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Solid oxide fuel cells (SOFCs) running on biogas can undergo 
performance degradation in the presence of trace H2S. Here, a 
nitrogen-doped rice husk biochar was employed as a sustainable 
material for desulfurization via adsorption. Nitrogen-doping on the 
surface of the biochar was found to significantly promote H2S 
adsorption. Biochar doped with nitrogen using NH3 evaporated from 
ammonia solution exhibited 2.3 times higher total H2S adsorption 
capacity compared to that treated with NH3 gas. This was attributed 
to lower pyridinic-N content and in turn, suppressed O* formation, 
leading to better micropore utilization. The mass of nitrogen-doped 
biochar required for 100,000 h operation of a 1 kW SOFC was 
estimated to be 45 kg, indicating the clear viability of using 
sustainable materials for desulfurization of fuel streams. 
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1. Introduction

Solid oxide fuel cells (SOFCs) using biogas are a promising technology for distributed 
power generation in e.g. the agricultural or food industries, with over double the efficiency 
of internal combustion engines [1]. The major components of biogas produced from 
agricultural waste are methane (CH4, 45 to 75 vol%) and carbon dioxide (CO2, 25 to 55 
vol%) which are both major greenhouse gases, and the composition differs depending on 
feedstock and production site. Other minor constituents such as nitrogen (N2, 0 to 5 vol%) 
and trace impurities such as hydrogen sulfide (H2S, 500 to 3000 ppm) are also generally 
present [2,3]. It is well known that just several parts per million (ppm) of hydrogen sulfide 
in the fuel stream will deactivate the active sites for the steam methane reforming reaction 
(to produce H2) and the hydrogen oxidation reaction (HOR) in SOFCs. Therefore, to 
achieve reasonable durability in a biogas-fueled SOFC the H2S concentration should 
ideally be reduced to less than 1 ppm [4–6]. A two-step desulfurization process is generally 
employed, comprising (i) a chemical reaction with iron oxide, and (ii) physical adsorption. 
The iron oxide pellets used in the first desulfurization step are inexpensive and readily 
available even in rural areas. However, in the second step, a commercially available 
adsorbent such as zeolite or activated carbon is usually applied, which are more expensive 
and not as readily available [7]. A more affordable H2S adsorbent produced from locally 
sourced materials would be a huge advantage, especially for SOFC deployment in 
developing economies. As such, this study focuses on biochar, a biomass-derived carbon 
which can be locally produced.

Biochar is an organic porous carbon material obtained by heat treatment of biomass 
such as agricultural waste, forestry waste, and livestock manure in O2-free condition 
(pyrolysis) that has been widely used as a low cost adsorbent [8,9]. Utilization as a 
renewable fuel [10,11], and the application to agriculture as soil amendment to increase the 
nitrogen uptake and water retention abilities have also been reported [12–14]. Biochar 
materials rich in alkaline minerals or with reactive surface functional groups have 
previously been reported for the removal of heavy metals and acidic gases [15,16]. 
Depending on the source and treatment process, biochar can behave as a physical adsorbent 
(with adsorption capacity governed by surface area and porosity), and/or a chemical 
adsorbent (relying on reactions between the target molecule and the biochar surface) [17]. 
In the case of chemical adsorption, surface modification by alkali inclusions, metal loading, 
or nitrogen-doping can be key factors in enhancing the total H2S adsorption capacity (q). 
[18,19] 

Adsorption and decomposition of H2S on the surface of carbon materials and subsequent 
conversion to sulfur can be expressed by following equations:

H2S → H+ + HS− (1)
HS− + O* → S + OH− (2)

Reactive oxygen radicals (i.e. O*) on the surface promote the chemical adsorption of 
H2S by reacting with hydrosulfide ions (HS-) to form sulfur [20]. 

Meanwhile, nitrogen-doping has been reported to be effective in promoting the selective 
oxidation of H2S [21]. As such, nitrogen-doping of biochar may be an effective method to 
improve its adsorption properties. Heat treatment in ammonia (NH3) gas is one of the most 
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common methods of doping carbon with nitrogen [22]. However, in rural areas or 
developing economies, the use of pure NH3 gas is not a viable approach in terms of cost or 
availability. 

