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1. Introduction

The reduction in greenhouse gas (GHG) emissions by shifting towards renewable en-
ergy sources to control global warming is one of the main challenges of the 21st century [1].
Recent studies have shown that bioenergy and bio-economy can positively contribute to
this emissions reduction [2–4]. Bioenergy can also address the volatility of wind and solar
energy and play a role in circular economy as one of the important goals of the European
Green Deal [5]. In general, biomass can be classified into six different material classes,
which are wood and woody biomass, herbaceous agricultural biomass, aquatic biomass,
animal and human biomass wastes, contaminated biomass and industrial biomass wastes
(semi-biomass), and biomass mixtures [6].

In recent years, agricultural residues as sustainable energy sources have attracted a
lot of research attention. This is due to their low material cost, lack of conflict as a food
source, as well as their annual production capacity and distribution in both developed and
developing countries [7,8].

These assorted residues are characterized by a relatively high ash content, which can
reach up to 20 times the ash content in woody biomass, implying an overall increased
slag formation tendency [9]. Ash-forming elements are generally Si, Ca, Mg, K, Na, P, S,
Cl, Al, Fe, and Mn in varying amounts [9,10]. Therefore, the ash obtained from thermo-
chemical conversion of biogenic residues and wastes can be employed in different material
applications. In particular, Si-rich biomass assortments such as rice husk and rice straw
have been increasingly investigated in the last few years [11,12]. Schneider considered
the potential of regional feedstocks in Germany in the production of high-quality biogenic
silica at the laboratory scale [13]. Schliermann et al. [14] investigated the quality of biogenic
silica produced from combustion of rice husk in bench-scale biomass boilers. Their study
overcame several challenges in operation of boilers and handling of the generated ashes.
Further considerations on Si-rich biomass fuels are also reflected in several publications of
the current Special Issue [15–21].

However, the composition of biomass ashes is not homogeneous due to their dif-
ferent origin and depending on fuel processing as well as thermochemical conversion
conditions [22], and as a result, defining a specific application for all the biomass ashes is
challenging [23]. The potential utilization of biomass ashes is mainly influenced by con-
taminations such as heavy metals and their slag formation tendencies [24]. Furthermore,
the thermochemical conversion process should also be controlled in order to modify the
ash composition for specific applications [25]. Considering diverse biomass ash compo-
sitions, there are different applications for these materials including cement and concrete
production, soil stabilization, filler in asphalt, synthetic aggregate, catalysis, semiconduct-
ing materials, energy storage, drug delivery, electrochemical applications and batteries,
carbon capture, etc. [23,26,27]. In this respect, any modification of fuel composition using a
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pre-treatment processes as well as different thermochemical conversion technologies can
influence the ash characteristics [23,28].

2. The Special Issue

The present Special Issue entitled “Valorization of Residues from Energy Conversion
of Biomass for Advanced and Sustainable Material Applications” includes 12 publications
from several authors from Germany, Korea, South Africa, France, China, India, and Sweden.

The publications cover a wide range of topics related to biomass conversion and
ash-related aspects. In this respect, Chun and Lee [17] provided an overview on recent
developments in the purification of silica components and the production of engineered
biogenic silica in a bottom-up process employing liquid silicate extracted from rice husk.
The products can be used in various applications including heterogeneous catalysts, CO2
capture, adsorbents for aqueous pollutants, biomolecule delivery, and cosmetic ingredients.
Maseko et al. [16] investigated the quality of biogenic silica produced from the thermo-
chemical conversion of different South African agricultural residues such as sugarcane
leaves, pith and fiber, and maize leaves. Their investigation proved that silica with high
purity and specific surface area can be produced from chemically pre-treated biomass fuels,
especially from sugarcane-based input materials. Park et al. [21] extracted biogenic silica
from rice husk using a novel two-stage attrition ball milling and alkaline leaching processes.
The purity of the produced silica was comparable with the products generated from com-
mon thermochemical conversion processes. However, the advantages of the introduced
synthesized method were a low production cost and higher productivity. Yan et al. [20]
investigated a smoldering process, which is a slow, low-temperature, and flameless burning
process to synthesize high-quality biogenic silica from rice husk. Their results showed a
maximum conversion temperature of only 560 ◦C in the naturally piled fuel bed, which is
lower than regularly reported combustion temperatures in different biomass combustion
technologies. Produced biogenic silica had porous and amorphous nature due to the low
conversion temperature. This publication reported a higher ash porosity generated from
the smoldering of untreated rice husk as compared to the ashes produced from combustion
processes in the literature. Therefore, smoldering shows great potential for the industrial
production of high-quality biogenic silica from untreated silica-rich biomass fuels, and
further investigations are required in this field. Singh et al. studied photocatalytic degra-
dation of cationic dye using silica nanoparticles (SiNPs) synthesized from the combustion
of rice straw followed by a sol-gel route. In this investigation, the effects of combustion
temperature and ash crystallinity on the quality of SiNPs were studied, and it was shown
that a higher combustion temperature leads to SiNPs with larger particle size with a crys-
talline nature. However, under controlled combustion temperatures, amorphous SiNPs
with an average particle size lower than 30 nm can be synthesized from rice straw ash,
which showed promising photocatalytic properties. Jung et al. [15] produced high-quality
nano-structured silica as well as cellulose nano-fibrils through an alkaline fractionation
process of rice husk. Mugadza et al. [29] synthesized nitrogen-doped carbon nanotubes
(N-CNTs) from biomass as carbon precursors for supercapacitors and electrochemical ap-
plications. They showed that the initial biomass fuel can influence physicochemical and
electrochemical properties of N-CNTs. Nitrogen migration behaviors during the pyrolysis
of untreated and chemically pre-treated maize straw were investigated by Li et al. [18].
They proved that an appropriate chemical pre-treatment and pyrolysis temperature would
guarantee the fixation of N in the generated biochar, which prevents NOx emission during
the pyrolysis process. The produced N-enhanced biochar can be employed as N fertilizer
in order to improve soil quality and production yield in agriculture [30]. Furthermore, soil
amendment by biochar is one of the potential applications of biomass fuels to reduce the
global carbon emission, improve soil quality, and increase soil carbon sequestration [31–34].
Frikha et al. [35] studied the effect of pyrolysis temperature on the yield and quality of
biochar produced from grape marc. Grape marc, as a winery waste, is produced throughout
the winemaking process, which has 10–30 wt.% of the grape fresh weight in wet basis.
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Their investigation revealed that pyrolysis temperature influences pyrolysis yields, as
well as thermal stability, specific surface area, mineral composition, and ash content of
the biochar. Bachmaier et al. [36] conducted comprehensive research work on analyzing
different nutrients and pollutant contents of different ash fractions obtained from various
biomass heating plants in Bavaria, Germany in order to use the ashes as fertilizers. As
prescribed by the German Fertilizer Ordinance, the study showed that the ashes from
waste wood can contain an elevated content of heavy metals. In addition, fuel quality and
combustion conditions modified the concentrations of heavy metals in the ashes to ensure
an appropriate ash quality.

