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ARTICLE INFO ABSTRACT

Keywords: The optimization of an innovative process consisting of chemical absorption-desorption at ambient pressure and
Biogas chemical absorption temperature with EDTA-Fe/carbonate solutions devoted to biogas upgrading was conducted. The influence of
Biomethane

parameters such as the initial pH (9-10), inorganic carbon concentration (IC) (4000-8000 mg/L), biogas
flowrate (BF) (30-90 L/d), air flowrate (AF) (300-1500 L/d), L/G ratio (0.7-3) and EDTA-Fe concentration (Fe)
(0-30 mM) on biomethane composition was evaluated. In addition, the effect of carbon-coated iron nanoparticles
on CO, absorption performance was investigated. The L/G ratio governed the O concentration in the bio-
methane. Interestingly, the addition of EDTA-Fe was not necessary for the complete removal of HoS from the
biogas. BF, AF and IC exerted a significant influence on the biomethane CO; concentration (BF > AF > IC), while
the initial pH induced no effect. On the other hand, the supplementation of iron nanoparticles did not signifi-
cantly influence on the CO; absorption performance. The optimal conditions in a 7 L absorption-7 L desorption
system were: BF = 90 L/d, AF = 1500 L/d, L/G = 0.7, IC = 8000 mg C/L, initial pH = 9.5 and Fe = 0 mM. Under
these operational conditions, the biomethane obtained was free of HyS and average concentrations of CO2, Oz, N
and CHy4 of 1.7 £ 0.1 %, 0.7 + 0.1 %, 2.7 + 0.5 % and 94.9 + 0.6 %, respectively, were recorded for 3 weeks of
continuous operation. This biomethane complied with the European standard EN 16273 on the biomethane use

Carbon-coated iron nanoparticles
EDTA-Fe/carbonate solution
EN 16723

for injection into natural gas networks.

1. Introduction

Today, conventional physical-chemical technologies are still the
most widely used for cleaning and upgrading biogas on an industrial
scale [1]. However, these techniques require high inputs of energy and
chemicals, and do not support the simultaneous removal of CO3 and HsS
from biogas in a single step, which entails high capital and operational
costs [2,3]. In this context, research and development of more cost-
effective and environmentally sustainable technologies should be pro-
moted to address global challenges of energy security and global
warming [4].

Emerging biogas upgrading technologies, such as inorganic solvent
scrubbing, in-situ methane enrichment or biological methods, exhibit
lower capital and operating costs, high efficiency, and lower environ-
mental impacts compared to conventional technologies, although they
are still in the development stage [5]. In this context, the absorp-
tion-desorption of CO2 combined with H,S oxidation based on aqueous

carbonate and EDTA-Fe solutions represent a cost-effective and sus-
tainable technology for the simultaneous removal of CO, and H,S from
biogas [3]. In this process, the CO5 from biogas is efficiently captured in
the absorption column as a result of the high alkalinity and pH of the
scrubbing solution and the biogas microbubbles flowing upwards
counter-currently to the aqueous solution, thus favouring the CO5
gas-liquid mass transfer. The COq-laden solvent is regenerated in the
stripping column via air-aided CO» desorption and the regenerated
solvent is recirculated to the scrubbing column. On the other hand, the
presence of EDTA-Fe(III) supports an efficient HoS removal via oxidation
to sulphur with the concomitant reduction of Fe>* to Fe?*. In addition,
the resulting EDTA-Fe(II) solution can be regenerated in the desorption/
regeneration column via oxidation of Fe?* to Fe>* using the same air
used for COg stripping [6]. Therefore, this process represents a prom-
ising and sustainable technology for biogas cleaning/upgrading based
on the absence of a continuous supply of chemicals/materials, which
allows the efficient and simultaneous removal of HyS and CO, from
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biogas under ambient pressure and temperature conditions. However,
this technology is still in its early stages of development and needs
further research to pave the way toward its industrial implementation.
In this context, Marin et al. (2020) [3] validated this technology at lab
scale in an absorption-desorption experimental set-up composed of 1.8
L bubble columns constructed with stainless steel 2 um diffusers. Un-
fortunately, this type of biogas diffusers entail a rapid clogging by
elemental sulphur and prohibitive pressure drops, which limits the po-
tential scale-up of the technology.