Biogas is produced by fermentation of biowaste. During the fermentation process, a 
considerable amount of digestate liquid is generated, and subsequently used as a liquid 
fertilizer [23]. In fact, this digestate liquid contains significant concentrations of ammonia 
(NH3,  0.15–0.7 wt%) with a composition depending on the type of biomass feedstock [24]. 
In a system designed and built by the authors and located in Vietnam, the digestate liquid 
is further concentrated to 10 wt% NH3 via electrodialysis, using the green electricity 
generated by a biogas-fueled SOFC [25]. 

Here we propose that concentrated digestate liquid can be used as a convenient and 
sustainable source of NH3 for nitrogen-doping of biochar, to improve its hydrogen sulfide 
adsorption properties. We produce biochar from rice husk and dope it with nitrogen by heat 
treatment in either pure NH3 obtained from a gas cylinder, or after bubbling nitrogen 
through a simulated digestate solution of NH3, and investigate the performance of the 
resulting materials in H2S adsorption. 
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2. Experimental

2.1. Production and nitrogen-doping of biochar

Rice husk from Japonica rice (Oryza sativa subs. Japonica) was collected from the 
Itoshima area of Fukuoka prefecture in Japan. This was first dried at 100 °C for 24 h in air. 
Then, 3 g of dried rice husk was pyrolyzed at 500 °C under flowing nitrogen (50 mL min−1) 
for 120 min, to produce rice husk biochar (RHBC). Nitrogen-doping of RHBC was 
performed using two different methods. In the first method, 2 g of RHBC was heat treated 
for 120 minutes at 900°C in flowing NH3 and N2 (25:75 vol.%) with a total flow rate of 
100 mL min−1 (Fig. 1a). This sample is labelled RHBC-N1. In the second method, an NH3 
solution was prepared with a concentration of 10 wt% to simulate concentrated digestate 
liquid. Carrier gas (N2) was bubbled through this solution at 100 mL min−1 at 30°C (Fig. 
1b), and the resulting gas flow is calculated to have an NH3 content of 15.7 vol% and a 
water content of 3.8 vol%.  Then, 2 g of RHBC was heated treated in this NH3-rich gas at 
850°C for 270 min. This sample is labelled RHBC-N2. 

Figure 1. Schematic illustration of different methods to dope rice husk biochar with 
nitrogen: (a) using NH3 gas from a cylinder, or (b) using N2 gas bubbled through a 10 wt% 
ammonium solution, simulating digestate liquid.

2.2. Sample characterization

The volatile and non-volatile (i.e. ash) solids contents of the biochar samples, 
corresponding to organic and inorganic substances, respectively, were analyzed by 
thermogravimetry and differential thermal analysis (TG-DTA, Thermoplus EVO2, Rigaku 
Co., Ltd., Japan). A 10 mg sample was heated to 800°C at a rate of 10C min−1 in 20 mL 
min−1 air flow and maintained at this temperature for 120 min, during which the weight 
loss and amount of residue were analyzed. Elemental analysis was performed using energy 
dispersive X-ray fluorescence analysis (XRF; EDX-7000, Shimadzu, Japan). For near-
surface analysis, quasi-surface-sensitive technique using X-ray photoelectron spectroscopy 
(XPS) was done at room temperature using a monochromated Al Kα (h = 1,486.7 eV) X-
ray source operated at 5 mA and 15 kV (Kratos Axis Ultra, Shimadzu, Japan). All binding 
energies (BEs) were normalized to the C1s line at 284.6 eV.

