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ABSTRACT

Among the impurities that are harmful to the energy conversion of
biogas generated in landfills is hydrogen sulfide (H,S). The present study
compared the efficiency of H,S removal with the use of granular activated
carbon (GAC) of two commercial brands, Norit GAC and Pelegrini GAC,
and with the use of granular iron oxide from mineral residues. The tests
were conducted on a laboratory scale, in a glass column, filled with
filtering material, applying an inlet flow of gas and monitoring the outlet
concentration. The best removal efficiencies occurred with the use of
Norit GAC, which presented longer rupture times. Wet gas tests were
also carried out, in which rupture and equilibrium times increased with
the use of Norit GAC, while with the use of Pelegrini GAC the same
adsorptive behavior was not observed. Tests with iron oxide showed
low potential for H,S removal due to reduced specific surface values,
although it provided removal of the contaminant. Knowledge of the
saturation time and adsorption equilibrium data is essential for a better
understanding and planning of adsorption systems, in addition to the
conduction of studies on the influence of external factors and variations
in initial concentration.

Keywords: biogas; treatment; landfil, removal of hydrogen sulfide;
activated carbon; iron oxide.

RESUMO

Dentre as impurezas prejudiciais a conversao energetica do biogas gerado
em aterros sanitarios, encontra-se o sulfeto de hidrogénio (H,5). Este trabalho
comparou a eficiéncia de remogao de H,S com o uso de carvao ativado
granular (CAG) de duas marcas comerciais, CAG Norit e CAG Pelegrini, e com
0 uso de oxido de ferro granular proveniente de residuos minerais. Os ensaios
foram conduzidos em escala laboratorial, em coluna de vidro, preenchida
com material filtrante, aplicando-se fluxo de entrada de gas e monitorando-se
aconcentracdo de saida. As melhores eficiéncias de remogao ocorreram com
0 uso do CAG Norit, que apresentou maiores tempos de ruptura. Também
foram realizados ensaios com gds Umido, em gue os tempos de ruptura e
de equilibrio aumentaram com o uso do CAG Norit, enquanto com o uso
de CAG Pelegrini ndo se visualizou o mesmo comportamento adsortivo.
Os ensaios com oxido de ferro mostraram baixo potencial de remocao de
H,S, devido aos valores reduzidos de superficie especifica, embora tenham
proporcionado a remocao do contaminante. O conhecimento sobre dados
de equilibrio é fundamental para melhor entendimento e planejamento de
sistemas de adsorcao, além da incluséo de estudos de influéncia de fatores
externos e de variaces de concentracdo inicial.

Palavras-chave: biogas; remoc¢ao de sulfeto de hidrogénio; carvao ativado;
oxido de ferro.

INTRODUCTION

Environmental issues are an element of growing concern among the population,
even more so in the last decade (CALCULLI et al., 2021). Since the beginning
of the 20" century, discussions and studies on issues related to the expenditure
of raw material and energy, generating processes and management of solid

waste of urban and industrial origin, and the search for new alternatives and

0

technologies go together in an attempt to maintain sustainable development
(DIAS, 2002; CALCULLI et al., 2021).

Globally, solid waste growth is projected to be 3.40 billion tons by 2050,
more than double the population growth in the same period (KAZA et al.,
2018). In this context, concerns about climate change are also growing, par-

ticularly as a result of the dispersion of greenhouse gases into the atmosphere.
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In many countries, urban solid waste is continuously accumulated in
landfills, where these materials are the object of complex biophysicochemical
phenomena, resulting in the global production of leachates and biogas (DOS
SANTOS et al., 2020). Biogas is a gas mixture composed mainly of methane
(CH,), a greenhouse gas responsible for 25% of global warming, and its con-
centrations in the atmosphere have more than doubled in the last two centuries,
largely due to anthropogenic activities, 11% of these due to urban solid waste
(MIRZABAEV et al., 2019). At the same time, the use of these gases consists
of a renewable and sustainable energy source (EPA, 2010). In addition to the
main constituent, biogas also has carbon dioxide (CO,) and small amounts of
water vapor, as well as other elements considered as impurities, such as hydro-
gen sulfide (H,S) and siloxanes. Due to its corrosive nature, hydrogen sulfide is
one of the elements that must be removed from biogas before the energy con-
version process (CURIEL-ESPARZA et al., 2019). Thus, several biogas purifi-
cation techniques have been developed in order to enhance the use of biogas
(CRISTIANO et al., 2020).

Purification can be carried out through biological, chemical, and/or physi-
cal processes. Adsorption using activated carbon and iron oxide is one of these
methods, which has the ability to selectively adsorb compounds and remove
them from the mixture. In Brazil, considering the use of biogas as biomethane,
specifications for biogas quality, which includes H,S, are provided for in the
Resolution by the National Agency for Petroleum, Natural Gas, and Biofuels
— ANP (ANP, 2015).

