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Introduction
Toxic hydrogen sulfide (H2S) found in raw biogas is very 
harmful to the environment and human health (1-4). 
It must be removed before using biogas to generate 
electricity (5). There are different ways to clean H2S from 
biogas. Biofilters are one of the effective methods (5,6). 
The materials used in these filters are important because 
they affect how efficiently the filter works, how long it lasts, 
and the conditions needed to accurately evaluate removal 
efficiency (RE) (3,5). In the biofiltration method, a mix of 
organic or inorganic materials is used to separate H2S from 
biogas (7,8). The best packing materials have high porosity 
to trap H2S, a big surface area for chemical interactions, 
and contain specific heavy metals like iron, potassium, 
or calcium (9,10). This study aimed to find the best eco-
friendly packing materials, understand what makes them 
unique, measure and improve their physicochemical 
properties, and make them better at cleaning H2S from 
biogas. Using biochar in anaerobic digesters helps manage 
the end-life of agricultural waste and raises soil fertility by 

recovering sulfur trapped in H2S (11,12). Biochar is made 
from heating biomass or organic waste in the situation of 
lack of oxygen and is usually born below 700 °C (13-15). 
It can come from different sources like rice husks (hulls), 
camphor, or bamboo (both woods of specific trees) (16-
18). Because biochar has a large surface area and can trap 
ions, it’s highly recommended for removing pollutants 
(19-21). Biochar’s ability to absorb and oxidize H2S is 
because of the presence of oxygen groups in its structure 
(22). Research on biochar from various sources shows 
that its alkaline nature helps remove H2S by making it 
easier to react with other compounds (22). Biochar is a 
cost-effective way to clean because it can be made from 
different waste materials. Its high pH buffering capacity, 
due to the presence of sodium, potassium, calcium, and 
magnesium, is beneficial (22,23). When biochar is used, it 
can aid in the growth and function of methane-producing 
bacteria. This was a specific suggestion proposed by other 
researchers (24,25). Studies found that biochar modified 
with magnetite can remove over 90% of H2S while adding 
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Abstract
Background: Following an extensive examination of various biofiltration packing materials within a 
typical bioreactor (a biofilter) is aiming to remove hydrogen sulfide (H2S) in the raw biogas.
Methods: Both biochar (pre- and post-pyrolysis at 400, 500, and 600 °C) and cellular concrete (CLC) 
waste, representing organic and inorganic packing materials, respectively, displayed remarkable 
removal efficiency (RE) performance under dynamic conditions. Nevertheless, the physical and 
chemical properties of these packing materials play a crucial role in absorbing and trapping H2S for 
further filtration from the raw biogas. Key evaluations encompass chemical compositions, porosity, and 
specific surface area, aligning with contemporary research methodologies (e.g., XRF, Walkley-black, 
Kjeldahl, BET, T-plot), as analyzed in this study.
Results: Subsequently, the modification of these physicochemical properties aimed to demonstrate 
continued interactions of iron (III) oxide (Fe2O3) with H2S for chemical modification of CLC waste, 
and enhance the specific surface area of biochar from 12, 22, and 24 m2/g to 235, 433, 475 m2/g, and for 
porosity from 0.01, 0.42, and 0.025 cm3/g to 0.096, 4, 0.24 cm3/g, respectively, for physical modification 
of biochar samples after pyrolysis at 400, 500, and 600 °C. 
Conclusion: In the end, improving the possibility of getting better RE from a laboratory-scale biofilter is 
possible by modification of the most effective physical (adding KOH to biochar and increasing porosity 
by 9 times, specific surface area by 19 times) and chemical (adding Fe2O3 to CLC waste) properties of 
the environment-friendly packing materials.
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it to compost or reactors can greatly reduce H2S levels 
without affecting other processes (26) (Figure 1). The 
effectiveness of a biofilter in cleaning H2S was also tested 
using waste from cellular concrete (CLC) as the packing 
material (Figure 2). The study found that removing H2S 
was successfully almost done in moist scenarios (2,5). 
When the H2S concentration was 50 parts per million 
(ppm) and the empty bed retention time was 56 seconds, 
the RE was between 90 to 95% reported by Danila et al 
(9). The creation of gypsum was mainly due to reactions 
between H2S and calcium carbonate (CaCO3) in CLC 
waste reported by Ying et al (27). 

