and 100% with an uncertainty of ± 0.3% using 
NDIR, H2S is measured electrochemically between 0 and 10,000 ppm 
with an uncertainty of ± 50 ppm and O2 is also measured electro-
chemically, between 0 and 21% with an uncertainty of 0.2%. The gas 
analysis equipment performed one measurement every 10 min. The 
measurements alternated between the inlet and the outlet gas. For each 
setting, at least 2 measurements were made. The standard deviation was 
used as uncertainty in case it was larger than the uncertainty of the 
analysis equipment. The pH-value was determined using standard pH- 
strips with four zones. The same liquid was used throughout the 

experiments, which were performed over a period of 14 days. When the 
set-up was not in operation, it was sealed off to minimize degassing from 
the electrolyte. 

3.4. Scanning electron microscopy (SEM) analysis 

The SEM used for analyzing the sulfur content was a Hitachi tabletop 
SEM TM3000 equipped with energy dispersive x-ray spectroscopy 
(EDS). The imaging was performed using backscattered electrons at 15 
kV. The image was acquired at a working distance of 9500 µm and with a 
magnification of 1000. The EDS analysis was performed at 15 kV with a 
mapping time of 500 s. 

4. Results and discussion 

Overall, the process proved capable of removing H2S from a syn-
thetic biogas. The effect of current, gas flow and the current efficiency 
was investigated in the sections below to give a better understanding of 
the process. The sulfur produced in the process is also analyzed in the 
sections below. 

In Table 2, an overview of the results are presented. The scrubber is 
compared with the theoretical height calculated in section 2. Under the 
assumption presented, the height of the laboratory electroscrubber is 
modelled to be between 2.4 and 5 cm. This is a very low scrubber height. 
In the laboratory, scrubbers of similar height were tested by removing 
the packing elements to create an active scrubber height of only a few 
centimeters. The results are observed to support the model as high 
removal percentages are found at very low scrubber heights. 

4.1. Effect of current 

In theory, the current required for the oxidation of sulfide to sulfur 
(itheory) can be calculated applying Faraday’s law [48]: 

itheory =
nsulfur

t
zF =

ysulfur

t
pV
RT

zF (21)  

where nsulfuris the amount of sulfur, t is time, ysulfuris the concentration of 
sulfur in the gas, p is the pressure, V the volume, R the gas constant, T the 
temperature, F is the Faraday’s constant and z is the number of electrons 
required for the reaction and is equal to 2, according to Eq. (1). It is 
assumed that H2S may be considered an ideal gas at room temperature 
and atmospheric pressure. A 100% Faraday efficiency is assumed in 
combination with 100% scrubber efficiency in order to calculate the 
theoretical current. In reality, lower efficiencies may be expected. 
Typically, chloralkali plants are known to have efficiencies in the range 
of 50–75% [36] (3400–2100 kWh/ton Cl2). 

Lower current efficiency may be caused by undesired side reactions. 
This could include anodic O2 generation [49]:  

2H2O = O2(g) + 4H+ + 4e-                                                            (22) 

Or the oxidation of sulfur:  

S + 4 H2O = H2SO4 + 6H+ + 6e-                                                   (23) 

Or cathodic chlorine reduction:  

Cl2 + 2e- = 2Cl-                                                                           (24)  

ClO- + 2e- + 2H+ = Cl- + H2O                                                      (25) 

All of which will decrease the current efficiency. 
A decrease in chloride concentration could also decrease the current 

efficiency. If there are not enough chloride ions present at the anode 
surface, side reactions will take place instead. Throughout the experi-
ments, the same solvent was used without adding chloride. No changes 
to the current efficiency was observed over the course of the 
experiments. 

Table 1 
Parameters used for calculation of scrubber height.  

Parameter Symbol Unit Value Note 

Molar gas flow Gm  mol/s Varies, see  
Table 2 

Measured 

Molar liquid 
flow 

Lm  mol/s 0.8 ± 0.1  Measured and 
calculated from 20 
wt% NaCl and 80 wt 
% H2O as liquid. 

