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Suppression of Hydrogen Sulfide Generation via the Coexistence of
Anaerobic Sludge and Goethite-Rich Limonite/Polyethersulfone
Composite Fibers
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ABSTRACT: Limonite—polyethersulfone (PES) composite fibers At 672 hours in anaerabic digestion system
were prepared by the wet spinning method to suppress hydrogen el
sulfide (H,S) generation from anaerobic microbial sludge. The H,S
adsorption of the prepared limonite composite fibers followed the
Langmuir type, with a maximum adsorption capacity of 3.7—4.4 g
H,S/g, indicating mesopore adsorption. The in vitro H,S
fermentation environment with anaerobic microbial sludge with
the coexistence of limonite composite fibers exhibited suppression
of H,S generation. The coexistence of limonite composite fibers
also suppressed the amount of CO generation produced by
microbial fermentation, so the fibers also affected the metabolism

of anaerobic microorganisms. During the anaerobic digestion AR e
process, particularly at 672—840 h (28—35 days), the mesopores of

limonite in the composite fibers disappeared and changed to macropore adsorption, and the reaction of limonite with hydrogen
sulfide produced pyrite (FeS,) and iron sulfate (Fe,(SO,);) as products, which remained in the fiber with conversion efficiencies of
6.8 and 32.4%, respectively. The in vitro hydrogen disulfide action of limonite composite fibers was found to be able to suppress the
generated environment of about 300 ppm to about 0.4 ppm.
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1. INTRODUCTION unstable low-lying water in Lake Nakaumi, anoxic conditions
are likely to produce H,S by microbial action.” In addition, the
out-of-area release of H,S due to industrial accidents is also a
source of occupational H,S exposure to humans.®"® In order to
avoid the natural odors and hazards that arise from polluted
urban water and industrial process sediments in the summer, it
is necessary to establish efficient technological controls. These
controls are aimed at regulating and minimizing the levels of
H,S. Consequently, it is necessary to prioritize the develop-
ment of effective methods for managing and reducing H,S
concentrations.

On the other hand, some inorganic materials of silicates,
active carbon, and zeolite oxide have been recognized for their
H,S adsorption properties.”'’ For example, adsorbents based
on ZnO have been reported to be effective in removing H,S
from biogas.11 Additionally, several iron-based adsorbents,
including Fe, Fe,O; and FeOOH, have demonstrated the

Hydrogen sulfide (H,S) is an irritant, an asphyxiant gas, and
the most toxic, odorous, and highly corrosive among sulfur
compounds. Due to being highly toxic,' a H,S level exceeding
400 ppm is life-threatening and that exceeding 500—700 ppm
causes staggering and collapse within 5 min with severe eye
damage. Single exposure to such high levels can result in death.
Even at extremely low concentrations, humans are highly
sensitive to the distinct smell of H,S, often described as the
odor of rotten eggs.' Also, the effect paralyzes the sense of
smell at levels above 100 ppm. Inhalation is the primary route
of exposure to H,S, as the gas is rapidly absorbed through the
lungs. It is crucial to recognize the hazardous nature of this
toxic gas and its detrimental impact on human health.” Sulfate-
reducing bacteria play a role in the natural production of H,S
by reducing sulfur sources found in bottom sediments.” These
bacteria contribute to the release of H,S during anaerobic
digestion, a process involved in desulfurizing sulfur-containing
compounds. This release of H,S can have an impact on the
surrounding environment and its living organisms. For
example, in closed sea areas such as the Ariake Sea and
Tokyo Bay in Japan,” malodorous gas has been emitted at low
oxygen concentrations due to the sulfate-reducing bacterium
Desulfosarcinaceae, causing problems in people’s lives. Also, in
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ability to suppress H,S emissions with the final product of FeS
in the biogas environment.'”~"* The fabrication of such iron
hydroxides like FeOOH is typically accomplished through the
precipitation method'® and composited with activated
carbon,'® among the oxides with high reactivity with H,S.

In contrast to such synthetic H,S removal materials, there
exist naturally occurring minerals that have the ability to
absorb H,S, making them valuable from a low-carbon
perspective. For instance, red rock containing a massive
amount of iron in the form of magnetite (Fe;0,), gothite
[FeO(OH)], and hematite (Fe,O;) is a potential H,S
adsorbent as a natural material.'” A similar mine in Japan is
located in the Aso region of Kumamoto, where limonite is
produced. This natural resource, primarily composed of iron
oxide, is mainly used for desulfurizing waste gases from
biological sewage treatment towers.'* " It is known that as a
porous material, limonite has excellent adsorption properties
toward H,S”' and exhibits a higher desulfurization activity than
other iron ores due to several factors: the higher Fe content,
larger surface area and pore volume, and crystal forms. These
crystal forms are composed of a large amount of hydrated iron
(III) oxide powder, having microcrystalline goethite (a-
FeOOH) and a small amount of hematite.'"® On the other
hand, a-FeOOH powder was synthesized using a FeCl;
solution and NH,HCO;. The results demonstrate that a-
FeOOH within the composite exhibits a remarkable capacity
for H,S removal from gas streams and the conversion of H,S
into FeS and S.*” Furthermore, the recovery of powdered
limonite from contaminated soil is nearly impossible, and the
utilization of large quantities of it is undesirable for several
reasons. First, using excessive amounts of the adsorbent can be
counterproductive in terms of environmental pollution.
Second, the residual adsorbent can lead to secondary
environmental contamination.

