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ABSTRACT
The review highlights the innovative use of biochar from diverse waste sources, including wood residues, 
agricultural and food waste, biosolids, municipal waste, and algae, for adsorbing sulfur compounds and 
its application as a soil fertilizer in agriculture. Biochar yields range from 17.6% (aloe-vera leaves, 500°C) to 
65.4% (palm oil mill sludge, 300°C). High H2S adsorption was observed with rice straw (1 g/g), eucalyptus 
(490 mg/g), and almond shells (230 mg/g), while sugarcane bagasse achieved a record 1.7 g/g for total 
sulfur adsorption from diesel. Oxidation of adsorbed gases releases sulfur as SO4

2-, enhancing yields of 
corn (31–49%), soybeans (4–14%), and millet (115%). Sulfur-enriched biochar improves nutrient avail
ability, water retention, enzyme activity, and organic matter, while lowering salinity, heavy metal (As, Hg) 
toxicity, and pathogen risk. Despite the sulfur-enriched biochar promise, validation in crop fields is 
needed. The lack of standards and limited research on fast pyrolysis, pressure, and feedstock optimization 
highlights critical gaps.
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INTRODUCTION

Emissions of sulfur compounds, in particular sulfur dioxide 
(SO2) and hydrogen sulfide (H2S), are a significant source of 
environmental acidification and air quality deterioration. 
Global SO2 emissions primarily originate from the combustion 
of fossil fuels, specifically coal (~50%) and oil (~25%), as well 
as from industrial processes (~25%).[1] In the United States, 
SO2 emissions peaked in 1973 and have been since then sig
nificantly reduced thanks to regulations such as the Clean Air 
Act and the Acid Rain Program. In China, emissions rose until 

the early 2000s and then fell by 75% after the introduction of 
the Air Pollution Prevention and Control Action Plan in 2013. 
SO2 emissions have fallen particularly sharply in Europe: in the 
EU-27 countries, they decreased by around 80% between 1990 
and 2021, while in the EEA-32 region (comprising 32 countries 
covered by the European Environment Agency), the decline 
was similar, at around 78% over the same period. These reduc
tions were the result of restrictions on the sulfur content of 
fuels, the modernization of significant combustion sources 
(such as flue gas desulfurization installations), and the gradual 

CONTACT Anna M. Kisiela-Czajka anna.kisiela-czajka@pwr.edu.pl Department of Energy Conversion Engineering, Faculty of Mechanical and Power 
Engineering, Wroclaw University of Science and Technology, Smoluchowskiego 21, Wroclaw 50-372, Poland; Izabela Michalak izabela.michalak@pwr.edu.pl 

Department of Advanced Material Technologies, Faculty of Chemistry, Wroclaw University of Science and Technology, Smoluchowskiego 25, Wroclaw 50-372, 
Poland

SEPARATION & PURIFICATION REVIEWS             
https://doi.org/10.1080/15422119.2026.2680418

© 2026 The Author(s). Published with license by Taylor & Francis Group, LLC.  
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits 
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the 
posting of the Accepted Manuscript in a repository by the author(s) or with their consent.

http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/15422119.2026.2680418&domain=pdf&date_stamp=2026-06-08


phase-out of coal-fired power plants. The most considerable 
reductions in emissions were recorded in Western European 
countries, while in some Eastern and Southern European 
countries, the process was slower, although still clearly 
visible.[2] In India, emissions have increased by 50% due to 
the growing use of coal, making the country the present world 
largest emitter of anthropogenic SO2.[3] The release of sulfur- 
containing gases results in ecosystem degradation, soil and 
water acidification, accelerated corrosion of infrastructure, 
and an increased risk of respiratory diseases in humans. Even 
small, stationary sources of emissions, such as marginal oil 
wells, can lead to locally high concentrations of toxic gases – 
for example, in the Luling oil field (Caldwell County, Texas), 
H2S emissions from active wells ranged from 0 to 5 g/h, with 
an average of 1.6 g/h or 47 mmol/h that are 1.1 L/h, which in 
practice means a local, constant source of toxic gas that can 
lead to dangerously high concentrations (above 100 ppm) in 
the vicinity of the wells,[4] posing a serious health risk to people 
in the area.

To date, regulatory and technological measures have 
enabled a significant reduction in sulfur emissions; however, 
the problem persists, particularly for sources that are dis
persed. In industrial practice, three groups of conventional 
flue gas desulfurization methods dominate: wet, semi-dry, 
and dry. Although these technologies are well developed and 
capable of removing over 90% of SO2, each has significant 
environmental and operational limitations.[5] Wet processes, 
of which the limestone-gypsum process is the most commonly 
used, require very high investment and operating costs, high 
water consumption, and generate wastewater containing reac
tion products that require further treatment.[6] Semi-dry and 
dry methods reduce water consumption but generate large 
amounts of solid reaction waste – mixtures of unreacted sor
bent, fly ash, and sulfates – whose disposal or management is 
costly and logistically challenging.[7] All these technologies are 
also characterized by low flexibility, as they are designed for 
a strictly defined flue gas composition and process parameters, 
which makes it challenging to adapt them to variable operating 
conditions and smaller installations.

Although global SO2 and H2S emissions are declining,[8] 

challenges persist for smaller emission sources and specia
lized, dispersed industries, including pulp and paper, small 
power plants, and local industrial boiler rooms. This neces
sitates not only further refinement of proven emission 
reduction technologies, but also the development of more 
operationally flexible, cost-effective, and circular economy- 
compliant solutions that can effectively reduce sulfur emis
sions even from dispersed and difficult-to-control sources. 
This opens up space for alternative and resource-efficient 
solutions, such as biochar that appears to be an alternative 
with high potential. Thanks to its large specific surface area, 
high porosity, thermal stability, and the presence of diverse 
functional groups, it enables the effective binding of SO2, H2 
S, and other gaseous pollutants at relatively low operating 
costs.[9,10] Laboratory tests have shown that iron- 
impregnated maple biochar (MB-Fe) achieves a maximum 
H2S adsorption capacity of 23.9 mg/g, which is a 3.9-fold 
increase compared to unmodified maple biochar (MB, 6.1  
mg/g). Similarly, iron-impregnated corn stalk biochar (CSB- 

Fe) achieves a capacity of 8.2 mg/g, which is 2.5 times higher 
than unmodified biochar from the same raw material (CSB, 
3.3 mg/g).[11] The H2S capacities of biochar are lower than 
those of some commercial chemical sorbents, which can 
reach 667 mg/g for activated carbon produced from charcoal, 
chemically activated with phosphoric acid and modified with 
metal salts, 20–40 mesh grain size.[12] Biochar produced 
from waste biomass offers significant benefits in terms of 
sustainability. Its low production costs and flexibility in 
adapting to different emission sources make it an attractive 
and environmentally friendly alternative to synthetic sor
bents. Additionally, its ability to be reincorporated into the 
material cycle enables the combination of emission reduction 
with agricultural practices, aligning with the concept of 
a closed-loop economy. Notably, biochar produced from 
waste biomass not only reduces pressure on primary raw 
materials but also facilitates the management of organic 
waste streams. Unlike conventional sorbents, used biochar 
can, after environmental safety assessment, be reused as 
a soil additive, providing sulfur as an essential micronutrient 
and improving the physicochemical properties of the sub
strate. This “resource-oriented” approach transforms the 
problem of secondary waste into a value-added product by 
integrating the reduction of sulfur emissions with agricul
tural practices and implementing the key principles of the 
circular economy and sustainable development.[13–15]

The properties of biochar can be deliberately modified by 
selecting specific parameters of the production process, such as 
pyrolysis temperature, heating rate, residence time in the reac
tor, type of biomass, as well as the degree of grinding and 
drying of the raw material, which enables the optimization of 
its sorption capacity. Although there are many studies in the 
literature devoted to the characteristics of biochar and its 
sorption properties,[16] there is still a lack of systematic ana
lyses of the impact of fast and flash pyrolysis, overpressure 
conditions, and optimization of raw material preparation, 
including grinding and drying, on the properties of the final 
product. Also, the available sources still do not provide sys
tematic information on the possibility of reusing biochar after 
the adsorption process, especially in agricultural applications 
as a sulfur carrier and an agent for supporting soil physico
chemical properties. A literature review with Scopus, keywords 
“reuse” AND “spent” AND “adsorbent,” showed that only 
seven papers on spent sorbent management were published 
between 2015 and 2025, of which only a few concerned agri
cultural applications. The study by Hu et al.[17] demonstrated 
the effectiveness of spent adsorbents in removing micropollu
tants from wastewater, while Fouda-Mbanga et al.[18] con
firmed their efficiency in extracting heavy metals. The 
potential for their revalorization in forensic science was pre
sented by Nthwane et al.[19] The use of spent adsorbents as 
additives in cement and ceramic materials was discussed in[20] 

and,[21] whereas their impact on the firing process of clay 
bricks was analyzed in.[22] Additionally, Arunachellan et al.[23] 

described their application as catalysts in phenol reactions.
These scattered findings highlight that, despite growing 

interest in biochar adsorption, systematic knowledge on the 
reuse of spent sorbents – particularly in agriculture – remains 
scarce. This gap highlights the need for integrated research. It 
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provides a unique perspective, which is the focus of the present 
review, specifically on the “resource-oriented” application of 
sulfur-enriched biochar in agriculture.

KEY BIOMATERIALS FOR EFFECTIVE SULFUR 
REMOVAL

The selection of suitable material for biochar production is 
crucial for both the efficiency of its production and its subse
quent use in sulfur compound removal processes. This analysis 
evaluated various sources of waste biomass in terms of their 
suitability for biochar production and their ability to adsorb 
sulfur compounds such as H2S and SO2. Six main groups of 
biowaste were selected for the study: agricultural waste, wood 
waste, food waste, bio-solid waste, municipal waste, and algae 
(Table 1). The biochar yield varies widely, ranging from 17.6% 
for aloe-vera leaves at 500°C[30] to 65.4% for palm oil mill 
sludge at 300°C.[44] High yields were also achieved for rice 
hull (41.9% at 400°C),[24] banana peels (39.5% at 400°C),[24] 

banana empty fruit bunch (29.3% at 350°C)[29] and almond 
shells (28.0% at 500°C).[33] Although the microalgae 
Sargassum sp. exhibited a biochar yield of 30.2%,[46] they 
required significantly higher pyrolysis temperatures of 800°C. 
Compared to the above examples, from a practical point of 
view, pyrolysis at 800°C is an energy-intensive and costly 
process. With an adsorption efficiency of H2S at 5.80 mg/g, 
Sargassum sp. is not the optimal material. The lowest biochar 
yields were recorded for palm oil sewage sludge (5.43% at 
400°C),[44] aloe leaves (17.6% at 500°C)[30] and used coffee 
grounds (18.9% at 500°C).[30] Unfortunately, in many cases, 
authors did not provide information on the biochar yield, 
particularly for biochar derived from agricultural waste, 
which complicates a complete assessment of these material 
potential.

It is worth noting that the pyrolysis temperature has 
a significant impact on biochar yield, as clearly illustrated by 
the results presented in.[24] For banana peels, the yield 
decreased from 39.5% at 400°C to 28.2% at 600°C, for rice 
hulls from 41.9% to 30.1%, and for sawdust from 29.4% to 
22.6%. These results reflect a commonly observed trend in 
which higher temperatures intensify the degradation of cellu
lose and hemicellulose, promoting further degassing of the 
carbon structure and resulting in a decrease in yield.[48,49] 

However, the scale of this phenomenon depends on the type 
of biomass, which is related to its chemical composition. 
Biomass rich in cellulose and hemicellulose, such as soft agri
cultural waste (e.g., banana peels) or rice husks, achieves high 
yields at lower temperatures but shows a 28% decrease in 
efficiency compared to the initial value as the temperature 
increases. On the other hand, lignin-rich biomass, such as 
sawdust or eucalyptus, is more resistant to thermal degrada
tion, resulting in more stable yield values, although with a 23% 
downward trend. In addition, the minimal differences in bio
char yield were observed for banana peels in the temperature 
range of 550–600°C, decreasing of only 5%. It may be due to 
the intensive degradation of the remaining cellulose and 

hemicellulose and the rapid release of volatile components. 
In the case of straw and rice husks, the decrease in efficiency 
is more uniform, probably due to the higher thermal stability 
of lignin in these raw materials. It should be noted that despite 
the common trend of yield reduction, absolute values remain 
diverse – for example, rice hulls achieve a higher yield than 
sawdust even at higher temperatures. This phenomenon high
lights the key role of the proportions of lignin, cellulose, and 
hemicellulose in determining the process efficiency. It indi
cates the need for individual selection of pyrolysis parameters 
based on the biomass characteristics.

