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Abstract
The structural and physio-chemical properties of biochar are crucial to determining biochar’s quality and the adequate 
application. Specifically, the large porosity of biochar has been known as a favorable feature, especially for environmental 
remediation. In this regard, physical and chemical modifications have been used to improve biochar’s porosity which requires 
high-energy consumption and involves chemical agents. The objective of this study was to prepare biochar with developed 
porosity using mild treatments. Arundo donax and olive stone were demineralized by a water-washing method. Treated and 
non-treated biomasses were pyrolyzed, and part of the derived samples was subjected to wet ball milling. Samples were 
characterized with proximate, Fourier transform infrared, particle size, and physisorption analyses. The effect of demineraliza-
tion depended on the biomass type, as ash reduction only influenced Arundo donax-derived biochar, which was attributed to 
the difference in initial ash content that was relatively low for olive stone. The carbonization yield decreased by 46% for the 
Arundo donax biomass after demineralization. Moreover, demineralization expanded the surface area and total pore volume 
of the Arundo donax biochar. The ball milling was effective in producing micro-sized biochar particles with a mean size 
ranging between 30 ± 2 µm and 42 ± 2 µm and between 13 ± 1 µm and 22 ± 2 µm for Arundo donax and olive stone without 
and with demineralization, respectively. Ball milling increased the surface area of non-demineralized Arundo donax by 47% 
and demineralized Arundo donax by 124%. Additionally, ball milling increased the surface area of non-demineralized olive 
stone by 65% and demineralized olive stone by 62%.
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Introduction

Arundo donax (AD), also known as Giant reed, is an 
invasive herbaceous species that originated in India but 
is widespread worldwide. AD is characterized by a fast 
growth rate and high biomass yield of about 38 tons of 
dry matter/ha/year (Angelini et al. 2009). In Europe, AD 
frequently occurs, especially in the southern parts of the 
Mediterranean area, mainly by rivers, ponds, and lakes. 
For this reason, AD was ranked 10th among the 100 worst 
invasive species in the world according to the Global 
Invasive Species Database (Lowe et al. 2013). The envi-
ronmental impacts of AD growth can lead to hydrologic 
alteration and displacement of native species (Lowe et al. 
2013). Several attempts have been made to valorize AD. 
For instance, Flores et al. (2011) manufactured AD-based 
particleboards for building applications. Results showed 
that the boards made with AD particles demonstrated 
mechanical properties comparable to those of the standard 
industrial wood boards. Raw AD powder was also studied 
as reinforcement for polymeric composites. Fiore et al. 
(2014) reported that the addition of 20 wt% of AD fib-
ers (500 µm) in a polylactic acid matrix increased tensile 
and flexural moduli of the composites by 39% and 45%, 
respectively, compared to neat polylactic acid. In addition, 
AD has been utilized as a potential source for energy pro-
duction via hydrothermal conversion (Krička et al. 2017; 
Lemons e Silva et al. 2015).

Another abundant feedstock is olive stone (OS), a by-
product of olive mills. After oil extraction, vast quantities 
of waste are left, including olive stones, peels, and pulp. 
In Europe, olive solid wastes are estimated at 10 million 
tons annually (European Commission 2022). Notably, the 
stone part, which represents about 10% of the weight of 
the olive fruit, contains promising fixed and elemental 
carbon contents of 16% and 47%, respectively (González 
et al. 2004), that are needed for biochar (BC) production. 
Prior studies (Alslaibi et al. 2013; Spahis et al. 2008) 
prepared OS-derived BC and aimed to increase the sur-
face area using chemical (KOH and  ZnCl2) and physical 
(microwave) activation techniques to improve the potential 
for wastewater remediation. However, the utilized activa-
tion methods have a negative environmental impact due 
to the application of chemicals and energy consumption. 
Therefore, it is important to explore greener techniques 
for developing the porous structure of BC and increasing 
the range of applications. One possible alternative is the 
demineralization of biomass.

Valorization of agricultural biomass by thermochemi-
cal conversion represents a sustainable approach toward 

a better environment and a more prosperous economy 
(Daramola and Ayeni, 2020). The thermal conversion 
process leads to the generation of bio-oil, gases, and BC. 
BC is the solid residue derived from the decomposition of 
organic matter under high temperatures and inert condi-
tions (Lehmann and Stephen 2009). Biomass used to pro-
duce BC is abundant, given that it can be prepared from 
almost any type of organic feedstock, including wastes 
and industrial by-products. Depending on the temperature, 
heating rate, and residence time, the thermal conversion 
process can be categorized into four types: (i) fast pyroly-
sis which involves the utilization of a heating rate from 10 
to 200 °C/s and the dominant products fraction consists 
of liquid bio-oil (Basu 2013), (ii) slow pyrolysis which 
applies a heating rate from 0.1 to 0.8 °C/s and mainly gen-
erates solid BC along with gas fraction (Basu 2013), (iii) 
gasification which is usually conducted at extreme temper-
ature (up to 1000 °C) under controlled oxygen conditions 
and mainly generates gas fraction (Basu 2010), and (vi) 
hydrothermal conversion which is used for biomass with 
high moisture content (above 15%) and the solid residue 
product is often referred as hydrochar. Given its multifunc-
tional properties, BC has been utilized in several applica-
tions. For instance, BC was used as an additive in com-
posite materials where it showed potential in enhancing 
the mechanical and water-resistant properties of polymeric 
composites (DeVallance et al. 2016; Zouari et al. 2022). 
BC was also efficiently utilized with polyvinyl alcohol to 
prepare piezoresistive pressure sensors due to its electri-
cally conductive performance (Nan 2016). Recent research 
(Marrot et al. 2023) investigated the performance of tung 
oil/BC-based coating for the protection of wooden facades 
and reported that BC enhanced the hydrophobicity and the 
UV irradiation resistance of the tested surfaces. One of the 
possible primary applications of BC is adsorption. For this 
reason, BC has been successfully applied in soil (Tomczyk 
et al. 2019), wastewater (Dwivedi and Dey 2022), and air 
remediation (Xiang et al. 2022).