On the other hand, the use of solid nanoparticles dispersed in a liquid
phase has been widely investigated due to its great potential to boost
gas-liquid mass transfer [7]. In this regard, Lee et al. (2015) [8] reported
an enhancement in the absorption and regeneration of CO5 in deionized
water by 23.5 % and 11.8 %, respectively, using SiOy nanoparticles.
Similarly, Jeon et al. (2017) [9] improved the volumetric mass transfer
coefficient (kia) in a CO2/H20 system by 31 and 145 % via addition of
silica (SiO3) and methyl-functionalized silica (SiO,-CH3) nanoparticles,
respectively. On the other hand, the addition of carbon coated iron
based nanoparticles (CCINs) to the algal-bacterial cultivation broth of
photobioreactors has proven to be an effective strategy to increase COy
removal efficiency during photosynthetic biogas upgrading, although
the mechanisms underlying this enhancement remain unclear [10,11].
Finally, the effect of CCINs on the performance of absorption-desorption
processes devoted to biogas upgrading has not yet been tested.

One of the main limitations of conventional biogas upgrading tech-
nologies is the requirement of two separate processes for the removal of
H,S and CO». Another important limitation is the need for high pressure
and temperatures, which makes their investment and operating costs
high. This novel technology is capable of simultaneously removing HaS
and COs from biogas under ambient pressures and temperatures. In this
sense, this research represents the first study on the optimization of
process variables of an absorption-desorption biogas upgrading system
based on carbonate and EDTA-Fe solutions at pilot scale with membrane
diffusers (to overcome the limitation of rapid clogging by elemental
sulphur and excessive pressure drops encountered in the stainless steel 2
um diffusers previously reported in literature) and under conditions of
ambient temperature and pressure, with the main goal of achieving a
biomethane complying with European regulations (CO2 < 2 %, O <1
%, CH4 > 90 % and negligible concentrations of HsS) for its injection
into natural gas grids. In addition, this work evaluated for the first time
the influence of CCINs on the performance of absorption-desorption
biogas upgrading. Finally, this work discussed and demonstrated, for the
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first time, the HyS removal mechanisms in this process when EDTA-Fe
was not supplemented.

2. Materials and methods
2.1. Biogas, solvent and nanoparticles

Synthetic biogas with a composition of 65 % CHy, 34.5 % CO2, 0.5 %
H,S, supplied by Carburos Metélicos (Spain), was used to simulate raw
biogas. Iron (III) monosodium ethylenediaminetetraacetic (Sigma-
Aldrich, USA), NayCO3 and NaHCOj3 (Solvay Chemicals International
SA, Spain) were used to prepare the carbonate/EDTA-Fe absorbent. The
characterization of the two types of carbon coated iron-based nano-
particles herein used (chemical composition, porosity, surface area, size,
and SEM image) can be found in Supplementary material.

2.2. Experimental set-up

The chemical biogas scrubbing system consisted of an absorption
column and a regeneration column with similar characteristics (D = 6.7
cm; H = 2.7 m; working volume = 7.2 L) (Fig. 1). The carbonate/EDTA-
Fe scrubbing solution was pumped from the bottom of the absorption
column to the top of the stripping column by a peristaltic pump (Dinko
Instruments, Spain). The regenerated absorbent solution was returned to
the scrubbing column by gravity after previously passing through a
conical degassing and elemental sulphur accumulation chamber of 2.8 L
(D = 14.5 cm; H = 21.5 cm). Biogas was sparged in fine bubbles at the
bottom of the absorption column via a membrane diffuser of 0.6 um pore
size under counter-current flow operation. Likewise, air was sparged at
the bottom of the regeneration column through a membrane diffuser of
0.6 um pore size under counter-current flow operation. The biogas and
air flow rates were controlled using a mass flow controller (Aalborg,
USA) and a rotameter (Aalborg, USA), respectively. The experimental
set-up was placed at the Institute of Sustainable Processes of Valladolid
University (Spain).

2.3. Operating conditions and sampling monitoring

All experiments were carried out under a controlled temperature of
20 °C in duplicate. Six operational parameters were evaluated to opti-
mize the process of upgrading biogas to biomethane and comply with
biomethane regulations for injection into natural gas grids or use as

Biomethane Air-out
EDTA-Fe3* EDTA-Fe?*
Absorption Desorption
column column
Synthetic Q
biogas ‘I‘ Recirculation
PP Air
Mass flow — ]
controller Degassing —J
chamber Rotameter  compressor

