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Abstract: The increasing amount of residual waste presents several opportunities to use biomass
as a renewable energy source. Agricultural biomass is a raw material with a high ash content,
which can be a problem in any form of energy conversion. To obtain better quality biofuel, excess
mineral matter must be removed. Demineralization is a simple form of mixing and washing biomass
with various liquids to reduce ash content. Water, acetic acid, hydrochloric acid and nitric acid are
common solvents used for this purpose. Ash is composed of different micro (Zn, Cu, Fe) and macro
elements (Mg, Ca, K), which can have different consequences for the use of biomass for thermal
energy. Different solvents have different effects on the individual elements, with inorganic acids
having the greatest effect in demineralization processes, with a reduction in ash content of up to 80%
for corn and about 99% for soybeans.
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1. Introduction

Petroleum and fossil fuels have long been the primary drivers of both all industry
and life on Earth in general. Their use has significant implications for global politics
and economics. Due to major environmental problems and a constantly unstable market
situation caused by various factors, there is an increasing search for adequate substitutes for
non-renewable energy sources. More and more research is being done with the aim of using
renewable energy sources of varying quality. From an ecological point of view, biomass
has a specific chemical composition that is favorable for different types of use. Due to its
carbon dioxide neutrality, biomass combustion is still the most common method of energy
production. However, the main advantage of using lignocellulosic feedstocks is their large
and easy availability, though this requires appropriate and optimal use considering that
this type of renewable energy source serves as a raw material for various other industries.

The consequence of the higher mineral content is a higher ash content in the raw mate-
rial. As far as elemental composition is concerned, biomass consists of six main elements (C,
H, N, S, Cl, O) in organic compounds and at least 10 other elements (Si, Al, Ti, Fe, Ca, Mg,
Na, K, S, P) in inorganic compounds, which are important in ash characterization [1]. Ash
content is desirable in some cases, but when it comes to energy efficiency, ash content be-
comes a problem, especially when burning biomass for heat. Recently, the pressing of wood
biomass into briquettes and pellets has become increasingly popular as a source of thermal
energy. Wood generally has a high calorific value and a much lower ash content (excluding
bark) [2,3] than agricultural biomass, which to date has mostly consisted of agricultural
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residues for solid biofuel production. This richness in minerals is exactly the reason why
the later residues are also used for mulching the soil. During combustion, slag and deposits
reduce heat transfer and cause corrosion and erosion problems, resulting in shorter life for
the equipment used and more frequent cleaning requirements when blockages occur [4].
There are various thermal, mechanical and chemical pretreatments which aim to transform
biomass with lower energy potential into a feedstock with high energy efficiency. Another
feedstock utilization option where lower ash content is desirable is the pyrolysis process for
bio-oil production. In previous research, many authors [5] mention the catalytic reaction of
the ash in the biomass, i.e., the alkali and alkaline earth metals during the pyrolysis process,
which ultimately results in higher biochar and biogas content and lower bio-oil demand [6].
The aforementioned pyrolysis, carried out at moderate temperature, high heating rate,
short steam residence time and in an inert atmosphere, achieves maximum yields of bio-oil
in addition to biogas and biochar [7,8]. Similarly, liquefaction breaks down the feedstock’s
macromolecular compounds in the presence of a suitable catalyst into fragments of light
molecules, whose repolymerization leads to oily compounds [9]. Such treatments have
already been successfully carried out on wood [10,11] and agricultural raw materials [12].
Furthermore, in a review paper by Trubetskaya (2022) [13], the effects of the reactivity of
inorganic components on biomass gasification were studied. The author concluded that,
although the influence of inorganic matter in the gasification process is known, the basic
mechanisms behind this influence are still not clear, thus highlighting the complexity of ash
conversion. The author further proposed that future research on the interactions between
inorganics and gasification reactivity should cover a wide range of inorganic elements and
their corresponding reaction kinetics.

