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Abstract: As a potential adsorbent material, loose, porous livestock manure biochar provides a
new approach to livestock manure resource utilization. In this study, coconut husks (CH) and
livestock manure, i.e., cow dung (CD), pig manure (PM), and chicken manure (CM) were used as
biomass precursors for preparation of biochar via high-temperature pyrolysis and CO, activation.
Characterization technologies, such as scanning electron microscopy, Fourier transform infrared
spectroscopy, adsorption—desorption isotherms, and pore size distributions, were used to study the
microscopic morphologies and physicochemical properties of unactivated and activated biochar
materials. The results showed that CD biochar provides better adsorption performance (up to
29.81 mg HpS/g) than CM or PM biochar. After activation at 650° for 1 h, the best adsorption
performance was 38.23 mg H,S/g. For comparison, the CH biochar removal performance was
30.44 mg H,S/g. Its best performance was 38.73 mg H,S/g after 1 h of activation at 750 °C. Its
best removal performance is equivalent to that of CH biochar activated at a temperature that is
100 °C higher. Further material characterization indicates that the H,S removal performance of
livestock-manure-derived biochar is not entirely dependent on the specific surface area, but is closely
related to the pore size distribution.

Keywords: livestock manure; Biochar; physical activation; hydrogen sulfide removal

1. Introduction

More than 7 billion tons of livestock manure is produced in China each year. The amount
of livestock manure produced is increasing at an annual rate of about 10% [1]. With the
rapid development of modern livestock and poultry breeding techniques, livestock manure
pollution has become a worldwide problem [2,3]. Livestock manure that contains large
amounts of pathogenic bacteria not only causes water eutrophication and soil pollution, but
also causes serious harm to human, livestock, and poultry health [4,5]. As an alternative to
traditional composting and anaerobic digestion, pyrolysis treatment of livestock manure can
effectively reduce the environmental burden imposed while providing a high value-added
product. Thus, it represents a promising resource utilization method [6,7].

Pyrolysis of livestock manure is the process of converting livestock manure into
biochar, tar, and pyrolysis gas at high temperatures (>400 °C) under oxygen-limited condi-
tions [8,9]. With a porous structure and large specific surface area, the biochar obtained from
pyrolysis is a highly aromatic solid substance with good adsorption of metal pollutants,
organic pollutants, etc. [10]. Although the specific surface area of livestock-manure-derived
biochar is not high compared to that of biochar derived from other biomass sources, it
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tends to improve dramatically after activation [11]. In addition, the high salt content
of livestock manure causes functional groups to remain on the surface after pyrolysis.
This may enhance its adsorption capacity [12,13]. Therefore, livestock manure biochar is
often used as a soil remediation agent [14-16]. For example, Meier et al. used alkaline
chicken-manure-derived biochar to increase the soil pH in order to reduce the mobility
of Cu and adsorb it, thereby effectively repairing soil that was contaminated by heavy
metals [17]. Given its high porosity and specific surface area, livestock manure biochar
may be a suitable gas adsorption material. However, few researchers have studied it.

Desulfurization treatment is required before comprehensive utilization of biogas, other-
wise highly toxic hydrogen sulfide gas that is produced corrodes metal pipes in oxygen-rich
and humid environments, shortens the service life of internal combustion engines and com-
pressors, and causes damage to seals [18-20]. As a lower cost, higher efficiency desulfurization
technology, biochar adsorption has received widespread attention [21,22]. Hervy et al. pre-
pared an alkaline biochar from food residues via gas-phase oxidation and steam activation.
The product had a removal capacity of 65 mg H,S/g under dry syngas, and the study demon-
strated that surface formation of metal sulfides and metal sulfates effectively improves the
H,S removal efficiency [23]. Microporous bamboo biochar prepared by Yang et al. via py-
rolysis and ZnCl, activation exhibited a maximum adsorption capacity and breakthrough
capacity of 38.4 mg H,S/g and 9.5 mg H,S/g [24]. Although it is a promising adsorption
material, few studies have focused on the H;S removal performance of livestock manure
biochar. Choosing the correct activation method and temperature is critical to developing the
removal performance of livestock manure biochar [25,26].