The recovery of some of the ash-forming elements such as P is important, as it is
one of the critical and irreplaceable elements in human nutrition with a limited resource.
However, the annual consumption of P in the agriculture sector is 20 million tons [37].
Therefore, recovery of this element besides the energetic utilization of biomass fuels is very
beneficial. In this respect, an economic feasibility investigation of energy and P recovery
from municipal sewage sludge was conducted by Bagheri et al. [38], considering 16 different
technology scenarios of investments in new combustion plants. This study provides insights
into economic performance and required financial support for energetic utilization and
P recovery from municipal sewage sludge in Europe.

In order to decrease GHG emissions in a sustainable way in the transport sector,
production of biomethane from manure, agricultural residues, and biowaste can have a pro-
found impact [39]. This aspect of biomass application was considered in the publication by
Oehmichen et al. [40] by assessing the market. The study showed that different advanced
biofuel pathways have significantly different GHG mitigation costs. Furthermore, the
magnitude of this mitigation is influenced by the type of substrate used in biomethane pro-
duction processes, GHG emissions from the fossil energy carrier substituted by biomethane,
and the calculation method. These aspects should be considered in future developments in
this field.

3. Summary and Future Prospects

The focus of this Special Issue was on biomass ash valorization with respect to their
potential for various material applications. Most of the publications in this Special Issue
focused on the production of biogenic silica with different properties. Additionally, some
of the publications considered application of biomass ashes and biochar as a fertilizer, for
soil amendment and recovery of ash forming elements such as N and P as well as the
application of biomass feedstocks in biofuel production.

Accordingly, ashes produced from the thermochemical conversion of agricultural
residues have high potential to be utilized for different material applications. However,
local availability as well as scaling up the process and life-cycle assessment should be
considered prior to the utilization of these materials. Furthermore, densification as a
mechanical pre-treatment can be crucial to improve the fuel properties, while purification
of some of the ash forming elements such as calcium, potassium and prosperous should
also not be disregarded in future investigations.

Author Contributions: H.B.D. prepared draft of this Special Issue editorial. All the editors (D.E.,
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Abstract: This study evaluates the techno-economic feasibility of energy and phosphorus (P) fertilizer
(PF) recovery from municipal sewage sludge (MSS) through incineration in new combustion plants.
We evaluated the economic impact of five critical process design choices: (1) boiler type, (2) fuel (MSS
mono-combustion/co-combustion with wheat straw), (3) production scale (10/100 MW), (4) products
(heat, electricity, PF), and (5) ash destination. Aspen Plus modeling provided mass and energy
balances of each technology scenario. The economic feasibility was evaluated by calculating the
minimum selling price of the products, as well as the MSS gate fees required to reach profitability.
The dependency on key boundary conditions (operating time, market prices, policy support) was
also evaluated. The results showed a significant dependency on both energy and fertilizer market
prices and on financial support in the form of an MSS gate fee. Heat was preferred over combined
heat and power (CHP), which was feasible only on the largest scale (100 MW) at maximum annual
operating time (8000 h/y). Co-combustion showed lower heat recovery cost (19–30 €/MWh) than
mono-combustion (29–66 €/MWh) due to 25–35% lower energy demand and 17–25% higher fuel
heating value. Co-combustion also showed promising performance for P recovery, as PF could be
recovered without ash post-treatment and sold at a competitive price, and co-combustion could be
applicable also in smaller cities. When implementing ash post-treatment, the final cost of ash-based PF
was more than four times the price of commercial PF. In conclusion, investment in a new combustion
plant for MSS treatment appears conditional to gate fees unless the boundary conditions would
change significantly.