Radius of 
scrubber 

r  m 55× 10− 3  Supplier information 

Gas density ρg  kg/m3 1.71  Calculated as 90 % 
CO2 and 10 % N2 

based on numbers 
from [44] 

Gas viscosity ηg  Pa s 15.3× 10− 6  Calculated as 90 % 
CO2 and 10 % N2 

based on numbers 
from [44] 

Porosity ε  Fraction 0.38  Based on data from 
poured random 
packing of spheres  
[45] 

Diameter of 
packing 
material 

Dp  m 0.025 ± 0.001  Measured 

Specific surface 
area 

a  m2/m3 149  
Calculated as a =

6(1 − ε)
Dp 

[45]  
Initial 

concentration 
of pollutant 

yi  Mole 
fraction 

(1330 ± 70)×
10− 6  

Model biogas 
concentration 

Final 
concentration 
of pollutant 

yu  Mole 
fraction 

50× 10− 6  Detection limit of 
thegas analysis 
equipment 

Equilibrium end 
concentration 

y⋆
u  Mole 

fraction 
5× 10− 9  y⋆

u ≪yu , factor used: 
10.000  

Equilibrium 
start 
concentration 

y⋆
i  Mole 

fraction 
1.33× 10− 7  y⋆

i ≪yi, factor used: 
10.000  

Logarithm of the 
average 
fraction of the 
component B 
in the liquid 
film 

xBm  Unit less 1  Assumed value due 
to lowconcentrations 
of the pollutant 

Gas film factor Cg  Unit less 2.5  Assumed, based on 
values from [39] 

Diffusion 
coefficient of 
the gas phase 

Dcg  m2/s 5.4× 10− 4  Based on models 
from [46,47]. 

Molar mass of 
gas 

Mg  g/mol 42.2  Calculated from 
density, assuming 
ideal gas behavior  
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In Fig. 4, the gas composition is presented for different applied 
currents relative to the theoretical minimum current (i/itheory) for a 
constant gas flow of 200 L/h. The data was collected through a 4 h 
experiment where three different applied currents were tested. The 
background color indicates the applied current, which is either 2.26 
(red), 2.82 (blue) or 3.46 (orange) times the theoretical current. 

The blue triangles in Fig. 4 show the CO2 content in the synthetic 
biogas entering the system, while the green triangles show the CO2 
content exiting the system. It is observed, that throughout the experi-
ment of almost 4 h, the CO2 content in and out of the system remains the 
same within the uncertainties of the measurements. This indicates, that 
CO2 is not removed from the synthetic biogas. In other words, there is no 
correlation between the applied current and the removal of CO2. Once 
the system is saturated with CO2, it will no longer interact with the CO2 
content of the biogas. From Fig. 4 it is evident that this seems to be the 
case. 

The black squares in Fig. 4 show the H2S concentration that enters 
the scrubber, while the red circles show the H2S concentration exiting 
the system. It is observed, that after an initialization of approximately 
30 min. the initially applied current of 3.46 times the theoretical current 
is sufficient to removal all the H2S from the synthetic biogas. This result 
was confirmed by a non-detectable H2S concentration in 5 subsequent 
analyses. Following this, the current was decreased to a value 2.26 times 
the theoretical current. The system responded quickly, as the next two 

data points show a H2S concentration of 350 ppm while. The applied 
current is then changed again, to a value between the two previous set- 
points, i.e. 2.82 times the theoretical current. Again, the system 
responded quickly to the change as the H2S concentration in the exiting 
gas decreased to 160 ppm. 