The attractiveness of BC lies in the large surface area 
and high pores volume. These two properties depend on 
the original biomass type and the pyrolysis parameters 
(i.e., temperature and time) (Leng et al. 2021). AD and OS 
wastes represent promising cost-efficient and renewable 
feedstock for BC production. The characteristics of plant 
material, such as vascular structure, are likely to contribute 
to the formation of macropores in the BC, unlike micropo-
res that are mainly generated during the pyrolysis process 
(Lehmann and Stephen 2009). Another essential biomass 
feature is the ash content that directly influences pyroly-
sis because inorganics (i.e., ash minerals) are involved in 
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volatile cracking and biomass decomposition during thermal 
conversion (Agblevor and Besler 1996). Raveendran et al. 
(1995) reported that the occurrence of inorganics negatively 
impacts the pyrolysis process and BC’s surface area. Indeed, 
during the activation of the BC, minerals can hinder porosity 
development by blocking the access of activating agents to 
the internal char structure. Moreover, ash components can 
limit the potential of BC as an adsorbent by settling around 
and inside the pores, which reduces the surface area (Jia 
et al. 2020) and makes pores less available for the adsorb-
ate. AD, for instance, is distinguished by a high ash con-
tent (up to 3.56 ± 0.21% (Krička et al. 2017)) compared to 
other woody biomasses such as willow (0.56 ± 0.08%), black 
locust (0.77 ± 0.05%), and poplar (0.59 ± 0.04%) (Klašnja 
et al. 2013). The high ash content of AD feedstock can limit 
the application of AD-derived BC for adsorption purposes.

Biomass pre-pyrolysis treatment to remove minerals 
could enhance BC’s porosity and surface area (Paola 
Giudicianni et al. 2014) and eventually promote BC’s 
adsorption. One method to reduce ash is water washing 
to eliminate hydrosoluble ash elements such as K, Na, Ca, 
Cl, S, and Mg. Water washing is a cost-effective, simple, 
and environmentally friendly technique, as no chemicals 
are utilized in the process (Paola Giudicianni et al. 2014). 
Other methods (e.g., acid washing) are less desirable as 
they have a high environmental impact and lead to the 
degradation of a portion of the biomass’s celluloses and 
hemicelluloses (Das et al. 2004). Several studies (Chin 
et al. 2020; Sun et al. 2013) have investigated the dem-
ineralization of pyrolyzed biomass (i.e., BC). These 
studies have reported that ash removal has a favorable 
effect on enhancing the porous structure of BC. However, 
research evaluating the impact of raw biomass deminer-
alization (i.e., before carbonization) on the derived BC 
quality and properties is limited, especially concerning 
post-treatment ball milling. A few studies (Chandler and 
Resende 2018; Paola Giudicianni et al. 2014) investigated 
the influence of raw AD demineralization on the ratio of 
different pyrolysis products (i.e., gas, solid BC, and bio-
oil) and yield. However, they did not provide an in-depth 
evaluation of the physio-chemical features and porosity 
of the derived BC.

This study investigated the effect of raw AD and OS 
demineralization on the derived BC’s structural and physio-
chemical properties. Moreover, wet ball milling was utilized 
to further enhance BC porosity development. Results were 
compared from proximate analysis, FTIR, and physisorption 
tests of BC from treated and non-treated biomasses.

Materials and methods

Materials and reagents

OS was obtained from Oljarna Krozera Franka Marzi sp. 
olive oil extraction company (Srgaši, Slovenia) in the form 
of dry particles (5 mm in size). AD stems were collected 
from the local area (Kampel, Slovenia). Feedstocks were 
washed with distilled water and dried at 105 °C for 24 h 
before processing. AD and OS were separately ground with a 
cutting mill (Pulverisette 25/19, Fritsch, Idar-Oberstein, Ger-
many) using a 1-mm mesh. Technical nitrogen gas (purity 
grade 4.8) was utilized for carbonization and thermogravi-
metric analysis. High-grade nitrogen and carbon dioxide 
gases with a purity grade of 5.0 were used for physisorption 
tests.

Biomass demineralization

AD and OS were subjected to hot water stirring wash treat-
ment to reduce the ash content using a method adopted from 
the literature (Chandler and Resende 2018). The referenced 
study performed water demineralization of AD at variable 
temperatures (20, 40, and 60 °C) and concluded that optimal 
minerals removal was achieved by 1-h washing at 60 °C. 
Samples of 300 g were first mixed with distilled water (10 g 
of water per 1 g of dry material). Then, the mixtures were 
left under continuous stirring for 1 h at 60 °C. At the end of 
the treatment, the samples were washed under continuous 
distilled water flow to eliminate the loosened minerals until 
neutral pH was achieved. The drained samples were then 
oven-dried for 24 h at 105 °C.