Keywords: municipal sewage sludge; energy recovery; phosphorus recovery; techno-economic
analysis; mono-combustion; co-combustion

1. Introduction

Phosphorus (P) is a critical and irreplaceable element in human nutrition. However,
the primary P resource, phosphate rock, is limited and geographically concentrated to a few
regions, and the dependency of agriculture on mineral P causes increases in fertilizer price
and uncertainty in the P market [1–3]. The world’s economic reserves of high quality, low
extraction cost P have been estimated at about 17 billion tons [4], and the agriculture sector
alone consumes 20 million tons on P each year [5]. The P market experienced an 800%
price increase in 2008, and even after the peak dropped, the new P price was twice that of
before 2008 [6]. Therefore, efforts to recover P from P-rich wastes have been intensified [7].
MSS, the solid waste residue of wastewater treatment plants, is considered one of the most
promising P-rich sources due to both high P concentration and large volumes [8,9]. It is
expected that 17–31% of the currently used mineral fertilizer could be substituted by P
from biogenic materials, mainly MSS, via advanced technologies by 2030 [10,11]. Land
application and composting of MSS are simple P recovery methods and the dominant
practice in Europe for disposal or recovery [12]. However, using those methods also
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leads to the inclusion of heavy metals (HMs), pathogens, and pharmaceuticals with the
nutrients [13,14].

Conversely, the combustion of MSS encompasses advantages such as significant
volume reduction, energy recovery, and the destruction of organic contaminants and
pathogens without necessarily impairing the P recovery opportunity [15,16]. Energy and
P recovery from MSS is directly related to the United Nations Sustainable Development
Goals 7 and 12, where replacement of non-renewable energy with green energy resources
and reuse of valuable material is crucial for a sustainable society. Sewage sludge ash (SSA)
typically contains 10–25 wt.% P2O5, which is comparable with phosphate rock (5–40 wt.%
P2O5) [17], and allows for 5–10 times higher P recovery compared to recovery from MSS
and leachates due to higher concentration of P [8,18,19].

Primary drawbacks of MSS mono-combustion are high moisture content [20], simulta-
neous potential accumulation of P and HMs in the ash [17], and low plant availability of the
dominant P species in the SSA apatite [21]. The first issue makes MSS mono-combustion
inefficient from an energy perspective, while the latter two make direct land application of
SSA less suitable and limit the possible substitution of phosphate rock in commercial fertil-
izer production to 10–20% [22]. Thermochemical treatment and wet extraction methods
have been used to transfer ash-based P to a more water-soluble species with lower HMs
content [23–25]. Extracted P by the wet process still needs post-treatment to achieve an ade-
quate quality regarding HMs content and plant availability [26]. However, Herzel et al. [27]
showed that thermochemical treatment of the SSA under reducing conditions with Na-
or K-based alkaline additives, such as NaOH, Na2CO3, K2CO3, and KOH, results in a
marketable fertilizer, as indicated by the ash-based PF solubility in neutral ammonium
citrate. Similarly, in the thermochemical conversion process Ash Dec, the SSA is treated
with alkaline additives in a rotary kiln at 1000 ◦C [27]. This process leads to plant-available
P species and more than 90% decontamination of HMs. Ash Dec has been applied com-
mercially and has shown high P recovery, with a final product that does not need further
post-processing [19,28,29].

Alternatively, the plant availability of SSA-based P can be improved by altering the
ash formation during the combustion process, which can also decrease the accumulation
of P and HMs in the same ash fraction. According to previous studies, co-combustion of
MSS and K-rich agricultural fuels with low moisture (e.g., wheat straw) may directly both
provide more plant-available phosphates in the combustion process [24,30,31] and eliminate
the need for energy-intensive drying. Furthermore, the type of combustion technology
can affect how P and HMs accumulate in different ash fractions, thereby stimulating HMs
separation [32].

Energy recovery from MSS via combustion with subsequent P recovery from SSA re-
quires expensive technology [33,34], and the possibility of moving from disposal to recovery
for MSS is substantially tied to economic feasibility [35]. Sustainable MSS management thus
needs to be built around technology that enables a high recovery rate, cost-effectiveness,
and a marketable output that can compete with conventional products and preferably be
used directly. Various techno-economic analysis studies have been conducted on either P
or energy recovery from MSS rather than SSA. The benefits of P recovery by considering
the environmental externalities have been shown by [36]. The economic feasibility of P
recovery from wastewater and sludge for a pilot-test condition was evaluated by compar-
ing the experiment’s operation costs (mainly energy and chemical costs) with the market
price of fertilizer [37]. Horttanainen et al. reported a 2.5–10 years payback period of heat
and power generation through MSS combustion in different technical conditions [15]. In
general, the focus of previous studies has been either on various technical options for P
and energy recovery or on comparison between different available options for either P or
energy recovery [5,35–38]. However, techno-economic investigations of combined energy
and P recovery through mature technologies, requirements of final products’ marketability
by calculation of the minimum selling prices and gate fees in various market conditions,
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and comparisons with different ash handling practices have, to the best of our knowledge,
not yet been addressed together.