The specific surface area (SSA) was measured via the nitrogen adsorption method 
(Belsorp-mini II analyzer, MicrotracBEL Corp., Japan), and the pore size distribution was 

(a) (b)
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evaluated via the MP micropore analysis method and the Barrett-Joiner-Halenda (BJH) 
method. The crystal structure was analyzed by X-ray diffractometry (XRD; Rint-Ultima 
III, Rigaku, Japan) with CuKα radiation at 40 kV and 40 mA in the 2θ range from 10° to 
90° at 0.4° min−1. Microstructure was investigated by field emission scanning electron 
microscopy (FESEM; S5200, Hitachi High-Technologies Corp., Japan) by energy 
dispersive X-ray spectroscopy (EDX) and scanning transmission electron microscopy 
(STEM; HD2300A, Hitachi High-Technologies). 

2.3. Hydrogen sulfide adsorption test

The apparatus for measuring H2S adsorption was designed as shown in Fig. 2. The 
biochar sample was packed into a glass fixed-bed reactor tube with an inner diameter of 
0.75 cm, which was used as the adsorbent vessel. In every test, 1.0 g of powdered sample 
was packed into the tube.

The tests were conducted at room temperature by flowing nitrogen gas containing 40 
ppm H2S at 50 mL min−1 through the adsorbent vessel. The outlet gas was collected every 
15 min in a 2,000 mL gas bag (F2S sampling bag, Asone Co.), and the H2S concentration 
was monitored using a gas analyzer (Biogas 5000, Geotechnical Instrument Ltd., UK). 

Breakthrough is defined as the point at which the adsorbate starts to penetrate the 
column and 1 ppm of adsorbate (the lower detection limit of Biogas 5000) is detected in 
the column effluent. After breakthrough was reached, the gas was collected every 120 min 
in a 2,000 mL plastic gas bag. The H2S concentration was analyzed using two types of 
detector tubes with different measuring ranges of 1 to 40 ppm (4LK) and 0.25 to 120 ppm 
(4LL) (hydrogen sulfide detector tubes, Gastec Corporation, Japan). A one-to-one relation 
between the values of H2S concentration measured by the analyzer and the detector tube 
were confirmed, confirming the reliability of the measurement.

Figure 2. Apparatus used to evaluate the H2S adsorption capacity of different biochars.

Adsorption curve to be measured is schematically shown in Fig. 3. The total H2S 
adsorption capacity per gram of biochar (q), corresponds to the area above the adsorption 
curve, was calculated using the following equation:

 (3)𝑞 = (𝜌𝑣 𝑚)∫𝑡0(𝐶0 ‒ 𝐶)𝑑𝑡

where ρ is the density of H2S gas, v is the volumetric flow rate, m is the adsorbent (biochar) 
mass, C0 is the H2S concentration at the inlet, and C is the H2S concentration at the outlet 
at time t.
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q is the amount of H2S adsorbed in a sample until the H2S concentration in the 
outlet gas reaches 40 ppm. Meanwhile, the breakthrough adsorption capacity (qo), 
corresponding to the surface affinity with H2S, was estimated from the area indicated by 
lateral stripes of Fig. 3. The calculation was performed via trapezoidal rule approximation 
in MATLAB ver. R2019b (The Mathwork Inc., USA).

Figure 3. Example of an adsorption curve.

2.4. DFT calculation

Density functional theory (DFT) calculations were performed using the Vienna ab initio 
simulation package (VASP) [26–28]. The Perdew-Burke-Ernzerhof (PBE) [29] exchange-
correlation functional was employed based on the projector-augmented wave (PAW) 
method [28]. The cutoff energy of the plane wave basis was set to 400 eV following 
previous study [30]. Firstly, 4 x 4 graphene sheet was constructed and optimized using 5 x 
5 x 1 Monkhorst-Pack k-points mesh. Also, the spin polarization was considered. 
Pseudopotentials with valence states of C (2s2, 2p2), N (2s2, 2p3), S (3s2, 3p4), O (2s2, 2p4), 
and H (1s) were used in the calculations. All ionic positions were optimized by a conjugate 
gradient method until the forces on each ion were below 10−2 eV/Å. Electronic energy was 
converged to 10−6 eV. The graphene structurally optimized by the above process showed 
1.426 Å as a length of C-C bond, which was in good agreement with previous results [31–
33]. Then, N-doped structures containing pyridinic-, pyrrolic-, or graphitic-N were made 
in the graphene sheet. To calculate the van der Waals (vdW) interaction between the 
graphene sheet and oxygen molecule (O2), Tkatchenko-Scheffler method was applied 
[30,34]. To discuss the stability of O2 on pyridinic-N, pyrrolic-N, or graphitic-N, the 
interaction energy ( ) was estimated for each N-doped site.  for the pyridinic-N can 𝐸int 𝐸int
be expressed as follows,