Fig. 4 shows that the system is capable of removing H2S down to non- 
detectable concentrations. In order to do this, it is required to adjust the 
current of the electrochemical call. At lower applied currents, the system 
is not capable to remove all H2S. However, significant removal of H2S is 
observed for all applied currents. The system is also observed to adjust 
quickly to changes in the operating parameters. When the applied cur-
rent is changed, after 2 and 3 h, the system is adjusted within 20 min. 
This is observed, as the H2S concentration is changed and appears sta-
bilized when the next data-point is obtained 20 min. after the change in 
the applied current. This is expected, as the liquid goes through a full 
cycle almost 25 times within 20 min. 

From Fig. 4, it is also observed that in order to remove H2S 
completely, currents more than 3 times higher the theoretical currents 
are required. It is expected, that upon optimization of the electro-
chemical cell, the current efficiency will increase. An optimization could 
include the utilization of better suited electrodes and a membrane to 
separate the cathode and anode. 

Table 2 
Overview over parameters for the experiments regarding scrubber height. The standard deviation has been calculated using the n-1 method. For all concentration data 
points, the uncertainty has either been the standard deviation or 50 ppm, depending on which is the larger number. *the measured value was zero, indicating that the 
concentration was lower than the detection limit (0.5 ppm). S.  

Gas flow 
[10-4 mol/ 
s] 

Inlet H2S value 
modelled [ppm] 

Inlet H2S value 
measured [ppm] 

Standard 
deviation 

Outlet H2S value 
measured [ppm] 

Standard 
deviation 

Scrubber height 
theory [cm] 

Scrubber 
height test 
[cm] 

Removal 
rate [%] 

Current 
[A] 

0,67 500 468 14 33 11  2.37 2.1 ± 0.2 93 ± 15 0.183 
0,78 500 495 2.5 135 9.6  2.46 2.1 ± 0.2 73 ± 14 0.215 
1,12 500 461 3.7 190 0.82  2.69 2.1 ± 0.2 59 ± 15 0.308 
2,24 1330 1262 21 346 19  4.56 3.2 ± 0.2 73 ± 6 1.24 
2,24 1330 1327 84 156 11  4.56 3.2 ± 0.2 88 ± 7 1.62 
2,24 1330 1331 31 Not detected* 0*  4.56 3.2 ± 0.2 100 ± 5 2 
2,80 1330 1908 10 626 31  4.82 3.2 ± 0.2 67 ± 4 2.4 
2,80 1330 1912 18 74 22  4.82 3.2 ± 0.2 96 ± 4 3.66 
3,36 1330 2035 14 840.5 25  5.05 3.2 ± 0.2 59 ± 3 2.8  

Fig. 3. The experimental set-up for testing of the electrochemical removal of H2S.  
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4.2. Removal percentage 

The removal percentage is observed to increase with current. In 
order to analyze the correlation between current and removal percent-
age, data is compared across different gas flow rates, gas concentration 
and applied currents. For this comparison, the mass of the removed 
sulfur (S) is calculated as: 

S =
(
ysulfur(in) − ysulfur(out)

) pV
RT

Msulfur (26)  

where Msulfuris the molar mass of sulfur (32.1 g/mole) and H2S is 
assumed to be an ideal gas. For comparison across parameters, S is used 
to determine the removal percentage of the system. 

In Fig. 5, the black squares show the sulfur removed (S) as a function 
of the current density. The same electrochemical cell was used for all 
experiments, and an increase in current is therefore directly connected 
an increase in current density. For each data-point, the light red bars 
indicate the total amount of sulfur in the gas during the experiment. It is 
therefore possible to see both the absolute amount of sulfur removed in 

g/h and the removal percentage. For instance, during the experiment 
performed with a current density of 2.0 A, 0.37 g/h of sulfur was 
removed. This corresponded to a complete removal of H2S from the gas. 
Similarly, the experiment performed with a current density of 2.8 A 
resulted in the removal of 0.50 g/h. However, this only corresponded to 
sulfur removal rate of 59 %. 