Preparation of biochar: slow pyrolysis 
and ball milling

For each type of biomass, demineralized and non-dem-
ineralized biomass were weighed and placed in thermo-
resistant crucibles. The crucibles were then placed in a tube 
furnace (Nabertherm RSRC 120–1000/13, Nabertherm, 
Lilienthal, Germany) and pyrolyzed under a nitrogen flow 
rate of 300 L/h and a heating rate of 1500 °C/h to fit in the 
configuration of slow pyrolysis and to be able to control the 
thermal inertia of the furnace. The samples were carbonized 
for 2 h at 600 °C. Indeed, the previous work (Marrot et al. 
2021) highlighted an interesting biochar (BC) surface area 
for hemp stems carbonized at this temperature, combined 
with an acceptable pyrolysis yield. The obtained BC samples 
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were weighed to determine the carbonization yield using 
Eq. (1).

where mi and mf are the masses of the raw biomass and the 
derived BC, respectively.

Part of the obtained samples was further treated by wet 
ball milling using a planetary ball mill (Pulverisette 5, 
Fritsch, Idar-Oberstein, Germany). Milling was performed in 
stainless steel jars (500 mL) in the presence of stainless steel 
balls (20 mm in diameter), and the balls-to-BC weight ratio 
was equal to 100. Distilled water was added until the manu-
facturer’s recommended maximum capacity was reached. 
The BC was milled at a speed of 400 rpm for 30 min. During 
milling, 30 cycles with a 1-min ON and 5-min OFF proce-
dure were used to avoid temperature increase during milling. 
The operation conditions were selected based on preliminary 
optimization. After milling, all the materials were placed in 
the oven at 105 °C to allow water evaporation and collect 
BC powder.

In total, eight BC samples were obtained and are 
described in Table 1.

Characterization of the raw biomasses 
and the derived biochar

Thermogravimetric analysis (GA 5500, TA Waters Instru-
ments, New Castle, DE, USA) was carried out using 5-mg 
samples of non-demineralized and demineralized raw bio-
mass. Samples were placed in platinum pans, and the ther-
mal degradation behaviors were observed over a temperature 
range from 25 to 600 °C and a heating rate of 10 °C/min 
under a nitrogen atmosphere with a flow rate equal to 25 mL/

(1)Carbonization yield =
mi - mf

mi
× 100

min. Three repetitions were performed for each sample, and 
the average values for degradation temperature points were 
reported.

Proximate analysis was performed using a thermogravi-
metric analyzer (TGA801, LECO, Saint-Joseph, MI, USA). 
The moisture, volatiles, ash, and fixed carbon contents of all 
samples were determined according to the “ASTM-D7582 
in coal” method. Three repetitions were performed for each 
sample, and the average values were reported.

Surface functional groups were analyzed by Fourier trans-
form infrared (FTIR) spectroscopy using an ALPHA FT-IR 
Spectrometer (Bruker, Billerica, MA, USA) equipped with 
ATR (attenuated total reflection) module. The spectra were 
recorded over a wavelength range from 400 to 4000  cm−1 
at 4  cm−1 resolution. For accurate results, 64 scans were 
performed, and ten repetitions were done for each sample. 
The average spectra were then collected and processed using 
OPUS software.

The particle size analysis was only performed for the 
ball-milled BC samples. The particle size distribution was 
measured by laser diffraction using a Horiba Scientific LA-
960A2 analyzer (Horiba, Kyoto, Japan), and the refractive 
index was set to 1.92. For homogeneous particles’ disper-
sion, 1 min of ultrasonication was done before each measure-
ment. Ten repetitions were performed on each sample, and 
the average values were reported.

Physisorption analysis (Anton Paar Quantachrome 
Instruments, Boynton Beach, FL, USA) was performed 
on BC materials using nitrogen and  CO2 gases to evalu-
ate their surface area (SA) and pores distribution accord-
ing to the Brunauer–Emmett–Teller equation (BET) model 
and density functional theory (DFT), respectively. Before 
analysis, samples were degassed under a vacuum for 12 h 
at 250 °C to remove potential air molecules trapped in the 
BC’s cavities. For BET under nitrogen measurements, the 
adsorption–desorption isotherms at −196 °C were used to 
determine the specific SA, total pore volume (TPV), and 
mesopores (2–50 nm in width) volume. For  CO2 measure-
ments, adsorption–desorption isotherms were collected at 
0 °C to determine microporous SA and micropore (< 2 nm in 
width) volume. The collected data were analyzed for statisti-
cally significant differences (α = 5%) using a paired t-test in 

Table 1  Description of the prepared Arundo donax and olive stone 
biochar samples

AD: Arundo donax, OS: Olive stone, BC: Biochar, D: Demineralized, 
and BM: Ball-milled

Biomass Sample  ID1 Treatment

Arundo donax AD-BC No treatment
DAD-BC Demineralized
BM-AD-BC Ball-milled
BM-DAD-BC Demineralized and ball-milled

Olive stone OS-BC No treatment
DOS-BC Demineralized
BM-OS-BC Ball-milled
BM-DOS-BC Demineralized and ball-milled

Table 2  Proximate composition of raw non-demineralized and dem-
ineralized biomass

Parameters AD DAD OS DOS

Moisture, % 1.9 ± 0.0 1.6 ± 0.1 1.9 ± 0.0 0.6 ± 0.0
Volatiles, % 75.0 ± 0.2 81.0 ± 0.5 76.0 ± 0.9 77.1 ± 0.1
Ash, % 3.3 ± 0.1 1.1 ± 0.6 0.4 ± 0.1 0.3 ± 0.0
Fixed carbon, % 19.5 ± 0.1 16.2 ± 0.6 22.0 ± 0.9 22.0 ± 0.2
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Excel software to evaluate the effect of demineralization and 
ball milling treatments on BC’s porosity.