As seen in the recovery of the fibered zeolite decontaminant
during the removal of radioactive cesium,”> methods for
recovering materials have garnered attention. On the other
hand, the characteristics of limonite powder, such as large
surface area and high desulfurization efliciency, make it
advantageous to harness these properties as a desulfurization
agent. Therefore, composite desulfurizers that can be
recovered while retaining the properties of limonite are
valuable as a future innovation technology. For other types
of desulfurization, a nanoporous composite sorbent compos-
ited with polyethyleneimine and mesoporous molecular sieve
has demonstrated remarkable desulfurization characteristics.”*
However, it has been observed that the sorbed H,S was
reduced in the presence of moisture. Under these circum-
stances, we have proposed limonite polymer composite fibers
as a new polymer desulfurization material. In this approach, the
wet spinning method, which we have been using, can be
utilized to create a porous structure by fibering the material. By
doing so, the properties of limonite can be incorporated as a
desulfurization agent with minimal reduction. Moreover, the
combination of porous polymer fibers and inorganic powder
results in a material with a high surface area and effective
entangling packing properties for treatment purposes.”*
These porous composite fibers fabricated by the wet spinning
method™ using polyethersulfone (PES) exhibited decontami-
nation of radioactive cesium from the environment”’ and
heavy metal ions*> and bleaching of organic dyes.”® Therefore,
as an original attempt, it is interesting to use limonite-
composited PES fibers as a desulfurization material for H,S

suppression. The objective of this current research is to
produce new polymer limonite composite fibers through the
wet spinning technique and assess their performance in
removing H,S, as well as their application desulfurization
involving H,S-producing soil bacteria. The fibers were
collected after treatment from the soil sludge, and a
comparison was made between their properties before and
after desulfurization through in vitro anaerobic digestion. The
sludge environment characteristics also explain the decontami-
nating of H,S through anaerobic digestion.

2. EXPERIMENTAL SECTION

2.1. Limonite and Limonite—Polyethersulfone Com-
posite Fibers. Figure 1 shows limonite powder used as a
natural material with a yellowish brown color produced by
Nippon Limonite Co., Ltd. at the volcanic eruption of Aso
Mountain in Kumamoto Prefecture. N-Methyl-2-pyrrolidone
(NMP) and other chemicals were purchased from Nacalai
Tesque Inc. (Japan) and were used without purification. The

NL DES
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x5000

LPC30 PF10

Figure 1. Composite fibers after the wet spinning process: (a)
limonite powder, (b) SEM of the limonite at S000X magnification,
(c) LPC10, (d) LPC20, (e) LPC30, and (f) PF10.
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Table 1. Physical Properties of Limonite, PF10, and LPC Fibers

sample NMP [wt %] PES [wt %] limonite powder contents [wt %]
LPCI10 90 10 60
LPC20 80 20 60
LPC30 70 30 60
PF10 90 10 0
limonite 100

tensile strength [MPa]  density [g/cm®]  porosity (%)

diameter [mm]

0.68 6.0 + 0.8 0.815 21.76
0.75 89 + 04 0.944 12.93
0.78 29+ 09 1.269 7.48
0.65 0.778 44
0.03

dried limonite powders were crushed and passed through a 30
um sieve. Polyethersulfone (PES, Ultrason E2010) was a BASF
Co., Ltd. (Germany) product.

In our previous procedures,”*”° the wet spinning process for
fabricating fibers was performed for PES—NMP solutions with
suspended limonite powders. When PES solution containing
limonite powder was mixed with PES, the viscous solution was
applied for wet spinning by squeezing out into the water
medium placed at the bottom under pressure and forming
fibers in the water medium at room temperature.zs"w’29 Here,
PES was dissolved in NMP at 10, 20, and 30 wt %
concentrations, and then, 60 wt % limonite powder against
the weight amounts of the PES was added to the NMP
solution. Then, the mixed solution was extruded through a
cylindrical needle with a 0.8 cm diameter and placed in a 200
mL volume metal cylinder with a cylindrical needle of 0.8 cm
diameter at the bottom in the 10 L water tank prepared below
the needle. The mixed solution was extruded at a pressure of
0.42 MPa, and the insoluble PES—Ilimonite solidified in the
water because NMP in the mixed solution dissolved at 298 K.
Then, the fibrous limonite PES composite (LPC) formed in
the lower water tank was further transferred to another tank
and rinsed with large amounts of water at 353 K to remove
residual NMP. Finally, the fibers were dried under vacuum at
333 K. Fibers formed at PES concentrations of 10, 20, and 30
wt % with a fixed limonite amount of 60 wt % were named
LPC10, LPC20, and LPC30, respectively (Figure 1). As a
comparison, 10 wt % PES fibers without limonite as PF10 were
prepared similarly.