The purpose of this study was to evaluate the desulfurization performance of livestock
manure biochar and to provide innovative methods of using this resource. Herein, three
types of livestock manure were used as biomass precursors in biochar preparation via
pyrolysis. Coconut husk was also pyrolized for comparison. The H,S adsorption per-
formances of the various biochar samples were then evaluated. CO; physical activation
was applied, and the ability of livestock manure biochar to remove HjS after activation
at temperatures from 650 to 850 °C was evaluated further. In addition, X-ray diffraction,
thermogravimetry, infrared spectroscopy, scanning electron microscopy, specific surface
area, and pore size analyses were used to detail the relationships between biochar sample
physicochemical characteristics and their H,S removal abilities.

2. Materials and Methods
2.1. Test Materials

Various types of livestock manure, i.e., cow dung (CD), pig manure, (PM), and chicken
manure (CM) were obtained from various livestock and poultry farms in Jiangsu Province.
Coconut husk (CH) was from a coconut product processing plant in Hainan Province,
China. Quartz wool (5-9 um) was purchased from Aladdin Co. Ltd. in China. Quartz sand
(100 mesh) was purchased from Qingdao Usolf Chemical Technology Co., Ltd.

2.2. Biochar Preparation and Activation Procedure

The biochar preparation and activation unit setup is shown in Figure 1. For biochar
preparation, various types of livestock manure and coconut husk were dried thermally
at 65 °C for 24 h, and biochar was produced via slow pyrolysis. Specifically, thermally
dried livestock manure and coconut husk were loaded into the reactor and heated at the
rate of 20 °C min ! under N, atmosphere. A tubular furnace (RD 30, Nabertherm GmbH,
Germany) was used to control the temperature. After pyrolysis at 500 °C for 60 min under
Ny, the samples were allowed to cool naturally to room temperature over the course of
24 h. The prepared CH, CD, PM, and CM biochar samples were recorded as CH-500P,
CD-500P, PM-500P, and CM-500P, respectively. For activation, these biochar samples
were loaded into the reactor and heated at the rate of 20 °C min—! under N,. Once the
activation temperature was reached, CO, was introduced into the system. The biochar
was activated at various temperatures for various times at a flow rate of 200 mL/min.
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The CH-500C, CD-500C, PM-500C, and CM-500C biochar samples activated at 650 °C,
750 °C, and 850 °C were recorded as CH-500P-650A, CD-500P-650A, PM-500P-650A, and
CM-500P-650; CH-500P-750A, CD-500P-750A, PM-500P-750A, and CM-500P-750A; and
CH-500P-850A, CD-500P-850A, PM-500P-850A, and CM-500P-850 A.
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Figure 1. Biochar preparation and activation unit setup.

2.3. H»S Removal Experiment

HjS removal tests were performed in a custom-designed quartz fixed-bed reactor,
as reported in our previous studies [27,28] and shown in Figure 2. A mass flowmeter
(548 32/HMT, Horiba Metron, China) was used to control the biogas flow into the quartz
column. The reactor exit was connected to a six-port Valco GC valve (VICI, Valco, Houston,
TX, USA) and the H,S concentration was monitored on-line (every 6.2 min) using a gas
chromatograph (Sp-3420A, Beijing BFRL Analytical Instrument Co., Ltd., China) equipped
with a flame ionization detector (FID) and a Hayesep R column (4'x1/8’). The break-
through capacity was determined at an exit H,S concentration equal to 30% of the inlet
concentration. All reactions were performed under a fume hood due to the high toxicity of
H,S. Exactly 0.20 g of biochar and 0.80 g of 100-mesh quartz sand were mixed adequately
to avoid the possibility of channelling, and then packed in a quartz column (8 mm, i.d.,
and a fixed height of 270 mm). Quartz wool was packed at the bottom and top of the
biochar/quartz sand mixture to facilitate gas diffusion. A synthetic mix of CHy (60%),
CO; (39%), and H,S (1%) was provided by Nanjing Tianze Gas Co. Ltd. The H;S removal
capacities, expressed as x/M (mg H,S g~ ! of material), were calculated by integrating the
corresponding breakthrough curves and applying Equation (1):