 =  – (  + ) (4)𝐸int 𝐸O2 + pyridinic ‒ N 𝐸pyridinic ‒ N 𝐸O2
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where , , and  are the electrostatic potentials of pyridinic-𝐸O2 +  pyridinic ‒ N 𝐸pyridinic ‒ N 𝐸O2

N with adsorbed O2, pyridinic-N, and O2, respectively [35]. The negative value of the 
interaction energy indicates that O2 can adsorb on the pyridinic-N [36].
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3. Results and discussion

3.1. Microstructure and elemental analysis

According to XRD of the as-prepared RH-BC sample, only a wide peak at around 2θ = 
22° is detected (not shown). This is assigned to amorphous carbon (JCPDS card No. 22-
1069). After the carbon was burned off, only the diffraction pattern of SiO2 (JCPDS card 
No. 39-1425) was detected suggesting that SiO2 was initially encapsulated by carbon [37]. 
The volatile solids content of the as-prepared RHBC was determined via TG-DTA to be 
52.9 wt%, whilst the ash content was 47.1 wt%. The ash comprised 87.0 wt% SiO2; 11.0 
wt% K2O; 0.98 wt% CaO; and 0.16 wt% Fe2O3, as measured by XRF. Previous research 
has shown that SiO2, one of the major components of RHBC, has almost no adsorption 
capability, thus the treatment of RHBC should be performed so that the SiO2 exposing to 
the surface can be suppressed [38]. Existence of the alkali oxides (K2O and CaO) can help 
the adsorption of acid gases such as H2S, however their effect is not discussed in this study, 
because the main adsorption site is the carbon surface doped with nitrogen [39].

FESEM-EDX images of RHBC are shown in Fig. 4. RHBC has a honeycomb-like pore 
structure (Fig. 4a), which is expected to have a low pressure-drop in a gas flow, however 
the gas mixing may be poor inside the tubular macropores. The honeycomb structure of 
the biochar originates from the carbonization of xylem and phloem vessels of plant, which 
act as water and nutrient transport pathways in the original plant [40]. The magnified image 
(Fig. 4b) shows the existence of smaller pores on the wall of the porous body (Fig. 4b) 
[41,42]. In the EDX mapping, only carbon was detected, showing that SiO2 is covered by 
carbon (Figs. 4c and d).

Figure 4. FESEM-EDX images of (a) RHBC and (b) the surface of the porous body of 
RHBC with the EDX mapping images of (c) C and (d) Si, respectively, for the FESEM 
image of (a).

(a) (b)

(c) (d)
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The SSA of the prepared biochar samples are summarized in Table I, as measured by 
nitrogen adsorption. The SSA of the as-prepared RHBC was 146 m2 g−1. After NH3 
treatment (RHBC-N1) the total pore volume (Vtot) and the micropore volume (Vmic) 
increased significantly resulting in an increase in SSA. This increase is caused by the defect 
formation on the carbon surface as a result of the partial gasification (NH3 etching) [38,43]. 
After NH3 treatment using the simulated digestate liquid (RHBC-N2) the SSA and porosity 
did not significantly change compared to as-prepared RH-BC, because the NH3 vapor 
(15.7% NH3) in N2 treatment was unable to change the carbon structure as drastic as N1 
treatment with 25% NH3 gas. 