The present study compared different processes of biogas purification/
removal of H,S by adsorption using different commercial species of activated

carbon and granular iron oxide originating from tailings from coal mining.

LITERATURE REVIEW

One of the methods commonly used and considered economically viable for
the reality of many countries is landfill disposal (HU, DU and LONG, 2017;
LIMA et al., 2018). Inside a sanitary landfill, waste degradation occurs basi-
cally in three ways: through the dissolution of mineral elements present in
the environment; due to the carrying of fine particles and soluble material by
the percolation water; and mainly due to the bioconversion of organic matter
into soluble and gaseous forms, under the influence of physical, chemical, and
biological mechanisms resulting from the interaction between components
from the waste itself and between natural agents (water and microorganisms)
(CASTILHOS JUNIOR et al., 2003; ZANTA et al., 2006). Solid urban waste
continuously accumulated in landfills under the influence of natural agents
(rain and microorganisms) degrades by aerobic and/or anaerobic biodegrada-
tion processes, resulting in leachates and biogas (GARCILASSO, VELAZQUEZ
and COELHO, 2009; LANGE e AMARAL, 2009).

Biogas is the main product resulting from the anaerobic digestion of land-
filled organic matter and its characteristics vary according to the composition
of the landfilled waste and its decomposition stage, which can be subdivided
into four subsequent phases: hydrolysis, acidogenesis, acetogenesis, and metha-
nogenesis (METCALF and EDDY, 1991; CHERNICHARO, 1997; PELCZAR
JUNIOR, CHAN and KRIEG, 1997; ALVES, 2007).

Typically, biogas is composed of 60% methane, 35% carbon dioxide, and
5% of a mixture of other gases such as hydrogen, nitrogen, hydrogen sulfide,

carbon monoxide, ammonia, oxygen, and volatile amines (PECORA, 2006).

Occasionally, traces of organic compounds of sulfur, halogenated hydrocarbons,
hydrogen, nitrogen, carbon monoxide, and oxygen are observed, which can be
toxic (PELLERIN et al., 1988; REICHERT, 2007). A gaseous mixture saturated
with water vapor may contain dust particles and siloxanes (WELLINGER and
LINBERG, 2000). Its concentration in biogas depends on the raw material and
can vary between 0.1 to 2% (BOYD, 2000; LASTELLA et al., 2002). These gases
present in smaller quantities influence the choice of operation, cleaning, and
combustion technology (PECORA, 2006).

Pizarro-Loiaza et al. (2021) and Mercado (2010) cite some energy benefits
of biogas conversion: it is a renewable energy source, a high quality fuel, and
the combustion of methane produces water and carbon dioxide, generating no
toxic gas—which can bring environmental, economic, social, and human health
benefits. In addition, when choosing cogeneration systems, i.e. combined heat
and power production, part of the electricity can be used in the facilities them-
selves and part can be commercialized.

Biogas produced by biomass residues has become one of the most impor-
tant alternative energy sources in recent years, as it is derived from non-fossil
sources (KANG et al., 2010; PIZARRO-LOAIZA et al., 2021), reducing nutri-
ent and greenhouse gas emissions (AYODELE, OGUNJUYIGBE and ALAO,
2018; PIZARRO-LOAIZA et al., 2021). There are several technologies to per-
form the energy conversion of biogas. However, gas purification systems must
be provided in order to correct the natural properties of biogas and reduce the
content of unwanted gases, so that it meets the technical specifications of effi-
ciency equipment (OLIVEIRA and CARVALHO, 2005).

According to Alves (2000), the presence of non-combustible substances
in biogas, such as water and/or carbon dioxide, impairs the burning process,
making it less efficient. In addition, the use of biogas can also be limited by
the amount of hydrogen sulfide that it contains, given that, due to its corro-
sive nature, it becomes harmful to the internal parts of combustion engines
(TCHOBANOGLOUS, BURTON and STENSEL, 2003) and reduces the service
life of pipelines and other installations required for biogas utilization (DIAZ et al.,
2010). The biogas technologies market is in a development stage, with deriva-
tions of gas treatment and separation methodologies, mainly from natural gas
treatment. Biogas can be upgraded to natural gas standards by gas absorption,
adsorption, and permeation processes. Current biogas treatment technologies
may include, for example, pressure oscillation adsorption, chemical washing,
water washing, organic solvent washing, membrane separation, and cryogenic
separation. The selection of the appropriate technology to update the raw bio-
gas depends on its end use, the economy involved, and the efficiency of the
purification process (KHAN et al., 2021). Currently, the main treatment pro-
cesses focus on chemical absorption, physical absorption, physical and chemi-
cal absorption, and direct oxidation (CAO et al., 2021).