ts

ﬁ:%%%g@xg—écmm) ()
where Q is the inlet flow rate (m?> s’l), w is the weight of biochar introduced into the column
(g), MW is the molecular weight of H,S (34 g mol 1), Vy is the molar volume (22.4 L mol 1),
¢p is the inlet gas H,S concentration (ppmy), c(t) is the gas outlet concentration (ppmy), and
ts is the bed saturation or exhaustion time (s). To achieve statistical quality, H,S removal
experiments were performed in duplicate using each of the samples, and average x/M
values were calculated.



Sustainability 2021, 13, 6262

40f13

MAY 9
— el
) Mass flowmeter
|
: = Quartz wool I i
Biochar/quartz / L

Q p tube e e o 00
]L Gas Chromatograph Data analysis
Biogas M_--)
Six-port valve
NaOH solution

Figure 2. Schematic description of the experimental laboratory apparatus.

2.4. Analytical Methods

An AD-8-Advance X-ray diffractometer (Bruker AXS Inc., Germany), with an accel-
erating voltage of 40 kV and a current of 40 mA, was used for powder X-ray diffraction
(PXRD) analysis. The samples were examined at room temperature over a 26 range of
10-90° using graphite-monochromated Cu K« radiation. The scan step was 0.02° and the
measurement time increments were 0.01 s step~!. Diffractograms were obtained using
Diff-plus and analysed using MDI Jade 5.0 software.

The microscopic morphologies of the samples were analyzed via scanning electron
microscopy (SEM, SUPRA55, Germany). The working voltage was 1-30 kV, the point
resolution was 3.5 nm, the magnification was 10x-300,000x, the sample stage tilt angle
was 10-80°, secondary electron and backscatter detectors were used, and the heating stage
temperature range was varied between room temperature and 600 °C. Thermogravimetric
analysis and differential thermogravimetric analysis (TGA/DTG) were performed using
an SDT Q600 simultaneous thermal analyzer (TA, USA). The samples were heated from 50
to 700 °C at 10 °C min ~! under a nitrogen flow (100 mL min ~!). Elemental compositions
(C, H, S, and N) were analyzed using a FLASH2000 organic element analyzer. Heavy metal
content analysis was performed via ICP-OES (Varian 7100, Agilent Technologies, Inc) after
acid digestion pretreatment of the sample. For pH analysis, 10 g of biochar and activated
product were added to 100 mL of deionized water, and the pH values were measured by
a pH meter (model PHS-3C, China). N, isotherms were measured using a Micromeritics
TriStar 3000 analyzer at —198 °C. Before analysis, the samples were degassed at 350 °C for
4 h. The Brunauer-Emmett-Teller (BET) and Langmuir surface areas were calculated using
the BET and Langmuir equations, respectively.