Generally, there are two main obstacles to biologically 
eliminating H2S from biogas, which were reported in 
many relevant articles (11,13). Slow reaction rates: 
Biological processes are generally slower than chemical 
reactions, which can be a limitation in systems requiring 
rapid H₂S removal (14,16). One of the main reasons raised 
this issue is the lack of sufficient porosity and specific 
surface area to give enough space to sulfur-oxidizing 
bacteria living in the packing bed of the biofilter, to 
engage in the desulfurization process (23,39). Sensitivity 
to environmental conditions: Sulfur-oxidizing bacteria 
are too sensitive to different environmental factors and 
eventually negatively impact the performance of biofilters 
(14,16). By amplifying chemical interactions in the 
packing materials that help the desulfurization process 
of H2S, apart from those done by these microorganisms, 
the ultimate RE of the biofilter will be raised even further. 
The main goal of this study was to examine the important 
chemical and physical properties (like composition, 
porosity, and surface area) of selected packing materials 
for biofilters (biochar and CLC waste), and by modifying 
these physicochemical properties, reach even higher RE.

Materials and Methods 
In this study, sludge from the Vilnius sewage treatment 
plant separately went into two different processing 
methods: Immediate drying under 100 °C, or after 
pyrolysis at 400, 500, and 600 °C. Immediate dried 

sludge from composting needs preparation, which 
involves grinding to reduce size (make them more 
convenient before sifting). However, sludge from the 
thermal bioreactor can be directly prepared for pyrolysis 
at different temperatures (under 700 °C) (14,20,22-27). 
CLC has a much lower density compared to regular 
concrete (2400 kg/m3 > 400-1000 kg/m3). Foam replaces 
stone aggregates in CLC. Hence, it would be structured 
from cement, sand, foam, and water (16,26-28). In our 
case study, even sand was omitted to achieve the lowest 
possible density and avoid unnecessary compaction in the 
biofilter. The CLC waste sample used in this work has an 
11 mm thickness. All analysis methods were taken from 
the “Standard Methods for Examination of Water and 
Wastewater, 20th edition (28). 

To determine nitrogen content in biochar, the Kjeldahl 
method is used according to the clean air act (CAA) 
standards (29-31). In this method, biochar samples are 
mixed with a solution of sulfuric acid, to convert nitrogen 
to ammonium sulfate. Then, nitrogen is converted into 
ammonia and further into ammonium borate. Nitrogen 
amount is determined by titration with consumed acid 
(10,19,32,33). The Walkley-Black method is used to 
determine the organic carbon content of the biochar 

Figure 1. Schematic of the biochar sample (in 10 µm scale) before (left) and after (right) biofiltering H2S from biogas (27)

Figure 2. CLC waste used in this study under compressive strength 
examination
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samples, following again the CAA standards (16,26,34). 
Organic carbon in the samples is oxidized using a 0.167 
M solution of potassium dichromate (K2Cr2O7) in 
concentrated sulfuric acid (2,9,17,35). The reaction is 
quite intense and raises the temperature enough to make 
significant oxidation. The spectrophotometry method 
further measures the remaining chromate at a wavelength 
of 600 nanometers (nm) (5,28,29,36). Both assessments 
were carried out in the Chemistry Laboratory at Ferdowsi 
University, Iran. The X-ray fluorescence (XRF) method 
involves exposing the biochar and CLC waste samples to 
radiation generated by an X-ray tube (7,8,37). The tool 
used for this technique is shown in Figure 3. Following 
the CAA standards, specific X-ray emission from the 
examined samples is compared to the initial samples from 
the calibration tests (7,8,37). This method determines 
concentrations of sulfur (S) and magnesium (Mg) in 
biochar samples, sulfur trioxide (SO3) in CLC waste, and 
silicon (Si), calcium (Ca), aluminum (Al), phosphorus (P), 
iron (Fe), and potassium (K) in both packing materials 
(7,8,31). These concentrations are expressed as mass 
percentages. At least three calibration curves are needed 
to cover the concentration range from 0 to 100% mass 
percentages (7,8,37). This analysis was carried out in the 
Chemistry Laboratory at Ferdowsi University, Iran.