Regarding selected biological waste, it is essential to note that 
its primary application is the adsorption of H2S. Biochar from rice 
straw, modified with copper and obtained by pyrolysis at 600°C, 
showed the highest H2S adsorption capacity − 1 g/g.[28] The best 
adsorption properties were observed for the sample, which, after 
copper impregnation, was calcined at 300°C. Compared to the 
sample calcined at 200°C, this material had a larger specific sur
face area (36 m2/g vs. 24 m2/g) and a higher oxide content (1.5% 
vs. 0.5%). At 25°C, this material had a greater number of active 
sites capable of H2S chemisorption. In addition, adsorption at 
120°C promoted the formation of stable chemical bonds between 
H2S and the biochar surface, resulting in an extended break
through time of 400 minutes.

In terms of H2S adsorption efficiency, the best results were 
obtained for rice husks (94.7%), sawdust (95.0%), and banana 
peels (98.2%).[24] However, it should be noted that these results 
are given as percentages without specifying the initial concen
tration of the sulfur compound. This method of presentation 
renders it impossible to convert the data into a standard mg/g 
adsorption capacity, which hinders direct comparison of the 
effectiveness of different materials and assessment of their 
efficiency at varying gas concentrations. Biochar from rice 
husks (RHB-500) showed the presence of key functional 
groups, including O–H, N–H, and C=C. The material was 
characterized by a heterogeneous surface, including pores 
with a diameter of approximately 21.3 µm and micropores  
<30 µm formed during pyrolysis. This type of disordered 
structure increases the total sorption surface area, but at the 
same time may limit the efficiency of gas transport to active 
adsorption sites. Biochar from sawdust (SDB-500) exhibited 
a similar set of functional groups (O–H, C–O, C=C, Si–O–Si). 
Still, its structure was more ordered, with a honeycomb char
acter, a layered arrangement of pores with a diameter of 
~13.7 µm, and micropores <30 µm. This porosity facilitated 
more efficient transport of H2S to active sites, which may 
explain the slightly higher sawdust adsorption efficiency com
pared to biochar from rice husks. In the case of both materials, 
the high pyrolysis temperature led to dehydration and partial 
decomposition of the –OH groups, thereby affecting the avail
ability of reactive chemisorption centers. Biochar from banana 
peels was distinguished by its longitudinal fibrous structure, 
resulting from the natural structure of the raw material. The 
average pore diameter was 13.8 µm, comparable to that of 
sawdust. The material retained a relatively larger number of 
reactive hydroxyl groups from alcohols and carboxylic acids, 
even after pyrolysis at 550°C. The fibrous and orderly structure 
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Table 1. Comparison of waste biomass-derived biochars for sulfur compound removal.

Raw material / 
its form

Pyrolysis / 
Operation conditions

Pyrolysis 
yield (%)

Form of sulfur removed by 
biochar

Sulfur removal by 
activated biochar* Ref.

1. Agricultural waste
Rice hull / 

ground and sieved form
400, 450, 500, 550, 

600°C, 10°C/min,  
4 h

from 41.9 (at 400°C) to 30.1 
(at 600°C)

H2S from municipal solid 
waste

94.7%# (*for 
biochar obtained 

at 500°C)

[24]

Dairy manure / ground 
and sieved form

700°C, h.r. – n.a., 6 h n.a. SO4
2- from sodium sulfate 

solution
3.7 mg/g [25]

Sugarcane bagasse / 
sieved form

700°C, h.r. – n.a., 4 h, melamine- 
functionalized biochar with magnetic  
CuFe2O4

n.a. total sulfur from diesel fuel 1.7 g/g [26]

Cow dung / 
dried form

500, 650, 750°C, 
20°C/min, 60 min

n.a. H2S from biogas 38.2 mg/g 
(*650°C)

[27]

Pig manure / dried form 500, 650, 750°C, 
20°C/min, 60 min

n.a. H2S from biogas 16.5 mg/g 
(*750°C)

[27]

Chicken manure / dried 
form

500, 650, 750°C, 
20°C/min, 60 min

n.a. H2S from biogas 4.9 mg/g (*750°C) [27]

Coconut husk / dried form 500, 650, 750°C, 
20°C/min, 60 min

n.a. H2S from biogas 38.7 mg/g 
(*750°C)

[27]

Rice straw / powdered 
form

600°C, 20°C/min, 60 min, steam-activated 
Cu-modified biochar

n.a. H2S from gas streams 1 g/g [28]

Banana empty fruit 
bunch / ground and 
sieved form

350°C, h.r. – n.a., 4 h 29.3 H2S from gas streams 7.7 mg/g [29]

Corn cob / powdered form 500°C, h.r – n.a., 2 h 23.0 H2S from biogas 47 mg/g [30]

2. Wood residue
Sawdust / 

ground and sieved form
400, 450, 500, 550, 

600°C, 10°C/min, 4 h
from 29.4 (at 400°C) to 22.6 

(at 600°C)
H2S from municipal solid 

waste
95%# (*500°C) [24]

Camphor tree / ground 
and sieved form

100, 200, 300, 400, 500°C, 10°C/min, 5 h n.a. H2S from the exhaust gas 1.2–121 mg/g 
(*400°C)

[31]

Used wood pallet / sieved 
form

700°C, 22°C/min, 30 min n.a. H2S from dry syngas 13 mg/g [32]

Eucalyptus / ground and 
sieved form

500°C, h.r. – n.a, r.t. – n.a, KOH-activated 
pyrolyzed biochar

36 H2S from biogas 490 mg/g [33]

Almond shells / ground 
and sieved form

500°C, h.r. – n.a, r.t. – n.a., KOH-activated 
pyrolyzed biochar

28.5 H2S from biogas 230 mg/g [33]

Commercial pinewood 
chip / particle form

456, 500, 600°C, 
h.r. – n.a., 10 h

n.a. H2S from livestock 
environment

2.5 mg/g (*465°C) [34]

Black spruce / ground 
form

454°C, h.r. – n.a., r.t. – n.a., further activation 
in the presence of CO2 

at 900°C

n.a. SO2 from industrial activity 25 mg/g [35]

White birch / ground form 454°C, h.r. – n.a., 
r.t. – n.a., further activation in the 
presence of steam 
at 900°C

n.a. SO2 from industrial activity 76.9 mg/g [35]

3. Food waste
Orange waste / ground 

and sieved form
400*, 600°C, 

5°C/min, r.t. – n.a.
25.5 

at 400°C
H2S from waste cooking oil 78.3%# (*400°C) [36]

Banana peel / ground and 
sieved form

400, 450, 500, 550, 
600°C, 10°C/min, 4 h

from 39.5 (at 400°C) to 28.2 
(at 600°C)

H2S from municipal solid 
waste

98.2%# (*550°C) [24]

Orange pruning / 
powdered form

400, 600°C, 
10°C/min, r.t. – n.a.

n.a. H2S from waste cooking oil 78.8%# (*600°C) [36]

Potato peel waste / 
crushed and sieved 
form

500°C, h.r. – n.a., 5 min n.a. H2S from stream gas 53 mg/g [37]

Oil palm fiber / ground 
and sieved form

450°C, 12°C/min, 
98 min

24.4 SO2 from power plants 18.6 mg/g 
(*450°C)

[38]

Coffee grains / ground 
and sieved form

500°C, 10°C/min, 3 h 23.0 H2S from biogas 22 mg/g [33]

Coffee industry waste / 
pelleted form

500, 600, 700, 800°C, 
10°C/min, 3 h

n.a. H2S from stream gas 281.5 mg/g 
(*500°C)

[39]

Spent coffee / powdered 
form

500°C, h.r. – n.a., 2 h 18.9 H2S from stream gas 66.3 mg/g [30]

4. Bio-solid waste
Sewage sludge / ground 

and sieved form
300°C, h.r. – n.a., 11 h n.a. H2S from biogas 43.9%# [40]

Palm oil sludge 300, 442, 700°C, 
20°C/min, 30–150 min

n.a. SO2 from flue gas 16.7 mg/g 
(*442°C)

[41]

Activated sludge char / 
particle form

Microwave-assisted pyrolysis and physical 
activation; 500, 600, 700°C, h.r. – n.a., r. 
t. – n.a.

n.a. H2S from stream gas 9.15 mg/g 
(*500°C)

[42]

Sludge–margin mixture 400, 500°C, h.r. – n.a.,  
− 4 h

n.a. H2S from biogas 97.0%# (*500°C) [43]

(Continued)
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facilitated mass transport and H2S contact with the surface, 
resulting in the highest adsorption efficiency among the tested 
materials. Additionally, some of the C=O groups underwent 
aromatization during pyrolysis, potentially increasing the sur
face chemical activity.

Biochar from sugarcane bagasse, modified with CuFe2O4 
nanoparticles and functionalized with melamine (Me- 
BC/CuFe2O4), exhibited exceptional adsorption capacity for 
SO2, reaching 1.7 g/g at 700°C.[26] The N–H band confirmed 
the presence of nitrogen in the material structure at 3487  
cm−1, while the characteristic Cu–O peaks (402 and 593  
cm−1) indicated the preservation of the CuFe2O4 spinel 
structure. Raman analysis revealed an ID/IG ratio of ≈  
approximately 0.98, indicating an increased number of 
defects in the graphite structure resulting from the functio
nalization and delamination of the biochar sheets. The mate
rial was also characterized by a high 361 m2/g specific surface 
area, compared to 62.4 m2/g for unmodified biochar, and 
a mesoporous structure with a pore diameter of ~15.9 nm, 
providing a large number of active adsorption sites. The 
porosity was irregular, with visible voids and channels, and 
CuFe2O4 nanoparticles were evenly distributed on the sur
face of the biochar. TEM images revealed dark spots corre
sponding to nanoparticles deposited on melamine- 
functionalized sheets, further highlighting the high efficiency 
of the material in adsorbing sulfur gases.[26]

Although biochar yield increases with decreasing pyrolysis 
temperature,[24] establishing a clear relationship between pyr
olysis temperature and sulfur compound adsorption efficiency 
is challenging (Figure 1), as the properties of the feedstock 
strongly influence the outcome. Among the analyzed waste 
groups, both more mineral-rich and lignocellulosic feedstocks 
are present. It has been observed, however, that pyrolysis 
temperatures passing 500°C favor biochars derived from lig
nocellulosic materials, such as agricultural waste (sugarcane 
bagasse, rice straw, and banana empty fruit bunch) and wood 
residue (eucalyptus and camphor tree), for which the 

maximum sulfur adsorption exhibits a linear dependence on 
the biochar production temperature within the range of 300 to 
900°C. In contrast, organomineral feedstocks, such as chicken 
manure or pig manure, exhibit significantly lower adsorption 
efficiency, regardless of the pyrolysis temperature.

BIOCHAR PRODUCTION AND MODIFICATIONS FOR 
ENHANCED SULFUR REMOVAL EFFICIENCY

The publications summarized in Table 1 were reviewed to 
assess the various technologies employed in producing biochar 
to remove gaseous sulfur compounds. The review focused on 
several aspects, including the method of feedstock preparation, 
such as whether and how the material was dried, as well as the 
grain size distribution used for pyrolysis. It also covered details 

Table 1. (Continued).

Raw material / 
its form

Pyrolysis / 
Operation conditions

Pyrolysis 
yield (%)

Form of sulfur removed by 
biochar

Sulfur removal by 
activated biochar* Ref.

Palm oil mill sludge / 
ground form

300, 400, 500 C, 
10–20°C/min, 60–120 min

from 65.4 (at 300°C, 20°C/ 
min) to 41.8 (at 500°C, 10°C/ 

min)

SO2 from the combustion of 
fossil fuel or waste 
incineration

10 mg/g (*400°C) [44]

5. Municipal waste
Leaf waste / ground and 

sieved form
200, 300, 400°C, 

h.r. – n.a., r.t. – n.a.
n.a. H2S from biogas 8.4 mg/g (*400°C) [45]

Αloe-vera leaves / 
powdered form

500°C, h.r. – n.a., 2 h 17.6 H2S from biogas 106 mg/g [30]

6. Algae waste
Sargassum sp. / powdered 

form
400, 600, 800°C, 

h.r. – n.a., 20 min
30.2 at 800°C H2S from biogas 5.80 mg/g (*800°C, 

200 ppm inlet)

[46]

Enteromorpha sp. / 
powdered form

400, 600, 800°C, 
h.r. – n.a., 20 min

26.1 at 800°C H2S from biogas 0.65 mg/g (*800°C, 
1500 ppm inlet)

[46]

Chlorella sp. / powdered 
and sieved form

800°C, h.r. – n.a., 20 min n.a. H2S from a gas cylinder 96.1 mg/g [47]

Spirulina sp. / powdered 
and sieved form

800°C, h.r. – n.a., 20 min n.a. H2S from a gas cylinder 69.4 mg/g [47]

n.a – not available, * – the best pyrolysis temperature to obtain the highest sulfur compounds removal. 
h.r. – heating rate, r.t. – residence time. 
# - values presented as in the original article, not recalculated.