3. Results and Discussions
3.1. Characteristics of Coconut Husks and Various Types of Livestock Manure

The biomass precursors used in this study included CD, PM, and CM, with CH
used for comparative purposes. The physical and chemical properties of various biomass
precursors are shown in Table 1. The pH of CH is neutral, while PM, CM, and CD are
alkaline (10.05-10.55). With high salt contents, the three kinds of livestock manure have
higher conductivities than CH (2.09 ps/cm). Of the three types of manure, CD has the
highest conductivity (8.73 ps/cm). CM has the highest density (0.776 g/cm?) and CD has
the lowest density (0.418 g/cm?). In addition, CH and CD contain more organic matter
with higher volatile solid (VS) content (78.8-96.2%). Elemental analysis shows that PM has
the highest heavy metal content, including a Zn content of 2.23 mg/g and Cu content of
0.58 mg/g. This may be attributed to feed additives [28]. CD and CM have the highest
K contents (41.75 mg/g and 13.16 mg/g, respectively). PM and CM have the highest Ca
contents at 26.46 mg/g and 65.44 mg/g, respectively. The P contents of the various raw
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materials are quite different. The P contents of CM and PM are high at 12.88 mg/g and
10.73 mg/g, respectively, while the P contents of CH and CD are lower at 0.64 mg/g.
Table 1. Characteristics of coconut husks and various types of livestock manure.
Parameter CH CD PM cM
pH 6.15 £ 0.07 10.55 £ 0.01 10.05 £ 0.02 10.34 + 0.04
EC (us/cm) 2.09 £ 0.04 8.73 £0.48 423 +0.13 3.45+0.16
Moisture content (%) 15.09 £ 0.30 11.64 £+ 0.41 12.93 £0.13 8.30 £0.11
VS (%) 96.16 £ 0.02 78.83 £ 2.00 69.82 £ 0.61 40.66 + 1.01
Density (g/cm?) 0.428 0.418 0.757 0.776
Si (mg/g) 0.15 0.95 0.96 1.65
Fe (mg/g) 0.46 2.05 351 9.56
Ca (mg/g) 1.36 17.93 26.46 65.44
Al (mg/g) 0.09 0.54 1.20 2.97
Na (mg/g) 1.18 8.67 2.63 1.83
Mg (ng/g) 0.63 6.35 6.98 7.57
K (mg/g) 6.90 41.75 12.05 13.16
Zn (mg/g) 0.03 0.18 2.23 0.21
Cu (mg/g) 0.03 0.04 0.58 0.04
Cr (mg/g) 0.01 0.07 0.16 0.36
Mn (mg/g) 0.01 0.17 0.50 0.42
Ba (mg/g) 0.04 0.03 0.03 0.06
Ni (mg/g) 0.06 <0.01 0.01 0.02
Cd (mg/g) <0.01 <0.01 <0.01 <0.01
P (mg/g) 0.64 0.64 12.88 10.73
In order to further understand the inorganic components of each raw material, PXRD
was used to characterize each biomass precursor. As shown in Figure 3a, livestock manure
contains inorganic salts, the main components of which are SiO, and CaCOj3, but few inorganic
salt diffraction peaks are observed from the coconut husks [29]. TGA was performed to
characterize the thermal stability of the biomass precursor. As shown in Figure 3b, the
biomass precursor weight loss process is divided into two main stages. The first stage ranges
from 50 to 250 °C and features loss of residual water molecules (5.33%, 8.50%, 7.90%, and
3.24% of the total masses of CH, CD, PM, and CM, respectively). Most thermal weight loss
from the biomass precursor occurs at 300 to 400 °C. Weight loss from CH, CD, PM, and CM
within this temperature range is 61.59%, 47.66%, 43.38%, and 17.38%, respectively. For chicken
manure, significant weight loss occurs in the 600 °C to 700 °C range. This may be attributed
to decomposition of CaCOj3. The second stage of thermal weight loss corresponds to the
decomposition of organic matter. Thus, one can conclude that CH has the highest organic
matter content. This is consistent with the vs. characterization results. The organic matter
content of the livestock manure follows the order CD > PM > CM.
(a) 1 *: Quartz (SI0,) (b)100 h 0
: Calcium Carbonate (CaCO,)
i 80 \ 2_
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Figure 3. (a) PXRD spectra of the crystalline phases of coconut husks and various types of livestock manure; (b) TG and

DTG curves from coconut husks and various types of livestock manure.
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3.2. Characteristics of Livestock Manure Biochar and Activated Biochar