The T-plot method, instructed by the new source 
performance standards (NSPS), is a significant technique 
for determining small and mesoporous volumes of a 
sample (38,39). It involves accurately comparing the 
sample’s adsorption isotherm with that of another 
nonporous material (low porosity) with a similar structure 
(38,39). This assessment was carried out in the Civil 
Engineering Laboratory at Tehran University in Iran. The 
total porosity of the measured samples was analyzed by 
equation 3 (38,39).

( ) ( )T nm   13.99 / 0.034 –  log R 1/ 2 =                           (1)

( ) ( )R  P / P0=                                                                      (2)

( )
( )
( )

 Pores total quantity adsorbed  /
Porosity %    1 00

 Volume total size of sample

 
= × 
  

                                                                                                (3)

By the NSPS, a typical gas adsorption (Q) of a sample 
is analyzed using the BET (Brunauer, Emmett, and 
Teller) theory, which besides having relative pressure 
(R), provides insight into the sample’s specific surface 
area expressed in units of area per mass of sample 
(m2/g) (25,40,41). The temperature of the investigation 
chamber was recorded as -196.898 °C. This analysis was 
conducted in the Structural Engineering Laboratory at 
Tehran University, Iran. The specific surface area can 
be calculated based on the relative pressure and amount 
adsorbed using equation 4 as follows (42-44):

( )( )
( ) ( )

2Specific surface area SBET m / g   

average AVG (1/ Q R 1

=

 − 
  (4)

Results
The experimental results, typically derived from three 
repetitions of each experimental treatment, were 
presented as the mean ± standard deviation. Variance 
analysis was performed, with only values having a P value 
below 0.05 considered significant. An analysis of variance 
(ANOVA) was conducted to determine significant 
differences in the adsorption capacity of sewage sludge 
biochar based on pH or phosphate concentration (15,34). 
Below are the obtained results regarding the chemical 
composition of CLC waste demonstrated in Table 1 and 
for biochar samples illustrated in Table 2. The thickness 
of sifted biochar samples was analyzed (equation 1) and 
demonstrated in Table 3. Whereas the obtained data of 
the T-plot diagrams shown in Table 4, represents the 
relative pressure (P/P0), which is calculated from the 
division of the absolute pressure (P) of the sample to 
saturation pressure (P0) of the sample, ranging from 0 to 

Figure 3. X-ray fluorescence device to extract the chemical structure of 
the packing materials

Table 1. Evaluated chemical composition of CLC waste sample by XRF 
method

Chemical 
compositions

Biochar
400 °C

Biochar
500 °C

Biochar
600 °C

Sewage 
sludge

SiO2 25.67% 29.82% 30.27% 18.93%

CaO 17.45% 15.47% 15.80% 11.83%

Al2O3 5.23% 5.14% 5.39% 3.53%

P2O5 13.43% 13.78% 14.38% 9.51%

Fe2O3 6.38% 6.67% 6.60% 4.38%

K2O 1.78% 1.70% 1.70% 1.39%

MgO 3.39% 3.39% 3.50% 2.34%

S 0.78% 0.85% 0.81% 0.96%

N 2.10% 2.80% 2.10% 4.20%

C 24.17% 19.60% 15.41% 30.83%
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1 (equation 2).
Based on ASTM C830-00 standard procedure, the 

nitrogen gas atoms can pass through particles and into 
all pores, breaks, and surface unpleasantness, so the 
estimation tests the full tiny surface area of the packing 
materials, which is the definition of the relative pressure 
used as a parameter in this evaluation. For the CLC waste 
sample, the micropore volume is 0.0168644 cm³.g-1, the 
external surface area is 115.11 m².g-1, and the correlation 
coefficient is 0.680022. The total porosity of the sample 