In the use of adsorption methods, there are substances that act as adsorbents,
fixing other substances on their surface. Adsorbents depend on the physical
adsorption of a molecule in the gas phase on a solid surface. High porosity and
large surface areas are desirable characteristics for adsorbent solids, allowing
larger physical areas for adsorption to occur. The medium eventually becomes
saturated and needs to be replaced or regenerated (YANG, 1987). Activated car-
bon is an adsorbent material known for its high removal efficiency, low reuse
costs and possible product recovery (HERNANDEZ et al., 2011).

In the treatment of effluent, the application of activated carbon can be

carried out in two ways: using powder activated carbon (PAC) or in the form
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of granular activated carbon (GAC). Although there may be some limitations
regarding PAC application when compared to GAC, its main advantage is that,
depending on the variability of the raw effluent characteristics, it is possible to
correct the PAC dosage in such a way as to maximize the removal efficiency of
any adsorbate, or just apply it sporadically, when necessary (HOWARD, 1989).
In general, activated carbon has a high adsorption capacity for this purpose,
but its high cost and the impossibility of reuse has led to a search for alterna-
tive materials that are more easily accessible, so the materials frequently used
are nanoporous (PELUSO et al., 2019).

Other alternatives to the use of activated carbon are natural materials
(wood, peat, charcoal, lignite), industrial, agricultural or residential waste or
by-products, or products such as blast furnace slag, bagasse fly ash or red mud
(THANAKUNPAISIT, JANTARACHAT and ONTHONG, 2017). Another adsor-
bent material is iron oxide, which can also perform the removal of hydrogen
sulfide by adsorption, with the formation of iron sulfide, so that the material can
still be regenerated with the use of oxygen, thus obtaining elemental sulfur and,
again, iron oxide (MUCHE and ZIMMERMANN, 1984). Among the materials
used, commonly there is iron oxide and iron hydroxide, which capture hydrogen
sulfide on their surface, forming iron sulfide and water (ABATZOGLOU and
BOIVIN, 2008). Iron oxide nanoparticles alone or together with other metal
oxides are also alternatives for reducing H,S concentrations, even during the
anaerobic digestion phase of biogas (FARGHALI et al., 2019; ZHANG et al., 2020).

Deublein and Steinhauser (2011) explain that, for a gas treatment appara-
tus, elements containing oxide and/or iron hydroxide are stacked in layers in a
column, which can be either iron wool, iron impregnated wood chips, or iron
impregnated pellets. Biogas flows in a perpendicular direction to the layers
inside the column, promoting the removal of H,S by adsorption. Commercial
versions of the product manufactured by chemical synthesis can also be found,
in pellet format, with great adsorption capacity and good moisture resistance.
There are also commercial products in tablet format with a large surface area

that promotes a large H,S removal capacity.

MATERIALS AND METHODS

The study was based on the steps shown in Figure 1. Initially, character-

ization of the adsorbent materials used was carried out, both by scanning

electron microscopy (SEM) and by surface and porosity analysis (BET).
Then, the bench tests were carried out using an experimental apparatus
where preliminary tests were conducted to define the key parameters used

in the definitive tests.

Adsorbent materials used

As for the activated coals used, two commercial brands of GAC — Norit and
Pelegrini — were selected, given the manufacturers’ representativeness in the
commercial and bibliographic scenario, in addition to them being easy to obtain.
These carbons are adapted to combine high adsorption capacity, minimal screen-
ing effects for large impurities, good adsorption kinetics, low retentivity, and
good thermal conductivity (Figures 2A and 2B). The main characteristics of
the materials used in the study are shown in Table 1.

The adsorption tests with iron oxide were carried out with adsorbent mate-
rial from the process of obtaining sulfuric acid (H,SO,) from the ustulation
of carbonaceous pyrite. The iron oxide used is a by-product of this process,
since carbonaceous pyrite contains 98% of hematite (FeO,). Given that it was
initially in powdery form, it was necessary for the material to undergo a grain
formation process, so that it could be used in the experiment (Figure 2C).
Through sieving, specific granulometries (2.00 to 4.70 mm) were adopted

for different tests.

Characterization of
adsorbent materials

Scanning electron
microscopy (SEM)

Surface and porosity
analysis (BET)

Preliminary Tests Definitive Assays

L Setting speeds Data processing and

analysis

Adsorption curves

Source: elaborated by the authors (2023).

Figure 1- Methodological steps adopted in the study.

Source: elaborated by the authors (2023).