The surface pH, density, BET surface area, ignition loss rate, and other prepared
biochar sample parameters are characterized and shown in Table 2. The surface pHs of
CH-500C and CD-500C are the highest at 10.5, while that of PM-500C is the lowest at
9.5. When the biochar surface pH exceeds 5.0, it may have a substantial HyS adsorption
capacity [30]. The N, adsorption—desorption analysis results show that the surface areas
and pore volumes of biochars prepared with various biomass precursor properties are
significantly different. The specific surface areas of the biochars follow the order: CM-500C
(11.84 m?/g) > CD-500C (7.01 m?/g) > PM-500C (6.89 m?/g) > CH-500C (0.18 m?/g).
CM-500C has the largest bulk density (0.769 g/cm?) and the lowest ignition loss rate
(29.28%); CH-500C and CM-500C have the smallest bulk densities (0.415 g/ cm?), and
coconut husk biochar has the largest ignition loss rate (79.37%). The burning loss rate of
cow dung biochar is also high at 64.95%. The volumetric densities of the prepared biochar
materials decrease as the ash content increases. The ash content is inversely proportional
to the ignition loss rate and is related to the pyrolysis temperature [31].

Table 2. Physical and chemical characteristics of prepared biochars.

Sample pH BET (m?/g) Density (g/cm?) Burn Off (%)
CH-500P 10.5 0.18 0.415 79.37
CD-500P 10.5 7.01 0.415 64.95
PM-500P 9.5 6.89 0.752 57.07
CM-500P 9.7 11.84 0.769 29.28

The surface pH, density, BET surface area, ignition loss rate, and other activated
biochar parameters were characterized and are shown in Table 3. The biochar density
and pH change little with the activation temperature. The specific surface area of CH-
500P increases with the temperature. The specific surface area is largest (811.46 m?/g)
when the activation temperature is 850 °C. The ignition loss rate is 75.04%. However,
increasing the activation temperature causes the specific surface areas of CM-500P and CD-
500P to decrease, while that of PM-500P first increases and then decreases. The livestock
manure samples with the largest specific surface areas after activation are: CD-500P-650A
(130.80 m?/g), PM-500P-750A (125.80 m?/g), and CM-500P-650A (23.55 m?/g).

Table 3. Physical and chemical properties of biochar samples after activation at various temperatures.

Surface Area

Density Burn Off
Sample pH BET (mZ/g) Langzmuir (g/cm3) (%)
(m?/g)
CH-500P-650A 10.4 331.86 491.07 0.413 21.29
CD-500P-650A 104 130.80 197.03 0.399 29.45
PM-500P-650A 9.6 70.54 104.79 0.707 14.60
CM-500P-650A 9.4 23.55 35.56 0.758 11.37
CH-500P-750A 10.3 604.13 898.55 0.398 36.05
CD-500P-750A 10.3 11.28 17.74 0.395 55.95
PM-500P-750A 9.4 125.80 188.86 0.709 22.15
CM-500P-750A 10.3 10.45 15.78 0.755 21.13
CH-500P-850A 11.0 811.46 1208.03 0.378 75.04
CD-500P-850A 10.2 0.26 0.38 0.391 59.43
PM-500P-850A 9.9 12.30 18.78 0.689 43.76
CM-500P-850A 11.7 5.65 8.73 0.743 2242

3.3. Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of biochar and activated biochar from coconut husks and various
types of livestock manure are shown in Figure 4, and the FTIR spectral band assignments
are shown in Table S1. The four unactivated biochars have obvious absorption peaks near
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1450-1317 cm ™!, which are assigned to C-H bending vibrations [32]. Strong absorption
peaks at 1000-1200 cm ! may be ester-based stretching vibrations, and strong absorption
peaks at 750-870cm ! belong to stretching vibrations of aromatic ring C-H or C-N, R-O-C,
or R-O-CHj; groups. After activation, the absorption peaks from functional groups on the
CH biochar surface weaken, and it was not reprecipitated until the activation temperature
increased to 850 °C, indicating enhanced aromaticity [33]. The infrared spectrum curves
of CM and PM biochars change little after activation. When CD biochar is activated at
750 °C, obvious absorption peaks appear at 3443 cm~!,2933 cm~?!, and 1635 cm~!. These
are assigned to hydroxyl, C-H,, and C=0 stretching vibrations, respectively [34].
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Figure 4. The FT-IR spectrum of (a) unactivated biochar samples; (b) biochar samples after activation at 650 °C; (c) biochar
samples after activation at 750 °C; (d) biochar samples after activation at 850 °C.