is 97%. For the sewage sludge sample, the micropore 
volume is 0.04864 cm³.g-1, the external surface area of 
the case is 15.1651 m².g-1, and the correlation coefficient 
is 0.995093. The total porosity of the sample is 9%. For 
biochar samples after 400 °C pyrolysis, the micropore 
volume is 0.01065 m².g-1, the external surface area of the 
case is 14.0743 m².g-1, and the correlation coefficient is 
0.995524. The total porosity of the sample is 32%. For 
biochar samples after 500°C pyrolysis, the micropore 
volume is 0.4222 cm3.g-1, the external surface area of the 
case is 14.8306 m².g-1, and the correlation coefficient is 
0.995526. The total porosity of the sample is 57%. For 
biochar samples after 600 °C pyrolysis, the micropore 
volume is 0.0257 cm³.g-1, the external surface area of the 
case is 23.7746 m².g-1, and the correlation coefficient is 
0.999221. The total porosity of the sample is 65%. Figure 4 
represents the comparison between obtained results of 
implemented different packing material’s porosity. In 
this case, the micropore area is not reported because the 
calculated external surface area is larger than the total 
surface area.

Based on ASTM C1069-09 standard procedure, for 
the case CLC waste sample, BET surface area is 44 ± 0.8 

Table 2. The results of X-ray fluorescence, Kjeldahl, and Walkley-black 
strategy examination for the chemical structure of case samples

Name of chemical compositions CLC
waste

SiO2 48.50%

CaO 26.60%

SO3 18.50%

Al2O3 2.70%

P2O5 1.90%

Fe2O3 1.40%

K2O 0.30%

Table 3. The related analyzed porosity was evaluated based on the statistical thickness of sewage sludge, biochar pyrolyzed at 400 °C, 500 °C, and 600 °C

Thickness Sewage sludge
(quantity adsorbed)

Biochar 400 °C
(quantity adsorbed)

Biochar 500 °C
(quantity adsorbed)

Biochar 600 °C
(quantity adsorbed)

0.36162 nm 0.6613 cm3/g 2.6351 cm3/g 5.4634 cm3/g 5.6821 cm3/g

0.36244 nm 0.4182 cm3/g 2.7467 cm3/g 5.1897 cm3/g 5.8896 cm3/g

0.39120 nm 0.5268 cm3/g 2.8930 cm3/g 5.3136 cm3/g 6.1481 cm3/g

0.40253 nm 0.7584 cm3/g 2.9756 cm3/g 5.5781 cm3/g 6.3248 cm3/g

0.41914 nm 0.9206 cm3/g 3.1043 cm3/g 5.7263 cm3/g 6.5673 cm3/g

0.43584 nm 1.0868 cm3/g 3.2436 cm3/g 5.8802 cm3/g 6.8235 cm3/g

0.45218 nm 1.2692 cm3/g 3.3947 cm3/g 6.0354 cm3/g 7.0861 cm3/g

0.46837 nm 1.4631 cm3/g 3.5898 cm3/g 6.2065 cm3/g 7.3537 cm3/g

0.48457 nm 1.6596 cm3/g 3.7757 cm3/g 6.3808 cm3/g 7.6389 cm3/g

Table 4. The related analyzed specific surface area was evaluated based on the relative pressure and quantity adsorbed by sewage sludge, and biochar after 
400 °C, 500 °C, and 600 °C pyrolysis

Relative pressure Sewage sludge
(1/[Q (R-1)])

Biochar 400°C
(1/[Q (R-1)])

Biochar 500°C
(1/[Q (R-1)])

Biochar 600°C
(1/[Q (R-1)])