Fig. 1. Experimental set-up of the absorption-desorption process for the simultaneous removal of CO, and H,S from biogas. Red lines: gas streams; Blue lines: liquid
streams. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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automotive fuel (CO3 < 2 %, O3 < 1 %, CH4 > 90 % and minor traces of
HoS) [12,13]: pH, inorganic carbon concentration (IC), air flow rate
(AF), biogas flow rate (BF), EDTA-Fe molarity (Fe) and recirculating
liquid/biogas flow rate ratio (L/G). The basis for the selection of these
parameters and their ranges was the study conducted by Marin et. al [3].
According to the literature, Fe is an crucial parameter influencing the
removal of H,S, while L/G is the factor governing the stripping of Oz and
Ny from the scrubbing solution to the biomethane [3]. Therefore, pre-
liminary experiments were performed to set a value for these two pa-
rameters in order to achieve a complete removal of HyS and a
biomethane O5 concentration lower than 1 %. This variable allocation
allowed reducing the number of experiments. The optimization of the
remaining operational parameters, with the aim of reducing the bio-
methane CO; concentration below 2 %, was carried out through a
Taguchi experimental design. Three levels were selected for the study
parameters (Table 1), which resulted in a L9 Taguchi orthogonal array
design (3 [14]. The design of the experiments using the Taguchi
method significantly reduced the experimental load without losing
relevant information for future decision making based on the results of
the experiments. In this particular case, the Taguchi method reduced the
number of experiments from 3* = 81 (required by a full factorial design)
to 9 (Table 1). The optimal experimental conditions to meet the bio-
methane standard EN 16723 under the maximum biogas flow rate of 90
L d ! were then investigated in experiments conducted in duplicate. No
addition of EDTA-Fe was tested under the optimal experiment condi-
tions in order to determine the inherent capacity of the process to
remove H,S without the contribution of EDTA-Fe. The effect of the
addition of two types of carbon coated iron nanoparticles on CO, ab-
sorption at concentrations of 300 and 3000 mg L1 was investigated in
tests performed in duplicate under initial pH = 9, BF = 90 L/d, IC =
6000 mg/L, AF =900 L/d, L/G = 0.7, Fe = 5 mM, which corresponded
to conditions not fulfilling the biomethane standard in terms of COy
content. Finally, two continuous experiments were conducted for 21
days under optimal conditions (one with EDTA-Fe addition and one
without) to validate the process stability under continuous operation.

Gas composition was monitored (using a 100 uL of gas-tight syringe)
every two hours for the experiments carried out to set the Fe and L/G
values. The duration of these experiments (6-21 h) was sufficient to
ensure the stability of the concentration of Oz and N5 in the biomethane.
For the rest of the experiments, gas composition, pH and IC concentra-
tion of the scrubbing solution (using 10 mL of sample) were monitored
daily until steady-state conditions were achieved (1-10 d). The contin-
uous biogas upgrading experiments included also the monitoring of the
concentration of dissolved HjS, thiosulphate and sulphate in the solvent
in order to determine the fate of the HaS removed from the biogas.

2.4. Analytical methods

The pH was measured using a pH-meter BASIC 20+ (Crison In-
struments, Spain). The IC concentration was determined using a Shi-
madzu TOC-L analyser (Japan). The composition of biogas and
biomethane (CO3, HyS, Oy, N» and CH4) was analysed using a gas

Table 1
Taguchi experimental design L9 (3*) for the optimization of CO, removal from
biogas (all experiments were conducted at [Fe] = 5 mM and L/G = 0.7).

Experiment pH IC (mg/L) BF (L/d) AF (L/d)
1 9.0 4000 60 300
2 9.5 6000 60 600
3 10.0 8000 60 900
4 9.0 6000 90 900
5 9.5 8000 90 300
6 10.0 4000 90 600
7 9.0 8000 30 600
8 9.5 4000 30 900
9 10.0 6000 30 300
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chromatograph with a thermal conductivity detector (Agilent 8860 GC
System, USA) according to [15]. The concentration of dissolved HaS was
determined using a sulphide test kit (Supelco) in a Shimadzu UV-2550
spectrophotometer (Japan) at 665 nm. Finally, the sulphate and thio-
sulphate concentrations were measured by HPLC-IC (Waters 432, ion
conductivity detector, USA).

2.5. Statistical treatment

The results under steady state conditions (minimum two measure-
ments under steady-state) are presented as the mean value with its
respective standard deviation. Taguchi method was used for experi-
mental design. The Spearman correlation coefficient was determined to
assess the strength and direction of the relationship between the
manipulated variables and the variable to be optimized.

3. Results and discussion

3.1. Determination of Fe content and L/G ratio for CO_ absorption
optimization

Tables 2 and 3 show the conditions and results of the experiments
carried out for the determination of the optimal values of Fe and L/G set
for further optimization of CO5 removal from biogas. The O concen-
tration in the biomethane accounted for 3, 2 and 1 % v/v when the L/G
ratio was 3, 2 and 1, respectively, while the Ny concentration averaged
~6, ~5 and 3 % v/v, respectively (Table 3). Oy concentrations of
0.8-0.9 % and N5 concentrations of 2-3 % v/v were recorded at a L/G
ratio of 0.7. These results were in line with the research carried out by
Toledo-cervantes et al. (2016) [16] and Posadas et al. (2017) [17], who
reported that the higher the L/G ratio, the higher the concentration of O,
and N5 in the biomethane, with biomethane O, and N5 concentrations
decreasing below 1 % and 2-3 % v/v, respectively, at only L/G ratios
<1.