2.2. Characterization of Limonite Powder and LPC
Fibers. To investigate the changes in the morphology of the
fiber, a scanning electron microscope (SEM, TM3030Plus
HHTC, Japan) at an accelerating voltage of 15 kV was used for
gold-sputtered samples. The surface area of limonite and the
composite fibers was measured by the Brunauer—Emmer—
Teller (BET) method using a Tristar II 3020 (Micromeritics
Inc. TriStar II, Shimadzu, Japan). Before measurement,
samples were degassed by vacuum overnight at 70 °C. The
density of the composite fibers was determined by the
Archimedes method. A dry specimen with known weight was
immersed in excess water until the specimen in the water
reached equilibrium. The density of prepared specimens (p)

Vvs .
w—w, * (p, — d) + d, where p is the

was calculated by p =

density (g/cm®), W, denotes the specimen weight in air (g),
W,, represents the specimen mass in ethanol (g), p, is the
density of ethanol (g/cm?), and d is the density of air (g/cm?).
In transmittance mode, the Fourier transform infrared (FT-IR)
spectra of limonite powder and the composite fibers were
measured with an IRPrestige-21 (Shimadzu Co., Ltd). The
transmission spectra were obtained by forming a thin KBr-PPy
pellet. The FT-IR spectra were obtained with 16 scans from
400 to 4000 cm™' using the resolution of the spectral
measurements at 4.0 cm™'. The tensile strength of the LPC

fibers was measured using a load measurement device (LTTU-
SOON, Minebea Co. Ltd., Japan) with an operating head
loading of 500 N at 23 °C with 50 %RH. The gauge length and
the crosshead speed were 30 mm and 2 mm/min, respectively.
Five specimens were tested for each sample. Each instance had
a 50 mm length. First, the diameter of each piece was
measured using a micrometer (Mitutoyo 103—177, Japan) to
calculate the cross-sectional surface area. According to the
following equations, tensile strength and elongation were
calculated: tensile strength (MPa) = maximum load/cross-
sectional area and elongation (%) = 100 X (elongation at
rupture/initial gauge length). X-ray diffraction (XRD) spectra
of limonite and composite fibers were analyzed with a
SmartLab X-ray diffractometer (Rigaku Corporation) using
Cu Ka radiation (1 = 1.5406 A). XRD patterns were recorded
over a 20 range from 10 to 70° with 40 kV and 30 mA. An X-
ray fluorescence analyzer (ZSX Primus II (Rigaku Corporation,
Japan)) was used for limonite and composite fiber component
analysis. A 10 mm diameter pellet was made using limonite,
composite fibers, and an aluminum ring using a hydraulic
compress with 450 kgf/cm™ pressure for the measurement.

2.3. Measurements of the Adsorption Isotherms of
H,S and Preparation of Waste Sewage Sludge Having
Anaerobic Microorganisms. H,S adsorption experiments
were performed in the following two patterns. In the first,
samples were placed in H,S gas at different concentrations, and
the adsorption amount of H,S was examined. In another way,
the composite fiber was placed with the sludge of an anaerobic
microbial medium producing H,S, and the amount of H,S
produced was measured. In former experiments, limonite
powders or composite fibers were initially subjected to vacuum
overnight at a temperature of 343 K. Subsequently, a gas
adsorption test was performed inside a 1 L glass three-necked
flask, which was sealed and vacuumed with a vacuum pump.
Then, the vacuum was sealed, and the H,S gas was generated
with the chemical reaction CaS + 2H;PO, — H,S +
Ca(H,PO,), by utilizing a H,S generation tube (GASTEC
No. HSC-21L, 21, and 21H) kept in a 20 L plastic bag. Then,
the H,S gas was transferred to the sealed flask at
concentrations of 4, 16, 85, and 310 ppm. Finally, measure-
ments of H,S concentrations were performed using a multi-gas
detector when the PES—limonite samples (g) were placed in
the flask.