The nitrogen (N) contents near the surface are also summarized in Table I, as measured 
by XPS. N was not detected near the surface of the pristine RHBC. After NH3 treatment 
(RHBC-N1), this increased to 3.69 wt%, confirming that NH3 treatment is a suitable 
method for nitrogen-doping. Using the simulated digestate liquid (RHBC-N2) results in a 
nitrogen content of 2.52 wt%. Nitrogen-doping has been shown to produce nitrogen 
functional groups on the surface by substituting oxygen bound on the carbon surface [22]. 
The decreases in the surface O from 19.2% to 15.7% and 16.9% for N1 and N2 treatments, 
respectively, indicate this substitution. The lower surface O content of RHBC-N1 
compared to RHBC-N2 suggests the higher degree of nitrogen-doping of the N1 treatment.

TABLE I.  Results of the BET measurements and the XPS quantification of the near-surface 
element of RHBC samples.

Sample SSA
/ m2 g−1

Vtot
/ 10−7 m3 g−1

Vmic
/ 10−7 m3 g−1

Near-
surface N

/ wt%

Near-
surface O

/ wt%

Pyridinic-N 
content / 

wt%
RHBC 146 1.02 0.63 - 19.2 -

RHBC-N1 354 1.78 1.43 3.69 15.7 2.29
RHBC-N2 170 1.02 0.68 2.52 16.9 1.31

The XPS N 1s spectra for the biochar samples are summarized in Fig. 5, and deconvoluted 
into contributions from pyridinic-, pyrrolic-, and graphitic-N nitrogen sites,  as illustrated 
in Fig. 5 [44,45]. The high temperature NH3 treatment produces thermally stable nitrogen 
groups, pyridinic-, pyrrolic-, and graphitic-N with pyridinic-N as dominant [17,46]. 
RHBC-N1 has much higher pyridinic content (2.29 wt%) than RHBC-N2 (1.31 wt%) due 
to higher concentration of NH3 and slightly higher treatment temperature. The higher 
pyridinic-N content will make the surface of RHBC-N1 more active for chemically 
adsorbing H2S.
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Figure 5. XPS N1s profiles for: (a) RHBC; (b) RHBC-N1; (c) RHBC-N2; and (d) 
schematic of the main detected nitrogen species.

3.2. DFT calculations

The sulfur adsorption process (i.e. H2S removal from a gas stream) can be described by 
reactions (1) and (2). A higher concentration of O* on the surface of carbon is expected to 
assist the reaction. It has been shown in this study that when nitrogen is doped into the 
carbon phase of biochar, pyridinic-N, pyrrolic-N, and graphitic-N were produced. Among 
these, it has been reported that pyridinic-N promotes the formation of O* which can 
contribute to the promotion of oxygen reduction reaction (ORR) on the Pt-based 
electrocatalysts of fuel cells. As for the nitrogen-doped biochar, however, the H2S 
adsorption mechanism is still not fully understood [21,47]. O2 in a gas stream is considered 
to be an origin of O* even for a fuel stream. O2 adsorption on graphene type structures has 
been reported [35]. For the formation of O*, the O-O bond needs to be broken, which is 
achieved by donating two more electrons to the degenerate π-molecular orbital in the 
oxygen molecule [48]. Pyridinic-N in the graphene structure has two unpaired electrons in 
the sp2 hybridization orbitals, which could contribute to the dissociation of the O-O bond 
of the approached O2 [49,50].To prove this phenomenon, the following DFT simulations 
were performed. 

(a) (b)

(c) (d)
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TABLE II. Interaction energy (Eint) between O2 and N-doped graphene structure estimated by 
DFT.