As mentioned earlier, the ash content of wood biomass and agricultural biomass
differs, and, in order to replace wood biomass with a more energetically acceptable biofuel,
the agricultural feedstock should be made more favorable for energy use. The simplest way
to reduce ash content (i.e., the residue after combustion) and thus increase calorific value
is demineralization. In this process, soluble mineral substances are separated from the
raw material using organic or inorganic solvents [14]. Depending on the choice of solvent,
there are various ways of carrying out this process [15]. Water, as an inorganic substance, is
in itself a suitable solvent to dissolve a considerable number of mineral substances, and
the addition of small amounts of various acids increases this efficiency [16,17]. Some of
the acids used include acetic, hydrochloric, sulfuric, nitric and hydrofluoric acids, and
recent research offers the possibility of using surfactants [15]. Some of the most important
parameters of the demineralization process are the acid concentration in the water, the
temperature and the duration of the process. The speed of mixing also has a positive effect
on reducing ash content. Thus, some studies have shown a difference in the effect of the
demineralization process between when the sample was constantly mixed and when it was
only in an aqueous solution [17]. The problem with using acids is the necessity of washing
the samples after mixing or filtering. In this way, higher concentrations of acids produce
more harmful waste that must be disposed of later. In addition, higher concentrations of
certain acids may interfere with the reduction of cellulose content, which is desirable during
the pyrolysis process to produce bio-oil [15]. Higher temperatures and a longer mixing time
during demineralization mean higher energy consumption in such a process. Therefore,
the purpose of such a process should be well defined in order to choose the appropriate
type of solvent in combination with acceptable parameters to achieve an optimal effect.
Consequently, the aim of this work is to investigate the best solution for achieving low ash
content in agricultural raw materials by the demineralization process in order to obtain a
useful biofuel for the further processing of lower-quality raw materials. The idea is to use a
lower concentration of different acids through different process times, exclude temperature
as a parameter to save energy, and include different particle sizes, which is different from
other research. Furthermore, the influence of different solvents on different micro and
macro elements of ash composition will be studied.
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Miscanthus [15], eucalyptus [18,19], switchgrass, pine [5,20], rice straw [3,16,21,22],
wheat straw, barley straw [6,23], fruit bunches [24,25], palm kernels [5] and even algae [26]
attest to the wide range of biomass feedstocks for exploring this type of pretreatment. Corn
and soybean stalk samples, however, have rarely been studied for this purpose. Corn is
one of the most widely used cereals in the world and is mainly used in food and animal
husbandry [27], followed by agriculture and energy use. Corn stalks (which consist mainly
of the leaves and stalks of corn plants that remain after the corn kernels are harvested) are
the most important crop residues worldwide [28]. According to the Statistical Yearbook [29],
the total production of corn in the Republic of Croatia was between 1,500,000 and 2,000,000
tons, i.e., between 6 and 8 t/ha per year, and represents a crop whose residues have a great
potential for energy use. On the other hand, according to the statistical calendar, soybean
production is much lower than corn production. However, in recent years, production
has increased, amounting to about 200,000 tons per year in the Republic of Croatia. After
combustion, different agricultural crops contain 5-12% ash [30], whereas soybeans belong
to a species with lower ash content (2-3%) [31]. For this reason, this paper compares the
influence of different demineralization factors on two agricultural species with different
ash content and different particle size.

2. Materials and Methods
2.1. Shredding

The postharvest residues, i.e., corn and soybean stalks after shredding in the mill,
were sieved with a laboratory sieve machine [32] into two grain size groups: 630-1000 ym
(I) and 1000-1400 ym (II). The water content and ash content of the samples thus obtained
were analyzed by the gravimetric method.

2.2. Ash Content

0.5-1 g of the sample is weighed into pre-dried porcelain pots in a laboratory dryer at
105 °C for 1 h. Subsequently, the samples are placed in the muffle furnace, Naberthertm
GmbH at a temperature of 550 °C for 5:30 h with an initial preheating time of 15 min [33].