Figure 2 - Materials used in the study: (A) Norit GAC; (B) Pelegrini GAC; (C) Iron oxide.
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Characterization of the materials

Surface area analysis

The BET surface area of all adsorbent materials used was evaluated. The assessment
was carried out with and without prior treatment, which consisted of washing
the samples with deionized water and drying them for 12 hours at a temperature
0f 250°C. Thus, for the GAC, four samples were separated, named Norit 1 (with-
out pretreatment); Norit 2 (with pretreatment); Pelegrini 1 (without pretreat-
ment); and Pelegrini 2 (with pretreatment). This separation occurred only for
the analysis of surface area and porosity, to verify if there would be differences in
the results of the materials’ characteristics. For the adsorption experiments, the
materials were used without pretreatment, directly from commercial packaging.
For iron oxide, the samples were separated into granular iron oxide and powdered
iron oxide. Surface area analyses were performed for the adsorbent material in
granular format. For the powdery form, only the surface area was determined.
For the analysis, the desired values of relative pressure were established during
the test, and the sample was kept at the boiling temperature of liquid nitrogen
(-196°C). The samples were subjected to a small flow of gaseous N, and, with the
gradual increase in its pressure, the gas was adsorbed by the sample. The volume
of adsorbed N, was measured after each equilibrium was achieved. After adsorp-
tion, desorption was carried out, which made it possible to build an adsorption-
desorption curve for N, allowing the calculation of the surface area, volume, and
width of the micropores. After the end of the analysis, the samples were weighed
again. All the data obtained were analyzed using the equipment Quantachrome,
model Nova 2200e, in the computer program Quantachrome NovaWin-Data

Acquisition and Reduction for NOVA instruments, version 10.1.

Scanning electron microscopy and energy dispersive
X-ray spectroscopy

Through SEM analysis it was possible to analyze the morphological structures
and basic chemical elements in the two commercial brands of GAC and the iron
oxide. The morphology analysis of the materials was performed by means of a
scanning electron microscope, model JSM-5510, Jeol brand, coupled with an
energy dispersive x-ray spectroscopy (EDX) system. A line element analysis was
also carried out, as a result of the EDX system, with the elemental composition
and concentration being demonstrated. In order to investigate a possible mor-
phological or chemical element difference, we chose to use, for each material, a
virgin sample and a saturated sample after use in the adsorption tests. The sam-

ples were prepared by their metallization. A minimum aliquot was added to a

Table 1- Main characteristics of the materials used.

Raw material Bitumen (mineral) Coconut shell (vegetable)
Activation Physics with steam Phyzisz \:]/;tlawt\zvgaggzgpor
Granulometry 06to17 mm 2to35mm
Minimum iodine 900 mg/g 700 mg/g
Humidity (maximum) 5% 8%

Apparent density 470 kg/m? 500 kg/m?
Hardness (minimum) 97% 95%

Total surface area 100 m?/g Not informed

double-sided carbon tape, responsible for conducting and flowing electrons from
the microscope beam. Then, through the use of an evaporator, model JEE4C, a
nanometric layer of gold was deposited on the sample. The already metallized
samples were taken to the electron microscope to scan the images. The data were

processed in the “System six” software, also from the manufacturer ThermoNoran.

Procedures and experimental apparatus
Tests to remove H,S from the gas were carried out by submitting a flow of synthetic
gas mixture through a glass column filled with adsorbent material, at the average
ambient temperature of 25°C and ambient pressure of 1 atm. The concentrations
of hydrogen sulfide at the column exit were measured. Once the column output
concentration was equal to the input concentration, the saturation of activated
carbon by hydrogen sulfide was completed. Through the experimental apparatus,
preliminary tests were carried out to identify parameter influences (adsorption
column height, gas velocity, humidity, etc.), as shown below. The adsorption tests
were carried out by a system built on a laboratory scale in an experimental appa-
ratus based on Cristiano et al. (2020) (Figure 3) consisting of a glass column with
an internal diameter of 1.5 cm and a height of 60 cm, where a height of 40 cm is
available for use. Variations in these dimensions were tested in preliminary trials.
The column was coupled to a cylinder with a mixture of synthetic gas for testing
(containing H.S in concentration of 200 ppmv and balance in N,). The gas flow
was controlled by fine adjustment valves and an Omel brand rotameter, with a
measuring range from 0 to 500 NLh'. Gases entered from the bottom of the col-
umn, passing through a perforated support to sustain the substrate and ensure
its uniform distribution. The measurement of H,S concentration at the output of
the column was performed with the use of Landtec GEM 2000 equipment, which
had a coupled cell for measuring H_S, with a measuring range of 0 — 200 ppmv.
In order to determine the experimental conditions, preliminary tests were
carried out, evaluating the efficiency of H,S removal over time by different veloci-
ties found in the literature. Once the analyses were performed, the percentage of
H,S removal was identified, according to the difference between the initial and

final concentrations, after passing through the column. For each test, material

Schematic of the apparatus used for
the desulfurization test:

(1) cylinder with mixture gas;
Purge N

(2) flow controller;

(3) pre-humidification chamber;
(4) fixed bed adsorption column;

(5) gas analyzer.

Tl o
T &

“‘_ﬁ‘ @

Source: modified from Cristiano et al. (2020).