Energy / eV
Initial 

position of 
O2

O2 on 
graphene 
structure

O2 only Graphene 
structure

Interaction 
energy / 

eV

Distance of 
O-O bond / 

Å

C adjacent 
to doped-N -258.58 -9.85 -248.02 -0.71 1.23 

Pyridinic–N
Doped-N -260.98 -9.85 -248.02 -3.12 Broken

C adjacent 
to doped-N -279.47 -9.85 -267.63 -2.00 1.44 

Pyrrolic–N
Doped-N -279.47 -9.85 -267.63 -2.00 1.57 

C adjacent 
to doped-N -292.18 -9.85 -280.89 -1.45 1.32 

Graphitic-N
Doped-N -292.21 -9.85 -280.89 -1.48 1.28 

After the simulated graphene structures with pyridinic-, pyrrolic-, and graphitic-N 
moieties were optimized for the respective N-doped structures, an O2 molecule was placed 
on the doped-N site or on the carbon adjacent to the doped-N site to compare their final 
configurations. The negative interaction energies shown in Table II indicate that O2 can 
adsorb on the graphene structure for all cases. O2 tended to adsorb more readily on the 
doped-N sites than on the adjacent carbon atom. The stability of the O2 adsorbed on these 
nitrogen-doped graphene structures was in the order of graphitic-N < pyrrolic-N < 
pyridinic-N. As shown in Fig. 6, except for on pyridinic-N sites, the O2 molecule remained 
near its initial position without decomposition. However, if the O2 molecule was placed on 
the pyridinic-N site it decomposed, and the resulting oxygen atoms were adsorbed onto the 
carbon atoms in the pyridinic chain, as shown in Fig. 6a. This result indicates that two 
electrons (i.e. a lone pair) from the pyridinic-N site were supplied to the O2 molecule, and 
that the O-O bond was stretched and finally broken, as the origin of the O* species.  
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Figure 6. Optimized configurations for the adsorption of O2 on (a) pyridinic-, (b) pyrrolic-, 
and (c) graphitic-N.

3.3. H2S adsorption on powdered biochar

The H2S adsorption results for the powdered biochar samples were measured at the gas 
hourly space velocity (GHSV) of 1,579 hr-1, as shown in Fig. 7. The breakthrough capacity 
(q0) and the total adsorption capacities (q) calculated from the breakthrough curve and 
using Equation (3) are summarized in Table III

As-prepared RHBC with the smallest SSA and without N doping had the lowest 
breakthrough capacity. RHBC-N1 has the largest breakthrough capacity, attributed to this 
sample having the highest pyridinic-N content (Table I), resulting in enhanced affinity with 
H2S, as confirmed by the DFT calculations in the previous section. Due to this high affinity 
combined with large SSA, the rate of reaction (2) is relatively fast. q0 of RHBC-N2 was 
only half of RHBC-N1 because of the lower content of pyridinic-N on the surface (0.75-
fold of RHBC-N1) as well as half SSA (Table III). 

Meanwhile, q of as-prepared RHBC is again the lowest of all the biochar samples. The 
value for RHBC-N1 is about 4 times larger, again attributed to the existence of pyridinic-
N sites and the enhanced porosity (Table I). However, in this case, q of RHBC-N2 is the 
highest despite having lower nitrogen content and lower porosity. The reasons for this are 
elaborated upon in the following paragraphs. 

(a) (b)

(c)
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Figure 7. Results of H2S adsorption tests for powdered rice husk biochar samples.

TABLE III. Breakthrough H2S adsorption capacity (q0) and total H2S adsorption 
capacity (q) of the powdered and paper-structured rice husk biochar samples.

Sample q0
/ mg.g−1

q
/ mg.g −1

RHBC 0.27 2.54
RHBC-N1 8.02 9.58Powdered
RHBC-N2 3.96 23.0
PS[RHBC] 1.30 14.7Paper-structured PS[RHBC-N2] 8.71 96.1

To gain more insight into the adsorption mechanism, and the differences in capacity 
between the samples, XPS S 2p profiles were measured on RHBC-N1 and RHBC-N2, after 
H2S adsorption tests (Fig. 8). 

Figure 8. XPS profiles for S 2p after the H2S adsorption tests (see Fig. 7); (a) RHBC-N1 
and (b) RHBC-N2.