3.4. Scanning Electron Microscopy

As shown in Figure 5, SEM is used to study microstructural and morphological
changes to biomass precursors and biochar materials during pyrolysis and activation.
Except for CM-500P, the biochars have looser structures after pyrolysis than before. The
number of pores on the PM-500P and CH-500P surface increase, the size of pores becomes
larger, and the shape of pores becomes round or oval. Although CH-500P and PM-500C
have many pores on their surfaces, their pore diameter is about 2-15 pm. These pores
cannot replace mesopores and micropores, and cannot adsorb H;S effectively. The pores in
CD-500P transition from long, narrow holes to round holes, and decrease in number during
pyrolysis. CM-500P has few pores and maintains a compact structure during pyrolysis.
SEM images of unactivated biochars are compared to those of biochars that have been
activated for 90 min at 650 °C. The number of pores on the surfaces of CH-500P-650A
and CD-500P-650A is reduced. The structures of PM-500P-650A and CM-500P-650A
become more compact, and there are almost no pores on their surfaces. When the activation
temperature is 750 °C, the structure of CH-500P-750A becomes looser and the pore size
becomes larger, but the macropores that are present cannot adsorb H,S directly. The surface
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structures of CD-500P-750A, PM-500P-750A, and CM-500P-750A are more compact than
those of their precursors, with few pores and no obvious distribution patterns. When
the activation temperature is 850 °C, the surfaces of CH-500P-850A and CD-500P-850A
are distributed with granular protrusions, and the number of surface pores is reduced
further. PM-500P-850A and CM-500P-850A have almost no pores on their surfaces. This
affects their HyS removal performance characteristics substantially [35]. Therefore, simply
increasing the activation temperature cannot increase the number of pores on the biochar
surface, nor can it enhance the H,S removal performance.

CD-500
LV

Figure 5. Scanning electron microscope images of coconut husks and various types of livestock manure before and after

carbonation or activation.

3.5. Adsorption—Desorption Isotherms and Pore Size Distributions

In order to investigate the factors that influence biochar H,S removal performance,
we further characterize the pore size distributions and adsorption—desorption isotherms
for these materials (Figures S1, S2 and S3). When the activation temperature is 650 °C,
the CH-500P-650A and CD-500P-650A adsorption isotherms rise rapidly at low relative
pressures (P/Po < 0.1). Above P/Po < 0.1, the curve rises slowly, indicating that the
adsorption process is close to saturation. The N, adsorption isotherm fits a typical type
I according to the IUPAC classification [36]. Thus, CH-500P-650A and CD-500P-650A
contain large numbers of microporous structures. The PM-500P-650A and CM-500P-
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650A adsorption isotherms exhibit inflection points at low pressure. This demonstrates
that monolayer adsorption is saturated. A second adsorption layer begins to form as
the pressure increases. This type II adsorption isotherm implies that pig manure biochar
and chicken manure biochar are macroporous substances with few pores. When the
activation temperature increases, CH-500P-750A and CH-500P-850A always exhibit type
I adsorption isotherms, while CD-500P-750A, CD-500P-850A, CM-500P-750A, and CM-
500P-850A always exhibit type II adsorption isotherms. PM-500P-750A exhibits a type I
adsorption isotherm, which indicates that there are a certain number of micropores and
mesopores in pig manure biochar. PM-500P-850A exhibits a type II isotherm, which
indicates single multilayer adsorption on a macroporous solid [37].