Figure 1. Relationship between the pyrolysis temperature of biowaste and the 
sulfur compounds adsorption capacity of biochar.
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of the pyrolysis process, including the reactor type, sample 
mass, carrier gas flow rate, heating rate, temperature, residence 
time, atmosphere composition, and pressure. Lastly, the ana
lysis examined whether the produced biochar underwent addi
tional processing, such as activation or separating specific 
fractions to remove sulfur compounds.

Feedstock Preparation

The moisture content in the feedstock is known to increase the 
energy requirements for the pyrolysis process, as a significant 
portion of the energy is used for evaporation.[50] However, 
moisture evaporation also promotes the development of bio
char porosity. Additionally, the steam released during this 
process contributes to the production of hydrogen-rich fuel 
gas by enhancing the steam reforming of volatiles and the 
steam gasification of biochar.[51–53] In 21 of the 24 studies 
listed in Table 1, the feedstock was dried to eliminate nearly 
all inherent and surface moisture, using widely differing meth
ods. Sanchez-Borrego et al.[36] dried the waste biomass in an 
oven at 45°C as part of a two-stage process, but the duration 
was not specified. Sun et al.[37] and Shang et al.[31] thermally 
dried their material at 60°C for 24 and 48 h, respectively. Su 
et al.[27] dried the material at 65°C for 24 h, while Sahota 
et al.[45] used 75°C overnight. Baikousi et al. [30] and 
Juntarachat and Onthong[29] dried their samples at 80°C for 
24 h. Higher temperatures were also employed in later studies, 
including 100°C overnight,[46] 100°C for 24 h,[24] 105°C for 
24 h[33,38,44] and 110°C overnight.[26] In the case of the 12 
analyzed studies, detailed information was provided regarding 
both the temperature and the duration of the drying process. 
Interestingly, as shown in Figure 2, it can be observed that in 
more than 66% of these studies, the fuel drying time was 24 h 
regardless of the process temperature, which indicates that it 
was not optimized.

An alternative method, which involves removing only 
a portion of the moisture, was employed in the 
studies.[32,43] In Gaga et al.[43] the feedstock was maintained 

at a moisture level of 20%, whereas Hervy et al.[32] main
tained it at 30%. Xu et al.[42] employed a unique approach by 
completely drying some of the material at 105°C, while other 
portions were dried to moisture contents of 15% and 30%. 
Additionally, the literature review revealed two studies[35,39] 

in which pyrolysis was performed on feedstocks in their 
original condition as received, without reported information 
on moisture content. The second crucial factor in biochar 
production is the size of the feedstock particles used in the 
pyrolysis. Although grinding the material to achieve smaller 
particle sizes is energy-consuming, it significantly shortens 
the pyrolysis time. As with drying, the literature review 
reveals many methods to accomplish this. In some of the 
studies analyzed, the feedstock was not subjected to grinding. 
The biochar produced in this way was derived from sewage 
plant sludge,[43] banana peel and banana empty fruit bunch 
waste,[29] leaf waste biomass collected from in-house 
vegetation,[45] various types of livestock manure and coconut 
husk.[27] In one study,[39] the coffee industry waste used for 
pyrolysis was not only unground but was also fed into the 
reactor in pellet form.

Other authors subjected the feedstock to grinding and siev
ing to obtain specific particle size fractions, as shown in 
Figure 3. In the study by Iberahim et al.[44] biochar was 
produced from palm oil mill sludge that was ground and 
sieved to a fine particle size in the range of 300–500 mm, 
while in another study by the same authors,[38] oil palm fiber 
was processed with a particle size range of 100–300 mm. Hervy 
et al.[32] chipped wood pallets into particles with an average 
diameter of 30 mm. Feedstocks with a maximum grain size of 
2 mm were subjected to pyrolysis by Sahota et al.[45] Izhar 
et al.[24] and Junior and Guo.[40] In comparison, Sanchez- 
Borrego et al.[36] and Xu et al.[42] used a maximum size of 
1 mm. In the study by Shang et al.[31] three different fractions 
were analyzed: particles in the 0.4–1.25 mm range, those in the 
0.3–0.4 mm range, and particles smaller than 0.3 mm. Sun 
et al.[37] pyrolyzed materials with a size range of 
0.15–0.45 mm and Dou et al.[47] used particles below 0.3 mm. 
The feedstocks with the smallest particle sizes used for biochar 
production included dairy manure, with a maximum size of 
0.18 mm,[25] as well as coffee grains, eucalyptus bark and 
almond shells,[33] which had particle sizes ranging from 0.11 
to 0.25 mm.

As indicated by the cited studies, there are no widely 
accepted standards specifying the optimal form in which mate
rials should be subjected to pyrolysis. The cited works provide 
little discussion on the rationale for fuel grinding or on the 
influence of particle size on the energy demand of the process 
and the properties of the resulting biochar. Consequently, the 
feedstocks used for pyrolysis vary greatly, ranging from finely 
ground samples with a maximum particle diameter of less than 
0.18 mm, to coarsely ground materials with particle sizes of 
several to several dozen mm, to as-received feedstocks, and 
even pelletized forms. In addition to drying and grinding, 
feedstock materials were sometimes subjected to preliminary 
washing to remove impurities. Han et al.[46] washed fresh 
macroalgae with water five times, when Sahota et al.[45] washed 
only twice a leaf waste mixture. In the following studies, 
detailed information about the washing process was not 

Figure 2. The relationship between the bio feedstock drying time and drying 
temperature.
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provided. Still, it is known that it was applied to materials such 
as rice hulls, banana peels and sawdust,[24] camphor tree 
branches,[31] coffee grain waste, eucalyptus bark and almond 
shells.[33]

Pyrolysis Conditions

The feedstock materials, once properly prepared, underwent 
pyrolysis in reactors that varie significantly in design and 
function. The designs of the most commonly used reactors 
are presented in Figure 4. One of the most common methods 
involved placing the material in lidded crucibles and heating 

them in a muffle furnace[24,25,33] (see Figure 4a). Since the 
crucibles were tightly sealed, no oxygen or water vapor could 
enter from outside, resulting in a limited oxygen environment 
where the material only interacted with the oxygen trapped 
inside the crucible. This experimental setup is akin to the 
standard procedure for measuring volatile matter content in 
proximate analysis, such as ASTM Standard D1762-84. 
Although this approach is simple and repeatable, it subjects 
the biochar to secondary pyrolysis reactions, as the gases 
released during the process remain in contact with the biochar 
throughout. Even though it is rarely specified, only a small 
amount of material – just a few grams – is likely processed per 

Figure 3. Particle size of the feedstock subjected to drying. Symbols: * – average particle size; w – materials subjected to preliminary washing.

Figure 4. Reactor designs used for biochar production. Symbols: (a) muffle furnace; (b) tubular batch reactor; (c) fluidized bed reactor; (d) semi-continuous screw 
reactor; (e) microwave quartz tube; (f) traditional kiln; (g) cyclonic bed reactor.
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batch using this method. An adaptation of the method men
tioned above was introduced by Junior and Guo,[40] who sub
stituted the porcelain crucibles with a metal canister. This 
canister features a 5 mm hole in the lid, enabling the release 
of pyrolysis gases and thereby reducing the effect of secondary 
pyrolysis. With an internal diameter of 110 mm and a height of 
130 mm, the container can accommodate larger sample 
volumes.

Another widely used approach to biochar production 
involves the use of a tubular reactor,[26,27,30,36,44,47] as shown 
in Figure 4b. This method is also a batch process in which the 
sample is placed inside a reactor flushed with an inert gas, and 
the temperature is controlled through electric heating. This 
method effectively prevents secondary pyrolysis, but gas flush
ing can introduce some inaccuracy in measuring the actual bed 
temperature of the material. The reactors employed can be 
oriented either horizontally[26] or vertically,[36] with generally 
consistent dimensions, typically featuring an internal diameter 
of 30–40 mm and a height of 160–500 mm.[27,36,38,44] Nitrogen 
is the inert gas most frequently used,[26,27,36,38,44,47] although 
argon is also sometimes utilized.[30] Carrier gas flow rates vary 
from 30 to 300 mL/min,[36,44,47] and processed material typi
cally weighs a few grams, ranging from just over 4 g [36] to 
about 10 g.[26,38,44] Similar pyrolysis conditions to those in 
a tubular reactor, where the material sample is flushed with 
an inert gas in a bed, can also be replicated using a controlled 
atmosphere muffle furnace, as demonstrated by.[31]

Sun et al.[37] proposed an alternative method for biochar 
production, employing a fluidized bed reactor preloaded with 
a material mixture and 5 g of sand, shown in Figure 4c. The 
spatial velocities applied ranged from 700 to 8000 L/h. In 
contrast, Hervy et al.[32] used a semi-continuous horizontal 
screw reactor with a diameter of 167 mm and a length of 
2000 mm to produce biochar (Figure 4d). Xu et al.[42] took 
a different approach, using a vertical microwave quartz tube 
with an inner diameter of 15 mm and a length of 270 mm, 
which was purged with nitrogen. To address the poor micro
wave absorption of the sludge, it was mixed with materials with 
strong microwave absorption properties, such as activated 
carbon and silicon carbide (SiC), as presented in Figure 4e. 
The mixture was then heated to the target temperature using 
a microwave with a constant power of 800 W. The literature 
review also highlighted efforts to produce biochar from waste 
biomass using large-scale methods, such as a traditional 
kiln[45] and the commercially available cyclonic bed reactor 
(CarbonFX technology),[35] shown in Figure 4f,g, respectively. 
Of all the studies reviewed, only Braghiroli et al.[35] employed 
fast pyrolysis, whereas the others[24,27,30–32,36,43,44] utilized slow 
heating, with rates ranging from 5 to 22°C/min. The absence of 
studies addressing the application of biochars derived from 
fast and flash pyrolysis for sulfur removal constitutes 
a significant knowledge gap and is particularly notable given 
the widespread industrial deployment of these techniques.

Figure 5 illustrates the relationships between the applied 
heating rate, residence time, and temperature for slow pyro
lysis, showing results only for studies that reported all three 
variables in detail. Process temperatures varied from 100°C[31] 

to 800°C.[39,44,46,47] The temperature of 500°C was the most 
commonly used, appearing in 11 studies, while 400 and 600°C 

were each used in 8 studies. The residence times in the reactor 
varied considerably, ranging from 5 minutes[37] to approxi
mately 11 h [40] (not included in the figure due to missing 
information on the heating rate). In most cases, the process 
took no more than several hours. The results presented in 
Figure 5 indicate that lower heating rates are generally asso
ciated with shorter residence times. This relationship can be 
attributed to the fact that reduced heating rates prolong the 
non-isothermal stage of pyrolysis, thereby enhancing the 
extent of biochar carbonization and increasing its yield.[54] In 
contrast, extending the residence time at elevated temperatures 
would be inefficient, as it promotes further decomposition of 
the solid phase, consequently decreasing the biochar yield. 
Notably, only one study[37] investigated biochar production 
under mild overpressure conditions, whereas all other 
studies[24–27,30,38] conducted pyrolysis at atmospheric pressure. 
The influence of pressure on the sulfur sorption capacity of 
biochar and its suitability as a soil amendment remains 
a critical and strikingly understudied knowledge gap. 
Pressurized pyrolysis emerges as a promising strategy, offering 
the potential to increase biochar yield, achieve precise control 
over its physicochemical properties, and mitigate the environ
mental impacts of the process.

Post-Pyrolysis Treatments and Modifications

Typically, the biochar produced was not sieved, and the 
whole material was used for sulfur compounds 
removal.[31,33,36–41,43,44,46] However, as shown in Figure 6, 
some researchers have chosen specific particle size fractions 
of the biochar. Golnari et al.[26] used particles smaller than 
2 mm, Braghiroli et al.[35] selected fractions of 1–2 mm, 
Hervy et al.[32] used sizes between 0.5 and 1.6 mm, 
Juntarachat and Onthong[29] and Xu et al.[42] focused on 

Figure 5. Relationships between heating rate, residence time and temperature in 
slow pyrolysis.
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fractions smaller than 1 mm, Sahota et al.[45] used particles 
smaller than 0.5 mm, Izhar et al.[24] selected fractions below 
0.2 mm, and Zhao et al.[25] used particles smaller than 
0.165 mm. The literature offers limited insight into the 
energy requirements and rationale for grinding biochar 
for use as a soil amendment, underscoring a critical knowl
edge gap. In addition to sieving, some of the biochar 
produced underwent activation processes. Chemical activa
tion was commonly conducted using KOH[30,33,35,39,47] and 
occasionally ZnCl2.[33] For physical activation, agents such 
as CO2,[35,39,42] steam,[32,35,42] or O2/N2

[32] were employed. 
Notably, in the study by Xu et al.[42] activation was carried 
out during pyrolysis rather than after introducing the acti
vation agent into the reaction zone while pyrolysis was 
ongoing. Juntarachat and Onthong[29] introduced an inno
vative method to prepare biochar adsorbents by extruding 
the biochar into spherical shapes using starch as a binder.