Results and discussion

Effect of the demineralization on raw Arundo donax 
and olive stone biomass

Physio‑chemical properties

Results from proximate analysis of raw AD and OS with and 
without demineralization are represented in Table 2.

For AD, the results of ash content (3.3 ± 0.1 and 
1.1 ± 0.6%) are similar to those reported by Chandler and 
Resende (2018), that found ash contents of 3.90 and 1.74% 
before and after demineralization at 60 °C for 1 h, respec-
tively. However, another study (Yang et al. 2020) reported 
higher ash content in non-washed AD, equal to 6.77%. Even 
within one plant species, the difference in ash content can 
be attributed to climate and soil conditions where the plant 
grew and the sample preparation position within a single 
plant (Han et al. 2012). The values found for volatiles and 
fixed carbon in non-demineralized AD (75.0 and 19.5%, 
respectively) were comparable with the values reported by 
Yang et al. (2020): 74.59 and 15.36%, respectively.

For OS, the initial ash content (0.4 ± 0.1%) was similar 
to findings from Bartocci et al. (2015), who reported 0.49%. 
However, it was lower than another previous study (Karakaş 
et al. 2017), which reported 3.34%. This variation in findings 
for ash content can be due to the differences in the testing 
method or the olive varieties. In this context, Tanilgan et al. 
(2007) characterized the physical and chemical properties of 
five different olives (Olea europaea L.) varieties and their 
oils in Turkey (Gemlik, Kilis, Uslu, Tirilye, and Ayvalik). 
They found that the inorganics contents of the tested samples 
differed, and values ranged between 0.6 and 1.2%. Moreo-
ver, volatile and fixed carbon percentages of non-washed OS 
(76.0 and 22.0%, respectively) were divergent compared to 
the previous finding by Bartocci et al. (2015) and by Kara-
kas et al. (2017b) that reported volatiles and fixed carbon of 
87.06% and 12.45%, and 46.42% and 50.24%, respectively.

The demineralization treatment lowered raw AD and OS 
ash by 48% and 40%, respectively. For AD, the ash content 
decrease was correlated with an increase in volatiles and 
a decrease in fixed carbon contents. The presence of high 
ash percentage in non-demineralized AD likely favored 
the release of volatiles and the formation of carbon. For 
OS, however, the volatile and fixed carbon content did not 

significantly change due to the demineralization treatment 
as the material had a naturally low ash content (0.4 ± 0.1).

Thermal degradation properties

Thermogravimetric analysis (TGA) curves for raw non-
demineralized and demineralized biomasses are presented 
in Fig. 1. Values corresponding to 10% of weight loss  (T10%), 
maximum degradation rate  (Tmax), and percentage of final 
residue at 600 °C are summarized in Table 3.

The decomposition thermograms of all samples (Fig. 1) 
can be divided into three phases according to the degrada-
tion behaviors of the materials. The first phase (25 °C to 
approximately 200 °C) was characterized by water evapo-
ration and decomposition of light organic compounds and 
part of hemicelluloses (Yang et al. 2007). The second phase 
(200–400 °C) was characterized by high mass loss due to 
the degradation of remaining hemicelluloses and cellulose 
(Yang et al. 2007). During this phase, lignin starts to decom-
pose as well. The third phase (400–600 °C) was character-
ized by slow weight loss related to the degradation of lignin 
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Fig. 1  TGA thermograms of raw non-demineralized and demineral-
ized biomass

Table 3  Thermal degradation points of raw non-demineralized and 
demineralized biomass

Sample T10%, °C Tmax, °C Residue at 
600 °C, %

AD 265 ± 2 335 ± 1 28 ± 0
DAD 285 ± 3 363 ± 3 19 ± 2
OS 273 ± 1 367 ± 1 26 ± 3
DOS 276 ± 2 377 ± 2 25 ± 1
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that can decompose gradually from ambient temperature to 
900 °C (Yang et al. 2007).

The difference between thermograms of AD with and 
without demineralization is shown in Fig. 1.  T10% and  Tmax 
increased by 20 and 28 °C, respectively, after demineraliza-
tion. This increase reflected the enhancement in the thermal 
resistance of the demineralized material. The lower thermal 
stability of non-demineralized AD can be attributed to the 
combination of two factors.