On the other hand, for the latter case of anaerobic digestion
in vitro, experiments using anaerobic microbes could generate
H,S when the medium was incubated in anaerobic plastic
bottles with subsequent addition of nutrients. Here, waste
sewage sludge collected from the Akemi estuary mouth in
Nishi-ku, Kumamoto city in Japan, was cultured anaerobically
in plastic bottles. First of all, into the sewage, sludge samples
containing sulfate-reducing bacteria, gypsum (CaSO,), and
starch ((C4H;,05),) were added in a 250 mL plastic bottle
with a lid seal. All vials were hermetically sealed with a butyl
rubber stopper on the top lid, facilitating anaerobic conditions.

https://doi.org/10.1021/acsomega.3c04540
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Figure 2. SEM images of the cross section of PF10 and the composite fibers at 150X and 1000X magnifications.

Then, a predetermined amount of PES—limonite fibers was
added to each bottle, the microorganisms were incubated at 20
°C, and the amount of H,S produced was measured. The
experiments were conducted at a temperature of 20 °C. During
the incubation, H,S and carbon monoxide (CO) gas
concentrations were measured using a multi-gas detector.
The sample gas was measured by aspirating the gas inside the
bottle through a suction port with a rubber stopper on the top
lid.

3. RESULTS AND DISCUSSION

3.1. Characterization of Limonite Composite Fibers
as H,S Adsorbents. As shown in Figure 1, the composite
fibers fabricated using the coagulation process of PES dissolved
in NMP solution could produce thin fibers with the ochre
color of limonite, compared to the white color of PES fibers.
Table 1 provides an overview of the characteristics of each
sample. The density of the composite fibers (LPC10, LPC20,
and LPC30), which had a fixed limonite content of 60 wt %
and varying PES concentrations (10, 20, and 30 wt % relative
to limonite, respectively), increased with higher PES
concentration. The BET surface area values determined
through nitrogen adsorption exhibited a tendency to increase
in LPC30, LPC20, and LPC10. These results indicate that the
increase in PES concentration during fiber formation
influences the porosity of the resulting fibers.

Figure 2 depicts an SEM image of the cross section of
resultant composite fibers. The cross-sectional photographs of
the fibers reveal that the diameter of each fiber is
approximately 650—780 yum. The images clearly showed the
structural variations in porosity within the fiber at different
PES concentrations. In other words, in the PES-only fiber, a
pleated structure with a width of about 10 ym was observed
from the center of the fiber toward the surface. This suggests
that the coagulation of PES caused structural changes as water
gradually penetrated the fiber from the surface to the interior
during fabrication. On the other hand, the fabricated PF10 had
a morphology structure with large pores radially extending and
spreading outward from the center of the fiber toward the
periphery. This indicated that PES coagulated from the surface
to the center by water penetration, resulting in solvent
exchange with the water. In contrast, in LPC10, which
contained 60 wt % limonite in a 10% wt PES—NMP solution,
small radially elongated pores were observed near the surface
in the SEM photograph. However, the center of the cross

section looked like a denser agglomerate, indicating that the
porosity of LPC10 was less than that of PES. This could be
attributed to the presence of limonite powder hindering PES
coagulation, causing slower solidification of PES in water. For
LPC20 and LPC30, the structure became denser, with both
limonite powder and PES forming tiny round pores in a
sponge-like structure. The limonite particles with a diameter of
less than 30 pm were uniformly distributed within the fiber
structure, and the micrograph observation of the fiber cross
section showed that PES was saved as an embedded limonite
powder in the fiber. Based on the data presented in Table 2,

Table 2. Surface Area, Pore Volume, Pore Size, and
Elemental Composition of Limonite and LPC Fibers at 0 h

elemental composition

BJH BJH
BET adsorption  adsorption
surface  average pore  average

area volume pore size
sample (m*/g) (cm’/g) (nm) C/Fe Si/Fe S/Fe
limonite 59.37 0.078 4.29 0.15 0.13 0.03
LPC10 41.82 0.043 4.84 1.89 0.09 0.36
LPC20 36.88 0.040 4.83 2.33 0.2 0.36
LPC30 32.26 0.034 5.8 2.57 0.017 0.57
PF10 6.05 0.012 5.35

the ratios of carbon, iron, and sulfur components in the
fabricated fibers were determined using XRF analysis. The C/
Fe values were found to be 1.89, 2.33, and 2.57 for LPC10,
LPC20, and LPC30, respectively. These findings clearly
indicated that the denser structure of LPC30 contained higher
amounts of PES than LPCI10, as evidenced by the higher
carbon content in LPC30. It is worth noting that the result
suggested that higher concentrations of PES relative to
limonite like LPC30 formed a denser internal fiber structure.
As shown in Table 2, the BET surface area of all materials at 0
h tends to decrease from 41.8 m*/g for LPC10 to 32.3 m*/g
for LPC30. However, the surface area values of PF10 and
limonite powder were 4.4 and 59.4 m*/g, respectively. Hence,
the surface area of the composite fiber decreases with
increasing PES concentration. Additionally, the inclusion of
limonite powder, which has the largest surface area, was
reduced in the composite fiber. Figure 3 shows the adsorption
isotherms of H,S gas with different concentrations of 0, 5, 15,
85, and 310 ppm for composite fibers and limonite powder.
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Figure 3. H,S isothermal plots of the adsorption amount (q) versus
equilibrium concentration of H,S (a), Langmuir model (b), and
Freundlich model (c) for H,S gas adsorption of limonite and
composite fibers plots.