On the other hand, a 5 mM EDTA-Fe concentration supported a
complete removal of HyS, even at the lowest L/G ratios of 0.7 and a at
maximum biogas flow rate of 90 L d~'. In this context, Schiavon et al.
(2017) [6] achieved a H,S removal efficiency of 97.8 % in a 840 L pilot
plant operated at an EDTA-Fe concentration of 190 mM, a L/G of 1.19
and a biogas flow rate of 600 m® d~! with 0.5 % v/v of H,S, and a HsS
removal efficiency of 91.4 % in a 0.5 L lab-scale system operated at a
EDTA-Fe concentration of 200 mM, a L/G of 1.0 and a biogas flow rate of
340 mL min~? containing 2.2 % v/v of HoS. Similarly, Frare et al. (2010)
[18] achieved a complete elimination of HsS operating at a L/G ratio of
0.46, with an EDTA-Fe concentration of 400 mM at a biogas flow rate of
265 mL min~! (2.2 % v/v of H,S) in a 1 L lab-scale system. Marin et al.
(2020) [3] achieved a HyS removal efficiency of 96.8 % operating at a L/
G of 3 with an EDTA-Fe concentration of 30 mM and a biogas flow rate of
10 mL min~"! (0.5 % v/v of H,S) in a 4 L lab-scale plant, and a complete
H,S removal when the EDTA-Fe concentration was increased up to 50
mM. Overall, the EDTA-Fe concentration of 5 mM herein used was much
lower than those used in the literature for a complete removal of HaS
under similar L/G ratios. For the further optimization of CO; removal, a
L/G = 0.7 and [Fe] concentration of 5 mM were set in the pilot plant.

Table 2
Experimental conditions for the determination of the optimal Fe content and L/G
ratio for further optimization of CO, removal from biogas.

Experiments  Initial IC (mg BF (L AF (L Fe L/
pH Lh a™h a™h (mM) G
1 9 6000 60 900 30 3.0
2 9 4000 60 600 10 2.0
3 9 8000 90 600 30 1.0
4 10 2000 90 900 5 0.7
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Table 3

Steady state composition of biomethane during the optimization of Fe content
and L/G for further optimization of CO, removal from biogas. Experiments
performed in duplicate (a y b).

Duration (h) Biomethane (% v/v)

O, H,S 0, No CH,
la 9 3.6 N.D. 2.6 +£0.1 59+ 05 87.5
1b 4.0 N.D. 2.9 £0.1 6.6 £ 0.4 87.0
2a 10 3.7 N.D. 1.8 +0.2 45£05 90.8
2b 3.5 N.D. 1.9 5.0 89.6
3a 6 6.1 N.D. 1.0 £ 0.1 31+02 89.6
3b 7.2 N.D. 1.0 £ 0.0 3.0 £ 0.0 88.6
4a 21 1.8 N.D. 0.9 £0.1 2.9+ 0.1 94.2
4b 1.8 N.D. 0.8 £ 0.1 2.1+0.1 95.2

N.D. = Not detected.

3.2. CO2 removal optimization

Table 4 shows the results of the composition of biomethane under
steady-state conditions of the Taguchi design experiments conducted in
duplicate to determine the impact of the parameters studied on CO,
absorption (Experiments 1 to 9). The values of pH and IC at steady state
of the experiments can be found in Supplementary material (Table S1).
Since the concentration of CO5 in biomethane did not follow a normal
distribution (Shapiro-Wilk test performed with p-value = 0.02 at 95 %
confidence level), a Spearman’s ordinal correlation was calculated to
determine the strength and direction of influence between the modified
parameters (BF, AF, initial IC and initial pH) and the variable to be
optimized (biomethane CO5 concentration). The values of Spearman
correlation coefficient accounted for 0.7, —0.5, —0.1 and 0.0 for BF, AF,
IC and pH, respectively, indicating a positive influence of the biogas flow
rate, a negative effect of air flow rate and IC, and a negligible impact of

Table 4
Results of the experiments for CO, removal optimization (all experiments were
conducted at [Fe] = 5 mM and L/G = 0.7).