2.3. Demineralization

20 g of the sample was mixed with a magnetic stirrer in a solution of 400 mL at times
of 30 and 240 min, considering that, according to previous studies, most changes in ash
content were recorded within the time of half an hour. The acids used were acetic acid
(CH3COOH), hydrochloric acid (HCI) and nitric acid (HNOs3) in concentrations of 0%
(distilled water only) and 1%. After mixing, the samples were filtered using a LABPORT
N96, a KNF vacuum pump and filter paper until the filtered liquid reached a neutral pH.
The samples were then gently dried at 60 °C for 5-6 h to avoid the influence of drying on
the results obtained.

2.4. Micro and Macro Element

A PinAAcle 500 atomic spectrometer, Perkin Elmer, was used to analyze individual
macro [34] and microelements [35]. 9 mL of HNOj3 and 1 mL of H,O, had already been
added to the samples, which were digested in an SK —15 eT microwave oven, Milestone
for 35 min at 190 °C. The macroelements were K, Ca and Mg, while the microelements were
Na, Fe, Cu and Zn.

3. Results and Discussion
3.1. Ash Content
Ash content is a common problem when using lignocellulosic biomass as a solid

fuel [36] as it represents the non-combustible portion of the biomass [37]. However, with
various treatment methods, this fraction can be significantly reduced.
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3.1.1. The Influence of Sieving

Unlike corn and other agricultural biomass, soybean is a crop with relatively low ash
content when it comes to postharvest residues. Table 1 shows the positive effect of sieving
on the biomass of corn and soybeans, with the mechanically untreated samples having a
higher ash content. Both species studied had different ash contents for different grain size
groups. Samples with a grain size of 1.00 to 1.40 mm had a lower ash content after analysis.
For corn, this difference is only 5.03%, but, in return, the ash content of larger particles
is as much as 47.46% lower for soybeans. Pattiya et al. [18] screened samples of cassava
stalks, also finding the lowest ash content (4.75%) in the class with the largest particle size,
significantly lower than an ash content of 12.17% in the class with the smallest particle size.
One possible reason for this is that shaking physically removes various impurities from the
surface of the samples that later demonstrate ash content in the combustion process.

Table 1. Initial ash content in unsieved corn and soybean (x), corn (I, II) and soybean (I, IT) samples.

Sample Ash (%)
Soybean x 3.36 £0.182
Soybean I 2.94+0.77b
Soybean II 1.55+022%

Corn x 8.17 £ 0.05°

Corn I 6.73 £0.03 ¢

Corn 1II 6.37 £0.02¢

Statistical significance *
Minimum 1.55
Maximum 8.17
Average 4.85

Roman numerals indicate different grain size groups (I = 630-1000 ym; II = 1000-1400 ym). The means in the
same column with different lowercase superscripts are statistically different (p < 0.05), according to Tukey’s HSD
test. Statistical significance; * p < 0.01

3.1.2. The Influence of Demineralization

Demineralization involves washing the raw biomass with various liquids that dissolve
the components of the ash [22,25,38]. Corn as a raw material for demineralization and
filtration proved to be impractical due to suspended particles and clogging during filtration,
which may have a lesser effect on subsequent results. However, the ash content of corn
decreased under the influence of any reagents. Triage is desirable not only for untreated
samples. Table 2 shows a difference in ash content between I and II as early as the first 30
and 240 min, indicating that larger particles in corn are washed out more quickly and easily,
ultimately resulting in a lower ash content than smaller particles over a given period.

This confirms the claim that after 30 min the effectiveness of demineralization de-
creases significantly [18]. The only exception is when acetic acid is used, where an anomaly
occurs. With distilled water, hydrochloric acid and nitric acid, the ash content decreases
consistently over time, although not with the same intensity. With acetic acid, the ash
content of the sample begins to increase after some mixing time, and here the main differ.

Even when acetic acid was used, the ash content after 4 h was not as low as it had
been with 1% hydrochloric and nitric acids (with values of 1.26% and 1.25%, respectively).
The reason for this is that acetic acid cannot dissolve certain chemical elements that form
mineral substances [16].

Table 3 shows the variance analysis of the observed parameters of influence on ash.
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Table 2. Ash content in soybean (I, II) and corn (I, II) after demineralization.