The adsorption isotherms of H,S gas in limonite and
composite fibers displayed an initial rapid increase in the low
concentration range, followed by a linear isotherm at higher
concentrations. Limonite exhibited the highest adsorption
capacity for the H,S gas, while PF10 fibers without limonite
showed a low adsorption capacity. When comparing LPC10,
LPC20, and LPC30, LPC10 absorbed the next highest amount
of limonite, followed by LPC20 and LPC30 in decreasing
order. The results in Table 1 demonstrated that LPC10 fibers
had a higher surface area than LPC20 and LPC30, suggesting
that a more porous structure could be kept in LPC10 by
enveloping it with the PES porous scaffold, causing high
adsorption of H,S. To investigate the adsorption mechanism,
the experimental data for H,S adsorption were analyzed by
plotting with Langmuir and Freundlich, as shown in Figure 3
(b) and (c), respectively. The calculated parameters and
correlation coefficients R* are listed in Table 3.

Table 3. Parameters of Langmuir and Freundlich Isotherms
and Comparison with Other Works

isotherm
models parameter
limonite Langmuir Q. (g H,S/g) 442
K, 3.69
R? 0.98
Freundlich K (g H,S/g) 24.82
N 0.68
R 0.93
LPC10 Langmuir Q. (g H,S/g) 3.74
K 5.52
R 0.98
Freundlich K (g Hy,S/g) 25.84
N 0.7
R? 0.94
LPC20 Langmuir Q. (g H,S/g) 34
K 6.05
R 0.98
Freundlich K (g H,S/g) 25.84
N 0.68
R? 0.94
LPC30 Langmuir Q. (g H,S/g) 34
Ky 6.48
R 0.99
Freundlich K; (g Hy,S/g) 25.84
N 0.66
R? 0.94
20Fe—CNF* Q. (gH,S/g) 072
ZnO—CuO dispersed AC' Q. (g H,S/g) 0.05
coconut shell-based AC?' Q., (g H,S/g) 0.125
N-doped mesoporous Q. (g H,S/g) 2.94
carbons®”
alkaline graphene aerogel33 Q. (g H,S/g) 3.39

The correlation coefficient obtained in the Langmuir plot

was higher than that of the Freundlich plot, suggesting that the
Langmuir isotherm model provided a better fit for the
experimentally obtained results for H,S adsorption. Since
H,S adsorption did not occur with PF10, this result could be
interpreted as H,S adsorption being expressed in the limonite
portion of the fiber. The maximum adsorption capacities (Q,,)
of limonite, LPC10, LPC20, and LPC30 were 4.42, 3.74, 3.4,
and 3.4 g H,S/g, respectively. The adsorption capacity value
was compared with other adsorbents taken from the literature
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in Table 3. This comparison showed that limonite and
composite fibers exhibited higher adsorption capacities to H,S
than Fe,O;-supported SBA-15, Fe nanoparticles, ZnO—CuO
N-doped mesoporous carbons, and coconut shell-based AC
having Q,, values of 0.05, 0.125, 294, and 3.39 g H,S/g,
respectively.

3.2. Suppression Effect of Limonite Composite Fibers
on H,S Releasing from Anaerobic Microbacteria Media.
As a substantive characterization of limonite composite fibers,
we conducted an investigation on the temporal variation of
H,S production when the composite fibers were placed into an
anaerobic environment. The relationship between the amount
of H,S generated and time in that in vitro experiment is shown
in Figure 4. In each experiment, the sludge quantity was
maintained at 50 g, and a specific amount of composite fibers
(10 g) was added to the incubation medium. As shown in
Figure 4, the control sample generated H,S on increasing the
cultivation time, with the concentration reaching 223 ppm
after 1176 h for 49 days. A similar trend of H,S formation was
also observed when 10 g of PF10 was added. However, as
limonite powder, LPC10, LPC20, or LPC30 was added to each
medium, the amount of H,S generated was almost suppressed.
For instance, in the case of limonite and LPC10, no H,S
formation was observed until 504 h, after which it gradually
increased until reaching 33 ppm at 1176 h.