In the case of RHBC-N1, a relatively high proportion of sulfate species (~168 eV) is 
observed compared to sulfur species (~164 eV) [51,52]. The presence of sulfates is 
attributed to the high proportion of pyridinic-N and the associated O* species which can 
oxidize HS- to form sulfate as follows:

(a) (b)
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HS− + 4O* → SO3 + OH− (5)
H+ + OH− → H2O (6)
SO3 + 3H2O → 2H3O+ + SO4

2− (7)

Meanwhile, for RHBC-N2, a higher proportion of C–S bonds (~164 eV) is observed 
[53] compared to sulfate species (~168 eV). This is attributed to the lower proportion of 
pyridinic-N and the associated O* species, suppressing sulfate formation.

SSA, pore volume and near-surface sulfur (S) contents after the H2S adsorption test are 
summarized in Table IV. The near-surface S content after H2S adsorption measured in the 
vacuum condition of XPS indicates the retainability of sulfur species. S could not be 
detected on the surface of the spent RHBC. The near-surface S content of the spent RHBC-
N1 was only 1/7 of the spent RHBC-N2, even though the q of it was about half of RHBC-
N2, indicating that S species adsorbed on the surface of RHBC-N1 is more easily detached 
from the surface under the vacuum condition compared to RHBC-N2.

TABLE IV. Results of the BET measurement and the XPS quantification of near-surface S content 
for the RHBC samples after the H2S adsorption test.

Sample SSA
/ m2 g-1

Vtot
/ 10−7 m3 g−1

ΔVtot
/ 10−7 m3 g−1

Vmic
/ 10−7 m3 g−1

ΔVmic
/ 10−7 m3 g−1

Near-
surface S

/ wt%
RHBC 11.3 0.27 0.75 0.01 0.62 -

RHBC-N1 270 1.44 0.34 1.11 0.32 0.37
RHBC-N2 16.1 0.33 0.69 0.01 0.67 2.51

The pore size distributions of RHBC, RHBC-N1 and RHBC-N2 before and after H2S 
adsorption tests are shown in Fig. 9. Before the adsorption test, RHBC-N1 has the highest 
proportion of micropores. After the H2S adsorption test, there is only a small decrease in 
the fraction of accessible micropores. This indicates that the utilization rate of micropores 
in this sample for H2S adsorption is relatively low. From the comparison between the 
values listed in Tables I and IV, it is clear that RHBC and RHBC-N2 lost almost all 
micropore volume after H2S adsorption, whereas RHBC-N1 lost only around 20%, 
indicating that the adsorbed sulfur did not well penetrate into the micropores of RHBC-
N1. As shown in Fig. 8, the dominant sulfur species on the spent RHBC-N1 was sulfate 
resulting from the higher content of O*. The low retainability of sulfur species of RHBC-
N1 under the vacuum condition is probably derived from the sulfate species existing 
outside the micropores.

However, in the case of RHBC-N2, before the H2S adsorption test, the proportion of 
micropores is lower than for RHBC-N1, as reflected in the lower surface area and pore 
volume (Table I). After the H2S adsorption test, the proportion of micropores in RHBC-
N2 is dramatically decreased. Even under the vacuum condition, the adsorbed sulfur (C-S) 
does not easily desorb. This suggests that the micropores are almost completely filled with 
adsorbed sulfur species, corresponding to high micropore utilization rate, and providing an 
explanation for the higher measured total adsorption capacity despite the lower SSA and 
pore volume.
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Figure 9. Pore size distributions of RHBC, RHBC-N1 and RHBC-N2 before and after H2S 
adsorption tests (see Fig. 7), obtained from nitrogen adsorption/desorption isotherms using 
the MP method. Vp is the pore volume and Dp is the pore diameter.

The proposed reason for the difference in adsorption behavior between RHBC-N1 and 
RHBC-N2 is described schematically in Fig. 10. For RHBC-N1, the higher abundance 
pyridinic-N sites result in a high proportion of O* species on the surface (as confirmed by 
XPS). These promote the formation of sulfur via H2S adsorption. However, we propose 
that the formation rate of sulfur is higher than the diffusion rate into the micropores, 
resulting in an accumulation of sulfur on the surface. This accumulated sulfur is then 
further oxidized to form sulfate, as observed by XPS after adsorption tests. This sulfate 
prevents subsequent diffusion of sulfur into the micropores, limiting the total H2S 
adsorption capacity. This is consistent with the fact that this sample has the highest 
breakthrough capacity, but low total adsorption capacity. In short, the micropores are not 
well utilized as adsorption sites in this case.