Figure 3 - Experimental apparatus used in the study.
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saturation curves were generated, with the output concentration of H,S (in ppm)
over time (in minutes). Triplicate assays were carried out for each assay. For the
GAG, the established height of the column was 5 cm, at speeds of 3.5, 6.5, and
10.0 cm.s™. Tests were also carried out with humidified gas in relation to the two
linear velocities that best presented efficiency of H,S retention, making the gas
flow through a flask with water. Water saturation was awaited before sending the
humidified gas to the inlet at the bottom of the column. Preliminary tests were
carried out for iron oxide at velocities of 1.0, 2.5, and 5.0 cm.s™, for three differ-
ent heights of material in the column: 7.5, 15.0, and 30.0 cm. For the definitive
tests with iron oxide, a finer granulometry was sought, depending on the con-

clusions obtained from the preliminary tests (2.00 to 4.70 mm).

Curves and adsorption capacity

Through the monitored data it was possible to construct adsorption curves to evalu-
ate the adsorption capacity of the adsorbents. The curves were created considering
the relationship between the output concentration and the initial concentration
(200 ppmv H,S) over time. The rupture curves consist of obtaining the adsorption
behavior on the adsorbent in a fixed bed column over time, considering the effects
of dispersion and mass transfer, up to its total saturation (equilibrium). Dueto the
large adsorption capacity of the adsorbent, the rupture curves were obtained until
the adsorbate concentration (H,S) at the output of the column (C)) reached approx-
imately 90% of the input concentration (C ), i.e. C/C_ = 0,9. To obtain the total
saturation time, that is, when C/C_ = 1, a long adsorption follow-up time would
be necessary, with excessive use of synthetic gas. Analysis of the adsorption curve
also showed the rupture time (tr), which corresponds to the time from which the
bed begins to saturate and the solute is detected at the output of the fixed bed (C,
=~ 10% C,). The best process efficiency corresponded to the longest rupture time.
The amount of adsorbate per unit mass of adsorbent material obtained over time
was calculated according to Equation 1, where the accumulated sum of these values,
recorded every 2 minutes, resulted in the retention of H,S at the end of the experi-

ment. This capacity was calculated for the average of all conditions.

v (1)

Where:  C_: initial concentration of adsorbate (g/m?); C_: output concen-
tration measured by GEM 2000 (g. m~); v: volume of gas in contact with the

adsorbent (m®. min™); and m: mass of the adsorbent material (g).

RESULTS AND DISCUSSIONS
Characterization of the materials
Surface area analysis

For the CAG, the highest surface area values were found for the Norit samples,

as can be seen in Table 2. For both brands, the highest values were found when

there was pretreatment, evidencing its importance before the use of these mate-
rials, which can significantly improve adsorption.

As for iron oxide, the results of the surface area analysis by the BET
method showed that the sample of granular iron oxide with previous treat-
ment was the one that presented the highest surface area value — 11.49 m*.g"!
(Table 2). However, the result found for the surface area of granular iron
oxide demonstrates that the value of 11.49 m%.g" is low and indicates that
the material does not have a large H,S removal capacity. The results demon-
strate that pretreatment is essential for the removal of impurities from the
pores and surface of the adsorbent, making the material have a greater sur-

face area available for use.

Morphology with scanning electron microscopy
Visualization of the GAC samples by means of SEM showed little differ-
ence in the surface morphology of the samples. Norit CAG samples pre-
sented more homogeneous pores (Figure 4) than those of Pelegrini GAC,
which appeared to have more heterogeneous pores, of different sizes and
certain surface irregularity, as can be seen in Figure 5. In relation to dif-
ferences between saturated and unsaturated samples, none were observed
for any of the brands. This implies that saturation by H,S in these granules
does not lead to apparent differences in the surface morphology of these
adsorbent materials.

The powdered iron oxide, virgin, and saturated samples show differences
that can be seen in Figures 6A and 6B. Figure 6A shows homogeneous pores in
large parts of the sample. The saturation of granular iron oxide can be observed
in Figure 6B, where a darkening of the image is seen throughout the sample.

Figure 7B confirms an accumulation due to sulfur adsorption in the granular

i’

% {IJ

20KV X3,00 LEME-UFSC

Figure 4 - NORIT virgin activated carbon granules with magnification of 30x (A)
and 2,000x (B) and NORIT saturated activated carbon granules with magnification
of 500x (C) and 3,000x (D).

Table 2 - Surface area values (m?/g) found in the tests carried out for the different samples.

Material/parameters Norit GAC Pelegrini GAC

Pretreatment No prior treatment With prior treatment

No prior treatment

With prior treatment No prior treatment With prior treatment

782.83 82298

Multi-Point BET (m2g"

4977 48573 608 1149
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Source: elaborated by the authors (2023).

Figure 5 - Virgin Pelegrini activated carbon granules with 500x magnification
(A), 15,000x (B) and saturated Pelegrini activated carbon granules with 80x
magnification (C) and 500x (D).

Figure 6 - Scanning electron microscopy images of (A) virgin granular iron oxide with
1,000x magnification, (B) saturated granular iron oxide with 1,000x magnification.