In contrast, LPC20 and LPC30 exhibited a similar pattern to
H,S generation, reaching approximately SO ppm at 1176 h.
However, till 336 h for 14 days, a lower level of H,S generation
was observed. As anaerobic fermentation of microorganisms
also produces CO as a byproduct, simultaneous measurements
of CO were conducted along with H,S, as shown in Figure
4(b). CO release was the highest for the control, followed by
PF10.

However, both the limonite powder and the composite
fibers also demonstrated a reduction in CO emission. The
decrease in the CO generation followed a similar trend as that
of H,S generation, meaning that the suppressed production of
H,S might also suppress the metabolism of anaerobic
microorganisms. In the control sample, the CO emission at
1176 h was 276 ppm, but in limonite, it was almost 56 ppm,
roughly 1/5 of the original CO emission. Similar in vitro
experiments were performed with varying amounts of fibers.
Figure 5 shows the relationship between the amount of H,S
generated after 672 h and the amount of fibers used. Here, the
H,S generated was observed at 672 h for 28 days of cultivation
of 50 g of sludge under anaerobic microorganism conditions,
with fiber amounts ranging from 0.5 to 15 g.

Among the effects of different amounts of the limonite
composite fibers in the cultivation media, the control without
limonite composite fibers generated 114 ppm H,S. However,
when LPC10 was added to 0.5 g of the medium, the amount of
H,S production dropped to 79 ppm, reducing the amount by
about one-half, and when 15 g of fibers were added to the
medium, the amount of H,S produced was 0.4 ppm; the same
trend was also observed for LPC20 and limonite powder.

As a result, the presence of limonite fibers or limonite
powder in the anaerobic medium significantly reduces the
production of H,S. As noted in Figure 4(b) for CO emissions,
monitoring under control conditions exhibited H,S generation
along with the formation of CO, indicating improved
anaerobic growth. In contrast, addition of limonite composite
fibers or limonite decreased the CO formation, indicating
restriction of the ability of anaerobic microbial action.
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Figure 4. Effect of LPC fibers on gas production of H,S (a) and CO
(b) in the presence of composite fibers stored at 20 °C for different
times.

On the other hand, to investigate the H,S suppression by the
limonite composite fibers, the properties of fibers used for H,S
removal in the anaerobic medium were characterized as
collected from the anaerobic medium after 336 and 672 h.
Figure 6 presents SEM and energy-dispersive X-ray spectrom-
etry (EDS) images of the cross section of the fiber used for
H,S removal in anaerobic media with 50 g of sludge. The fiber
structure exhibited noticeable changes, particularly in PF10
and LPC10, compared to Figure 2. After 336 h, the PF10 fiber
showed collapsed large radial pores, and as the time increased
from 336 to 672 h, only the center exhibited visible space. In
LPC10, the initial cross-sectional structure seemed to be
maintained at 336 h, but some space appeared. Conversely, the
cross-sectional structures of LPC20 and LPC30 seemed to
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Figure 5. Effect of the amount of fibers on the production of H,S in
the presence of the composite fibers stored for 672 h at 20 °C.

remain the same, but the increase in processing time to 672 h
increased the density of the cross section. At 1000X
magnification, the sponge structure seemed to have dis-
appeared. Figure 7 shows N, isotherm curves and pore size
distribution for the incubated samples.

Table 4 lists X-ray fluorescence (XRF) results for the treated
samples incurvated with the sludge for 336 and 672 h. In the
composition of the fibers, it was suggested that the Si-to-Fe
ratio in each fiber remained at relatively similar values
throughout the duration of 336 and 672 h. For instance, in
the LPC10 sample, the ratios of Si/Fe were recorded as 0.09,
0.13, and 0.11 for 0, 336, and 672 h, respectively. This
indicated that there was no significant penetration of sludge
soil into the fibers during the experimental period. In contrast,
the C/Fe ratio tended to decrease in the fibers, but limonite
increased. In the case of fibers, this could be attributed to a
decrease in microbial content, affecting the metabolism of
anaerobic microorganisms. On the other hand, S/Fe values
also tended to decrease with the increase of the incurvation
time in anaerobic media. Furthermore, examination of the EDS
images revealed the presence of Si elements in all of the
composite fibers. However, in line with the XRF results, the
presence and distribution of Si elements remained consistent
and uniformly spread across the entire surface area of the
composite fibers.