This study aims to explore the economic feasibility of energy and P recovery from
MSS through combustion under different technology, operation, and market conditions.
We consider investment in a new combustion plant for different technology design options
regarding combustion technology, plant scale, fuel composition, energy and material
outputs, and the final destinations of the ash residue. Specific objectives are to investigate
(i) to what extent the economic feasibility can be affected by the technical design, (ii) the
requirement of financial support, and (iii) necessary energy and fertilizer market conditions.
The objectives are addressed by developing a techno-economic analysis that evaluates the
minimum selling price of sewage sludge-based energy and PF. The assessment is performed
for a number of technology scenarios designed to investigate the inherent relations between
heat, power, and PF production, as well as for different economic variations designed to
investigate the influence of non-technical and operational parameters. The results provide
insights into economic performance and required financial support to produce energy
carriers from MSS and replace mineral P products with sludge-based ones in Europe.

2. Technology Scenarios

The following sections describe the main perspectives behind the scenario selections.
Sixteen technology scenarios were developed based on variations of (1) boiler type and
size, (2) fuel composition, (3) final destination of the ash residue, and (4) outputs from
the plant. Figure 1 gives a schematic overview of the plants, with descriptions in the
following sections.

Figure 1. Schematic overview of variations in the modeled technology scenarios.

2.1. Boiler Type, Size, and Ash Distribution

Fluidized bed (FB) boilers and grate boilers (GB) respectively constitute the most
common type of MSS and municipal solid waste combustion incinerators [39–41]. The
selection of boiler technology for waste and biomass is affected by a number of parameters,
such as the need for storage, fuel characteristics and preparation, combustion efficiency,
emission, and other region-related conditions such as availability of specific biomass types
and potential policy instruments related to, e.g., renewable energy [42]. The optimal boiler
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type selection is beyond the scope of this paper, and both FB and GB were selected as
commercially available options.

Because of the low energy density on a mass basis of biomass compared to fossil fuels
and the potentially high transportation costs associated with the large spatial distribution
of biomass resources, biomass combustion plants in Europe usually have a small scale
(10–15 MW), compared to, e.g., coal power plants [40]. Since the GB is the most common
combustion technology for biomass and solid waste in Europe [41], GB scenarios were
designed for 10 MW boiler capacity. FB is commonly applied for MSS combustion at a
larger scale than GB [31,34,39]. In order to also consider the effects of economy-of-scale and
to represent larger CHP plants, FB technology was thus selected for scenarios with 100 MW
boiler capacity.

To comply with emission limits, SO2, HCl, NOx, HMs, and particle emissions must be
carefully controlled; therefore, the same gas cleaning system that is particularly suggested
for MSS-burned plants is considered in all scenarios [34,43,44]. In this system, a cyclone ex-
tracts fly ash, and an electrostatic precipitator separates the fly ash left after the cyclone [45].
Subsequently, a wet scrubber using (Ca (OH)2) is applied for desulfurization. Lime or urea
is directly injected into the boiler to reduce nitrogen oxides to eliminate nitrogen through
selective non-catalytic reduction (SNCR) [46]. Finally, coke is used for Hg, Cd, dioxins, and
furans separation, and the flue gas is polished from fine ash particles through a fabric filter
capture [34,47]. As shown in Figure 1, the fly ash collected in the cyclone and bottom ash
are discharged together, whereas fine ash is discharged separately.

2.2. Fuel Composition

The high moisture content of MSS causes a low heating value, lower furnace tem-
perature, and/or high energy demand for drying to the moisture content required by
the thermochemical process [38,48]. The solid content of digested MSS after mechanical
dewatering can typically be found in the ranges of 20–28% (belt presses), 20–35% (decant-
ing centrifuges), and 28–45% (filter presses), respectively [49,50]. At least 28–33 wt.% of
solid is typically needed in theory to initiate auto-thermal combustion of sewage sludge
without auxiliary fuel [17]; however, 40–50 wt.% of solid material is the minimum prac-
tical requirement for MSS incineration [51]. Total energy gain from sludge combustion
must be considered against the drying demand for higher solid content. Therefore, waste
incineration plants typically accept sludge with 60 wt.% of solid material and higher for
co-incineration [16,34] to not disturb their positive energy balance. For sludge, mono-
combustion positive energy balance occurs when solid content is more than 70 wt.% [20].

Besides the mentioned issues regarding moisture content, MSS undergoes a sticky
phase at a solid content of 55–70 wt.% [52], which makes it difficult to handle and feed to the
incinerator. Since combustion plants are usually centralized and sludge feed is completely
or partially transferred to the plant from different wastewater treatment plants, sludge
with higher solid content is favorable unless it crosses the sticky phase zone. To meet these
practical requirements, this study assumed that, in the case of mono-combustion, digested
semi-dried MSS with 50 wt.% solid content enters the combustion plant, dried to 80 wt.%
solid by a hot air dryer.