On the one hand, the increment in thermal stability 
might be related to the lower hemicellulose content in 
the treated AD (DAD). Part of the hemicelluloses was 
likely leached with the minerals during the water-wash-
ing process, given their hydro-solubility. Hemicelluloses 
start degradation at a lower temperature (ranging between 
220 and 315 °C) compared to celluloses and lignin that 
decompose at a higher temperature range (from 315 to 
400 °C and from ambient temperature to 900 °C, respec-
tively) (Yang et al. 2007). Therefore, hemicelluloses at 
lower rates in DAD shifted the thermal decomposition to 
a higher point. On the other hand, the catalytic effect of 
ash minerals might have enabled the degradation to start 
at a lower temperature in the AD sample compared to 
the demineralized sample. Moreover, the residual char at 
600 °C decreased by about 32% after demineralization, 
which indicates that high ash minerals occurrence in AD 
contributed to enhancing char formation by activating 
and catalyzing the thermal conversion of biomass com-
ponents. Similar results were found by Zhang et al. (2016) 
when TGA was used to investigate the effect of water 
washing on the thermal decomposition behaviors of rice 
husk over a temperature range from 25 to 700 °C (with 
a heating rate of 20 °C/min). Their findings showed that 
water washing (at 60 °C for 6 h) increased  Ti (initial deg-
radation temperature corresponding to the first increase in 
degradation rate) and  Tmax by about 30 and 20 °C, respec-
tively, and decreased the final char residue that went from 
32.60 to 27.94% for non-washed and washed rice husk, 
respectively. The enhancement in thermal stability and 
decrement in final char percentage was assigned to the 
removal of alkali metals (i.e., ash) involved in catalyz-
ing thermal conversion reactions and promoting char 
formation. Grafmüller et al. (2022) studied the effect of 
ash addition on the thermal stability of the derived BC 
during the pyrolysis of softwood biomass. They reported 
that the increase of 0–42.6 wt% ash content correlated 
with a decrease in the material’s thermal resistance. They 
observed that the exothermic peaks in the degradation 
thermograms obtained from diffraction scanning calorim-
etry analysis shifted and that the maximum degradation 

temperature decreased by 43 °C, 51 °C, and 55 °C with 
the addition of 7.3%, 8.9%, and 42.6% of ash, respec-
tively. They explained that the acceleration in thermal 
decomposition is assigned to the catalytic effect of ash 
components.

For OS biomass, the degradation temperature points 
 (T10% and  Tmax) and final residue percentages were simi-
lar for non-demineralized and demineralized materials 
(Table 3). This similarity suggests that the demineraliza-
tion treatment did not significantly affect the degradation 
process of OS. These findings are likely related to OS’s 
initially low ash content (0.4 ± 0.1%). Moreover, the OS 
appeared to be more resistant to thermal decomposition 
 (T10% = 273 ± 1 °C) compared to AD  (T10% = 265 ± 2 °C), 
which might be related to the original chemical compo-
sition of the two biomasses. Specifically, OS has been 
reported to have a lower hemicellulose content of 21.9% 
(Heredia-Moreno et al. 1987) compared to the 34.02% 
hemicellulose content of AD (Suárez et al. 2021). This 
lower hemicellulose content would result in higher thermal 
resistance of OS compared to AD. The lower deminerali-
zation yield of AD (83%) compared to OS (86%) is likely 
due to the partial loss of soluble hemicelluloses during 
washing. However, further investigation of the chemical 
composition of AD and OS must be performed to confirm 
this assumption.

Carbonization yield

The BC yield percentages are summarized in Table 4.
In the case of AD, the demineralization caused a 46% 

decrease in the BC yield, likely due to the reduction in ash 
components that have the primary role in the volatile exhaust 
and BC formation. It is noteworthy that these findings cor-
relate with the TGA results, where a decrease in the final 
char residue from AD after demineralization was observed 
(Table 3). Ash components are responsible for favoring the 
cracking of volatiles released from natural polymer degra-
dation into permanent gases, promoting BC formation and 
increasing yield.

Prior research (Chandler and Resende 2018) reported that 
BC yield from ground AD (with average particle size equal 
to 373 µm) by water washing at 60 °C for 1 h and pyrolyzing 

Table 4  Carbonization yields results

Original biomass AD DAD OS DOS

Yield in BC, % 23.5 12.7 24.6 23.9
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at 475 °C was equal to 17.5% and 13.2%, respectively, before 
and after demineralization. These values are much smaller 
than those found in the current study (31.85% and 12.67%), 
even though a higher carbonization temperature (600 °C) 
was utilized. However, Yang et al. (2020) reported that AD 
yielded 33.22% of BC after pyrolysis at 600 °C, which is 
comparable to the findings reported in this study. The dif-
ferences between BC yields can be related to the difference 
in the original AD composition (i.e., the ratio of hemicel-
luloses, cellulose, and lignin) that can vary with the species, 
age of the plant, and the period of the year when it was har-
vested. Additionally, biomass particle size before carboniza-
tion and the utilized heating rate are likely to influence the 
final yield (Angın, 2013; Demirbas 2004).

Paola et al. (2014) studied the physio-chemical properties 
of demineralization AD and the derived BC. They reported 
that ash content decrease was correlated with a reduction in 
BC yield that was attributed to the enhanced devolatilization 
(i.e., fewer amounts of volatiles were released during pyroly-
sis) upon minerals reduction. In addition, they stated that 
the pyrolysis of water-washed AD samples produced lower 
yields of gases such as  H2, CO, and  CO2 compared to the 
non-treated sample due to the removal of alkali ions. They 
concluded that the decrease in  H2 yield in the water-washed 
sample suggests that alkali metals have a catalytic role in 
BC gasification reactions (Paola Giudicianni et al. 2014). 
Grafmüller et al. (2022) observed that the carbonization 
yield increased linearly with increasing the ash percentage 
from 0 to 8.9 wt%. However, a further increase in ash rate 
(up to 42.6 wt%) did not cause any significant change in the 
yield. They justified that the occurrence of alkali elements 
in the ash helped the BC formation by catalyzing primary 
and secondary pyrolysis reaction pathways.

For non-demineralized OS, the obtained yield (24.6%) 
is lower compared to findings from the previous research 
(Karakaş et al. 2017), where a 31.44% yield was reported for 
OS carbonized at the same temperature (600 °C). The dem-
ineralization did not significantly affect the carbonization 
yield, as the BC amount obtained from OS and DOS was 
similar (24.6% and 23.9%, respectively). These findings can 
be justified by the relatively low initial minerals content in 
raw OS (0.44%) confirmed by proximate analysis (Table 2). 