In conclusion, the literature review suggests that feedstock 
is typically dried between 45°C and 110°C before pyrolysis. 
There is no uniform agreement on particle size for pyrolysis, 
with studies using finely milled materials (0.106 to 2 mm), 
coarsely crushed materials (30 to 500 mm), and raw and 
pelletized forms. In cases of highly contaminated feedstock, 
washing was sometimes performed. Various equipment types 

were employed to produce biochar, the most common being 
lidded containers heated in a muffle furnace and tubular 
reactors. Other methods included the use of fluidized bed 
reactors, screw reactors, microwave reactors, traditional 
kilns, and cyclonic bed reactors. Biochar was generally pro
duced by slow pyrolysis, with heating rates of 5 to 22°C/min, 
at temperatures of 400, 500 or 600°C and residence times of 
a few hours or less. Most studies on pyrolysis have focused on 
processes conducted at atmospheric pressure in an inert 
atmosphere, typically nitrogen or argon, or under limited 
oxygen conditions. The resulting biochar was utilized to 
remove sulfur compounds, either in their raw state or after 
being sieved into fractions with particle sizes ranging from 
0.165 mm to 2 mm. They were frequently subjected to che
mical activation, typically with KOH or physical activation 
using CO2, steam, or O2/N2.

EXPLORING THE PROPERTIES OF PURE VS. 
SULFUR-ENHANCED BIOCHAR

Biochar characterization is based on understanding its struc
ture, identifying surface functional groups, and analyzing its 
elemental composition.[3] This section highlights key 

Figure 6. Particle size of biochars used for the removal of sulfur compounds.

Table 2. pH values of selected biochars produced from waste biomass.

Biochar raw material Pyrolysis temperature pH Ash (%) Ref.

Oil palm fiber (OPF) 450°C 6.78 10.0 [38]

Palm oil sludge (POS) 442°C 7.01 53.1 [41]

Black spruce (BS) 454°C 7.10 n.a. [35]

White birch 454°C 5.90 n.a. [35]

Palm oil mill sludge (POMS) 400°C 6.82 44.8 [44]
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parameters and techniques used for biochar characterization 
and their application in studies on sulfur compound 
adsorption.

pH

pH is an essential parameter in biochar characterization, as it 
affects its quality and possible applications.[9] The pH of bio
char can influence several properties, including acidity/alkali
nity, nutrient availability, suitability for soil amendment, and 
stability.[55] Table 2 shows examples of biochar pH values and 
ash content obtained from waste biomass. The pH difference 
between biochars may result from variations in the contents of 
alkali, alkaline earth metals, and carbonates.[56] The biochars 
presented in Table 2 were produced at a similar temperature 
during the pyrolysis process. It can be seen that the higher the 
ash content in biochar, the higher the pH of the biochar. In the 
case of the ash content, it increases as the pyrolysis tempera
ture rises. This is most likely owing to the mineral component, 
which converts into ashes with higher heating treatment.[41]

According to the literature, a pH value lower than 7 indi
cates that the acidic surface of biochar will be ineffective in 
removing sulfur from the gas phase.[38] However, a biochar 
with a pH value higher than 7 tends to have more alkaline 
properties and is conducive to sulfur adsorption, indicating an 
alkaline surface since SO2 is an acidic gas. Hence, when SO2 
comes into contact with the biochar alkaline surface, it is 
adsorbed easily. On the contrary, biochar with a low pH may 
exhibit different adsorption behavior due to its acidic nature, 
which can influence the type and amount of sulfur it sorbs.[57] 

Generally, the lower pH of biochar can promote the adsorption 
of more acidic sulfur species, particularly SO4

2- and SO3
2- ions, 

as well as elemental sulfur under specific conditions.[25] Xu 
et al.[56] showed that the biochars tested in their study (dairy 
manure, sewage sludge, and rice husk biochar) had a pH value 
above 8.9. They also found that the presence of H2O may 
promote the development of an alkaline water membrane on 
the surface of the biochar, which facilitates the removal of 
acidic SO2. After SO2 sorption, biochars showed a significant 
decrease in pH.

Elemental Composition

The elemental composition (C, H, N, S) of biochar depends to 
a large extent on the raw material from which it was produced. 

For example, Xu et al.[56] compared the elemental composition 
of their produced biochars. Rice husk biochar had the highest 
C content, which is typical for biochars derived from plant 
residues. In contrast, sewage sludge and dairy manure biochar 
had a much higher content of N, S and macro- (Ca, Mg, P) and 
microelements (Fe, Mn). The elemental composition of bio
char changes with the temperature of the pyrolysis process. 
A few examples are presented in Table 3. The pyrolysis heating 
temperature had a significant impact on the carbon, hydrogen, 
nitrogen, and sulfur content. For example, the carbon content 
of biochar from oil palm fiber ranges from 44.8 to 76.0% at 
temperatures of 200 to 600°C.[38] The C content of palm oil 
sludge biochar ranges from 30.1 to 31.4% at temperatures of 
300 to 700°C, respectively.[41] In general, the carbon content of 
biochar increases with increasing temperature. The increase in 
carbon content corresponds to a decrease in hydrogen at 
higher pyrolysis temperatures, which is caused by the cleavage 
of weak bonds within the feedstock structure.[60] However, in 
the case of biochar produced from the microalga Chlorella sp., 
the carbon content displayed irregular behavior, deviating 
from the expected trend typically observed at increasing pyr
olysis temperatures. This could be a result of variations in 
feedstock heterogeneity.[58] At the same time, the hydrogen 
content systematically decreased, dropping from approxi
mately 4.19% at 400°C to 1.32% at 700°C and further declining 
to less than 1% at 800–900°C. For nitrogen, an increase in its 
content was observed in the biochar produced at 400°C 
(9.72%), likely due to the incorporation of this element into 
the biochar structure. On the other hand, sulfur was not pre
sent in all the biochar produced from microalgae.[58] The 
nitrogen content in biochar generally decreases with increas
ing pyrolysis temperature due to the thermal decomposition of 
nitrogen-containing compounds, such as amines and amides. 
This process results in the release of nitrogen gas and other 
nitrogenous gases, such as NH3 and HCN, thereby reducing 
the overall nitrogen content remaining in the biochar.[61] 

Furthermore, as the pyrolysis temperature increases, the 
S content augments rather than decreases, possibly due to the 
limited amount of sulfur in volatile compounds. Then, even at 
higher temperatures, there may simply be fewer sulfur com
pounds available to volatilize. This could lead to more sulfur 
being retained in the solid residue.[62]

The sulfur content can increase significantly in biochar if it 
is used as a biosorbent to remove sulfur (examples given in 
Table 1) in various forms, such as SO2 from industrial activity 

Table 3. Elemental composition (%) of biochars produced from waste biomass.

Biochar raw material Pyrolysis temperature C H N S Ref.

Oil palm fiber 200°C 44.8 4.95 0.20 0.00 [38]

450°C 73.9 3.76 0.71 0.25
600°C 76.0 1.77 0.36 0.00

Palm oil sludge 300°C 30.1 2.60 3.88 0.49 [41]

442°C 31.9 2.01 3.76 0.52
700°C 31.4 0.93 1.61 0.73

Microalga 
Chlorella sp.

400°C 58.8 4.19 9.72 <0.01 [58]

500°C 61.6 3.76 8.68 <0.01
600°C 56.8 1.53 6.73 <0.01
700°C 55.7 1.32 7.72 <0.01
800°C 56.7 0.88 6.72 <0.01
900°C 53.2 0.85 4.72 <0.01

Willow chips 440°C 51.3 n.a. 1.09 0.11 [59]

475°C 54.7 n.a. 1.07 0.13
530°C 43.8 n.a. 0.82 0.06
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(e.g., power plants), from the combustion of fossil fuel or waste 
incineration, H2S from municipal solid waste, biogas, gas 
streams, livestock environment, or SO4

2- ions from aqueous 
solutions, for example sodium sulfate solution. In summary, 
the elemental composition of biochar depends mainly on the 
type of biomass used and the pyrolysis conditions during its 
production.

Thermogravimetric Analysis

TGA is a thermal analysis technique used to study how the 
physical and chemical properties of a material change as it is 
heated.[9,63] The thermal stability of biochar is a crucial con
sideration when evaluating its potential use as a soil amend
ment or for carbon sequestration.[64] TGA also enables the 
quantification of sulfur retained within the biochar, providing 
insights into its thermal stability. During controlled heating, 
volatile components, including various sulfur species, are 
released, resulting in measurable mass loss. By analyzing 
these changes, it is possible to determine both the amount of 
sulfur effectively adsorbed and the temperature ranges at 
which specific sulfur compounds and biochar constituents 
decompose. This information is essential for understanding 
the mechanisms of sulfur adsorption, transformation, and 
retention, as well as for assessing the suitability of biochar for 
environmental and agricultural applications where thermal 
stability and nutrient retention are critical.[65] Significant is 
the determination of the temperature at which biochar begins 
to decompose, as it defines the maximum thermal load the 
material can withstand before degradation. If this decomposi
tion temperature is too low, the biochar may lack sufficient 
thermal stability for applications that involve elevated 
temperatures.[66]

Jayaraman et al.[67] used TGA-MS, combined with kinetic 
analysis, to assess the pyrolysis and gasification of sugarcane 
bagasse at three heating rates: 10, 50, and 100°C/min. At the 
slow heating rate (10°C/min), gases (CO2, CO, CH4) were 
released gradually, indicating uniform decomposition of the 
material. Faster heating (100°C/min) resulted in rapid and 
intense gas evolution, reflecting accelerated decomposition of 
the organic components. The char yield after pyrolysis was 
inversely proportional to the heating rate: slow heating 
increased the yield due to more complete decomposition of 
volatile components, whereas fast heating resulted in lower 
char yield due to rapid volatilization.

Fourier Transform Infrared Spectroscopy

FTIR is an analytical tool used to examine the functional 
groups on the surface of biochar. It can also be utilized to 
examine how the temperature and heating duration affect 
the surface functional groups of biochar.[9] The FTIR 
method can also confirm the successful activation of bio
char, enabling the incorporation of additional oxygen- 
containing groups that improve the surface 
functionality.[68] Table 4 presents examples of functional 
groups found in biochars produced at different tempera
tures from palm oil sludge (POSAB) and sugarcane 
bagasse, which were used for the removal of SOx. The 
wavenumbers for the determined functional groups in 
POSAB biochar produced at 300 and 442°C were almost 
identical. Only slight variations in the wavenumbers and 
intensities were observed, indicating minimal variations in 
the surface chemical composition of biochar produced at 
these temperatures. Peaks were observed for POSAB pro
duced at 300, 442 and 700°C, respectively, at 1590 cm−1, 
1600 cm−1 and 1700 cm−1. The aromatic system of double 
bonds between carbon atoms was observed, as evidenced 
by peaks between 1590 and 1700 cm−1,[69–72] as well as 
aromatic double bonds between carbon and oxygen 
atoms. Additional peaks for POSAB biochar produced at 
300°C and 442°C were also seen at 1390 cm−1 and 1410  
cm−1, while for biochar produced at 700°C, 1370 cm−1 and 
1268 cm−1 were observed.

Iberahim et al. [41] presented FTIR spectra of palm oil- 
activated sludge biochar before and after sulfur adsorption. 
The spectra show that additional peaks have emerged on 
POSAB produced at 442°C. After sulfur adsorption, 
a significant peak at 1739 cm−1 was seen, indicating C=O 
stretching of carbonyl, aldehyde, ketone and ester.[71,72] 

Additionally, significant peaks were found at 1365 cm−1 

and 1261 cm−1. Peaks in this range typically represent sul
fur-containing functional groups that may have changed 
during adsorption.[73] Furthermore, a significant peak at 
1365 cm−1 corresponds to the adsorbed form of SO2.[74] 

The last peak observed at 1019 cm−1, after adsorption, 
shows no difference compared to a new adsorbent, indicat
ing that the functional group associated with this peak has 
a minimal influence on the adsorption activity. Therefore, 
it is concluded that the functional groups present on the 
surface of the adsorbent play an essential role in the SO2 
adsorption efficiency.[75–77] Iberahim et al.[44] indicated 

Table 4. Major functional groups of palm oil-activated sludge biochar and sugarcane bagasse biochar determined by FTIR spectra.