0.0552612 p/p° - - 0.008334 m2/g 0.011086 m2/g

0.0705125 p/p° - 0.023613 m2/g 0.011139 m2/g 0.013822 m2/g

0.0862460 p/p° 0.219522 m2/g 0.033226 m2/g 0.016586 m2/g 0.016611 m2/g

0.1064887 p/p° 0.224705 m2/g 0.038487 m2/g 0.019004 m2/g 0.020236 m2/g

0.1317700 p/p° 0.225927 m2/g 0.045566 m2/g 0.023483 m2/g 0.024685 m2/g

0.1479092 p/p° 0.229034 m2/g 0.054538 m2/g 0.026429 m2/g 0.027445 m2/g

0.1726996 p/p° 0.228910 m2/g 0.060193 m2/g 0.031068 m2/g 0.031787 m2/g

0.1981724 p/p° 0.226685 m2/g 0.068834 m2/g 0.035970 m2/g 0.036221 m2/g

0.2235598 p/p° 0.227474 m2/g 0.077871 m2/g 0.041971 m2/g 0.040633 m2/g

0.2488169 p/p° 0.226854 m2/g 0.086129 m2/g 0.047019 m2/g 0.045043 m2/g

0.2741812 p/p° 0.226384 m2/g 0.092227 m2/g 0.051207 m2/g 0.049451 m2/g

0.2992768 p/p 0.227491 m2/g 0.100698 m2/g 0.056486 m2/g 0.053847 m2/g
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m2.g-1, with a correlation coefficient of 0.5581211. For 
the case study of sewage sludge sample, BET surface area 
is 17.9668 ± 0.7187 m2.g-1. And respective correlation 
coefficient is detected to be 0.5573119. However, the 
micropore surface area is approximately 2.9264 m2.g-1, 
which represents the value of the micrometer particle’s 
surface area. For the case study of biochar sample after 
400°C pyrolysis, the assessed BET surface area is 12.2872 
m2.g-1 ± 0.1568 m2.g-1 with the respective correlation 
coefficient of around 0.9992624. However, the micropore 
surface area is approximately 11.3395 m2.g-1, representing 
the micrometer particle’s surface area value. For the 
case study of biochar sample after 500 °C pyrolysis, the 
assessed BET surface area is 19.7620 ± 0.2212 m2.g-1, 
which is achieved from the average of the data obtained 
from equation 2.6, besides the evaluated correlation 
coefficient of around 0.9996445. However, the micropore 
surface area is approximately 20.3936 m2.g-1, representing 
the micrometer particle’s surface area value. For the 
case study of biochar sample after 600 °C pyrolysis, the 
assessed BET surface area is 24.6682 ± 0.0325 m2.g-1, which 
is achieved from the average of the data obtained from 
equation 2.6, while the correlation coefficient was detected 
to be 0.9999914. However, the micropore surface area is 
approximately 18.4128 m2.g-1, which represents the value of 
the micrometer particle’s surface area. Figure 5 represents 
the comparison between obtained results of implemented 
different packing material’s specific surface area.

Table 5 shows the obtained results after the modification 
of biochar samples with KOH combination.

Discussion
As presented in Table 1, silicon dioxide (SiO2) and CaO 
are the primary organic components of CLC waste. Like 
biochar samples, CLC waste contains SO3, aluminum 
oxide (Al2O3), phosphorus pentoxide (P2O5), iron (III) 
oxide (Fe2O3), and a small amount of potassium oxide 
(K2O) (Table 1). In the case of CLC waste, there is a 
chemical interaction between H2S and CaCO3 that results 
in the creation of calcium sulfate (CaSO4), also known 
as gypsum, through subsequent chemical interactions 
(equations 5-9). These chemical interactions have been 
observed in previous studies (19,24,33). The dissolution 
of calcium oxides (CaO) and CaCO3, along with the 

Figure 4. Porosity of sewage sludge, biochar pyrolyzed at 400 °C, 500 °C, and 600 °C. Samples based on thickness and quantity adsorbed

Figure 5. Comparison of specific surface area of sewage sludge, and biochar after 400 °C, 500 °C, and 600 °C pyrolysis samples

Table 5. Modification of the biochar sample’s specific surface area and 
porosity by adding potassium hydroxide (KOH)