Sample Time Solvent Ash (%)
dH,0 1.38 +0.06 f
CH;COOH 0.75 + 0.04 <de
0 HCI 0.11 £ 0.02 2P
HNOj3 0.18 £ 0.05 2P
Soybean dH,0 1.17 + 0.1 def
CH3COOH 0.59 + 0.13 be
240 HCl 0.04 +0.01 2
HNO; 0.1 4 0.042b
dH,0 0.85 =+ 0.06 °de
CH;COOH 0.44 =+ 0.06 2bc
% HCl 0.14+0.022b
HNO; 0.12 + 0.03 2P
Soybean I
dH,0 0.72 & 0.06 °d
CH;COOH 0.61 + 0.08 bc
240 HCl1 0.02 +0.012
HNO; 0.03 £ 0.02 2
dH,0 4.46 £ 0.1 1k
CH3;COOH 4.36 + 0.35 1k
0 HCl 3.45+0.138
HNO; 3.85 + 0.1 8hi
Corn 1 dH,0 4.18 + 0.26 N
CH3COOH 3.62 +0.268
240 HCl 335+0218
HNO; 3.45+0.128
dH,0 47140.15%
CH3COOH 3440328
30 HCl 1.46 +£0.02f
HNOj3 1.62 + 034 f
Corn Il dH,0 418 £ 0.14 hi
CH3COOH 3.78 £ 0.23 8h
240 HCl 1.26 +0.17 ¢
HNO; 1.25 4 0.35 ©f
Statistical significance *
Minimum 0.02
Maximum 4.71
Average 1.86

The means in the same column with different lowercase superscripts are statistically different (p < 0.05), according
to Tukey’s HSD test. Statistical significance; * p < 0.01
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Table 3. Results of univariant analysis of ash content.

SS
Effect DF Ash (%)
Time 1 0.77 s
Solvent 3 36.41 *
Time*Solvent 3 0.17 s
Error 88 22791

DF—degrees of freedom; SS—sum of squares. *—Statistical significance; n.s.—not significante.

Through statistical analysis, we can conclude that the influence of the parameters of
time and the interaction of time*solution is statistically insignificant for the change in the
ash content. As mentioned above, according to the analyses performed, it is obvious that a
longer treatment time and the treatment of larger particles result in a lower ash content.
From the percentage change in the different treatments (Tables 4 and 5), it is easier to see the
big difference in efficiency between I and II for the same duration of the process, and that
there is no big change after 30 min for the same granule size. As in other studies [15,24],
we can see that HCl causes the greatest decrease in ash content in both granule size classes
compared to other acids, although it is a different type of agricultural raw material. For
corn I, this percentage ranges from 48% to 51%, while for corn I, a larger percentage
decrease, 77-80%, is observed (Table 4). Similar results were obtained with nitric acid, with
percentages ranging from 43% to 48% in maize I and from 75% to 80% in maize II.

Table 4. Percentage change in ash content in corn I and II (%).

Time (min) Solid Grain Size Group
- - I II
30 dH,O 33.76 26.11
30 CH3COOH 1% 35.30 46.66
30 HCI 1% 48.86 77.13
30 HNO;3 1% 42.79 74.68
240 dH,0 38.01 54.78
240 CH3;COOH 48.86 40.77
240 HCl 1% 50.26 80.27
240 HNO3 1% 48.74 80.38

Table 5. Percentage change in ash content in soybean I and II (%).

Time (min) Solid Grain Size Group
- - I IT
30 dH,0O 53.37 45.13
30 CH3COOH 1% 74.71 72.07
30 HCI 1% 96.60 94.08
30 HNO;3 1% 94.04 92.37
240 dH,O 60.44 53.66
240 CH3;COOH 80.22 60.72
240 HCI 1% 98.90 98.73
240 HNO;3 1% 96.62 98.12