Biochar raw material Pyrolysis temperature Functional groups Ref.

Palm oil-activated sludge 300°C C=C / C=O (1590 cm−1), , 
C-O / O-H (1390 cm−1), C-O (1008 cm−1)

[41]

442°C C=C / C=O (1600 cm−1), , 
C-O / O-H (1410 cm−1), C-O (1018 cm−1)

[41]

700°C C=C / C=O (1700 cm−1), 
C-O / O-H (1268 cm⁻¹, 1370 cm−1)

[41]

Sugarcane bagasse 700°C OH (1674 cm−1), C=O (3495 cm−1), 
C-H (2974 cm−1), C-H2 (2853 cm−1), 
C-O (1068 cm−1), N-H (3487 cm−1) 
COOH (2900–3500 cm−1)

[26]
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that palm oil mill sludge biochar adsorbs SO2 mainly 
through its functional groups. It was found that biochar 
obtained at 400°C is characterized by a better structure of 
functional groups, which significantly improves the SO2 
adsorption capacity compared to biochars obtained at 
higher temperatures (500, 600, 700 and 800°C), which are 
characterized by a decreasing number of functional 
groups – high temperatures could destroy these 
groups.[44] Generally, the active surface of the biochar 
should be basic to enhance the adsorption of sulfur diox
ide, because it is an acid gas. The basic sites on the surface 
of biochar are associated with both surface oxygen and 
nitrogen-containing groups.[41]

Brunauer-Emmett-Teller Analysis

BET analysis can be used to determine the surface area of 
biochar, a crucial measurement for understanding its adsorp
tion capability, reactivity and utilization.[9] A higher BET sur
face area generally means more surface is available for 
interactions with other substances, such as gases or pollutants, 
making it useful in various environmental and agricultural 
applications. According to Bonelli et al.[78] increasing the pyr
olysis temperature results in changes to the surface area and 
porosity of the biochar. This means that as the pyrolysis 
temperature rises, the surface area of biochar typically 
increases. Similarly, the formation of micropores and meso
pores increases with increasing temperature, resulting in 
a biochar structure with enhanced porosity. This is most likely 
due to the decomposition of organic matter at higher tempera
tures, which exposes more carbon structures and generates 
additional surface area.[79]

Table 5 shows, for example, the BET surface area, Langmuir 
surface, and micropore volume of oil palm fiber and palm oil 
mill sludge (POMS) biochar produced at different pyrolysis 
temperatures (400, 500, 700 and 800°C). The results show that 
the surface area of the POMS biochar obtained at 800°C was 
193 m2/g, which appears to be the largest among the other 
POMS biochars. This indicates that a pyrolysis temperature of 
800°C is more suitable for the adsorption of SO2 by biochar 
produced at this temperature.[44] This is because an increase in 
the surface area of biochar provides a greater number of 
adsorption sites and spaces for SO2.[38] Additionally, the 
large BET surface area represents the entire surface area inside 
the pores that is available to gas molecules, including both 
internal and external surfaces. Because adsorption can occur 
inside pores and on their external surfaces, particularly in the 
case of micropores, this results in an increase in the volume of 
the micropores and a larger Langmuir surface area. As seen in 
the case of POMS at an 800°C pyrolysis temperature, it exhibits 

a large BET surface area, resulting in a 257 m2/g Langmuir 
surface area and micropore volume (0.065 cm3/g). This means 
that 800°C POMS have a more available surface area for SO2 
adsorption than other biochars, particularly oil palm fiber, 
which had the least space for sulfur to be adsorbed.

Iberahim et al. found that biochar produced from oil palm 
fiber at temperatures of 600, 753 and 800°C and activated 
using CO2 (OPFAB) showed the highest 271 m2/g BET surface 
area when produced at 753°C.[28] Activation of biochar with 
CO2 promotes the development of a mesoporous structure, 
which enhances its surface area. This biochar showed the 
highest SO2 adsorption capacity. Additionally, it was well 
correlated with the high carbon and fixed carbon content in 
OPFAB 753°C.[28] The authors speculated that this may be one 
of the primary reasons why this OPFAB is the most effective 
adsorbent for SO2 adsorption. They also indicated that the 
pore size of OPFAB at 753°C was smaller than that of oil 
palm fiber biochar and other activated biochars at different 
temperatures, which may be one of the main factors explaining 
the optimal adsorption of SO2 gas at 753°C.[38] Opposite 
results were obtained by Xu et al.[56] who used biochars 
derived from dairy manure (DM-biochar), sewage sludge (SS- 
biochar), and rice husk (RH-biochar) for SO2 removal. The 
selected physicochemical properties, such as biochar specific 
surface area and pore volume, followed the order: RH > SS 
>DM-biochar. But, the contrary trend was observed for the 
SO2 sorption capacity by biochar: DM > SS >RH-biochar. The 
authors suggested that this discrepancy may indicate that SO2 
sorption by biochar was not controlled by its surface area but 
rather by inorganic components. The SO2 sorption trend 
appears to be consistent with the mineral content in the bio
chars studied. Minerals in biochar can react with adsorbed SO2 
to form various sulfate minerals, which enhances SO2 removal 
by biochar. This means that the specific surface area of biochar 
is not the only factor that describes the SO2 adsorption 
capacity.

Scanning Electron Microscope – Energy Dispersive X-Ray 
Spectroscopy

SEM is used to study the surface morphology of raw materials. 
SEM images may also indicate an increase in the biochar sur
face area resulting from a higher pyrolysis temperature, which 
could favor SO2 adsorption.[44] These images can also display 
the microporous and mesoporous distributions, as well as the 
pore structure, present in the biochar.[9,44] They can also be 
used to predict the surface shape before and after the adsorp
tion process.[80] Iberahim et al.[44] using SEM images, demon
strated that among biochars produced from POMS at the 
temperature range of 300–800°C, pore structures of larger 

Table 5. Bet analysis result of biochars produced from oil palm fiber and palm oil mill sludge.

Biochar raw material Pyrolysis temperature
BET surface area 

(m2/g) Langmuir surface (cm3/g) Micropore volume (cm3/g) Ref

Oil palm fiber 450°C 1.31 3.12 0.0267 [38]

Palm oil mill sludge 400°C 47.7 65.3 0.0066 [44]

500°C 35.3 49.2 0.0012
700°C 174 232 0.0513
800°C 193 257 0.0653
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sizes and shapes developed for biochar produced at 400°C, and 
the highest SO2 adsorption capacity was characterized by it. 
Such biochar may have a larger surface area and can provide 
more adsorption sites. At a higher temperature of 800°C, the 
surface of the biochar had more cracks and larger holes.[44] 

Many authors have employed the SEM technique to visualize 
the surface area of biochar produced from waste biomass used 
for the adsorption of sulfur compounds. Examples include 
biochar from rice hull feedstock, banana peel, and 
sawdust[24]; biochar produced from corncobs, cassava rhi
zomes and cassava stems,[81] as well as palm oil sludge 
biochar.[41]

The elemental composition of the biochar surface before 
and after SO2 sorption can be investigated using energy- 
dispersive X-ray spectroscopy (EDS) in conjunction with 
SEM.[9,80] However, this technique determines the elemental 
composition of the biochar surface. To determine the elemen
tal content of the entire sample, inductively coupled plasma 
optical emission spectrometry is required, which is typically 
preceded by sample digestion, often performed in a microwave 
oven.

MECHANISM OF SULFUR REMOVAL BY BIOCHAR – 
INSIGHTS AND PROCESSES

To effectively carry out the adsorptive desulfurization of 
gases using porous carbon materials, including biochar, it 
is essential to understand the adsorption process and the 
behavior of adsorbate molecules within the adsorbent 
pores. In the case of SO2, the literature regarding the 
adsorption mechanism of this gas on the surface of biochar 
is limited. Therefore, this section is based mainly on stu
dies of activated carbon and coke. For H2S, the literature is 
significantly more available. Although many of these works 
focus solely on laboratory-scale studies, they still represent 
an essential step toward understanding the adsorption pro
cess of this gas. Many authors indicate that the binding 
process of sulfur compounds has a dual nature, depending 
on the composition of the gas mixture and the nature of 
the interacting forces. Studies by Brunauer and Emmet [82] 

and Zhang et al. [60] demonstrated that in a dry gas envir
onment and/or in the presence of molecular oxygen, the 
adsorption of SO2 occurs due to weak van der Waals 
forces, typical of physisorption. The rate of this process is 
primarily limited by the diffusion of the adsorbate to the 

solid surface and its energetic effect is small, ranging from 
a few to several tens of kilojoules per mole. In contrast to 
these findings, Kisiela-Czajka [83] states that SO2 accumula
tion can occur through both physical and chemical adsorp
tion, even in mixtures devoid of H2O and O2. The author 
emphasizes that the oxidation of SO2 to SO3 is due solely 
to oxygen from the gas phase, not from oxygen weakly 
bound to the surface of the carbon substance, as is con
firmed by Qu et al.[84] Lizzio and DeBarr[85] and Jing 
et al.[86]

Similar to SO2, H2S adsorption can be dual, involving both 
physical and chemical processes. It has been observed that the 
amount of adsorbed H2S increases with increasing 
temperature.[87] Furthermore, the study by Han et al.[46] indi
cated that lower temperatures favor physical adsorption, while 
an increase in temperature promotes the permanent binding of 
the adsorbate. The mechanism of gas pollutant adsorption on 
carbon materials has been extensively described,[88] and the 
removal of SO2 from actual flue gases has been investigated.[89– 

92] However, many authors who focus on maximizing the 
efficiency of the SO2 removal process simplify the representa
tion of its adsorption and conversion to sulfuric acid (H2SO4) 
according to the reaction: 

The complexity of carbonaceous substances complicates the 
interpretation of research results, as highlighted in the works 
of Lizzio and DeBarr,[85] Annurov,[93] and Lisovskii et al.[94] 

Despite similar experimental conditions (20–150°C, 5–10% 
oxygen), the obtained results are contradictory (Figure 7). 
According to Lizzio and DeBarr[85] (see Figure 7a), the oxida
tion of SO2 to sulfuric acid (SVI) occurs through the reaction of 
the C-SO2 complex with oxygen: 

On the other hand, Annurov[93] (see Figure 7b) points out 
that an oxygen content in flue gases below 10% is insufficient 
for the complete oxidation of SO2 to SO3. Based on his experi
mental results, he postulates that the physisorption of SO2 is 
associated with the formation of a weak and unstable sulfurous 
acid (IV), which, upon reacting with molecular oxygen from 
the gas phase, forms sulfuric acid (VI): 

Figure 7. Mechanisms of SO2 adsorption on carbon materials. Symbols: (a) according to Lizzio and DeBarr[85]; (b) according to Annurov.[93]
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This hypothesis has not yet been definitively confirmed. 
This may be because H2SO3 is unstable, which significantly 
complicates its identification and characterization. 
Interestingly, an appropriate amount of water vapor can posi
tively influence the efficiency of sulfur compound adsorption 
on the surfaces of carbon adsorbents. According to research 
results,[93] the most significant differences in the amount of 
adsorbed SO2 occur at water vapor concentrations in the gas 
mixture of up to 8% v/v. In our study,[83] it was demonstrated 
that with an 11% share of H2O(g), the total sulfur concentration 
in the solid phase showed a slight decrease compared to the 
total sulfur concentration corresponding to SO2 adsorption 
under dry gas mixture conditions. It can be assumed that the 
sulfurous acid formed, due to the high chemical affinity of SO2 
for water, was oxidized to sulfuric acid (VI), whose presence, 
in turn, blocks the active sites capable of oxidizing SO2.

Han et al.[46] demonstrated that the adsorption efficiency of 
H2S decreases with increasing H2O concentrations in the range 
of 5–10%. As noted by Yang et al.[95] an appropriate amount of 
moisture promotes the ionization of H2S, leading to the for
mation of the HS− ion. However, an excess of moisture can 
result in condensation, creating a water film on the surface of 
the adsorbent, which blocks pores and hinders the adsorption 
of H2S. Considering that the SO2 molecule has a bent shape 
with S=O bond lengths of approximately 0.143 nm and a bond 
angle of 119°, its average dimension can be estimated at 
around 0.3–0.4 nm, suggesting that ultramicropores play 
a crucial role in the adsorbent adsorption capacity. 
According to Raymundo-Pinero et al.[96] although the adsorp
tion of SO2 from a gas mixture devoid of oxygen and water 

vapor increases proportionally to the volume of the adsorbent 
micropores, in the case of a mixture containing O2, it can reach 
a maximum in pores approximately 0.7 nm wide. Hence, due 
to the geometry of the SO3 molecule and its greater spatial 
extent compared to SO2, there are more favorable conditions 
for SO2 oxidation in micropores larger than 0.4 nm, thereby 
increasing the adsorption potential of the material. Studies by 
Kisiela-Czajka[83] elaborated on the correlations described by 
Raymundo-Pinero et al.[96] Moreno-Castilla et al.[97] and 
Wang et al.[98] indicating that the effectiveness of the analyzed 
process is influenced not only by the spaces between the 
carbon material grains but also by the degree of development 
of its porous structure. An effective prediction of the utility of 
a given material in the context of desulfurization also requires 
considering the method of bed formation, including the free 
interstitial spaces.