Figure 7 presents the N, adsorption isotherms of non-
incubated (a) and incubated for 336 h (b) and 672 h (c), with
the corresponding pore size distributions in (d—f). In Figure
7(a), the N, adsorption isotherm for limonite exhibits the
IUPAC type 4 isotherm, indicating mesopore adsorption. In
other fibers, the curve obeyed similar types of isotherms, and
the pore diameter distribution had a peak at about 4 nm.
However, for both cases of fibers used in the anaerobic
treatment for (b) 336 and (c) 672 h, the amount of adsorbed
N, became much lower, and the isotherm followed IUPAC
type 2 with macropore adsorption. This finding is consistent
with the SEM observations, which also reveal clogging of the
nm-sized pores. Furthermore, the BET surface area results in

Table 4 demonstrate a substantial reduction in the surface area
of all fibers used in the anaerobic treatment. This decline in the
surface area further supports the presence of pore clogging in
the case of mesopores of the limonite portions. However, the
sulfur source cannot be explained solely by XRF results and
EDS observation. In other words, if it transforms into Fe—S, as
indicated by the original XRF elemental analysis values, no
further investigation was conducted through FT-IR analysis.

Figure 8 compares the FT-IR spectra of the limonite
powder, LPC fibers, and dry sludge for each aerobic treatment
stage. Due to the powdery nature of the limonite powder
dissipated during the experiment, it was placed in a mesh bag
and put on top of the culture sludge. When comparing the
spectra of PF10 used in anaerobic conditions in the presence of
H,S for 336 and 672 h, no significant changes were observed,
indicating that PES decomposition did not occur even in a
hydrogen sulfide atmosphere.

In contrast, for limonite powder in Figure 8(a), broad peaks
observed in the 3400—3200 cm™" range and the peak at 1630
cm™! indicate the stretching vibration of O—H bonds in a-
FeOOH. The absorption bands at 490 cm™!, commonly
observed, are associated with the stretching vibrations of Fe—O
bonds. By comparing the IR spectra of limonite with those of
the composite fibers, a shift was observed in all composite
fibers, as seen in (a), attributing to the interaction between
PES and limonite. Limonite powder placed in a H,S
atmosphere at 336 and 672 h gave different broad peaks at
1108 cm™". The spectrum of limonite powder stored in a mesh
bag showed a significant change in absorption, especially in the
900—1200 cm ™" region. Namely, the spectra at 336 and 672 h
showed the appearance of an absorption peak of FeSO, with a
sharp absorber at 1102 cm™. Such a change was also observed
in LPCs. Also, other bands that appeared at 1159 and 603
cm™! were attributed to Fe=S and Fe—S, respectively.’*
However, the Fe—S band intensity was weaker than that of S—=
O absorption, which was assigned to FeSO,, suggesting that
most of the H,S sulfur was converted to sulfate ions.

Figure 9 shows the XRD results of composite fibers. For the
XRD patterns, sharp diffraction peaks were observed at 28.45,
33.7, and 36.8° as characterized for goethite a-FeOOH™ at
40.17° to hematite. These patterns were also observed in
limonite composite fibers. At 336 and 672 h, these sharp peaks
were seen in each XRD pattern, but the appearance of strong,
sharp peaks at 33.2, 43.8, and 53.39° corresponding to the
(200), (220), and (311) planes, respectively, suggested the
presence of FeS,.*® Furthermore, the sharp peaks appearing at
43.7,57.2, and 64.9° corresponding to (102), (110), and (201)
planes, respectively, provide evidence for the presence of
FeS.”” Moreover, some weak peaks appear at 17.42, 26.79, and
34.89° corresponding to the presence of FeSO, (mp-19254).%*

As discussed so far, H,S-generating sludge showed
significant H,S suppression. The adsorption of H,S into the
mesopores of limonite embedded in PES fibers was shown to
be affected by the absorbed H,S forming FeS, bonds with
limonite and Fe,(SO4), being generated. To evaluate the
conversion efficiency of each product after 672 h of treatment
in the digestion environment, the mineral intensity factor
(MIF) method was employed. Each mineral exhibits significant
XRD reflection determined under specific experimental
conditions. The MIF value is calculated by
MIF = (%‘) (Z’; ),39 where %X is the mass % of clay mineral
X, %S is the mass % of the standard, Iy is the intensity of clay
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Figure 6. SEM images of the cross section of PES and the composite fibers at 150X and 1000X magnifications, and the EDS mapping of Fe, S, and

Si elements after 672 h of the digestion process.

mineral X in the XRD pattern of the mixture, and Ig is the
intensity of the standard in the XRD pattern of the mixture.
The conversion of FeS, and Fe,(SO,); was calculated by

M,
%X = (LX)(—S)(@), where M represents the amount of
I, J\MIF/\ M

the standard and M is the total mass of the fibers and the
added standard. 25 wt % ZnO was used as an internal standard
when 75 wt % LPC10 fibers were added to the total mixture
amount of 0.4 g. The MIF and conversion values of Fe,(SO,);
and FeS, are shown in Table S.

The higher conversion value of Fe,(SO,); than that of FeS,
indicates that in the presence of water in the anaerobic
environment, almost all H,S is converted to Fe,(SO,); with

32.4% conversion efficiency, while the conversion efficiency of
FeS, is only 6.8%.