Thus, the demineralization treatment did not influence the 
BC yield.

Effect of demineralization on Arundo donax 
and olive stone‑derived biochar

Physio‑chemical properties

Table 5 represents the results for moisture, volatiles, ash, and 
fixed carbon contents of BC derived from non-demineralized 
and demineralized AD and OS feedstocks.

For non-demineralized AD-derived BC, results for 
volatiles, ash, and fixed carbon contents (16.6 ± 1.0%, 
11.0 ± 0.1%, and 65.6 ± 1.0%, respectively) were com-
parable with findings from Zhao et  al. (2017) who 
reported 14.72 ± 0.41%, 6.85 ± 0.16%, and 75.20 ± 0.47%, 
respectively, for AD-BC prepared at 500 °C for 2 h, and 
7.48 ± 0.81%, 6.20 ± 0.11%, and 81.30 ± 0.86%, respectively, 
for AD-BC prepared at 800 °C for 2 h. Volatiles and ash 
percentages were lower in BC derived from the demineral-
ized AD (DAD-BC) by 20.7% and 69.2% compared to BC 
derived from the non-demineralized precursor (AD-BC). As 
explained in Sect. “Carbonization yield,” inorganics (i.e., 
ash) facilitate the volatilization of gases during cellulose, 
hemicellulose, and lignin thermal degradation. Therefore, 
after the reduction of ash content, the volatile rate also was 
reduced. However, demineralization increased the fixed car-
bon content from 65.6 ± 1.0% to 78.3 ± 0.8%, which can be 
attributed to the higher organic content of the treated bio-
mass compared to the same amount of non-treated sample.

For OS-BC, volatiles (13.0 ± 0.6%) and fixed carbon 
(83.1 ± 0.5%) content results agreed with prior research 
(Bartocci et al. 2015) for OS carbonized at 600 °C that 
reported 11.45% volatile and 76.75% fixed carbon contents. 
Nevertheless, the same study reported a much higher ash 
content of about 11.80% compared to results found in this 
study (0.9 ± 0.2%). Demineralization of OS reduced the 
ash content in the derived BC by 38.3%, while no obvious 
changes were observed in volatiles and fixed carbon rates. 
It is also worth mentioning that the fixed carbon content 
in OS-BC was higher than AD-BC, which is likely related 
to the differences in the chemical composition of the two 
feedstocks.

Fourier Transfer Infrared spectroscopy

Fourier transform infrared (FTIR) spectra of raw and car-
bonized specimens are represented in Fig. 2.

Table 5  Proximate composition of Arundo donax and olive stone-
derived biochar

Parameters AD-BC DAD-BC OS-BC DOS-BC

Moisture, % 6.7 ± 0.1 5.1 ± 0.8 3.0 ± 0.0 2.8 ± 0.1
Volatiles, % 16.6 ± 1.0 13.2 ± 0.3 13.0 ± 0.6 13.5 ± 0.8
Ash, % 11.0 ± 0.1 3.4 ± 0.2 0.9 ± 0.2 0.6 ± 0.0
Fixed carbon, % 65.6 ± 1.0 78.3 ± 0.8 83.1 ± 0.5 83.1 ± 0.8
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Regardless of the biomass type (AD or OS), non-dem-
ineralized and demineralized raw and carbonized materials 
exhibited similar bands in the FTIR spectra.

The FTIR spectra of the raw AD and OS (non-demineral-
ized and demineralized) exhibited a wide band at 3430  cm−1 
that corresponds to hydroxyl groups from water molecules. 
This band was not visible for the corresponding BC samples 
due to water evaporation during the pyrolysis. Janu et al. 
(2021) studied surface functional groups of BC derived from 
different feedstocks and prepared at different temperatures 
(from 300 to 750 °C). They reported that for Norway spruce 
wood chip-derived BC samples, H-bonded hydroxyl groups 

associated with wavenumbers ranging between 3200 and 
3700  cm−1 tend to be degraded at pyrolysis temperatures 
from 300 to 600 °C.

Bands at 2850 and 2920  cm−1 can be attributed to  CH2 
stretching vibrations (Zhao et al. 2017). These bands were 
only detected in the raw materials with and without dem-
ineralization but were absent in the spectra of carbonized 
materials, probably because of the degradation of a major 
part of natural polymers (i.e., hemicelluloses, celluloses, and 
lignin) due to the high pyrolysis temperature (600 °C).

The wide band at 2120  cm−1 can be assigned to carboxyl 
vibrations (Angın, 2013). This band was visible for all BC 

Fig. 2  FTIR spectra of non-
demineralized and demineral-
ized Arundo donax a and olive 
stone b biomass and the derived 
biochar
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specimens from AD and OS; however, it was not detected 
in raw biomass. This observation can be justified by the 
increase in carbon content and the volatilization of hydro-
gen and oxygen during pyrolysis, which is correlated with 
the proximate analysis results (Table 2 and Table 5) that 
confirmed the higher fixed carbon contents of all BC sam-
ples compared to the corresponding original biomass. In this 
context, Shafidazeh et al. (1985) stated that during pyrolysis 
of the biomass at a temperature above 350 °C, the aliphatic 
carbon units present in cellulose polymers are converted 
into a mixture of aliphatic, alkene, aromatic, carboxyl, and 
carbonyl structures. However, the peak at 1750  cm−1 cor-
responding to C = O carbonyl groups was mainly observed 
in the spectra of the raw materials.