Another issue is the adsorption in the presence of oxygen 
and water vapor, as described by Bansal and Goyal,[99] con
firmed by Izquierdo and Rubio[90] and Kisiela-Czajka.[83] 

Optimal conditions for SO2 adsorption are achieved with 
materials that have a moderately developed microporous 
structure, which limits the formation of stable carbon- 
sulfuric acid (VI) compounds, thereby preventing the deso
rption of these compounds and blocking active sites capable of 
oxidizing SO2. Based on the adsorption studies described in 
Annurov,[93] conducted with various adsorbents, it was con
cluded that the presence of mineral substances limits the 
adsorption capacity of SO2, which results from the deteriora
tion of the adsorbent textural parameters. Research [83] indi
cates that the reaction of Al2O3 with ash leads to the 
irreversible formation of Al2(SO4)3. The presence of this com
pound on the surface, along with desorbing sulfuric acid (VI), 
may block active sites capable of forming chemical bonds with 
adsorbate molecules.

For many years, research on the desulfurization of flue gases 
has also focused on the relationships between the adsorption 
capacities of carbonaceous adsorbents and their chemical 
structure.[35,75,90,96,100,101] A contradiction exists in the findings 
of various authors. According to Cen et al.[102] SO2 adsorption 
increases with the content of strongly acidic oxygen-containing 
functional groups which serve as adsorption sites for the polar 
adsorbate, while analyses by Izquierdo and Rubio [90] and Atanes 
et al.[75] provide evidence that high surface basicity is also 
observed. We thoroughly analyzed these contradictions, indicat
ing that, in the absence of oxidative adsorption of SO2, acidic 
functional groups have a positive effect.[83] On the contrary, the 
process of SO2 adsorption, associated with its oxidation to SO3 
and the formation of H2SO4, is correlated with the presence of 
weakly acidic (phenolic) and neutral (carbonyl) or basic carbon- 
oxygen functional groups. The correlation between the presence 
of oxygen-containing functional groups and the effectiveness of 
SO2 adsorption is not supported by the studies described by 
Raymundo-Pinero et al. [96] and Wang et al.[98] They suggested 
that, contrary to popular belief, it is the nitrogen surface groups, 
rather than the carbon-oxygen functional groups, that have 
a positive influence on the amount of adsorbed SO2. They 
demonstrated that pyridinic nitrogen enhances the catalytic activ
ity of porous carbonaceous materials in SO2 oxidation reactions.

Figure 8. The positive effect of sulfur-enriched biochar on plant growth and soil 
properties.
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Han et al.[46] highlighted that the efficiency of H2S adsorption 
depends on the conditions under which the biochar is produced. 
In the case of algae-based biochar, a significantly higher H2S 
adsorption efficiency was observed for samples produced at 
higher temperatures (800°C > 600°C > 400°C). It was suggested 
that higher calcination temperatures promote the formation of 
more basic surface groups (e.g., carboxylate groups COO−), 
which positively influence H2S adsorption. It was also demon
strated that increasing the calcination temperature supports the 
development of the micro- and mesoporous structure of the 
biochar, which is crucial for effective H2S adsorption. These 
findings are consistent with the observations reported by Sahota 
et al.[45]

APPLICATION OF SULFUR-ENRICHED BIOCHAR IN 
AGRICULTURE

Biochar is known for numerous agricultural and environmen
tal benefits, such as increasing crop yields and improving soil 
properties including structure, fertility, nutrient retention and 
availability, water-holding capacity, organic carbon content, 
biomass, and microbial and enzymatic activity, as well as 
reducing environmental impacts, carbon sequestration and 
greenhouse gas emission mitigation.[103] In addition, the use 
of nutrient-enriched biochar as a soil amendment may reduce 
the need for mineral fertilizers. In the long term, such biochar 
may be more beneficial for maintaining soil fertility due to its 
high organic matter content and the gradual release of micro
nutrients compared to conventional chemical fertilizers. Its 
positive effects on the content of micro- and macronutrients, 
soil organic matter, and biomass yield indicate that enriched 
biochar may also support the development of organic 
agriculture.[15,103,104]

A particular importance is attributed to sulfur-enriched 
biochars (see Figure 8). Sulfur is an essential macronutrient 
involved in key plant metabolic processes, as it is a component 
the cysteine and methionine amino acids. Cysteine plays an 
important role in the formation of enzyme active sites, sulfhy
dryl groups, and disulfide bridges in proteins.[105] In addition, 
sulfur exhibits biologically active properties, including bacter
icidal and insecticidal effects.[106] It has been shown that the 
presence of sulfur functional groups C–S, C=S, may influence 
the structure of soil microbial communities, increasing the 
abundance of copiotrophic groups such as Proteobacteria, 
Bacteroidetes, and Actinobacteria, which are associated with 
intensive organic matter decomposition and nutrient cycling, 
while reducing the abundance of oligotrophic groups such as 
Acidobacteria and Gemmatimonadetes, which are typical of 
nutrient-poor soils.[107]

The sulfur content in biochars is typically low, which results 
from its limited presence in the original feedstocks and from 
transformations occurring during thermal biomass conver
sion. At the same time, the surface of biochars is dominated 
by oxygen- and carbon-containing functional groups.[108,109] 

The mechanisms of sulfur speciation during pyrolysis remain 
complex; however, available studies indicate a significant influ
ence of process conditions, particularly temperature, as 
demonstrated by Cheah et al.[110] X-ANES analyses show 
that with increasing pyrolysis temperature, the SO4

2- and S2- 

proportion decreases, while the organic sulfur proportion 
increases. In oak bark biochar, over the temperature range 
500–850°C, a systematic decrease in the sulfate fraction (56% 
→ 26% → ~0%) is observed, accompanied by a corresponding 
increase in the organosulfur fraction (44% → 62% → 100%), 
with a transient presence of sulfides at 600°C (12%). To 
increase the sulfur content in biochar, various strategies have 
been developed, including feedstock selection, optimization of 
pyrolysis conditions, and post-process modification. Among 
these, sulfur doping is the most commonly applied approach, 
implemented either during pyrolysis or via post-impregnation 
using S-containing compounds such as Na2S2O3, H2SO4, and 
Na2S.[111,112] The introduced S atoms are predominantly 
located on the biochar surface, where they can interact with 
reactive sites associated with unpaired electrons at the edges of 
aromatic carbon structures.

In the case of biochars exposed to SO2 under oxygen-limited 
conditions, their chemisorption on the material surface and the 
formation of S-containing functional groups are observed. Our 
own study on biochar derived from mandarin peel pomace[108] 

showed an intensification of FTIR bands in the 3600–650 cm−1 

range linked to the formation of surface sulfur groups (–SO3H, 
–SO3−). Changes in the 3600–3000 cm−1 and 1750–1450 cm−1 

regions indicate the involvement of –OH and C=O groups in 
surface reactions, leading to the formation of oxidized sulfur 
species (S(IV)/S(VI)), while an increase in the intensity of bands 
in the 900–650 cm−1 range may indicate sulfonation of the edges 
of aromatic structures. Despite the growing number of studies, 
the mechanism by which sulfur is released from biochar into soil 
remains poorly understood. However, available data indicate 
that the dominant form of sulfur in soil after biochar application 
is the SO4

2- ion, which represents the most readily available 
form for plants. Sulfate release occurs gradually through deso
rption of surface-bound forms and microbial mineralization of 
organic sulfur. Churka Blum et al. [113] showed that this process 
begins within the first days of incubation, with inorganic sulfates 
being the main sulfur species in the soil solution. Under aerobic 
conditions and in the presence of moisture, further oxidation of 
reduced sulfur forms to SO4

2- is also possible.

The Effect of Sulfur-Enriched Biochar on Plant Growth 
Parameters and Soil Properties

Zhang et al. [13] conducted a greenhouse study examining 
36.5% S-enriched biochar, produced from anaerobically 
digested solid dairy manure, as a potential soil amendment 
for corn (Zea mays) and soybeans (Glycine max). This biochar 
was produced by passing biogas emitted from a landfill 
through a column packed with biochar. The growth of corn 
in the group with sulfur-enriched biochar was significantly 
greater than the growth obtained after the application of 
mineral fertilizer with magnesium sulfate at the same sulfur 
dose. Steam activation of biochar increased the number of 
micropores and mesopores, which enhanced water adsorption 
and SO2 retention, a by-product of H2S oxidation. It acceler
ated the oxidation of H2S to S, SO2 and/or SO4

2-. This study 
confirmed that the adsorbed and oxidized H2S contained in 
biochar was available to plants and supported their growth by 
providing them with a source of sulfur for uptake. Taheri 
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et al.[15] produced a S-modified biochar by mixing sunflower 
biochar with an inorganic sulfur solution. The 1.4% S biochar 
produced was tested in the cultivation of millet (Proso) in 
saline and calcareous soil under field conditions at a dose of 
15 t/ha. This study demonstrated that the application of 
S-enriched biochar increased the millet yield by 115% by 
enhancing soil water content by 35% and nutrient content, 
particularly phosphorus, compared to the control. It also 
increased the soil-dissolved organic carbon by 33%, available 
N by 48%, and available P by 96% compared to the control.

Sulfur-enriched biochar is a proposed solution for increas
ing P availability in plants[114] by lowering the soil pH.[15] This 
approach was employed by Zimmer et al.[114] using P-rich 
bone char, which could serve as an alternative phosphorus 
fertilizer in sustainable agriculture, but is characterized by 
low P solubility. Enrichment of bone char with sulfur 
decreased its pH from 8.6 to 5.0. The atom S % in the 
S-enriched biochar ranged from 3 to 4% (SEM-EDX). 
S oxidation by microorganisms and the subsequent acidifica
tion of the soil increased the solubility of phosphorus, making 
it more available to plants. A pot experiment with annual rye 
grass (Lolium multiflorum L.) treated with bone char, 
S-enriched bone coal, and the mineral fertilizer – triple super
phosphate showed that the grass yield and apparent nutrient 
recovery efficiency in the group treated with enriched biochar 
were similar to superphosphate and that it has potential as a P 
and S fertilizer. The increase in the availability of nitrogen to 
plants as a result of applying S-modified biochar to the soil 
may be due to the increased activity of the urease enzyme, the 
provision of appropriate conditions for the development of soil 
microorganisms and the enhancement in the concentration of 
ammonium and nitrate ions in the soil, which are readily 
available to plants.[15] Taheri et al. [15] found that the supple
mentation of the soil with S-enriched sunflower biochar sti
mulated the activity of soil microorganisms and enzymes, 
especially urease, catalase, dehydrogenase, and alkaline phos
phatase. Enzymatic activity of the soil can be increased when 
the organic compounds are easily decomposed.

In biochar, the higher the O/C and H/C molar ratio, the 
lower the carbon stability and aromatic carbon content, and 
the easier decomposition of compounds.[115] Taheri et al.[15] 

reported that these ratios in the S-enriched biochar from 
residue of sunflower stalks were higher than in the pristine 
biochar, which may suggest that carbon and nutrients will be 
released into the soil and absorbed by plants more quickly. 
Finally, in the group treated with biochar, the accumulation of 
plant nutrients, such as N, P, and K, as well as the relative leaf 
water content, increased compared to the control group. El- 
Sharkawy et al.[14] obtained S-enriched biochar by mixing it 
with sulfuric acid. Rice straw and cotton stalks were used as 
raw material for pyrolysis. The effect of this biochar on the 
growth of maize (Zea mays) and wheat (Triticum aestivum) in 
saline soils was examined in a field experiment. Similar to the 
publication by Taheri et al.[15] the addition of modified biochar 
to the soil increased the availability of N, P and K compared to 
pristine biochar. Also, it enhanced the accumulation of these 
elements in cultivated plants. Grain/straw yield for maize 
increased by 34.2% and 29.8% and for wheat by 25.1% and 

15.0% when grown in soil amended with S-modified biochar 
produced from cotton stalks compared to the control.