Physical parameters Initial SBET 
and porosity

Modified SBET 
and porosity

SBET biochar after 400°C pyrolysis 12.28 m2/g 235.32 m2/g

SBET biochar after 500°C pyrolysis 22.76 m2/g 433.44 m2/g

SBET biochar after 600°C pyrolysis 24.66 m2/g 471.54 m2/g

Porosity BET biochar after 400°C pyrolysis 0.01 cm3/g 0.096 cm3/g

Porosity BET biochar after 500°C pyrolysis 0.42 cm3/g 4.00 cm3/g

Porosity BET biochar after 600°C pyrolysis 0.025 cm3/g 0.24 cm3/g
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presence of CaSO4, combines with the corrosion that is 
observed in major sewer pipelines due to H2S formation 
in wastewater infrastructure systems.

2 2CaO  H   CaS  H O+ → +    (5)

( )2 2CaO H O  Ca OH+ →    (6)

( )2 2 3 2Ca OH   CO   CaCO   H O+ → +   (7)

3 2 2 2CaCO   H S  CaS  H O  CO+ → + +                            (8)

2 2 4 2CaS  2CO   2H O  CaSO   H O  2C+ + → + +             (9)

In Table 2, the nitrogen (N) and carbon (C) could not 
be analyzed using the XRF technique. Therefore, N and 
C were examined by implementing the Kjeldahl and 
Walkley-Black methods to obtain more accurate data 
regarding the chemical constituents in biochar samples. 
One aspect is the trend in organic carbon content analyzed 
using the Walkley-Black method for all biochar samples, 
which decreased in the following sequence (for pre-
pyrolysis and after 400 °C, 500 °C, and 600 °C pyrolysis): 
30%, 24%, 19%, 15%, respectively. Meanwhile, the 
percentage of nitrogen analyzed by the Kjeldahl method 
decreased by 2% from the beginning through the increase 
of the pyrolysis temperature for biochar samples. The 
percentages of sulfur (S) and potassium (K2O) remained 
constant during pyrolysis. However, the percentages of 
CaO , Al2O3, P2O5, Fe2O3, and magnesium oxide (MgO) 
showed a significant increase after initial pyrolysis at 
400 °C. Similar chemical composition of sewage sludge-
derived biochar results were reported in previous studies 
(15,19,24). They also reported a reduction of carbon 
and nitrogen after the pyrolysis temperature of the 
biochar samples increased. In contrast to the rest of the 
chemical compositions, this same pattern is seen for 
SiO2. This indicates that the proportion of silicon oxide 
increases as the percentages of N and C decrease at higher 
pyrolysis temperatures due to chemical interactions. The 
reduction in nitrogen and carbon by increasing pyrolysis 
temperature has been previously reported. Considering 
that Ca, Mg, and K are known to be the most active 
substances in absorbing and chemically interacting with 
H2S, the percentages of these heavy metals remained 
consistent in the chemical structure of samples. Another 
consideration is the presence of N, as it is essential for the 
biofilter, and its presence must be controlled, especially 
if the decision is to use pyrolyzed biochar particles (400 
°C/600 °C), requiring additional measures to increase 
nitrogen content. Nitrogen gas molecules can penetrate 
between particles and into all pores, cracks, and surface 
irregularities, so the assessment samples the full surface 
area of the packing materials, which is reflected in the 

relative pressure used as a parameter in this assessment.
As shown in Figure 4, which is drawn from the data 

presented in Table 3, the porosity gets bigger as the 
thickness grows for all sewage sludge, biochar pyrolyzed 
at 400 °C, 500 °C, and 600 °C samples, whereas the 
minimum acceptable porosity is 0.4182 achieved on 
0.35663 nm thickness, and maximum acceptable porosity 
reached to 1.6596 nm on 0.48444 nm thickness, in the 
case of sewage sludge sample. The minimum acceptable 
porosity of 2.6351 was achieved on 0.36162 nm thickness, 
and the maximum acceptable porosity reached 3.7757 
on 0.48534 nm thickness, in the case of biochar samples 
after 400 °C pyrolysis. The minimum acceptable porosity 
of 6.1897 was achieved on 0.36244 nm thickness, and 
the maximum acceptable porosity reached 7.3808 on 
0.48457 nm thickness, in the case of biochar samples after 
500 °C pyrolysis. The minimum acceptable porosity of 
5.6821 was achieved on 0.35691 nm thickness, and the 
maximum acceptable porosity reached 7.6389 on 0.48451 
nm thickness, in the case of biochar samples after 600 
°C pyrolysis (35). Also, approximately similar porosities 
(61% and 71% for biochar samples pyrolyzed at 500 and 
600 °C) were achieved (20). The same porosities were 
achieved for magnetic biochar particles pyrolyzed at 100, 
200, and 300 °C (30%, 31%, 35%) (35).