3.6. HyS Removal Performance of Biochar and Activated Product

Figure S4a shows the unactivated biochar HS breakthrough curve. Before activation,
the penetration times for CH-500P and CD-500P are significantly longer than those for CW-
500P and PW-500P. CH-500P exhibits the longest penetration time. With CD-500P and
CH-500P, HS begins to be detected in the exhaust gas after 50 min and 70 min, respectively.
Then, the H,S concentration rises slowly, reaching the breakthrough concentration after
about 70 min and 90 min, respectively. After activation at certain temperatures, the
H,S removal performances of CH-500P, CD-500P, and PM-500P improve (Figure 6a,c,e).
The performance of CM decreases after activation, and further decreases monotonically
as the activation temperature increases. After CD-500P is activated at 650 °C, the H,S
penetration time increases significantly; HyS is detected at 75 min, and breakthrough
occurs at 85 min. At this activation temperature, chicken manure biochar has the shortest
H,S adsorption penetration time. H,S is detected in the exhaust gas at 20 min. The H,S
concentration rises rapidly and penetrates after 25 min. In the CH and PM H,S adsorption
tests, HS is detected in the exhaust gas after 70 min and 30 min, respectively. The H,S
concentration then increases slowly, reaching the breakthrough concentration after 80 min
and 40 min, respectively. When the activation temperature rises to 750 °C, the CH-500P-
750A breakthrough time increases significantly, becoming longer than CH biochar activated
at other temperatures. H;S is detected in the exhaust gas 100 min after the start of the test,
and the penetration concentration is reached after 110 min. The breakthrough times for
CD-500P-750A and CW-500P-750A are shortened significantly. H;S is detected in the
exhaust gas after 15 min and 5 min, respectively, and the breakthrough concentration is
reached after 25 min and 10 min, respectively. The breakthrough time for PM-500P changes
little. H,S is detected after 35 min, and its breakthrough concentration is reached after
40 min. When the activation temperature is further increased to 850 °C, the CH-500P-850A
breakthrough time is shortened, but the material still has the longest penetration time of the
four samples. H,S is detected in the exhaust gas 70 min after the start of the test, and the
breakthrough concentration is reached after 75 min. The CD, PM, and CM breakthrough
times are all shortened and the breakthrough concentration is reached within 5 to 15 min.
The breakthrough time is shortest for CD.

The calculated H,S removal capacities of various biochar samples are shown in Table 4,
and the H,S removal capacities histograms are shown in Figure S4b and Figure 6b,d f. The
H,S removal capacities of various biochar materials do not increase with the activation
temperature, and the manner in which the capacities vary is inconsistent. The biochar-derived
activated samples with the best H,S removal capacities and the corresponding values are:
CH-500P-7504, 38.73 mg H,S/g; CD-500P-6504, 38.23 mg H,S/g; PM-500P-750A, 16.49 mg
H,S/g; and CM-500P 10.96 mg H,S/g. The H;S removal capacity of CD-500P-650A is
equivalent to that of CH-500P-750A, which is 2.32 and 3.49 times that of PM-500P-750A and
CM-500P, respectively, even though the activation temperature is 100 °C lower.
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Figure 6. The H;S breakthrough curve of activated biochar samples at various temperatures:
(a) 650 °C; (c) 750 °C; (e) 850 °C; the H,S removal capacities histogram of activated biochar samples
at various temperatures: (b) 650 °C; (d) 750 °C; (f) 850 °C.

Table 4. H,S removal capacities of biochar samples before and after activation.