The addition of S-modified biochar to a soil in which maize 
and wheat were grown under abiotic stress conditions (saline 
soil) resulted in increased accumulation of proline and the 
activity of antioxidant enzymes such as superoxide dismutase, 
catalase and peroxidase. Zhang et al.[13] tested biochar 
obtained from anaerobically digested solid dairy manure, addi
tionally activated by steam, for the adsorption of H2 
S. S-enriched biochar, containing 36.5% S, was used as a soil 
amendment in the cultivation of corn and soybean (Glycine 
max (L.) Merr.) in a greenhouse study. The authors confirmed 
that the sulfur contained in the enriched biochar was available 
to plants and supported plant growth by providing a source of 
sulfur for plant uptake. S-enriched biochar also increased the 
uptake of other macroelements – N, P, K, Ca and Mg and 
micronutrients – Zn, Mn and B by corn, as well as yield, for 
corn ranging from 31% to 49% and for soybeans from 4% to 
14%. El-Sharkawy et al.[14] also demonstrated that the use of 
S-enriched biochar from rice straw and cotton stalks enhanced 
the chemical and physical properties of the soil, including 
cation exchange capacity (CEC), soil organic carbon, soil 
bulk density, electrical conductivity and soil porosity. 
Enriching biochar with sulfur increases the number of hydro
xyl and carboxyl functional groups on its surface, which 
increases the CEC of the biochar. Taheri et al. [15] confirmed 
that the presence of sulfate ions in S-modified biochar 
increased the CEC compared to pristine biochar.

The Effect of Sulfur-Enriched Biochar on Plant Resistance 
to Abiotic and Biotic Stress

Nowadays, crops are exposed to abiotic stress caused by 
drought, high salinity, waterlogging, temperature stress: heat 
stress, freezing, and chilling, and high concentrations of heavy 
metals in soil. These stress factors cause changes in the mor
phological, biochemical and physiological processes of plants, 
leading to reduced germination rates of seeds, plant growth, 
photosynthesis, respiration, disturbances in the activity of 
enzymes and hormones, increased oxidative stress, and ulti
mately to reduced crop yield. One of the promising and envir
onmentally friendly approaches that can mitigate the effects of 
abiotic stresses on crops is the use of biochar.[116] Enriching 
biochar with sulfur may have additional benefits – 
S-containing compounds are known to be essential for plant 
protection against stress caused, for example, by heavy 
metals.[105,116] Biochar, due to its excellent sorption properties, 
has the ability to immobilize pollutants in the soil, thereby 
limiting their availability and toxic effects on plants.[104,117] 

Additionally, the sorption capacity of biochar can be signifi
cantly increased by enhancing its surface with functional 
groups. Improvement of surface functionality can be achieved 
by treating biochar with sulfur compounds (H2SO4, Na2S, and 
Na2S2O3), which allows the introduction of sulfur-based func
tional groups (C=S, C–S, S–S, S2-, S–H, –SO3

2-, –SO4
2-) onto 

the biochar surface, improving metal ions adsorption.[68]

Pathak et al. [105] showed in pot experiments that 
S-modified (with sodium sulfide or thiourea) tea-waste 
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biochar improved rice growth in arsenic-contaminated soil 
and reduced arsenic accumulation in plants. By applying bio
char to contaminated soil, heavy metals become less mobile 
being bound by biochar, which means that their bioavailability 
in the soil for plants is significantly reduced. Moreover, bio
char remains stable in the soil for an extended period, ensuring 
a more lasting remediation effect. S-modified biochar 
improved plant morphology (shoot and root length and fresh 
and dry weight), content of pigments (chlorophyll, carote
noids), reduced malondialdehyde content, which is an indica
tor of membrane damage, decreased superoxide dismutase, 
glutathione peroxidase, and catalase activity compared to 
plants grown in soil contaminated with arsenic without the 
addition of biochar.

Another heavy metal that can negatively affect plant yield 
is mercury. Zhao et al. [118] tested a sulfur-modified biochar, 
produced from rice husk, as a soil amendment to stabilize 
mercury in polluted agricultural soil. Modification of bio
char with sulfur in the context of mercury immobilization is 
significant because there is a strong binding affinity between 
S and Hg, which forms the highly stable compound HgS 
(cinnabar). Moreover, the sorption capacity of S-modified 
biochar produced from rice husk toward mercury ions was 
73% higher than that of non-modified rice husk biochar.[119] 

Zhao et al.[118] examined the temporal change in Hg frac
tions by simulated aging in 5% S-rice husk biochar-treated 
soil. Highly stable species HgS and organo-complexed Hg 
were dominant fractions, whereas water-soluble, strongly 
complexed, and exchangeable Hg fractions were much smal
ler. Hu et al.[120] also used S-modified biochar, produced 
from oilseed rape straw, in pot experiments to immobilize 
Hg in paddy soil, during rice cultivation. The addition of 
S-enriched biochar significantly accelerated the microbial 
methylation of Hg in the rhizosphere soil, which may be due 
to the increased content of Cl− and SO4

2- in the rhizosphere 
soil after biochar application.

It is known that biochar not only stimulates beneficial soil 
microflora in the rhizosphere, but also affects plant resistance to 
disease-causing pathogens.[121] Peng et al.[106] showed that the 
S-enriched biochar, obtained by combining biochar produced 
from pepper straw with sulfur at low temperatures, presented 
five times greater bactericidal efficacy against foodborne patho
gen – Escherichia coli and the notorious plant pathogen – 
Ralstonia solanacearum compared to sulfur alone. The mini
mum inhibitory concentration of the enriched biochar toward 
both bacteria was 0.6 mg/ml. Tested biochar accelerated sulfur 
redox reactions, generating free radicals, such as •OH, SO4

•−, 
and O2

•− that have efficient bactericidal action. Additionally, the 
high mesoporous structure, polarity, catalytic activity of surface 
functional groups, and dispersibility of the S-enriched biochar 
increase the contact surface with bacteria, which significantly 
improved the effectiveness of the antibacterial action. These 
results suggest that S-enriched biochars can be considered an 
environmentally friendly and cost-effective choice for mitigat
ing abiotic stress, positively affecting plant productivity by pro
viding not only sulfur but also other micro- and macro- 
elements crucial for plant growth.

Limitations and Concerns About Using Biochar as a Soil 
Amendment

Most studies involving the use of biochar as a soil amendment 
are conducted under controlled conditions (pot tests in labora
tory/greenhouse settings), which may differ from field condi
tions, where factors such as weather, soil microorganisms, and 
soil heterogeneity must be taken into account. Therefore, field 
studies are necessary to confirm the effectiveness of biochar in 
diverse environmental conditions. Furthermore, most studies 
focus on the short-term effects of biochar on plant growth and 
soil properties. Longer-term studies are necessary to analyze 
the impact of biochar on soil physicochemical properties, 
carbon sequestration, and its effects on soil microorganisms. 
When applying biochar as a soil amendment, special attention 
should be paid to the raw material from which it is made, as it 
may contain heavy metals that can be released into the soil, 
posing a threat to living organisms and negatively impacting 
environmental quality. In addition to heavy metals, biochar 
may also contain other pollutants such as polycyclic aromatic 
hydrocarbons, polychlorinated dibenzodioxins, and dibenzo
furans, which could be produced during pyrolysis.[103] 

Biochars, mainly produced at high pyrolytic temperatures 
(≥600°C), are known to immobilize pollutants in the soil; 
however, they can also bind valuable micro- and macronutri
ents, thereby limiting their availability to plants and resulting 
in yield reductions. Before applying biochars to the soil, they 
should be carefully checked whether all requirements specified 
in applicable laws are met.

Biochars are recognized as a Component Material Category 
14: Pyrolysis and gasification materials (Commission Delegated 
Regulation (EU) 2021/2088 of 7 July 2021) for EU fertilizing 
products (Regulation (EU) 2019/1009 of the European 
Parliament and of the Council of 5 June 2019 laying down 
rules on the making available on the market of EU fertilizing 
products). According to this Regulation, “the pyrolysis and 
gasification materials shall have a molar ratio of hydrogen to 
organic carbon (H/Corg) of less than 0.7, with testing to be 
performed in the dry and ash-free fraction for materials that 
have an organic carbon content of less than 50%.” They shall 
have no more than: (a) 6 mg/kg dry matter of PAH16, (b) 20 ng 
WHO toxicity equivalents of polychlorinated dibenzo-p-dioxins 
and dibenzofurans (PCDD/F)/kg dry matter, (c) 0,8 mg/kg dry 
matter of ndl-PCB (non-dioxin-like polychlorinated biphenyls). 
Furthermore, if biochar is to be placed on the market as an 
organic soil improver, it should meet the requirements for this 
Product Function Category (PFC) under Regulation (EU) 2019/ 
1009. PFC descriptions include general thresholds for heavy 
metals, nutrients, carbon, pathogens, etc. Contaminants in an 
organic soil improver must not exceed the following limit 
values: (a) cadmium (Cd): 2 mg/kg d.m., (b) hexavalent chro
mium (Cr VI): 2 mg/kg d.m., (c) mercury (Hg): 1 mg/kg d.m., 
(d) nickel (Ni): 50 mg/kg d.m., (e) lead (Pb): 120 mg/kg d.m., 
and (f) inorganic arsenic (As): 40 mg/kg dry matter. The copper 
(Cu) content in an organic soil improver must not exceed 300  
mg/kg d.m., and the zinc (Zn) content in an organic soil impro
ver must not exceed 800 mg/kg d.m.
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CHALLENGES AND FUTURE DIRECTIONS

The circular economy is a production and consumption model 
that focuses on maximizing the life cycle of products and 
minimizing waste. A key tenet is the reuse of raw materials 
and waste through recycling. This review aligns with a closed- 
loop economy by examining the dual use of bio-waste, first as 
a raw material for activated carbons and then as a post- 
consumption soil improver/organic fertilizer. The potential 
for the adsorption of sulfur compounds by activated carbons 
obtained from a variety of bio-wastes, such as agricultural 
waste, wood residues, food waste, biological sludge, municipal 
waste, and algae, was assessed. Particular attention has been 
given to the potential use of S-enriched adsorbents as soil 
improvers/organic fertilizers, thus closing the elemental cycle.

Although waste biomass-based activated carbons are often 
considered environmentally favorable, a comparative life cycle 
assessment [122] shows that their environmental performance 
strongly depends on the activation method, energy demand, 
chemical inputs, and production scale. Coconut-derived acti
vated carbon exhibits relatively low climate impact, at approxi
mately 5 kg CO2-eq per kg. In contrast, sawdust- and wheat- 
based materials show higher impacts of approximately 8 and 
11 kg CO2-eq per kg, respectively, exceeding values reported 
for coal-derived activated carbon. For coconut-based activated 
carbon, over 90% of greenhouse gas emissions originate from 
the production and activation processes. In the case of wheat- 
based feedstock, emissions are primarily driven by fertilizer 
production for crop cultivation and energy consumption dur
ing straw processing. Substantial differences are also observed 
in water consumption, reaching 4.7 m3 world-eq/kg for wheat, 
compared with 1.15 and 0.11 m3 world-eq/kg for sawdust and 
coconut, respectively.

As indicated by a techno-economic analysis of different 
scenarios for activated carbon production based on biochar 
derived from waste biomass, annual OPEX costs are approxi
mately 1.7–2.6 times lower than CAPEX, suggesting that the 
technology is moderately capital-intensive and may offer 
a favorable payback period.[123] The main CAPEX cost drivers 
include the activation unit, accounting for 39–49% of total 
capital costs, as well as the pyrolysis reactor and heat exchan
ger, each contributing up to approximately 20%. In terms of 
OPEX, despite the low cost and wide availability of waste 
biomass, high expenses associated with activating agents result 
in raw material-related costs exceeding 60% of total operating 
costs. Model calculations indicate that a 30% increase in feed
stock cost leads to an increase in activated carbon production 
cost of nearly 17% points. Utility costs, including electricity 
and cooling water, also represent a significant component of 
OPEX; a 30% increase in these costs increases the activated 
carbon price by almost 9%. In contrast, fixed operating costs, 
including maintenance and labor, are relatively less high, 
accounting for approximately 12–17% of total OPEX.