Figure 10. Schematic illustration explaining the difference in H2S adsorption behavior 
between RHBC-N1 and RHBC-N2.

On the other hand, the total adsorption capacity of RHBC-N2 is double that of RHBC-
N1, despite the lower nitrogen content. In this case, we propose that lower nitrogen content 
leads to a lower abundance of O* species on the surface. This keeps the sulfur formation 
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rate below the diffusion rate, meaning that diffusion of sulfur into the micropores can occur 
unhindered by sulfate formation. This is confirmed by the low sulfate content observed by 
XPS and the low micropore volume after H2S adsorption tests. This is consistent with the 
low breakthrough capacity and the high total H2S adsorption capacity. 

3.5. Viability of Nitrogen-doped Biochar as a Desulfurizer for SOFCs 

The nitrogen-doped biochar developed in this study is intended to be used for the second 
step of biogas desulfurization before being supplied to an SOFC. Using the results obtained 
above, the mass (MBC) of biochar required for 100,000 h operation for a 1 kW SOFC was 
estimated using the following equation:

       (8)𝐷𝑒𝑠𝑢𝑙𝑓𝑢𝑟𝑖𝑧𝑒𝑟 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 =  
𝑞 𝑀𝐵𝐶

𝑉𝑏𝑖𝑜𝑔𝑎𝑠 𝐶𝐻2𝑆  𝜌𝐻2𝑆

where Vbiogas is the flow rate of the biogas; CH2S is the concentration of H2S in the biogas; 
and ρH2S is the density of H2S, 1.36 kg Nm−3. 

In a biogas-fueled SOFC demonstration reported by Shiratori et al. [25], biogas passed 
through a desulfurizing tower packed with 40 kg of iron oxide pellets, resulting in a 
concentration of CH2S = 4 ppm. This was supplied at Vbiogas = 0.33 Nm3 h−1 to the SOFC 
system resulting in 1 kW of power generation. For continuous supply of H2S-free biogas 
to the SOFC, the breakthrough capacity (qo = 3.96 mg.g−1) can be used, corresponding to 
a mass of 45 kg. If the adsorption capacity of powdered biochar RHBC-N2 is fully utilized 
(q = 23.0 mg.g−1), the required mass can be decreased to 7.8 kg. These estimations indicate 
the clear viability of using nitrogen-doped biochar as a desulfurizer for biogas-fueled 
SOFC systems, as well as the feasibility of using digestate liquid as an alternative source 
of NH3.
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Conclusions

Biochar was prepared by the pyrolysis of rice husk for utilization as a sustainable H2S 
adsorbent for biogas-fueled SOFCs. The effect of nitrogen-doping was investigated via 
high temperature NH3 treatment using different methods. Using pure NH3 gas is not always 
feasible in rural locations, so digestate liquid containing ammonium ions was considered 
as an alternative. As such, rice husk biochar samples were doped with nitrogen either using 
NH3 gas from a cylinder, or by bubbling carrier gas through an aqueous NH3 solution. 

Nitrogen-doping was confirmed to be effective in increasing the total H2S adsorption 
capacity. This was attributed to the formation of pyridinic-N sites, and their affinity with 
O* species which can catalyze the conversion of hydrogen sulfide to sulfur. 
Counterintuitively, higher nitrogen-doping levels resulted in lower adsorption capacity. 
This was attributed to the promotion of sulfate formation, resulting in a lower micropore 
utilization rate. 

The nitrogen-doped biochar was assessed as the secondary desulfurizer for supplying 
biogas to a SOFC. It was calculated that, for the biogas containing 4 ppm H2S, just 45 kg 
of nitrogen-doped biochar would be required to supply H2S-free biogas for 100,000 h 
operation of 1 kW SOFC. Biochar doped with nitrogen using the digestate liquid is a 
promising material as desulfurizer. 
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