There is an opportunity to decrease the energy demand for drying and enhance P recov-
ery by blending MSS with agricultural residues with low moisture content. Through ther-
mochemical post-treatment with K and Na additives apatite (Ca5(PO4)3OH) in SSA, which
is poorly plant-available, alters to a more plant-available form of P such as CaNaPO4 [22].
Agriculture residues can be K-rich and applicable as K additives [53]. It has been shown
that the co-combustion of MSS with K-rich agricultural residue, such as wheat straw (WS),
analogously transfers the ash formation pathway toward K-bearing phosphates instead of
the Ca/Fe/Al phosphates otherwise dominate the SSA [30]. Typical characteristics of MSS
and WS are shown in Table 1 [54,55]. Häggström et al. examined the co-combustion of MSS
with various agriculture residues in different mass ratios. They showed desirable P species
(Ca9MgK(PO4)7 and CaKPO4) only forms when MSS is in a low share of the fuel mixture
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(90% WS and 10% MSS) [30]. They also showed that in this fuel mixture, at least 42% of P
in the ash was found in a plant-available form (28% Ca9MgK(PO4)7 and 14% CaKPO4) [30].

Table 1. Typical MSS and WS characteristics and ash composition (ar: as received, db: dry base) [54,55].

Fuel Characteristics WS MSS
min max min max

Moisture content (wt% ar) 8.3 17.4 53 77.6

Ash content (wt%,db) 3.06 9.55 29 54.5

Volatile material (VM) (wt%,db) 71.1 81.2 39.7 60.4

Fixed carbon (FC) (wt%,db) 14.9 19.3 2.1 11.5

C (wt%,db) 42.9 48.3 23.1 36.5

H (wt%,db) 3.1 5.96 2.6 5.3

O (wt%,db) 38.3 45.6 10.3 32.5

N (wt%,db) 0.28 1.54 1.4 5.6

S (wt%,db) 0.03 0.29 0.5 1.88

Cl (mg/kg) 200 500 300 800

High heating value (MJ/kg,db) 16.4 20.7 7.2 16.7
Ash Analyses (mg/kg ash) WS MSS

min max min max

Si 217,371 339,380 72,778 200,000

Al 1535 3017 30,278 116,000

Fe 1259 4057 100,000 233,645

Pb n.a n.a 22 424

Mn 387 697 421 1938

Ca 67,896 109,348 37,400 94,884

Mg 12,062 20,505 3673 13,256

Na 5564 7419 1430 8500

K 9132 152,747 1102 18,600

P 7419 16,583 48,900 105,030

In summary, by co-combusting MSS with carefully selected agricultural residues, a
plant-available ash-based PF can potentially be obtained without subsequent post-treatment
while simultaneously avoiding energy-intensive and expensive drying. Therefore, both
co-combustion of an optimal fuel mixture (90% WS, 10% MSS) and mono-combustion
(100% MSS) were considered in the technology scenarios in this study.

2.3. The Final Destinations of the Ash Residue

Although significant volume reduction is one of the main advantages of MSS com-
bustion [22,56], it is not a zero-waste operation. Thus, combustion plants always have an
output in the form of ash, which is normally not associated with any economic gains, but
typically instead incurs a cost for the plant owner. In the mono-combustion scenarios in
this study, the effect of three different ash destinations on the economic performance of the
combustion plant was investigated: landfilling, transfer of the ash to another industrial
process (zero-cost disposal), and implementation of a post-treatment process.

On a dry base, MSS usually contains around 30–50% ash [34] which mainly contains
SiO2, CaO, Al2O3, Fe2O3, MgO, and P2O5) (see Table 1) [57]. The high amount of CaO
and SiO2 enables the ash to be a partial alternative ingredient of building materials [58,59].
This option removes the ash disposal cost, but it may eliminate the opportunity to recover
the P instead. The Ash Dec process was selected for the post-treatment as it is a commer-
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cially available and approved process for producing fertilizer from SSA without further
treatment [19,29,30].

As mentioned in Section 2.2, a well-selected fuel mixture was hypothesized to yield
ash with plant-available P without any requirement for post-treatment in the co-combustion
case. Research is still ongoing on different fuel mixtures, and how much of the P in the
ash could be sellable as a competitor to commercial fertilizers [33]. Here, it was assumed
that 50% of P [30] in the ash of the given fuel mixture has fertilizer value and that it would
be directly sellable as plant-available PF in the applicable cases (co-combustion direct PF,
see below).

2.4. Products

Three different potential products were considered from the combustion plant: heat
for district heating, electricity, and PF, in different combinations. Of those, electricity and
heat are already well-established market products, while full-scale production PF from SSA
has yet to reach its full potential [13,57].

2.5. Scenario Summary

Table 2 summarizes the modeled scenarios, as described in the previous sections,
regarding the four selected technology variations.

Table 2. Overview of modeled technology scenarios. For details, see the text.