Soybean, unlike corn, proved to be a more practical, i.e., suitable raw material for
the demineralization process, and a significant reduction in ash content was obtained
for all treatment types. The analytical results obtained show similarities in the treatment
of soybean and corn samples. The final ash content after the use of all solvents and in
the different time intervals is lower for soybean II, which is expected considering that
soybean II has a lower ash content in the raw sample than soybean 1. The use of acetic acid
also leads to the anomaly that, for the same concentration (1%) in soybean II, there is a
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lower final ash content after 30 min than after 240 min. The effectiveness of reducing ash
content in soybean I and Il is the same as in corn I and II, with the order of solvent effects
thus: distilled water < acetic acid < nitric acid < hydrochloric acid. This order of solvent
effects is common in biomass treatment. The values of ash content when using nitric and
hydrochloric acids are not very different, and with them an extremely low ash content (i.e.,
a raw material suitable for further use in the form of pyrolysis, pelletization, briquetting,
etc.) is obtained. Tables 4 and 5 show the main differences between corn and soybean I and
II treatments. Although the final ash content is lower for soybean II, the percentage change
is generally lower compared to I at 30 and 240 min. The percentage changes range from
97% to 99% for hydrochloric acid and nitric acid, while for distilled water this effect ranges
from 45 to 60% for soybean I and II combined.

3.2. Micro and Macro Elements

To better demonstrate the effects of demineralization on biomass using the PinAAcle
500 instrument, PerkinElmer, analyses were performed on different percentages of the
elements that comprise ash in the raw material of corn and soybeans. The elements
were analyzed separately to determine their respective amounts, since each element has a
particular influence on the subsequent combustion of the biomass. Figures 1-4 show some
of the major elements that make up the ash content of raw corn and soybeans. K, Ca and Mg
are present in large concentrations (macroelements) in the natural, untreated sample, while
elements such as Cu, Fe and Zn are present in much lower concentrations (microelements).
Regardless, the different elements have different effects on the consequences of biomass
processing. Elements such as K and Na, along with elements such as Si and Cl, contribute
to the formation of corrosion after biomass combustion [2,39], while elements such as Ca
and Mg increase the melting point of ash [40,41].

m Raw material =}, 140.00 B Raw material
H20

Zn

m Raw material d. 120.00 W Raw material

mg/kg

Zn

Figure 1. Atomic spectrometry analysis of: (a) macro elements in untreated and treated corn I within
30 min (b) micro elements in untreated and treated corn I within 30 min (c) macro elements in
untreated and treated corn I within 240 min (d) micro elements in untreated and treated corn I within
240 min.
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Figure 2. Atomic spectrometry analysis of: (a) macro elements in untreated and treated corn II within
30 min (b) micro elements in untreated and treated corn II within 30 min (¢) macro elements in
untreated and treated corn II within 240 min (d) micro elements in untreated and treated corn II

within 240 min.
m Raw material |}, 30.00 M Raw material
mH20 mH20
25.00
B CH3COOH B CH3COOH
m HCl 2000 mHCI
oo
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E
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= Hel 20.00 mHCI
0o
B HNO3 -fa‘. 15.00 mHNO3
E
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5.00
h ooo Tl h
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Figure 3. Atomic spectrometry analysis of: (a) macro elements in untreated and treated soybean
I within 30 min (b) micro elements in untreated and treated soybean I within 30 min (c) macro
elements in untreated and treated soybean I within 240 min (d) micro elements in untreated and
treated soybean I within 240 min.
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Figure 4. Atomic spectrometry analysis of: (a) macro elements in untreated and treated soybean
II within 30 min (b) micro elements in untreated and treated soybean II within 30 min (c) macro
elements in untreated and treated soybean II within 240 min (d) micro elements in untreated and
treated soybean II within 240 min.