A linear dependency is observed between the absolute sulfur removal 
(S) and the applied current (i). This linear dependency indicates that 
other parameters such as concentration of H2S and flow rate of H2S do 
not affect the overall efficiency of the system. The corresponding linear 
fit has a R2-value of 0.993 a slope of 0.169 ± 2 × 10-3 g/(hA), and an 
interception at 6 × 10-4. Thus, no matter the other parameters of the 
experiments performed, 0.17 g/h sulfur were removed per ampere 
applied. This value is 3.54 times lower than the theoretical value, which 
results in an overall current efficiency of 28.3% of the cleaning process. 
This efficiency is the combined efficiency of the electrochemical cell and 
the scrubber and may be improved upon optimizing the system. For the 
scrubber, better suited random packing material may increase the sur-
face area for gas/liquid interaction, and it may also be possible to choose 
a more optimal packing material. The electrochemical cell may be 
further optimized by changing the electrode materials and surface area 
of the electrodes. 

The linear dependency between the applied current and the 
measured efficiency indicates that the unwanted reactions consuming 
energy also increase with applied current. The reaction efficiency inside 
the scrubbing tower is not expected to depend on the current in the 
electrochemical cell, and it may therefore be assumed that the unwanted 
side reactions at the electrodes are the main reason for the loss of effi-
ciency. Carbon electrodes were used for these experiments, and opti-
mized surface treated electrodes could hinder the side reactions. This 
could help increase the current efficiency of the system. 

4.3. Effect of gas flow and removal percentage 

The removal percentage (ΔS) is calculated using simple mass balance 
principles, based on gas-side H2S concentrations, entering and exiting 
the system: 

ΔS =
ysulfur(in) − ysulfur(out)

ysulfur(in)
(27)  

where, ysulfur is the H2S mole fraction in the biogas. 

Fig. 4. Impact of changing the applied current. A constant gas flow of 200 L/h 
and liquid flow of 1.26 L/min. A current of 3.46 times the theoretical minimum 
is sufficient to completely remove the H2S from the model biogas composition 
containing 1330 ± 59 ppm H2S. 

Fig. 5. The sulfur removed as a function of the applied current for all experi-
ments. The absolute sulfur removal (g/hA) is observed to have a linear 
dependent as a function of the applied current across all performed 
experiments. 

Fig. 6. Removal rate (ΔS) as a function of gas flow and the applied current 
compared with the theoretical current i/itheory. 
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Fig. 6 show ΔS as a function of gas flow and applied current. The red 
circles show ΔS from experiments performed with i/itheory = 3.5 ± 0.2 
times the theoretical current, while the black squares show ΔS from 
experiments with i/itheory = 2.2 ± 0.2. It is observed at the 200 L/h and 
250 L/h gas flows that an increase in i/itheory results in an increase in the 
ΔS. It is also observed that increasing the gas flow decreases the removal 
percentage. This is showed for different flows and for different i/itheory- 
values. It is observed, that for a gas flow of 200 L/h, an i/itheory -value of 
3.5 ± 0.2 is sufficient to achieve ΔS = 100%. From the two arrows in 
Fig. 6, it is showed how ΔS can be decreased:  

• Increased gas flow (arrow 1 in Fig. 6) 

If the gas flow is increased from 200 L/h to 250 L/h, the ΔS decreases. 
This indicates that the reaction becomes limited by kinetics or mass 
transfer inside the scrubbing tower. This will be discussed below.  

• Decreased the applied current (arrow 2 in Fig. 6) 

If the i/itheory-value is decreased to 2.2 ± 0.2, ΔS decreases. This 
indicates that there is not enough oxidizing agent in the electrolyte. 