Activation
Temperature (°C) CH (mg H,S/g) CD (mgH,S/g) PM (mgH,S/g) CM (mg H,S/g)
/ 30.44 29.81 13.82 10.96
650 29.68 38.23 15.03 7.98
750 38.73 7.87 16.49 4.90
850 26.67 1.13 457 2.25

In order to investigate the factors that affect biochar H»S removal performance further,
linear relationships between removal performance and the BET and Langmuir micropore
surface areas were studied. Goodness-of-fit tests demonstrate that there is a power function
relationship between the BET surface area, Langmuir micropore surface area, and biochar
desulfurization performance. As Figure 7 shows, the trend lines fitted using processing
software show that the R? values are 0.9693 and 0.9690 for the BET and Langmuir micropore
surface areas, respectively. This demonstrates that the HyS removal performance of biochar
is not entirely dependent on the BET or micropore surface areas. We can combine these
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results with analysis of the microscopic morphology and pore size distribution. The H,S
removal performance characteristics of biochars with microporous structures (CH-500P-
650, 750, and 850A; CD-500P-650A; and PM-500P-750A) are better than those of biochars
with large, mesoporous structures (CD-500P-750 and 850A; CM-500P-650, 750, and 850A;
and PM-500P-650 and 850A). Thus, we conclude: (1) the micropores are responsible for
most H,S adsorption, while the macropores are responsible for transport of H,S to the
micropores; (2) simply increasing the activation temperature does not increase the number
of pores on the biochar surface, nor does it enhance the biochar H,S removal performance;
(3) the H,S removal performance of biochar is closely related to its microstructure and
physicochemical properties.
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Figure 7. (a) The linear relationship curve between BET and biochar H,S adsorption capacity; (b) the linear relationship
curve between Langmuir micropore surface area and biochar H,S adsorption capacity.

4. Conclusions

In this study, livestock manure and coconut husks were used as raw materials for
biochar preparation via high-temperature pyrolysis, and the H,S removal performance
characteristics of the resulting biochar materials were evaluated. The effects of various
activation temperatures on the microstructures and physicochemical properties of biochar
materials were further investigated, and the HS removal performance of activated biochar
was characterized. High-temperature pyrolysis under N, was used to convert CD, CM,
and PM into biochar. Without activation, the desulfurization performances of the CD, CM,
and PM biochars were 29.81 mg H,S/g, 13.82 mg H,S/g, and 10.96 mg H,S/g, respectively.
Of the materials tested, CD biochar had the highest H,S removal performance, which was
similar to that of CH biochar (30.44 mg H,S/g). Biochar was physically activated using
CO,, and the effects of various activation temperatures and activation times on the biochar
microstructure and H,S removal properties were investigated. The study found that, after
activation at 650 °C for 90 min, CD biochar had the highest H,S removal performance
(38.23 mg H,S/g). This was an increase of 28.25% compared to the nonactivated materials.
When the activation temperature was 750 °C, the H,S removal performance of CH biochar
was the highest at 38.73 mg H,S/g. The H,S removal performance was not only a function
of the BET surface area, but was closely related to the pore size distribution. Most of the
pores on the surface of CD biochar were micropores and, thus, conducive to H,S adsorption.
However, most of the pig and chicken manure biochar material surfaces had macroporous
structures, which were not conducive to HyS adsorption. This study suggests that CD
biochar has broad prospects for application to H,S removal from landfill gas.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/su13116262/s1, Figure S1: Adsorption—desorption isotherm and pore size distribution graph of
biochar samples after activation at 650 °C. (a), (b) CH; (c), (d) CD; (e), (f) PM; (g), (h) CM. Figure S2:
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Adsorption—desorption isotherm and pore size distribution graph of biochar samples after activation at
750 °C. (a), (b) CH; (c), (d) CD; (e), (f) PM; (g), (h) CM. Figure S3: Adsorption—-desorption isotherm and
pore size distribution graph of biochar samples after activation at 850 °C. (a), (b) CH; (c), (d) CD; (e), (f)
PM; (g), (h) CM. Figure S4: (a) The H,S breakthrough curve of unactivated biochar samples; (b) The H,S
removal capacities histogram of unactivated biochar samples. Table S1: FTIR spectral band assignments
for biochar and activated biochar from different types of livestock manure and coconut husks.
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