Table 3 - Results of the line element analysis for each sample.

iron oxide sample, since this SEM image was produced to obtain only the pres-
ence of the sulfur element. In Figure 7B, three regions in the sample (high-
lighted) with higher concentration of points are evidenced. In Figure 7A, this
concentration of points does not occur.

As for the Line Element analysis, from the energy bands the differences
between the chemical elements in the samples (carbon, sulfur, and oxygen) were
demonstrated. The results of this analysis are shown in Table 3.

The amount of carbon was similar for the two virgin activated carbon
brands, and these quantities declined both in weight and in the presence of
the atom after the saturation process. Oxygen quantities increased after sat-
uration for both brands, while sulfur was only observed after saturation for
Pelegrini material, remaining at zero in all other cases. In relation to iron oxide,
the results of the analysis showed that there was an increase of 58.9% in the
presence of sulfur in the saturated material, which shows an accumulation of
sulfur on the surface of the saturated sample as a result of the adsorption of
H,S in iron oxide (Table 3).

P AN
(_ \.l ,f‘/ /
S i A
A"
T
N
A m | | B U

Source: elaborated by the authors (2023).

Figure 7 - Scanning electron microscopy images for analysis of the sulfur element
of (A) virgin granular iron oxide with 1,000x magnification, (B) saturated granular
iron oxide with 1,000x magnification.

Sample Element Element weight (%) Error = TR Error
atom (%)

Carbon 7334 228 8577 265
Virgin Oxygen 499 075 438 067
Sulfur 0 ] ] o]
NORIT GAC
Carbon 5359 087 5809 095
Saturated Oxygen 1032 162 840 132
Sulfur 0 0] 0] 0]
Carbon 7313 055 804 06l
Virgin Oxygen 733 057 605 047
Sulfur 0 6] o] 0]
Pelegrini GAC
Carbon 5913 063 6821 073
Saturated Oxygen n4 038 965 033
Sulfur 516 017 223 007
Carbon 855 038 2529 113
Virgin Oxygen 896 015 1889 033
Iron oxide Sulfur 129 014 143 015
Carbon 381 023 not 067
Saturated Oxygen 1504 012 3262 027
Sulfur 205 005 222 006
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Test results and adsorption capacity

Graphs of the adsorption curves obtained during the adsorption tests are pre-
sented below, according to the linear velocities and heights presented in Table4.
Triplicates were carried out for each assay. The triplicates of the tests are graphi-
cally presented below, in the form of their averages. The results of each triplicate
are available in the supplementary materials.

As for the GAC, Norit presents the same typical forms of the adsorption
curves, as can be seen in the graph with the average curves for this material
(Figure 8), with the only differences in the curves being the time to reach 100%
saturation of the material and the rupture times, which are different for each
linear speed. The same figure shows a certain similarity with a type V isotherm
curve (MURANAKA, 2010), which occurs in microporous adsorbents with a
formation of multilayers from low concentrations.

For Pelegrini GAC, the averages curves follow a slightly different behav-
ior trend, with shorter removal times with 100% efficiency and not present-
ing a sharp start for the rupture time, as can be seen in Figure 9. The time to
the complete saturation of Pelegrini GAC is greater, but Norit GAC has lon-
ger durations in minutes with 100% removal efficiency, that is, longer times
to reach the rupture point, which can be more interesting for biogas purifica-
tion processes. The shape of the rupture curves is related to internal diffusion
and eventually external transfer, axial arrangement, and adsorption isotherm
(MURANAKA, 2010).

The difference between the materials may be related to the pore size distri-
bution of the samples. Results obtained by Lozano et al. (2002) revealed that a
sample with a high volume of micropores and BET surface area, but with dis-
persed pore size distribution, has a lower adsorption capacity than a sample
with smaller BET areas and a smaller volume of micropores. As for iron oxide
(Figure 10), there is a direct relationship between gas holding time and the
duration of the assay.

Truong and Abatzoglou (2005) observed in their assays that it was not pos-
sible to guarantee the reproducibility of the tests, since the granular iron oxide
used in the experiments was of a fragile nature, therefore it was difficult to ensure
that each filling of the column would result in an identical configuration in the
arrangement of the iron oxide grains. This explanation applies to experiments
where different saturation curves were observed in the triplicates. The granular

iron oxide used, due to the process of grain formation, is brittle. The aim was to

maintain grain uniformity in each column filling, but, in some cases, the resulting
saturation curves differed from the others, as occurred for a linear velocity of 5.0
cm.s! and height of 30 cm, and a linear velocity of 2.5 cm.s™! and height of 30 cm.

In a pressure swing adsorption (PSA) process, gas molecules are considered
to be adsorbed on an adsorbent material based on their molecular sizes (SUN
et al., 2015). Thus, due to its larger size, CH, can be separated from CO, and
it does not adsorb on the adsorbent due to its larger molecular size, being col-

lected at the top of the adsorption column at low pressure (KHAN et al., 2021).
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C.: gas output concentration; C : gas input concentration.