Figure 5 drawn from the data presented in Table 4, 
represents a comparison between specific surface area for 
all sewage sludge, and biochar after 400, 500, and 600 °C 
pyrolysis samples. In the case of sewage sludge samples, 
data approximately followed the same amount during 
the whole experiment, relatively for lower and higher 
inserted pressure. There is a slight fluctuation in surface 
area at 0.07 (p/p°) to 0.15 (p/p°), but afterward, the area 
stabilized at 0.227 for the rest of the higher pressures till 
0.25 (p/p°). Specific surface area for the biochar samples 
after 400 °C pyrolysis is approximately following the same 
enhancement line during the whole assessment, beginning 
from the 0.023 surface area at 0.05 relative pressure till 0.1 
surface area captured at 0.275 relative pressure. The result 
indicates that as much as the relative pressure increases, 
the specific surface area for this case study will get bigger. 
Specific surface area for the biochar samples after 500 °C 
pyrolysis is approximately following the same increase line 
during the whole experiment, beginning from the 0.016 
surface area at 0.09 relative pressure till 0.056 surface area 
captured at 0.3 relative pressure. The result indicates that 
as much as the relative pressure is enhanced, the specific 
surface area for this case study will get bigger. The specific 
surface area for the biochar samples after 600 °C pyrolysis 
is approximately following the same increase line during 
the whole assessment, beginning from the 0.011 surface 
area at 0.065 relative pressure till 0.054 surface area 
captured at 0.3 relative pressure. The result is somehow 
similar to the ones achieved for biochar samples after 500 
°C pyrolysis, indicating as much as the relative pressure is 
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enhanced, the specific surface area for this case study will 
get bigger. González-Cortés et al (7) and Jiang et al (13) 
also presented 10 m2.g-1, 20 m2.g-1 specific surface area 
reached for biochar after pyrolysis at 330 °C and 380 °C.

Based on the data presented in Table 5, utilizing biochar 
samples after 500 °C pyrolysis is the most favorable option 
among the biochar samples after activation. They have 
nearly identical specific surface area to those after 600 °C 
pyrolysis (both exceeding 400 m2/g) and significantly higher 
porosity (around 4 cm3/g), compared to other biochar 
samples. Higher porosity gives sufficient space to the sulfur-
oxidizing bacteria living in the packing material to trap 
separated forms of sulfur, sulfide, or sulfate into the packing 
material apart from re-engaging with hydrogen molecules. 
The study aimed to increase the specific surface area of 
biochar so that sulfur-oxidizing bacteria could participate 
more actively in the desulfurization process. Additionally, 
chemical compounds like SiO2, Al2O3, and Fe2O3 present 
in the biochar samples contribute to H2S purification 
from biogas, like CLC waste. The reactivity potential order 
hypothetically is Fe2O3 > Al2O3 > SiO2. Considering the 
weight of Fe2O3 in CLC waste is 1.40%, it likely catalyzes 
reactions with H2S. This suggests that biochar samples, 
especially those from pyrolysis at 500 °C, offer promising 
potential for efficient H2S removal from biogas due to their 
favorable physical and chemical properties.