Experiment  Time to SS BioCH, at steady-state (% v/v)
@ CO4 H,S O Ny CHy4

1 2 8.6 = N. 0.7 = 29+ 87.9 +
0.1 D. 0.0 0.1 0.1

2 5 3.5+ N. 0.7 £ 2.6 + 93.7 +
0.1 D. 0.1 0.4 0.6

3 9 31+ N. 0.7 + 27 + 93.5 +
0.0 D. 0.0 0.1 0.2

4 1 3.0+ N. 0.8 + 2.9 + 93.2 +
0.1 D. 0.1 0.5 0.5

5 3 8.4+ N. 0.8 + 25+ 88.3 +
0.1 D. 0.1 0.1 0.1

6 4 8.3+ N. 0.8 + 2.4+ 88.5 +
0.1 D. 0.2 0.4 0.6

7 7 1.4+ N. 0.8 + 3.1+ 94.7 +
0.1 D. 0.0 0.1 0.2

8 1 1.2 + N. 0.7 £ 27 + 95.2 +
0.0 D. 0.1 0.4 0.3

9 10 1.8+ N. 0.7 + 2.8 + 94.6 +
0.0 D. 0.1 0.3 0.4

10 4 24+ N. 0.8 + 2.8+ 94.0 +
0.0 D. 0.0 0.0 0.1

11 1 29+ N. 0.8 + 3.0 + 93.2 +
0.1 D. 0.1 0.3 0.4

12 2 2.1+ N. 0.8 £ 2.8 + 94.3 +
0.1 D. 0.1 0.2 0.3

13 1 1.7 + N. 0.7 + 2.4+ 95.3 +
0.1 D. 0.1 0.4 0.5
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the initial pH. COy concentrations in the biomethane below 2 % v/v
were only achieved at a biogas flow rate of 30 L. d !, regardless of AF and
IC (Table 4, Experiments 7-9).

The optimization of the operational conditions to achieve a CO3
concentration in the biomethane < 2 % v/v at a biogas flow rate of 90 L
d~! (Table 4, Experiments 10-13) was performed. Based on the results of
the Spearman’s correlation, the air flow rate was increased up to 1200 L
d~! and IC was set at 6000 (Exp. 10), 4000 (Exp. 11) and 8000 mg CL !
(Exp. 12). The best performance in terms of biomethane CO; concen-
tration (CO, = 2.1 % v/v) was obtained with an IC concentration of
8000 mg C L. Therefore, the air flowrate was increased up to 1500 L
d~! at an IC concentration of 8000 mg C L! (Exp. 13). Under these
conditions, a high-quality biomethane was achieved (CO3 < 2 % v/v, Og
<1 % v/v, CHy > 90 % v/v and negligible concentrations of HjS),
fulfilling with European regulation for the use of biomethane as a sub-
stitute for natural gas in gas networks or as a fuel for vehicles [12,13].

3.3. Effect of nanoparticles on COz removal performance

The dispersion of the carbon-coated iron nanoparticles in the
absorbent liquid can enhance the CO, capture performance, which
might be attributed to the large surface area, high thermal conductivity,
small cluster size and magnetic properties of nanoparticles [19,20]. In
this context, Taheri et al. (2016) [21] evaluated the ability of SiO, and
Al,03 nanoparticles in diethanolamine to remove CO5 and H,S from a
natural gas stream and reported that CO, absorption was improved by
33 % and 40 % using 0.05 wt% of Al;O3 and SiOo, respectively. Lee et al.
(2016) [22] reported a positive effect of nanoparticles on absorbent
regeneration during CO, capture using Al,O3 nanoparticles, which
enhanced the solvent regeneration performance by up to approximately
16 % compared to that of the conventional absorbent (methanol without
nanoparticles). This scientific evidence promoted the study of the in-
fluence of two types of carbon coated iron nanoparticles (CCINs) on the
performance of the absorption-regeneration process for biogas
upgrading. The two types of nanoparticles tested differed mainly in their
iron and carbon content, which were 34.1 % Fe (w/w) and 33.6 % C (w/
w) (nanoparticles A), and 25.3 % Fe (w/w) and 41.8 % C (w/w)
(nanoparticles B) (see Supplementary material).

Table 5 shows the results of the tests carried out to determine the
influence of nanoparticles on the removal of COy from biogas. The
conditions used as a baseline in the study were: initial pH = 9, BF = 90
L/d, [Fe] =5 mM, IC = 6000 mg C/L, AF =900 L/d and L/G = 0.7 (Exp.
4), which supported a steady-state concentration of CO, in biomethane
of 3.0 £ 0.1 % v/v. The results showed that nanoparticles at 300 and
3000 mg/L did not exert a significant enhancement effect in the CO5
absorption performance. The reasons underlying this finding may be
nanoparticle aggregation, interfacial effects and/or chemical equilib-
rium achieved. In this sense, nanoparticle aggregation can limit/impair
mass transfer at high nanoparticle concentrations [23]. On the other
hand, the addition of nanoparticles can typically intensify interfacial

Table 5
Influence of CCINs type and concentration on the steady-state biomethane
composition (% v/v).