50 100 150 400

Figure 8 - Average adsorption curves for Norit granular activated carbon with gas
without pre-humidification, at speeds 10, 6.5, and 3.5 cm.s™.
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Figure 9 - Average adsorption curves for Pelegrini granular activated carbon with
gas without pre-humidification, at velocities of 10, 6.5, and 3.5 cm.s™.

Table 4 - Average time to achieve removal efficiency of 90% and adsorption capacity per adsorbent mass.

Line(acar:1 ie;eed Time to ?rf])i"r/:)removal Adso(mglt-)lilsc':z;?)acity
50 4299
Norit GAC 65 50 152 3667
100 50 98 3238
35 50 630 11395
Pelegrini GAC 65 50 506 10874
100 50 354 9340
50 150 140 016
50 300 226 023
Iron oxide 25 150 246 018
25 300 347 020
10 75 692 021
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Figure 10 - Average adsorption curves for iron oxide with gas without pre-
humidification, at velocities of 5, 2.5, and 1cm.s™.

Advances in materials technology can also offer adsorbents higher adsorp-
tion capacity, greater selectivity, and possibly higher heat resistance. This will
allow for better separation efficiency and a higher degree of process integration
(KHAN et al., 2021). Since iron oxide has not undergone improvements in its
adsorption capacity to actually be marketed as an adsorbent material, this may
justify its lower performance when compared to activated coals, which really
are commercial products for this purpose and can be used even with water and
wet systems; this was not feasible for the iron oxide used in the experiments.

Currently, extensive research work has been devoted to designing and syn-
thesizing adsorbents with the aim of improving their use for the treatment and
purification of biogas (FAKHRALIE et al., 2021),

Therefore, humidification tests were carried out only for the commercial
activated coals. Assays with gas pre-humidification for granular iron oxide were

discarded as they resulted in an aqueous mixture that clogged the gas passage.

Tests with gas humidification

After checking the best rupture times for both GAC materials, the velocities of
3.5and 6.5 cm.s were chosen, and were repeated for triplicates with the hydro-
gen sulfide synthetic gas going through a pre-humidification process. The aver-
age curves of each triplicate can be seen in Figures 11 and 12. Greater instability
and less similarity occurred between repetitions, which can be explained due to
the flow control (which, with the passage through water, became more unstable,
with greater oscillations being visualized in the rotameter). It is possible that the
previous passage through water changed the system’s pressures and increased
the oscillations of the arrival of gas in the column. The tests showed the same
behavior patterns, with longer rupture times for Norit GAC, which occurred
less abruptly, indicating that slow adsorption kinetics may occur due to the dif-
fusion of the humidified gas in the pores of the adsorbent.

For Pelegrini GAC there was no increase in the rupture times for the two
speeds, also presenting instability. In general, the pre-humidification tests showed
longer times to reach equilibrium. For Norit GAC, there was an increase in
rupture time. The effect of water vapor is remarkable in adsorption in relation
to dry gas. Two possible phenomena can be considered: micropores partially
filled with water and inaccessible micropores. Inaccessibility of the micropores
may occur because some pathways are blocked by the water that is present in
other types of pores (meso and macropores), and may be responsible for the
low amounts of gas adsorbed by Pelegrini in these experiments (OLIVEIRA,

2004). In addition, capillarity effects reduce the pore sizes, increasing the pressure

Figure 11 - Average adsorption curves for Norit granular activated carbon, with
and without humidification.
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Figure 12 - Average adsorption curves for Pelegrini granular activated carbon,
with and without humidification.

formation and vice versa (PERRIN et al., 2003). From the experiments carried
out, it was observed that adsorption is faster in the initial stages of the process,
while it is slower near equilibrium. This behavior occurs because, at the start,
there are a lot of empty sites for adsorption. Over time, the number of empty
sites decreases. Also, repulsive forces of the already adsorbed molecules begin to
exist, which hinders the adsorption process at the remaining sites (SCHNEIDER,
2008). The determination of pore size and volume is important since it indi-
cates the amount of pores available for the adsorption of molecules with known
size (PELEKANTI, 2000), which may also be responsible for more or less stable
adsorption curves. The presence of micropores substantially influences the
adsorption properties because the amount adsorbed on the surface of macro-
pores is negligible compared to that of the micropores (AVOM et al., 1997).
Another important factor is chemical characterization, where the presence of
groups containing oxygen and hydrogen on the carbon surface strongly affects
the adsorption properties (DIAZ et al., 2005). The origin of these surface groups
may be the original raw material, the activation process or the introduction of
surface groups after preparation by further treatment (DABROWSKI et al.,
2005). The adsorbent surface area is one of the most important factors in these
processes, since adsorption is a surface phenomenon. In general, the extent of
adsorption is greater when the specific surface area is larger (greater total area
available for adsorption). The specific surface area is larger for smaller parti-
cles; therefore, the smaller and more porous the material, the greater the avail-
ability of sites for adsorption of adsorbate molecules, which may represent the