The peak at 1580  cm−1 identified in all BC samples can 
be related to the occurrence of C = C bonds with conjugation 
of π electrons (Kaczmarczyk 2013) due to high electron-
egativity functional groups. The same band was detected 
by Magioglou et al. (2019) in olive stone BC prepared at 
850 °C.

Peaks between 1400 and 1500  cm−1 correspond to aro-
matic C and aliphatic  CH2– groups present in lignin poly-
mers (Janu et al. 2021). These functions were visible in raw 
materials but slightly disappeared in the carbonized sam-
ples, likely due to the degradation of lignin polymers during 
pyrolysis.

The band at 1385  cm−1, corresponding to aromatic C–H 
stretching, was sharper in the raw feedstock and diminished 
in all BC spectra. These results may have been due to these 

groups’ deterioration at the high carbonization temperature 
(600 °C). In this context, Zhao et al. (2017) characterized 
AD-derived BC samples prepared at 500 and 800 °C. They 
reported that 1385  cm−1 vibration could be observed only in 
FTIR spectra of AD-BC prepared at 500 °C while the vibra-
tion disappeared at a higher temperature.

The band at 1050  cm−1 can be attributed to the valence 
fluctuation of C–O bonds in cellulose and hemicellulose. 
It was visible only in the spectra of raw biomasses due to 
the degradation of cellulose and hemicellulose during the 
thermal conversion.

Vibrations between 700 and 900   cm−1 are attributed 
to aromatic hydrogen structures (Angın, 2013; Hossain 
et al. 2011). These structures were less visible before car-
bonization, which reflects the aromatic character (i.e., less 
polar character) of the obtained BC compared to the origin 
biomass.

Overall, the FTIR analysis showed that the deminer-
alization treatment did not influence the functional group 
composition in either raw or carbonized AD and OS, as the 
same spectra were obtained for samples with and without 
demineralization.

Particle size of ball‑milled biochar samples

Size distributions of ball-milled BC samples derived from 
non-demineralized and demineralized AD and OS are listed 
in Table 6. Percentile values  D10,  D50, and  D90 are statistical 

Table 6  Particle size 
representative diameters of the 
ball-milled biochar samples

Cumulative particle size 
distribution

Particle size (µm)

BM-AD-BC BM-DAD-BC BM-OS-BC BM-DOS-BC

D10 4 ± 1 5 ± 1 2 ± 1 3 ± 1
D50 16 ± 1 18 ± 2 11 ± 1 11 ± 2
D90 70 ± 3 104 ± 2 25 ± 1 53 ± 2
Mean 30 ± 2 42 ± 2 13 ± 1 22 ± 2

Table 7  Porosity evaluation of 
biochar samples

1 SA: Surface area and 2TPV: Total pore volume

Sample N2 CO2

BET  SA1,  m2/g TPV2, cc/g Mesopores 
volume, cc/g

Microporous 
SA,  m2/g

Micropores 
volume, cc/g

AD-BC 45 0.003 0.003 516 0.138
DAD-BC 172 0.091 0.067 601 0.165
OS-BC 266 0.127 0.029 597 0.162
DOS-BC 268 0.115 0.036 595 0.163
BM-AD-BC 66 0.054 0.035 535 0.132
BM-DAD-BC 385 0.170 0.038 563 0.152
BM-OS-BC 438 0.192 0.038 567 0.152
BM-DOS-BC 435 0.194 0.040 565 0.154
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representatives for the cumulative particle size distribution 
where they indicate the size below which 10%, 50%, and 
90% of all particles are obtained, respectively.

Regardless of the sample type, the particle size distribu-
tions were fitted into the micro-size range (Table 6). The 
obtention of micro-sized particles shows that ball milling 
treatment enabled the size reduction even when applied for 
a relatively short duration (30 min). The effectiveness of ball 
milling in BC’s size reduction was previously confirmed by 
Zhuang et al. (2021), regardless of the biomass type and 
carbonization conditions.

Overall, AD-derived BC had a slightly higher particle 
size distribution in both non-demineralized AD (4 ± 1 µm 
and 70 ± 3  µm) and demineralized AD (5 ± 1  µm and 
104 ± 2 µm) compared to non-demineralized OS (2 ± 1 µm 
and 25 ± 1  µm) and demineralized OS (3 ± 1  µm to 
53 ± 2 µm) derived BC. The variation in particle size can be 
related to the shape of the pristine BC particles before ball 
milling. AD generated thin sheet-shaped BC particles, while 
OS generated more solid and round particles which probably 
facilitated the crushing operation during the ball milling pro-
cess. A previous study by Naito et al. (1998) emphasized the 
determinant effect of particle shape on particle size distribu-
tion measurements and reported that rod-shaped particles 
(i.e., less round particles) appear in the wide size range when 
using the laser diffraction technique.

Regardless of the biomass type, samples from demin-
eralized biomass exhibited larger sizes which were attrib-
uted to the extent of dispersion of particles in the aqueous 
media during size measurement. For AD, the occurrence of 
ash minerals likely favored the dispersion of BC particles 
due to the electrostatic forces between minerals and carbon 
elements in BC. These forces were lower in BC samples 
prepared from demineralized biomass, which affected the 
dispersion and allowed the aggregation of carbon particles 
that appeared big during the analysis. However, for OS, the 
ash content was slightly different after demineralization. 