Experiment CO, H,S (02} N, CH4
Base case 3.0+ N. 0.8 + 29+ 93.2 +
0.1 D. 0.1 0.5 0.5

Nanoparticle A-0.3g/ 29+ N. 0.8 + 2.7 + 93.6 +
L 0.0 D. 0.0 0.1 0.1

NanoparticleB — 0.3g/ 29+ N. 0.7 £ 2.7 + 93.7 +
L 0.1 D. 0.1 0.3 0.3

Nanoparticle A-3.0g/ 3.1+ N. 0.6 + 2.8+ 93.5 +
L 0.1 D. 0.1 0.4 0.5

NanoparticleB —3.0g/ 3.1+ N. 0.6 + 2.7 + 93.6 +
L 0.0 D. 0.1 0.3 0.4

N.D. = Not detected. SS = steady-state.

N.D. = Not detected.
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mass transfer by increasing the interfacial area and/or decreasing the and therefore, the volume of the system.
interfacial tension, thus improving the solute gas-liquid mass transfer
[24]. In our particular case, it may be possible that CCINs had no sig-
nificant effect on interfacial mass transfer. Another hypothesis to explain
the limited impact of nanoparticles may be that chemical equilibrium
between the biogas and liquid phase was already reached under the
baseline conditions (absence of nanoparticles). Related to the latter, the
determination of the volumetric coefficient of mass transfer (kpa) (with
and without nanoparticles) could indicate whether equilibrium had
already been reached in the absence of nanoparticles, and in this case
the nanoparticles could decrease the time required to reach equilibrium,

3.4. Operation in the absence of EDTA-Fe and validation of the system in
continuous operation

The complete removal of HyS recorded under low concentrations of
EDTA-Fe (compared to literature [6,18]) promoted the evaluation of
process performance without the addition of EDTA-Fe. An experiment in
duplicate was carried out under the optimal conditions previously
identified for CO5 removal but without the addition of EDTA-Fe (BF =
90 L/d, AF = 1500 L/d, IC = 8000 mg/L, initial pH = 9.5 and L/G = 0.7).

a) 10.0 100
8.0
W 1 95
< 60 ) =
2 | {90 &
o" 4.0 | =
&) I o
1 85
20 &~ N : - . .
0.0 . L . . . 80
0 4 8 12 16 20 24
b) 10.5
10,0
95
= - S
=
9.0
85
8.0 A A L A A ' A A A
0 4 8 12 16 20 24
15000
c) L
12000 F
g 9000 Lw
50
£ !
S 6000
3000 f
0 A 1 A 1 A ' A
0 4 8 12 16 20 24
Time (d)

Fig. 2. Time course of a) biomethane CO, concentration (blue line), CO, concentration in the outlet air (red line) and biomethane CH4 concentration (green line); b)
pH in the absorption column (blue line) and pH in the desorption column (red line); and c) IC in the absorption column (blue line) and IC in the desorption column
(red line). Optimal operating conditions: BF = 90 L/d, AF = 1500 L/d, IC = 8000 mg/L, initial pH = 9.5, L/G = 0.7 and Fe = 0 Mm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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No H,S was detected in the biomethane during the three days of the
experiment. The steady-state concentrations of COy, O, N3 and CHy in
the biomethane were 1.7 & 0.1 %, 0.7 & 0.1 %, 2.5 & 0.3 % and 95.2 &
0.5 % v/v, respectively.