Ash Destination Energy Recovery

Scenario
Boiler

Capacity
(MW)

Boiler
Type

Fuel
(MSS/WS
wt%,db)

Ash
Landfill

Zero-cost
Ash

Handling a

Ash Post-
Treatment b

Direct
Use Heat Electricity

(1)-10MW-mono-heat only-with landfill 10 GB 100/0 yes no no no yes no

(2)-10MW-mono-heat only-without landfill 10 GB 100/0 no yes no no yes no

(3)-10MW- mono-heat and PF 10 GB 100/0 no no yes no yes no

(4)-10MW-mono-CHP with landfill 10 GB 100/0 yes no no no yes yes

(5)-10MW-mono-CHP-without landfill 10 GB 100/0 no yes no no yes yes

(6)-10MW-mono-CHP and PF 10 GB 100/0 no no yes no yes yes

(7)-10MW-co-heat-direct PF 10 GB 10/90 no no no yes c yes no

(8)-10MW-co-CHP-direct PF 10 GB 10/90 no no no yes c yes yes

(9)-100MW-mono-heat only-with land fill 100 FB 100/0 yes no no no yes no

(10)-100MW-mono-heat
only-without landfill 100 FB 100/0 no yes no no yes no

(11)-100MW-mono-heat and PF 100 FB 100/0 no no yes no yes no

(12)-100MW-mono-CHP and landfill 100 FB 100/0 yes no no no yes yes

(13)-100MW-mono-CHP without landfill 100 FB 100/0 no yes no no yes yes

(14)-100MW-mono-CHP and PF 100 FB 100/0 no no yes no yes yes

(15)-100MW-co-heat-direct PF 100 FB 10/90 no no no yes c yes no

(16)-100MW-co-CHP-direct PF 100 FB 10/90 no no no yes c yes yes

a Labeled ”without landfill” in the scenarios, as there is no landfill cost in this case except the landfill of the residue
of flue gas cleaning system. The ash was assumed to be transferred to another industrial process at zero cost.
b Ash post-treatment using Ash Dec. The waste of ash post-treatment process is landfilled. c Co-combustion
scenarios include the landfill cost of the fine ash.

3. Methodology and Input Data

The different combustion plant configurations in the technology scenarios were mod-
eled using Aspen Plus®in order to obtain mass and energy balances. The obtained balances
were used as the basis for the economic evaluations to calculate the required minimum sell-
ing prices (MSP) of the considered products (energy carriers and PF) for different operation
and market conditions.
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3.1. Process Modeling

A combustion plant flowsheet model, partly based on Salman et al. [59], was developed
using the commercial software Aspen Plus®to obtain mass and energy balances for the
technology scenarios (Figure 2). The characteristics of digested MSS and WS taken in this
study are shown in Table 3, which falls in the typical range of characteristics of MSS and
WS by considering the data shown in Table 1. Digested MSS is dried by a hot air dryer
before entering the boiler for plant configurations involving a dryer. MSS was modeled
as a non-conventional solid through ultimate and proximate analyses according to data
in Table 3. For this reason, the boiler section was modeled as two reactors: an RYield
reactor that decomposes the MSS to its constituent elements, in tandem with an RGibbs
reactor that simulates the combustion reactions considering thermodynamic equilibrium by
minimizing the Gibbs free energy. These two reactors are connected with a heat stream to
include the decomposition energy in the combustion. The steam generation section contains
three heat exchangers to represent the economizer, evaporator, and superheater, where
the combustion products from the boiler section pass on one side of the heat exchangers,
and boiler feed water flows on the other side. Flowrates of hot air for the dryer, excess
air for combustion, and boiler feedwater were calculated based on the mass and energy
balance using the calculator box and design spec options in Aspen Plus®. Calculations for
unknown variables were calculated using in-line Fortran.

Figure 2. Simplified process flow diagram of the modeled combustion plant. Boxes represent modules
containing two or more pieces of equipment.
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Table 3. Data applied in the simulations.

Fuel Characteristics
MSS a WS b

Proximate % %

Moisture
FC
VM
Ash

50
8.6
53

38.4

10.25
18.68
77.2
4.12

Ultimate wt%,db wt%,db

Ash
C
H
N
Cl
S
O

38.4
31.1
4.2
3.3
0.9
1.1
21

4.1
46.56
5.68
0.43
0.2

0.064
42.9

P2O5 in the ash 21 2.7

High heating value (MJ/kg) 13.9 18.8
Process Data

Dryer output moisture
content (%) 20

Combustion temperature (°C) 900

Steam pressure (bar) 45

Steam temperature (°C) 450

Stack temperature (°C) 120

Excess air (%)
GB 80

FB 30

District heating
temperature (°C)

inlet 40

outlet 95
a Digested MSS based on the work of [44]. b Wheat straw based on the work of [30].

All the P in the MSS transfers to the SSA in combustion [32], although it can be
collected from different ash fractions; therefore, in this study, the entire fuel P content was
considered in the calculation. A black box method based on data from the literature [29]
was used for the ash post-treatment for P recovery through the Ash Dec process. Detailed
data can be found in Appendix A (Table A1).

3.2. Economic Analysis

The economic viability of energy recovery and PF production from MSS was evaluated
by calculating the final products’ MSP (Equation (1)), which indicates the break-even point
for the investment. In addition, a feedstock gate fee (receiving fee paid by local authorities
to the waste processing facility, per unit of inlet waste) was applied to indicate the financial
dependency of MSS-based products on external support. The gate fee per ton of received
MSS was thus considered as potential revenue, when applicable. The fuel price for the MSS
price was correspondingly set to zero.