2 3 2 2 3 2Fe O   3H S  FE S   3H O+ → +            (10)

However, when there is sufficient temperature, catalysts, 
and pressure, the equations below will take place (11 and 
12):

2 3 2Fe S   FeS  FeS→ +    (11)

( ) ( )2 22 FeS   2 FeS   S→ +   (12)

If sufficient oxygen is provided into the biofilter, there 
would be further chemical interactions between H2S and 
Fe2O3, as displayed in equation 13:

( ) ( ) ( )2 3 2 2 3 22 Fe S   9O   2 Fe O   6 SO+ → +                (13)

The primary goal of this work was to improve the 
biofilter efficiency by modifying the physical and chemical 
properties of the packing materials. By increasing their 
physical properties like specific surface area and porosity 
while ensuring durability and strength, we aimed to 
enhance packing material’s EC and RE. Moreover, by 
carefully adjusting their chemical composition and 
adding specific chemical compounds, we could enhance 
their affinity, chemical interactions, and even further 
desulfurization of H2S from biogas.

Conclusion 
The study was dedicated to a comprehensive evaluation 

of the most effective environment-friendly packing 
materials (sewage sludge, biochar, polyurethane foam, 
and CLC waste) used for H2S removal from biogas in a 
biofilter. Hence, the physicochemical properties (porosity, 
specific surface area, and chemical composition) of these 
materials were examined, and finally, the ways to improve 
these properties and eventually, the packing material’s 
removal efficiency were identified.
1. The porosity of packing materials is crucial for 

trapping hydrogen sulfide (H2S) and initiating 
desulfurization by microorganisms. Polyurethane 
foam CLC waste and biochar after 600°C pyrolysis 
had the highest porosity, reaching 64% and 65%, 
respectively. Conversely, biochar before pyrolysis 
showed the lowest porosity at 9%, but as pyrolysis 
temperature increased, porosity improved 
significantly, reaching 65% after pyrolysis at 600 °C.

2. Specific surface area of packing materials is vital for 
interacting with H2S and microbial processes. CLC 
waste had the highest surface area at 44 m2/g, while 
biochar after 400 °C pyrolysis had the lowest one at 
12 m2/g. Biochar surface area increased with pyrolysis 
temperature, reaching up to 24 m2/g.

3. Chemical compositions of biochar and CLC waste 
were analyzed using various methods. CLC waste had 
significant Ca content (26.60%), suggesting potential 
chemical interactions with H2S. Biochar samples 
showed decreased nitrogen and carbon with higher 
pyrolysis temperature, while elements like SiO2, CaO, 
Al2O3, P2O5, and Fe2O3 became more prominent. 
Biochar after 600 °C pyrolysis had the highest heavy 
metal concentration, affecting chemical interaction 
rates with H2S.

4. To modify packing materials’ properties, controlled 
amounts of Fe2O3 were added to CLC waste to 
enhance desulfurization potential. KOH was added 
to biochar samples, especially after 600 °C pyrolysis, 
resulting in increased porosity (up to 0.24 cm3/g) and 
specific surface area (up to 471 m2/g).

However, as stated at the beginning of the research, 
this study concentrated on only reviewing the impact of 
porosity, specific surface area, and chemical composition 
of the sewage sludge-derived biochar and CLC waste, 
while still there are some other effective physicochemical 
parameters on packing materials performance to amplify 
desulfurization process of hydrogen sulfide from biogas 
such as pH, electrical conductivity, water retention 
capacity, oxygen content, etc. Monitoring and controlling 
these parameters, besides other environmental factors’ 
impacts like temperature, humidity, flow rate, etc., are 
the main challenges and scientific deficiencies of this 
work that need to be addressed and considered in future 
investigations. As other researchers study biochar with 
potential properties of increased surface area distributed 
in different functional groups, with specific surface 
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morphology, etc., according to other researchers, the 
most important application of biochar is as an adsorbent 
to help remove various forms of water/air pollutants 
such as organic, inorganic pollutants, etc. Interactions 
of biochar with water/air pollutants are also being 
investigated to understand the interrelated mechanisms. 
In the future, more attention should be paid to research 
related to biochar dynamic adsorption systems, taking 
into account the multicomponent properties of pollutants. 
Furthermore, the aspect of disposal of the spent adsorbent 
from biochar-derived sewage sludge is one of the more 
insightful perspectives for future research to explore 
future desorption strategies. 
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