best rupture times for Norit GAC. For larger particles the diffusion resistance is
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higher and much of the inner surface of the particle is not available for adsorp-
tion (SEKAR, SAKTHI and RENGARA]J, 2004). Access to the adsorption sites
is facilitated when the particle is smaller, which results in higher adsorption
levels (BHATNAGAR and JAIN, 2005). It can be noted that Pelegrini GAC pre-
sented the highest amount retained in tests without gas pre-humidification for
all linear velocities (2.17 mol.L for 3.5 cm.s’'; 1.12 mol.L for 6.5 cm.s') than
tests with gas pre-humidification (1.01 mol.L" for 3.5 cm.s™; 0.60 mol.L"* for
6.5 cm.s™). Norit GAC showed better retained amounts in gas humidification
tests. Even though, as seen in the adsorption curves, Norit had the best rupture
times (28 min for 3.5 cm.s™'), the experiments were longer for Pelegrini, which
may have influenced this result, which took into account the total time of the
experiment. Preliminary tests were performed for granular iron oxide using a
pre-humidification process of the adsorbent. In these tests, it was verified that
the material would not be able to be humidified, as the contact with moisture
resulted in an aqueous mixture with iron oxide, which ended up clogging the
gas inlet in the column. Therefore, gas humidification tests for granular iron
oxide were discarded. This result is due to the artisanal manufacturing charac-

teristic of the iron oxide grains for this test.

CONCLUSIONS AND RECOMMENDATIONS

The adsorption process in the removal of H,S using two commercial brands
of activated carbon, Norit and Pelegrini, and granular iron oxide was studied.
As for the GAC, the imported commercial brand Norit presented better rupture
times for H,S (28 min for 3.5 cm.s™') than the Brazilian national brand Pelegrini
(10 min for 3.5 cm.s™). Specific surface analyses also showed superiority in total
pore volume and specific area, characteristics that are directly related to the
adsorption capacity of adsorbent materials. As noted in the experiments, very
low velocities are not enough to overcome the loss of load inside the column,
allowing oxygen to enter, which influences the adsorption process. Very high
speeds are not interesting either, since, as much as they increase the adsorbed
amount instantly, with an increase in pressure in the adsorbent sites, they favor
a faster saturation, with shorter rupture times. For the tests carried out, the
best linear velocity found was 3.5 cm.s™. In relation to the tests using gas with
and without pre-humidification, there was some instability in the flow, which
resulted in greater instabilities also in the gas output reading. Norit GAC showed

better rupture times when the gas was humidified, behaving in the same way

as some authors have also verified. As for Pelegrini, the behavior did not fol-
low the same trend, with better times removing H,S from 90 to 100% in tests
without gas pre-humidification. With regard to iron oxide, the tested material
provided the removal of H,S, which can be proven by the increase of 58.9% in
the amount of sulfur detected in both virgin and saturated samples analyzed
in SEM. However, the material has reduced values of specific surface, and the
result found, of 11.49 m?.g™, is low, which indicates that it does not have great
potential for H,S removal. The test results showed that the material removal
capacity is directly linked to the linear velocity of the gas passing through the
column. Assays with gas pre-humidification for granular iron oxide were dis-
carded as they resulted in an aqueous mixture that clogged the gas passage.
According to the objective of the experiment, it is necessary to consider that
each experimental configuration (column dimensions, gas flow, gas concentra-
tion and origin, quantity and characteristics of material used, etc.) requires a
specific study and planning, as there can be different dynamics in each system.

Furthermore, the method of designing the adsorbent materials can also
reflect on different results for the purification of biogas, so that materials with
higher technology for adsorption have better performance in relation to arti-
sanal materials or ones with less treatment.

In the case of the granular iron oxide used in the experiments, its grain for-
mation process occurred by mixing the powdery material with water in a con-
crete mixer. The artisanal process only ensured the formation of grains neces-
sary for the test in columns, and no other additional treatment was performed.

Several different experimental conditions can be studied, alternating and
investigating different parameters such as: adsorbent material, granulome-
tries, adsorption for different pretreatment, other characterization analyses,
column configurations, quantities of adsorbent material, tests with more than
one initial gas concentration, other synthetic gas mixtures, moisture contents,
experimental controls, etc. These are some parameters that can directly alter
adsorption processes.

In addition to these parameters, the experiments carried out demonstrated
a great difference in the adsorption capacities of commercial activated carbons
in comparison with the granular iron oxide, which is a residue. The joint analy-
sis of the H,S adsorption results, surface area, and pore volume suggests that
the iron oxide adopted in this experiment is amenable to complementary stud-
ies in order to improve its characteristics, with the aim of achieving adsorp-

tion capacity results compatible with those observed with activated carbon.
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