Figure 1 shows that there is a significant difference in the concentrations of macro and
microelements in untreated maize I compared to Figure 2, where the initial content of each
element (K 10,295 mg/kg, Ca 4355.96 mg/kg, Mg 2626.85 mg/kg, Cu 3.40 mg/kg, Fe 84.46
mg/kg, Na 42.35 mg/kg, Zn 12 mg/kg) is shown to be generally slightly lower in maize II
(K 8714.25 mg/kg, Ca 4944.94 mg/kg, Mg 2224.97 mg/kg, Cu 4.12 mg/kg, Fe 48.48 mg/kg,
Na 32.13 mg/kg). These results were expected, considering that the initial ash content in
the higher-grain corn stalk samples was slightly lower. Guo et al., 2020 had higher values
for K (28,435 mg/kg) and Na (6970 mg/kg) in untreated samples of corn stover, while the
values for Ca (3718 mg/kg) and Mg (2130 mg/kg) were similar to those of corn I and II.
This distribution of concentrations of each element is similar for the rice straw samples [16].
When looking at the effects of demineralization, the different influences of water, organic
and inorganic solvents on individual elements become visible. Potassium is an element that
dissolves in all solvents, but especially in hydrochloric acid, which is consistent with other
studies [14,16]. In contrast to potassium, calcium is an element that dissolves only in strong
inorganic acids. The reason for this is that it is found mainly in acid-soluble carbonates,
sulfates and sulfides [42]. Similarly to potassium, magnesium was reduced in all acids in
corn with larger and smaller grains, while it was partially dissolved in water. Copper is the
element with the lowest concentration among the elements studied, on whose reduction
hydrochloric and nitric acids have a greater effect than water and acetic acid. As for the
effect of demineralization on iron, according to the results, after 240 min only the content
of nitric acid and hydrochloric acid decreased. After mixing and washing with water and
acetic acid, the iron content actually increased, which is not consistent with previous studies.
Zinc is one of the heavy metals that, like copper, is not present in higher concentrations. It
also dissolved most in inorganic acids, while treatment with water and acetic acid allowed
the concentration to increase. As for time, the greatest change in these analyses is visible
in the first 30 min, while this change is less after 4 h. In some cases, it is also possible to
increase the concentration of certain elements after 240 min of mixing compared to the
first 30 min. Potassium in soybean I (Figure 3) and II (Figure 4) dissolved in the same way
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as in corn I and II in all solvents and mainly in inorganic acids (up to 11.17 mg/kg for
HCl and 30.78 mg/kg for HNO3). The concentration of calcium, which is not soluble in
water, increased when treated with water and acetic acid solvents, while a sharp decrease
in concentration was observed with hydrochloric and nitric acids. Magnesium and copper
were dissolved in all solvents, but also like potassium with different effects in each liquid.
The initial levels of iron in soybean I and II are significantly lower than in corn I and II. Fe
content ranges from 17 to 25 mg/kg in soybean and from 50 to 80 mg/kg in corn. The effect
of demineralization on the Fe content of soybean differs from its effect on Fe in corn. While
Fe content in corn increased in most cases, it increased slightly in soybean only in water
and acetic acid. Zinc also dissolved in all solvents, but more time is required to achieve
better solubility when water and acetic acid are used.

Comparing the final results of the analysis of soybean I and II and corn I and 1I,
the initial values of the individual elements are lower for larger particles. Similarly, after
treatment with certain reagents, the levels of certain elements are generally lower in samples
with larger particle sizes. This is ultimately reflected in the final ash content, even though
agricultural biomass contains various other elements such as Na, Cl, Si, Mn, Cd, Pb, and
others that are not analyzed in this work and make up the composition of ash. In the case of
soybean I and II, the time proved to be most important in the first 30 min, when the largest
proportion of each element decreased, and after which this efficiency decreases with time.

4. Conclusions

Various demineralization treatments with distilled water, acetic, hydrochloric and
nitric acids at concentrations of 1% and at times of 30 and 240 min were successfully carried
out on both types of raw material, with the final result being a significant reduction in ash
content. Sieving is a quick and simple method that significantly affects the reduction of
the content of inorganic substances, because both the initial and the final ash content are
lower with larger biomass particles. The inorganic acids had a significantly greater effect
on the removal of inorganic substances than water and acetic acid. In only 30 min and with
a concentration of only 1%, hydrochloric acid and nitric acid dissolved the elements of ash
content in corn to a low level and in soybean to a very low level. In this way, the biofuel
obtained from agricultural raw materials becomes suitable for any further processing with
the aim of producing final energy.
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