Therefore, the particle size variation could be just related to 
the potential non-homogeneous dispersion of the particles 
during the ultrasonication and analysis.

Porosity of the biochar samples

The surface area (SA) and pores characteristics of the pris-
tine and ball-milled BC samples from  N2 and  CO2 phys-
isorption isotherms are shown in Table 7. Results from the 
statistical comparison are presented in Table 8. The differ-
ence between the compared pairs is considered statistically 
significant if P ≤ 0.05.

The SA and total pores volume (TPV) of BC prepared 
from demineralized AD (DAD-BC) were higher by 3.8- and 
30.3-fold, respectively, compared to BC derived from non-
demineralized AD (AD-BC). Moreover, the microporous 
SA and micropores volume of the same sample (DAD-BC) 
increased by 16% and 25%, respectively. The demineraliza-
tion of raw AD contributed efficiently to BC's porous struc-
ture, manifested by a statistically significant increase in SA, 
TPV, and microporous SA (Table 8). The occurrence of ash 
minerals favors the removal of volatiles during pyrolysis 
and leads to larger pores (i.e., mesopores). When the ash 
content was reduced in the AD feedstock, lower amounts 
of volatiles were released, and the porosity of the obtained 
BC was more composed of narrow micropores (i.e., pore 
size < 2 nm). Furthermore, the increment in SA and TPV 
after demineralization can be assigned to removing miner-
als that were settling and blocking the BC’s cavities. Thus, 
BC derived from the demineralized AD has more free pores 
and exposed SA. In a similar experiment, Paola et al. (2014) 
demineralized AD biomass using distilled water, HCl 0.1 M, 
and HCl 3.5 at 30 °C. They also observed a sharp increase in 
BET SA regardless of the utilized demineralization solution. 
For OS-derived BC, minor differences were observed in SA 
and porosity of BC prepared from treated and non-treated 
biomass. The statistical comparison between SA, TPV, and 

Table 8  Paired t-test results

* Statistically significant difference

Compared pairs P-values

BET surface area Total pore volume Microporous 
surface area

AD-BC/DAD-BC 0.004* 0.002* 0.008*

OS-BC/DOS-BC 0.398 0.080 0.102
AD-BC/BM-AD-BC 0.020* 0.007* 0.397
DAD-BC/BM-DAD-BC 0.020* 0.009* 0.392
OS-BC/BM-OS-BC 0.030* 0.040* 0.005*

DOS-BC/BM-DOS-BC 0.020* 0.040* 0.006*
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microporous SA of OS-BC and DOS-BC was not statisti-
cally different (Table 8).

Regardless of the feedstock type, ball milling positively 
affected BC’s porosity. As compared to the pristine samples 
(i.e., non-ball-milled samples), the SA of ball-milled BC 
from non-demineralized and demineralized AD increased 
by 47% and 124%, respectively. The SA of ball-milled BC 
from non-demineralized and demineralized OS increased 
by 65% and 62%, respectively. Similarly, the TPV of the 
BC increased by 1700%, 87%, 51%, and 69%, respectively. 
The increment in SA and TPV after ball milling was statis-
tically significant for all samples (Table 8). Nevertheless, 
the microporous SA and micropores volume decreased 
slightly after ball milling. The decrease in microporosity was 
attributed to the widening and fusion of smaller pores (i.e., 
micropores) under mechanical crushing during ball milling. 
This process generated larger pores and exposed the internal 
BC structure. Similarly, Lyu et al. (2018) reported that BET 
SA of bamboo BC prepared by carbonization at 600 °C for 
2 h increased by 368% after ball milling at 300 rpm for 12 h 
compared to non-ball-milled bamboo BC. They explained 
that ball milling increased the external and internal SA by 
reducing the particle size and opening new internal pores. 
Similarly, Xiang et al. (2020) stated that the BET SA of 
hickory wood-derived BC prepared at 300 °C, 450 °C, and 
600 °C (2 h) increased by 7-, 29-, and 1.4-fold, respectively, 
after ball milling (at 300 rpm for 12 h) which was assigned 
to the opening of new pores by mean of milling.

Conclusion

Pre-carbonization biomass demineralization was investi-
gated to identify changes in the physio-chemical properties 
and porosity of the derived biochar (BC). Moreover, the abil-
ity of BC’s ball milling to enhance the porosity was evalu-
ated. The main outcomes of the study were:

• The demineralization decreased the carbonization yield 
by 46% in the case of Arundo donax (AD). However, no 
difference in carbonization yield was observed for olive 
stone (OS).

• The BC derived from demineralized AD had surface area 
and total pores volume that were 4 and 30 times higher 
compared to those of BC derived from non-deminer-
alized AD, respectively. The demineralization process 
increased the AD-derived BC microporous volume by 

25%. However, there was no change in the porosity and 
microporosity of OS-derived BC.

• The demineralization effect depended on the biomass 
type, and it was more visible when the biomass had a 
high initial ash content, such as AD.

• The ball milling treatment enhanced the surface area of 
the BC regardless of the feedstock type. However, ball 
milling slightly decreased the microporosity by widening 
and fusing narrow micropores under mechanical crush-
ing.

Overall, raw biomass demineralization and BC ball mill-
ing were determined to be promising green approaches to 
fabricating porous BC without using chemical agents, in a 
view of an application as adsorbent, which will be the focus 
of the next study. Further research is forecasted to determine 
the ash elements composition before and after the deminer-
alization process and to identify the key elements that were 
removed by the treatment and comprehensively understand 
the induced changes in the BC’s properties.
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