MSPi =
Annualized CAPEX + OPEX − revenuej

annual production o f i
(1)

where MSPi is the minimum selling price of the target product i, where product j represents
other sold products. The total capital investment cost (CAPEX) of each scenario was
estimated from the literature. Details of included equipment can be found in Appendix A
(Table A2). The CAPEX was inflation-adjusted to €2020 using the chemical engineering

14



Sustainability 2022, 14, 2603

plant cost index and an exchange rate of 0.85 €/US$. The reference costs were also adjusted
to the desired scale through Equation (2).

Cost in desired scale = Cost in re f erence scale ×
(

desired scale
re f erence scale

)0.8
(2)

The CAPEX was annualized applying an annuity factor of 10%, corresponding to
an internal rate of return of 8% and 20 years of lifetime. The costs associated with land,
design, engineering, and construction were excluded from the investment costs. Regarding
operation cost (OPEX) of each scenario, labor, scheduled maintenance, routine compo-
nent/equipment replacement, and insurance costs were considered in the fixed opera-
tion costs, which were set as 4% of the CAPEX [60,61]. The variable operation costs
include chemicals required for the flue gas cleaning and Ash Dec process, energy (elec-
tricity and natural gas), disposal costs (ash and hazardous waste), and fuel price (WS)
(see Table A1 in Appendix A). The 50–100% increase in fuel price based on WS price was
also considered to capture the effect of fuel preparation costs. Hazardous waste refers to
the flue gas cleaning waste containing fine ash with high HMs concentrations. Based on
Hermann et al. [29], it was assumed that the fine ash constitutes 3% of the total ash in all
scenarios. Produced electricity, in CHP scenarios, first covers internal demands, and then
the rest can be sold to the market.

The gate fee for the target product i manifests the gap between MSPi and the estimated
market price i, which must be compensated by external revenue based on inlet feedstock
Equation (3). Table 4 contains the details of MSP and gate fee calculations for each scenario.

Gate f eei =
MSPi − Market price i

Requried sewage sludge per unit o f i
(3)

Operation and Market Variations

Energy costs and revenues for heat, electricity, and PF can be subject to significant
volatility, following various market conditions, which was reflected here by applying
different prices. The impact of electricity and heat market prices on the plant’s economic
viability was further evaluated for three different annual utilization hours; 3500, 5000,
and 8000 h/year, where 5000 h/year was used as the base case. Table 5 summarises
the applied energy and chemical prices, as well as variations in prices and other varied
operational parameters.
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Table 5. Energy and chemical prices and operational parameters used in the economic evaluations.

Parameter Unit Base Value Variation Reference
Varied Parameters

Electricity selling price a €/MWh 40 10/40/60
[63,64]

Electricity buying price b €/MWh 81 40/81/140

Heat selling price c €/MWh - 5/30 [15]

WS d €/t 14 21–28 [65]

Annual plant operation time h/y 5000 3500/5000/8000

Fixed parameters

Natural gas price e €/MWh 31 - [66]

Na2SO4 €/t 80 -

[28,29]

Ca (OH)2 €/t 90 -

Coke €/t 400 -

NaOH €/t 90 -

NH3 25% €/t 150 -

Water €/m3 0.5 - [67]

Ash landfilling €/t 50 -
[28]

Hazardous waste landfilling f €/t 120 -

Sewage sludge €/t 0 - -

Commercial fertilizer (triple
superphosphate) g €/t 267 - [62]

a Electricity wholesale market price in Europe, variation covers minimum, mean, and maximum electricity
wholesale market prices during 2020. b Average national price in the EU without taxes applicable for the first
semester of each year for medium-sized industrial consumers [63]. c A ratio of 0.5 between heat and electricity
market prices was assumed. d Fuel preparation cost (e.g., mixing and pelletizing) in the co-combustion plant was
considered from 50% to 100% increase compared to WS price reported by [65]. e Natural gas is included in the
energy balance of the Ash Dec process, which was incorporated as a black box. Natural gas price is fixed based on
non-household consumers in the first half of 2020 in the EU [66]. f Flue gas cleaning waste that contains HMs
in high concentration. In all scenarios, the hazardous waste was assumed at 3% of the total ash [29]. g Used to
estimate the value of the ash P in the direct PF scenarios. The sellable P in the ash was assumed to amount to 50%
of the total P of the ash.

4. Results
4.1. Mass and Energy Balances

The results from the Aspen Plus®simulations are summarized in Table 6. The heat
demand for drying in the mono-combustion scenarios (1–6, 9–14) accounts for 27–36%
of the total output heat. Contrarily, the co-combustion scenarios (7, 8, 15, 16) eliminate
the drying demand and result in a fuel mix heating value 32% higher than for the pure
MSS fuel. The co-combustion thus shows a dual-energy advantage compared to the mono-
combustion: no dryer needed and an overall higher heat production potential. Regarding
ash residues and P production, the results show that mono-combustion yields a higher
output of P per ton of fuel (scenarios 1–6, 9–14) than co-combustion (scenarios 7, 8, 15, 16).
This demonstrates the presence of technical and financial trade-offs regarding fuel selection
for a combustion plant. It is worth noting that local limiting factors, such as city size or
availability of suitable biomass fuels for co-combustion, would obviously also affect the
fuel selection.
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Table 6. Summary of resulting mass and energy flows for all simulated scenarios.