Currently, the scientific literature has not thoroughly inves
tigated the potential for repurposing spent or enriched adsor
bents used to remove sulfur compounds from boiler flue gases, 
automotive exhausts, or biogas. However, as indicated by the 
techno-economic analysis presented in,[123] the use of waste 
biomass for the production of activated carbon can reduce the 

production cost of this material from the current €0.42/kg to 
approximately €0.13–0.24/kg. This cost is comparable to that of 
commonly used calcium-based sorbents (€0.20/kg[124]) and 
lower than that of ammonia (approximately €0.45/kg[125]), mag
nesium-based sorbents (€0.50/kg[126]), sodium-based sorbents 
(approximately €0.70/kg[127]), and amine solutions (€2.0/kg
[128]). The potential use of these as soil improvers/organic ferti
lizers remains unclear, despite the possibility that they could 
play a significant role in promoting sustainable resource man
agement and minimizing waste. However, there is evidence that 
adding biochar to the soil can reduce the amount of fertilizer 
used, guaranteeing increased yields and lower production costs. 
Zhang et al. [129] conducted a three-year field study (2019–2021) 
in maize using biochar as a soil amendment at rates of 0, 8, 16, 
and 24 t/ha. Simultaneous nitrogen fertilizer application was 
carried out at rates of conventional N application (200 kg N/ha), 
a 20% reduction in N application (160 kg N/ha), and a 40% 
reduction in N application (120 kg N/ha). Biochar addition with 
20% and 40% reduction in N fertilizer application was shown to 
improve maize growth, nitrogen uptake, and grain yield. 
Between 2019 and 2021, the addition of biochar increased 
maize grain yield by an average of 8.5%–18.4%, while economic 
benefits increased by 15.1%–18.4% between 2020 and 2021.

Research on activated carbons derived from bio-waste has 
yielded promising results in solving environmental challenges. 
In the context of diesel desulfurization, aimed at reducing SO2 
emissions from diesel engine combustion, the sugarcane 
bagasse bioadsorbent demonstrated high efficiency, achieving 
an adsorption capacity of 1.7 g/g of total sulfur. In comparison, 
the activated carbon and bentonite composite achieved a much 
lower adsorption value for dibenzothiophene – a key organo
sulfur compound present in diesel – of only 29 mg/g.[26] In the 
case of H2S, rice straw biochar demonstrated an impressive 
adsorption level of 1.1 g/g from the gas stream,[28] confirming 
its potential in advanced gas purification technologies, similar 
to that of sugarcane bagasse bioadsorbent. Given the chal
lenges of the high cost of activated carbon in the commercial 
industry the current market restrictions on the use of fossil 
fuels, advances in the development of cost-effective adsorbents 
whose production is compatible with the principles of 
a circular economy represent a promising and sustainable 
way forward. However, the biggest challenge remains the effi
cient conversion of waste into activated carbon, particularly 
when utilizing sulfur-rich biochar as a fertilizer. Guidelines 
detailing the manufacturing process and the feasibility of using 
biochar in precision agriculture are included in documents 
produced by the European Biochar Foundation 
(Switzerland), the British Biochar Foundation (UK) and the 
International Biochar Initiative (USA). These include the 
European Biochar Certificate (EBC) and the Biochar Quality 
Mandate (BQM). A project under the European Commission’s 
7th Framework Program, REFERTIL (Reducing the use of 
mineral fertilizers and chemicals in agriculture by recycling 
treated organic waste as compost and biochar products), led to 
the development of quality requirements for biochar. This 
document provides guidelines and recommendations to the 
European Commission intended for use in preparing fertilizer 
regulations.[130]
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According to the EBC guidelines, biochar must fulfill cer
tain conditions, such as a carbon content above 50% of the dry 
mass and a molar ratio of H/Corg less than 0.7. Additionally, 
depending on the application (e.g., agro, urban, consumer 
materials), biochar must meet different criteria, but it should 
be characterized in terms of elemental analysis (declaration of 
Ctot, Corg, H, N, O, S, ash), physical parameters (water content, 
dry matter (as received and <3 mm particle size), bulk density 
(d.m.), water holding capacity, pH, salt content, electrical 
conductivity of the solid biochar), thermogravimetric analysis, 
nutrients (declaration of N, P, K, Mg, Ca, Fe), heavy metals 
(Pb, Cd, Cu, Ni, Hg, Zn, Cr, As), organic contaminants (PAH, 
PCB, PCDD/F).[131] The IBI (International Biochar Initiative) 
guidelines, on the other hand, indicate that the heavy metal 
content of biochar should be within certain limits: mercury 
1–17 mg/kg dry matter (d.m.), lead 121–300 mg/kg d.m., cad
mium 1.4–39 mg/kg d.m., nickel 7–420 mg/kg d.m. and 
arsenic 13–100 mg/kg d.m. It should be noted that flue gas 
desulfurization processes using activated carbon, in addition to 
effectively removing SO2, also adsorb some of the heavy 
metals. One of the most toxic heavy metals that can be 
adsorbed on activated carbon is mercury. Activated carbon 
shows the ability to adsorb both Hg0 and its oxidized form 
Hg2+. The flue gas desulfurization process also promotes the 
adsorption of other heavy metals such as Cd, Ni or Pb. 
According to Wang et al.[92] the maximum adsorption capa
cities of activated carbon for Hg2+, Cd2+ and Ni2+ are 333  
mg/g, 500 mg/g and 52.6 mg/g, respectively.

Activated carbon after sorption containing heavy metals 
can be toxic to soil and plants. Exceeding permissible stan
dards for these elements may prevent their reuse or require 
stabilization methods. Although HgS is persistent under neu
tral and alkaline conditions, it can readily decompose in acidic 
or anaerobic environments, releasing toxic forms of mercury 
that migrate to groundwater and plants. To minimize the 
accumulation of mercury in activated carbon, consideration 
of its reuse, for example, as a fertilizer, should perhaps only 
apply to adsorbents from flue gas desulfurization plants where 
mercury removal has taken place at earlier stages. Such an 
approach would increase the recyclability of such activated 
carbon and minimize the environmental risks associated with 
its use. In particular, the key factor determining the safe use of 
biochar as a soil material is primarily the level of its physico
chemical contaminants. The requirements and definitions 
established by biochar quality control bodies (voluntarily) are 
inconsistent and vary from standard to standard and from 
country to country.[130] Not all forms of sulfur are accessible 
to plants. Plants take up sulfur mainly in the form of SO4

2- 

from the soil solution. In contrast, other forms of sulfur, such 
as elemental S0 or S2-, require microbial or chemical transfor
mations, which, depending on soil conditions, can take up to 
several months.[132]

Importantly, according to the ECB guidelines, biochar is the 
material resulting from the pyrolysis of biomass, while it is not 
the material obtained from torrefaction or hydrothermal car
bonization. The pyrolysis of bio-waste, carried out under 
anaerobic conditions, although an environmentally friendly 
alternative to traditional incineration, presents significant 
technological challenges. These include the control of CO2, 

NOx, and SOx emissions resulting from the transformation of 
nitrogen and sulfur compounds present in the bio-waste,[133] 

as well as the formation of pyrolysis tar, which can deposit on 
reactor internals, reducing process efficiency and requiring 
additional cleaning procedures. The pyrolysis process is 
energy-intensive, necessitating the optimization of operational 
parameters. One solution is to recirculate the pyrolysis gases, 
allowing the heat generated to be reused for further waste 
decomposition. Combining this approach with pressure pyr
olysis, although further optimization studies are needed, shows 
potential in reducing unwanted by-products and could further 
enhance the process.[134] Vacuum pyrolysis reduces the 
decomposition of biomass into greenhouse gases by providing 
better control over thermal processes. Additionally, reduced 
pressure can enhance the properties of biochar by increasing 
its porosity and sorption capacity, thereby making it more 
effective for environmental applications.[135,136] Integrating 
biomass pyrolysis with syngas production offers the possibility 
of obtaining hydrogen for industrial and energy applications, 
thereby supporting the concept of sustainability.[137,138]

The diversity of bio-waste is one of the challenges in the 
carbonization process, as it leads to variability in the properties 
of the resulting biochar. As shown in Table 1, different sources 
of biomass result in materials with varying sorption capacities, 
posing a challenge in standardizing their properties. This 
inconsistency not only makes it difficult to evaluate their 
effectiveness in industrial settings but also creates challenges 
in determining standardized pyrolysis conditions, which 
restricts the ability to produce results with reliable and uni
form characteristics.

The biochars produced from the pyrolysis of biomass tend 
to have lower natural sorption activity, primarily due to their 
reduced porosity and the limited number of active sites avail
able on their surface for interaction with gas molecules. 
Consequently, their capability for adsorbing gases like hydro
gen sulfide or sulfur dioxide is inferior to that of commercially 
available activated carbons. The sorption properties of biochar 
can be enhanced by functionalizing its surface, either through 
physical activation with CO2, chemical activation with KOH, 
or impregnation with metals (Cu, Fe, Zn). However, ensuring 
homogeneous quality of biochar on a large scale by pyrolysis of 
bio-waste involves high costs, which may make biochar pro
duction less cost-effective compared to fossil fuel-derived acti
vated carbons already available on the market. Catalytic 
pyrolysis may offer a promising solution to the problems 

Figure 9. Challenges in the production of biochar and recycling of biochar after 
sulfur adsorption.
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associated with traditional pyrolysis.[139] Catalysts can enhance 
the efficiency of biomass breakdown and regulate the reactions 
that produce coals with a more uniform chemical structure. 
Catalytic pyrolysis can facilitate more precise and controlled 
processes, minimizing undesirable by-products and boosting 
overall process efficiency.[140] Despite the promising benefits, 
the application of catalytic pyrolysis in biochar production 
requires further research, particularly in optimizing catalysts, 
catalyst regenerability and the cost of industrial-scale imple
mentation. These catalysts must contribute to increased bio
char production yields and improved pore decomposition. 
Mishra and Mohanty [141] showed that although the biochar 
obtained from neem seeds had a 63% concentration of ele
mental carbon, it had a low 4.6 m2/g specific surface area.

In conclusion, before implementing the described technol
ogy in agricultural practice, further analyses are necessary to 
assess its safety and environmental impact. Biochars, which 
become a sulfur carrier after gas desulfurization, can increase 
sulfur availability to plants, supporting their growth and devel
opment. However, their potential use in precision agriculture 
presents some challenges (Figure 9). Regulations clarify which 
materials can be considered biochar and impose requirements 
for the biomass pyrolysis process. The fact that biochars may 
contain heavy metals is also a significant concern, necessitating 
thorough safety assessments before reuse. Ultimately, the form 
of sulfur in the biochar, its bioavailability and the way it is 
released into the soil are crucial to the effectiveness of this 
material as a fertilizer.

CONCLUSIONS

A model for a circular economy is proposed examining the 
dual use of bio-waste: first as a raw material for activated 
carbon and then as a soil fertilizer. It evaluates a concept in 
which biochars are returned to the soil as fertilizer and plants 
take up sulfur from the soil, closing the elemental cycle. The 
literature review has shown that biochars can be effective 
adsorbents for gases such as SO2 and H2S. The properties of 
the feedstock largely determine biochar efficiency – lignocel
lulosic materials produced at higher pyrolysis temperatures 
(≥500°C) exhibit a linearly increasing maximum sulfur 
adsorption with increasing pyrolysis temperature. In contrast, 
biochars derived from organo-mineral feedstocks show signif
icantly lower efficiency regardless of the pyrolysis temperature.

The moisture content and particle size of raw materials 
have a significant impact on pyrolysis efficiency and the prop
erties of the resulting biochar. Raw materials are typically dried 
in the 45–110°C range, often for ~24 h, with no optimal stan
dards. Grinding reduces pyrolysis time, but increases energy 
consumption; particles used include both fine (<0.2 mm) and 
coarser (>30 mm) fractions. Biochars can be activated chemi
cally with KOH or ZnCl2 or physically with CO2, steam, or O2 
/N2, to increase the surface area and sorption capacity. 
Pyrolysis is primarily carried out through slow pyrolysis at 
temperatures ranging from 400 to 600°C and times varying 
from a few minutes to a few hours, in an inert or oxygen- 
limited atmosphere. The effect of pyrolysis pressure and the 
use of slow pyrolysis remain insufficiently studied, represent
ing significant gaps in practical knowledge.

Sulfur-enriched biochar shows significant potential as a soil 
amendment, serving both as an adsorbent and a fertilizer. The 
sulfur content and speciation in biochar depend primarily on 
the type of feedstock and the pyrolysis conditions, while addi
tional sulfur enrichment can increase the number of active 
functional groups responsible for the sorption properties and 
reactivity of the material. Although the mechanism of sulfur 
release from biochar into soil is not yet fully understood, 
available studies indicate that sulfur is gradually converted 
into sulfate forms, which are readily available for plant uptake. 
Studies confirm its positive effects on crop yield, the availabil
ity of macro- and microelements, soil structure, water reten
tion, and microbial activity. It may also enhance plant 
resistance to abiotic stresses and limit the development of 
pathogens through the activity of reactive oxygen and sulfur 
species. The use of biochar as fertilizer aligns with the concept 
of a circular economy; however, implementing this approach 
requires further field studies, evaluation of safety and eco
nomic feasibility, as well as the development of appropriate 
regulatory frameworks and market acceptance.
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