To validate the results under continuous operation, two 3-week ex-
periments were performed under optimal conditions for CO, removal
with and without EDTA-Fe supplementation. During these experiments,
the concentration of HyS, sulphate and thiosulphate in the absorbent
liquid was periodically monitored in order to understand the fate of the
HjS from the biogas.
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Fig. 2 shows the results of the continuous operation of the process for
3 weeks under the above described optimal conditions in the absence of
EDTA-Fe. The CO,, O, N5 and CH,4 concentrations in the biomethane
averaged 1.7 £+ 0.1 %, 0.7 &+ 0.1 %, 2.7 + 0.5 % and 94.9 £+ 0.6 % v/v,
respectively. The composition of the air at the outlet averaged 1.4 + 0.2
% CO2, 19.9 + 0.2 % O, 78.4 £+ 0.2 % N3 and 0.3 + 0.1 % v/v CHa.
Based on these results, a CO removal efficiency of 97 % with a methane
slip of 6 % was achieved. This significant methane loss was due to the
high air flow used for solvent regeneration, which likely resulted in the
complete stripping of CH4 in the desorption column. An improvement
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Fig. 3. Time course of a) biomethane CO, concentration (blue line), CO, concentration in the outlet air (red line) and biomethane CH,4 concentration (green line); b)
pH in the absorption column (blue line) and pH in the desorption column (red line); and c) IC in the absorption column (blue line) and IC in the desorption column
(red line). Optimal operating conditions: BF = 90 L/d, AF = 1500 L/d, IC = 8000 mg/L, initial pH = 9.5, L/G = 0.7 and Fe = 5 Mm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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strategy to mitigate methane loss may be to use another solvent that
requires less air flow for regeneration, or that solubilizes lower CHy
concentrations in the absorption column. The steady-state pH in the
absorption and desorption columns accounted for 9.3 &+ 0.0 and 9.4 +
0.0, respectively, while the steady-state IC in the absorption and
desorption columns was 8900 + 370 and 8650 + 410 mg/L, respec-
tively. HyS was completely dissolved and then chemically oxidized with
dissolved oxygen, as it was not detected in either the biomethane or the
exhaust air. Dissolved H,S is in chemical equilibrium with HS™ and s2-
ions depending on the pH. At pH = 9-11, the HS™ ion is the dominant
species with a ~100 % share [25]. During the three weeks of experi-
ment, the concentration of HS™ averaged 5 + 2 mg S/L, which was
negligible considering the concentration that would be reached if all the
HjyS absorbed from the biogas were dissolved in the aqueous medium
(~1110 mg S/L). It can be hypothesized that the HyS absorbed was
continuously oxidized with dissolved Oz. According to Millero (1986)
[26], HS™ can be oxidized to polysulfides (Sﬁ_, S%‘ and S%‘) and thio-
sulphate when the pH is above 9 (Eq. 1-4). In this sense, the concen-
trations of S-S,03~ and S-SOF  in the recirculating medium were
measured at the end of the experiment, resulting in 508 + 18 mg S/L and
6 + 1 mg S/L, respectively. This entails that the main mechanisms of
sulphur removal from biogas were the partial oxidation of HsS to thio-
sulphate (~500 mg S/L) and likely polysulfides (~600 mg S/L).

1
2HS +0, = ZSS +20H (€)]
_ n—1 o "
HS™ + 5 Ss =S +H (2)
282" + 0, +H,0 = S,05 + 527, +2H" 3)
2HS™ 420, = S,02"+H,0 @

Fig. 3 shows the time course of biomethane composition, pH and IC
during three weeks of operation under the optimal operational condi-
tions above described with an EDTA-Fe concentration of 5 mM. The
biomethane composition averaged 1.7 + 0.1 % COs, 0.7 + 0.1 % O, 2.7
+ 0.3 % Ny and 94.9 + 0.4 % v/v CHy4. The outlet air composition
averaged 1.4 + 0.1 % COq, 20.0 & 0.1 % O, 78.3 - 0.1 % Ny and 0.3 +
0.1 % v/v CHy4, which resulted in a CO, removal efficiency of 97 % and a
CHy slip of 6 %. The pH in the absorption and desorption columns under
steady-state conditions accounted for 9.3 + 0.0 and 9.4 + 0.0, respec-
tively, while the IC in the absorption and desorption columns was 7820
+ 270 and 7670 + 247 mg C/L, respectively. The average concentration
of HS™ in the solvent was negligible (2 = 1 mg S/L), while the con-
centrations of thiosulphate and sulphate at the end of the experiment
accounted for 30 £ 8 mg S/L and 25 + 1 mg S/L, respectively. In this
context, most of the HyS removed from the biogas was oxidized to
elemental sulphur by reducing EDTA-Fe>* to EDTA-Fe?* [18,27].

3.5. Energy analysis
The energy consumption of this low cost technology per Nm® of

biogas treated under optimal conditions was estimated according to
Marin et al. (2020) [3] (Eq. (5) and (6):

Qg5 AP
Py = ————
gas 0.7 (5)
Qug'p-gH
Pliq = %77 (6)

where Qg refers to either the biogas or air flowrate (Qpjogas = 1.0 x
107 m® s7%; Quir = 1.7 x 10™° m3 s71), AP is the pressure drop (200
kPa), Qjiq is the recirculating solvent flowrate between both columns
(7.3 x 10’ m® s’l), g is the gravity constant (9.8 m 572), p is the water
density (1000 kg m’3) and H is the height of liquid in the column (2 m).
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The power demand of the system accounted for 5.3 x 103 kw (Pbiogas =
3 x 107*KW + P4 =5 x 1073 kW + Pjig=2 x 1073 kW). In this context,
the scalability law can be applied to estimate the electricity demand of
the process at industrial scale, (Eq. (7)):