The electroscrubber is observed to be limited by the two different 
mechanisms above; the amount of oxidizing species (applied current) 
and the contact time (gas flow) inside the scrubber. The amount of the 
electrolyte is represented as the i/itheory-value. In theory, an i/itheory- 
value of 1 should be sufficient for complete removal of H2S. At an i/ 
itheory-value of 1, the oxidizing species is produced in a 1:1 ratio with 
H2S. If the current efficiency is 100%, then i/itheory = 1 is enough for a 
complete removal. Due to unwanted side reactions and reverse 
discharge reactions, the expected efficiency is lower than 100 %. In 
Fig. 6, a low i/itheory-value results in a low capacity of the electrolyte and 
therefore lower ΔS. The gas flow shows the limitations in mass transfer 
and reaction kinetics. As expected, if the gas flow is too high, the elec-
troscrubber does not have the time to remove all the H2S. From these 
experiments, it was determined that 0.30 L packing material was 
required for a gas flow of 200 L/h. This corresponds to a space velocity 
of: 

200L/h
0.30L

= 667h− 1 (28) 

It may be assumed, that this value was dependent on the removal 
reaction and independent on the scrubber design. In other words, the 
space velocity can be used for scaling up the electroscrubber. 

4.4. Sulfur 

Throughout the experiments, elemental sulfur was formed as 
described in Eq. (8). Apart from sulfur, no other product was found. Due 
to the low flow rates and concentrations, however, less than 5 g of sulfur 
were formed throughout the experiments. As expected, the sulfur was 
observed to float on top of the electrolyte [50]. While operating the 
system, the liquid was not filtered, allowing for the sulfur to be collected 
on the electrolyte surface. Upon finishing the experiments, sulfur was 
collected from the electrolyte and analyzed EDS and SEM, as seen in 
Fig. 7. In Table 3, the elemental configuration is presented, as NaCl is 
part of the dried sulfur. The oxygen content could indicate that some of 
the sulfur has been oxidized to sulfate. This reaction could both take 
place inside the reactor as an unwanted side reaction or when the sulfur 
was exposed to air upon dissembling the scrubbing unit. However, no 
rapid reaction between elemental sulfur and atmospheric oxygen was 
observed. Another explanation for the oxygen content could be that 
hypochlorite (NaClO) is present in the sulfur instead of NaCl. 

For continuous operation with batch recirculation, a filtration system 
for removal of elemental sulfur is required. A system operating with a 
mixture of NaCl and water can have periodical change of liquid without 
large expenses and thus, the filtration system should not increase the 

operational cost (OPEX) significantly. The elemental sulfur may be used 
as fertilizer either by mixing it with the degassed manure returning to 
the farms or by a separate sulfur handling system. If the quality of the 
sulfur is high enough, other applications within the chemical industry 
may even create a revenue from the scrubbing system. 

5. Conclusions 

Overall, the electroscrubbing desulfurization process based on a low 
pH electrolyte proved capable of removing H2S from a synthetic biogas 
containing CO2 and N2 as replacement for CH4. For a 200 L/h gas flow 
with 1330 ppm H2S, a complete removal to below detection limit was 
achieved using a current of 4.5 A, corresponding to 3.5 times the theo-
retic needed current value. 

Fig. 7. a) SEM picture of sulfur extracted from the electroscrubbing system. 
The sulfur was observed to be insoluble in the electrolyte and was therefore 
collected from the top of the liquid in the bottom of the scrubber. The EDS- 
analysis showed that the sample consisted mainly of sulfur (b), with oxygen 
present on the surface as well (c) and a few areas where sodium (d) and chloride 
(e) were present. 

Table 3 
The composition of the sulfur extracted from the system. The analysis is per-
formed by EDS. Some of the sulfur appears to be oxidized, while most of it re-
mains as elemental sulfur. Trace elements of NaCl from the electrolyte is 
detected as well.  

Element S O Na Cl 

Atomic% 72 ± 3 11 ± 1 8.9 ± 0.3 8.1 ± 0.4  
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By adjusting the applied potential, the resulting current could be 
regulated to ensure a complete removal of H2S. This results indicates 
that the process is flexible and can be adjusted to fluctuations in the H2S 
concentrations. The electroscrubber was found to have a quick response 
time, allowing for real-time adjustments. 