The goethite-rich composite adsorbent demonstrated an
enhanced adsorption capacity for H,S under anaerobic
conditions. Therefore, its effectiveness in adsorbing H,S was
evident in the in vitro environment, where H,S generation was
observed.

As mentioned above, CO suppression was also observed in
the samples that contained limonite powder and composite
fibers. This phenomenon could be attributed to several
reactions occurring in the anaerobic environment in the
presence of CO, H,0, and limonite during the anaerobic
digestion process.
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Table 4. BET Surface Area, Pore Volume, Pore Size of Limonite, and Elemental Composition of LPC Fibers at 336 and 672 h

of the Digestion Process

BET surface area

BJH adsorption average

BJH adsorption
average pore size

elemental composition

(mz/g) pore volume (cm3/g (nm) C/Fe Si/Fe S/Fe

sample 336 h 672 h 336 h 672 h 336 h 672 h 336 h 672 h 336 h 672 h 336 h 672 h

limonite 39.13 13.45 0.069 0.059 4.77 5.89 0.16 0.13 0.17 0.02 0.03

LPC10 29.97 9.40 0.030 0.03 4.84 4.63 0.99 0.94 0.13 0.11 0.33 0.21

LPC20 21.10 8.70 0.038 0.041 5.08 4.90 0.94 0.94 0.11 0.13 0.33 0.21

LPC30 23.67 8.80 0.034 0.037 5.73 5.60 1.08 0.13 0.1 0.42 0.2

PF10 5.56 4.80 0.010 0.006 5.19 5.19

FeOOH + H,S — FeS + H,0 1) 2CO > C + CO, @)
35062 https://doi.org/10.1021/acsomega.3c04540
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Figure 9. XRD pattern of limonite and composite fibers at 0 h (a),
3Fe + C — Fe,C (6) 336 h (b), and 672 h (c) of the digestion process.
Fe,C + 3H,S — 3FeS + C + 3H, (7) FeS + H,S — FeS, + H, (10)
FeO + H,S — FeS + H,0 (8) Reaction 1 takes precedence due to its significance in oxidizing

H,S, a common byproduct of anaerobic processes. In this

2FeOOH + 3H,S + 8H,0 — F e2(504)3 + 12H, ) reaction, FeOOH acts as an electron acceptor, resulting in the

35063 https://doi.org/10.1021/acsomega.3c04540
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Table 5. MIF Values Used in This Study and Conversion
Efficiency for Significant Reflections

reflection position (260 conversion efficiency

mineral deg) MIF* 50 (%)
Fe,(SO,), 21.2% 0.132 324
FeS, 33.2% 0.94 6.8

formation of iron sulfide (FeS) and water (H,O). This priority
of reaction explains the more efficient removal of H,S gas than
that of CO gas in anaerobic environments. Our research
further indicates that FeOOH can catalyze the oxidation of
CO, providing a pathway for FeOOH to react with CO, as also
reported by other researchers.”"*> Consequently, this inter-
action can potentially lead to the mitigation of CO gas in
sludge environments. This finding highlights the dual role of
FeOOH in addressing multiple gas species. On another note,
the products in these reactions, FeS, FeO, and Fe;C, generated
in reactions 1—3 can undergo reactions 6—8. These reactions
involve the reactivity of FeO and Fe;C with H,S, resulting in
the production of FeS. Subsequently, FeS continues to react
with H,S to form FeS,"*** as the final product, which is also
confirmed by FT-IR and XRD measurements.

4. CONCLUSIONS

The wet spinning of limonite-dispersed PES—NMP solution
was successfully converted to composite fibers containing
goethite, capturing H,S efficiently. The adsorption mechanism
was Langmuir type, and the maximum suppression adsorption
amount was 3.7—4.4 g H,S/g, suggesting that the adsorption
was due to mesopore adsorption. Using composite fibers and
limonite in anaerobic microorganism sludge in vitro digestion
showed promising results in reducing H,S production. CO
production generated in anaerobic fermentation was also
inhibited, suggesting that coexistence with limonite fibers can
also reduce CO in the anaerobic environment. In anaerobic
digestion processes, the recovery of limonite fibers led to the
analysis of adsorbed H,S, which was then converted to FeS,
and Fe,(SO4); with conversion efficiencies of 6.8 and 32.4%,
respectively. Utilization of composite fibers was able to
suppress H,S formation to a low concentration in the
anaerobic digestion process at 672—840 h (28—35 days) but
increased to 30 ppm at 1176 h (49 days). The degradation of
this property was not caused by material degradation of PES
but by the loss of the limonite portion that was degraded by
reaction with H,S, forming pyrite (FeS,) and ferric sulfate
(Fe,(SO,);) as primary products. However, the fibrous form of
the material has the advantage that it can be removed and
replaced, indicating that the material is close to practical use.
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