Py, =P;- <%) 7)

1

where P; and P, are the required powers at the two scales, Q; and Q, the
treated biogas flow rates, and n the scale factor. A typical scale factor for
chemical industrial processes of 0.7 was considered. In this context, a Py
of 14.3 kW can be estimated for an industrial biogas stream Q3 of 300
Nm3/h. Therefore, the electricity requirement of the absorption-
stripping process based on EDTA-Fe/carbonate solutions at ambient
pressure and temperature accounts for 0.05 kW-h per Nm® of biogas
treated when applied at industrial scale. This electricity demand is much
lower compared to conventional technologies such as water/chemical/
organic scrubbing, pressure swing adsorption or membrane separation,
which entail an electricity demand of 0.13-0.4 kW-h/Nm® of cleaned
biogas and thermal demands of 0.4-0.55 kW-h/Nm® of cleaned biogas
for solvent regeneration [28]. No thermal energy is required in this
technology for solvent regeneration, which is carried out via air
stripping.

3.6. Economic analysis

The scalability law (Eq. (7)) was applied to estimate the volume of
the absorption and desorption columns to treat a biogas stream of 300
Nm®/h. Considering n = 0.7, the volume of the columns was 20 m®. On
the other hand, a volume of 3 m® was considered reasonable for the
degassing chamber. The cost estimate of the equipment was calculated
according to [29] (Eq. (8)):

Ce=C-S" ®

where Ce = purchased equipment cost (€), S = characteristic size
parameter (m® for tanks and kW for compressors/pumps), C = cost
constant (€) and m = index for that type of equipment. C and m were
obtained from [29] resulting in C = 2800 and 2230, m = 0.6 and 0.8 for
tanks and compressors/pumps, respectively. The Chemical Engineering
Plant Cost Index (CEPCI) was used to consider the inflation. The result of
CEPCI (2022)/CEPCI (2004) = 813/445 was 1.8, hence the cost of the
equipment was increased by 80 % to estimate its current value. The cost
of the equipment was: columns = 30000 € (per unit), degassing cham-
ber = 10000 €, biogas compressor = 5500 € (it was increased by 60 %
because it must be of the ATEX type), air compressor = 32000 € and
liquid pump = 2300 €. The total cost of the equipment amounted to
109,800 €. According to the Lang method, the total cost of the plant is
the Lang factor (4.1 for solids and fluids processing) multiplied by the
cost of the equipment. Therefore, the total cost of the plant amounted to
4.1 x 109800 € ~ 450,000 €.

According to [30], the specific investment cost in conventional
technologies for biogas upgrading is 4000 €/(Nm®/h) for 300 Nm®/h,
and the specific electricity demand of 0.20-0.25 kWh/Nm?®. This means
that the investment cost and energy demand of this innovative tech-
nology is 2.6 and 4-5 times lower than that of conventional technolo-
gies, respectively, which demonstrates its economic potential.

4. Conclusions

An innovative and low-cost physicochemical process to simulta-
neously remove CO, and HyS from biogas was validated at pilot scale.
The absorption-stripping process based on a EDTA-Fe/carbonate solvent
and fine bubble membrane diffusers operated at ambient pressure and
temperatures supported, under optimal conditions (biogas flowrate of
90 L/d, air flowrate of 1500 L/d, IC of 8000 mg/L, L/G of 0.7 and Fe of 0
mM), the production of a biomethane according to most international
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regulations for injection into natural gas grids (CH4 > 90 %, CO2 < 2 %,
Oz < 1 % v/v and insignificant amounts of HS). The stability of the
system was also confirmed by continuous three-week operation exper-
iments. On the other hand, the presence of carbon coated iron based
nanoparticles at 300 and 3000 mg L' did not enhance the CO, ab-
sorption performance. Interestingly, the environmental and operational
conditions implemented in the system allowed for a complete elimina-
tion of HyS via oxidation with the dissolved O into thiosulphate and
likely polysulfides, without the need of additional oxidizing agents such
as EDTA-Fe. A preliminary energy analysis demonstrated the greater
sustainability of this innovative technology compared to conventional
physicochemical processes for biogas upgrading. However, further work
should focus on reducing the CH4 slip of the process. The economic
evaluation of this novel technology demonstrated its economic potential
compared to conventional technologies, which currently dominate the
biogas upgrading market. Ultimately, this work undoubtedly serves as a
foundation for its development on a more commercial scale.
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