A linear correlation was found between applied current and removal 
percentage. A constant value of 0.17 g sulfur was removed per ampere 
per hour independent on other parameters, i.e. the gas flow rate, H2S 
concentration, and applied current. This value corresponds to an overall 
current efficiency of 28.3%. It is expected that the efficiency can be 
further improved by optimizing the electrode materials and surface area 
of the electrodes. 

The electroscrubber was determined to have a space velocity of 667 
h− 1, which can be used for scaling up the process. This is a high space 
velocity when compared with biological processes that usually has a 
space velocity of around 100 h− 1. A higher space velocity results in a 
smaller scrubber and therefore lower capital investments when con-
struction the scrubber. This is a benefit for commercialization of the 
process. 

The sulfur removed from the gas was found floating on the electro-
lyte and confirmed by EDS analysis to be elemental with smaller amount 
of oxygen and NaCl present as well. 

A reaction mechanism was suggested for the process. Unwanted side- 
reactions were also described, and these may decrease the current effi-
ciency. One of these unwanted side reaction is oxygen development. 
However, no oxygen was measured in the exit gas indicating that there is 
no unwanted oxygen generation at the anode. During 14 days of oper-
ation, the pH-value decreased steadily throughout the experiments, 
starting with a value of around 6 ending at 2.5. This decrease is most 
could be due to carbonate formation due to the solvent saturated with 
CO2 or from other side reactions at the electrodes. A close investigation 
of the solvent development will be performed in future work. 

The column height for the process was calculated using basic mass 
transfer theory. The height was found to be extraordinarily small due to 
high activity of the oxidizing agent. However, the observations from the 
experiments support the calculations as a column height of 2–5 cm was 
found to suffice for sulfur removal. 

The new electroscrubbing process can be used for cleaning of carbon 
sources for e.g. CCU or catalytic processes such as the Sabatier reaction. 
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[11] S. Rönsch et al., “Review on methanation – From fundamentals to current 
projects,” 2016. 

[12] P.F. Tropschuh, E. Pham, Audi Future Energies: Balancing Business and 
Environmental Concerns, Springer, Cham, 2014, pp. 185–190. 

[13] M. Bailera, P. Lisbona, L.M. Romeo, S. Espatolero, Power to Gas projects review: 
Lab, pilot and demo plants for storing renewable energy and CO2, Renew. Sustain. 
Energy Rev. 69 (2017) 292–312. 

[14] energiforskning.dk, “MeGa-stoRE, Optimising and Upscaling,” 2015. [Online]. 
Available: https://energiforskning.dk/en/projects/detail? 
program=All&teknologi=11&field_bevillingsaar_value=&start=&slut=&field_ 
status_value=All&keyword=MeGa-StoRE. [Accessed: 03-Aug-2018]. 

[15] energiforskning.dk and H. Topsøe, “El upgraded biogas,” 2013. [Online]. 
Available: https://energiforskning.dk/en/projects/detail? 
program=All&teknologi=64&field_bevillingsaar_value=&start=&slut=&field_ 
status_value=All&keyword=biogas&page=1. [Accessed: 03-Aug-2018]. 

[16] A. Hagen, A. Winiwarter, H. Langnickel, G. Johnson, SOFC Operation with Real 
Biogas, Fuel Cells 17 (6) (Dec. 2017) 854–861. 

[17] C. H. Bartholomew, “Mechanisms of Nickel Catalyst Poisoning,” vol. 34, pp. 
81–104, Jan. 1987. 

[18] C.H. Bartholomew, Mechanisms of catalyst deactivation, Appl. Catal. A Gen. 212 
(1–2) (Apr. 2001) 17–60. 

[19] W. Rouleau and J. Watson, “LO-CAT®: A Flexible Hydrogen Sulfide Removal 
Process.” [Online]. Available: http://www.merichem.com/LO-CAT-Flexible-H2S- 
Removal-Process. [Accessed: 30-Aug-2018]. 

[20] M. Fortuny, et al., Biological sweetening of energy gases mimics in biotrickling 
filters, Chemosphere 71 (1) (Mar. 2008) 10–17. 
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