Scenario Heat Output
(MWh)

Electricity
Output
(MWh)

Drying
Energy
(MWh)

Electricity
Demand
(MWh)

Fuel a

(t/h)
Ash
(t/h)

P Production
(kg/h)

(1)-10MW-mono-heat
only-with landfill 6.6 0 1.8 0.61 5.29 1.01 0

(2)-10MW-mono-heat
only-without landfill 6.6 0 1.8 0.61 5.29 1.01 0

(3)-10MW- mono-heat and PF 6.6 0 1.8 0.65 5.29 1.01 90

(4)-10MW-mono-CHP- with
landfill 4.9 1.35 1.8 0.61 5.29 1.01 0

(5)-10MW-mono-CHP-
without landfill 4.9 1.35 1.8 0.61 5.29 1.01 0

(6)-10MW-mono-CHP and PF 4.9 1.35 1.8 0.65 5.29 1.01 90

(7)-10MW-co-heat+direct PF 8.7 0 0 0.46 2.25 0.14 1.39 b

(8)-10MW-co-CHP+direct PF 7.0 1.43 0 0.46 2.25 0.14 1.39 b

(9)-100MW-mono-heat
only-with landfill 67 0 19 6.17 53.7 10.3 0

(10)-100MW-mono-heat
only-without landfill 67 0 19 6.17 53.7 10.3 0

(11)-100MW-mono-heat and PF 67 0 19 6.58 53.7 10.3 919

(12)-100MW-mono-CHP
and landfill 53 14.0 19 6.17 53.7 10.3 0

(13)-100MW-mono-CHP-
without landfill 53 14.0 19 6.17 53.7 10.3 0

(14)-100MW-mono-CHP and PF 53 14.0 19 6.58 53.7 10.3 919

(15)-100MW-co-heat+direct PF 89 0 0 4.67 22.6 1.40 13.8 b

(16)-100MW-co -CHP+ direct PF 71 18.2 0 4.67 22.6 1.40 13.8 b

a As received. b P balance calculation is performed based on the assumption that 50% of the P content of the ash is
as useful as commercial PF.

4.2. Economic Results

Table 7 summarises the resulting investment costs, operation costs, heat and PF MSPs,
and gate fees for all analyzed technology scenarios, for the base parameter values used in
the evaluations, and for the minimum and maximum applied heat and electricity market
prices (according to Table 5 ). The following sections explore the results per group of
technology scenarios and for all economic parameter variations. ‘Direct PF’ scenarios are
explored in relation to landfilling and zero-cost ash handling (‘without landfill’) for heat-
only and CHP scenarios (Section 4.2.1 Heat−Only and Heat+Direct PF Product Scenarios
and Section 4.2.2), while the ‘PF’ scenarios (with ash post-treatment) are explored separately
(Section 4.2.4 PF Production Scenarios).

4.2.1. Heat−Only and Heat+Direct PF Product Scenarios

This group of scenarios (1, 2, 7, 9, 10, 15) found the lowest heat MSPs in the 100 and
10 MW co-combustion scenarios (15 and 7), at 19 and 27 €/MWh, respectively. For these
scenarios, the lower investment, energy, and chemicals costs of the co-combustion thus had
a bigger impact than economy-of-scale effects (compare to scenario 10, with the lowest MSP
of the mono-combustion scenarios, at 29 €/MWh). Planning for ash destination is critical
for the plant’s economic performance since ash landfilling, as a common approach, accounts
for 17% to 25% of the operation cost in the studied mono-combustion plants. Even with
zero-cost disposal (‘without landfill’ scenarios), the heat MSP for mono-combustion was
still 52% to 63% higher than for co-combustion, for 10 and 100 MW, respectively, because of
the drying demand.

Conversely, the contribution of direct PF recovery in the co-combustion scenarios
(‘direct PF’) was negligible, with revenue covering less than 0.1% of the operation costs.
This is due to the low initial P content of the ash. Even if all the ash P would be plant-
available, the revenue would still cover less than 1% of the operation costs. A change of the
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fuel cost (co-combustion) of 50–100% caused an increase in the heat MSP of 4–11% (10 MW)
and 20–21% (100 MW), respectively.

Table 7. Summarizing economic results for all scenarios, for the base parameter values (average
electricity prices, operation time of 5000 h/y). MSPs and gate fees are given for the minimum
(5 €/MWh) and maximum (30 €/MWh) heat market prices.

Scenarios
Specific

Investment Cost
(€/kW a)

Specific
Operation Cost

(€/MWh b)

MSPheat
(€/MWh)

MSPPF
(€/kg PF)

Gate Feeheat
c

(€/t) Gate FeePF
c (€/t)

(1)-10MW-mono-heat
only-with landfill 1187 28 53 - 60–29 -

(2)-10MW-mono-heat
only-without landfill 1187 19 44 - 49–17 -

(3)-10MW- mono-heat and PF 2175 82 77 d 5.6–3.8 90–59 92–61

(4)-10MW-mono-CHP-
with landfill 2004 71 66 - 57–34 -

(5)-10MW-mono-CHP-
without landfill 2004 60 55 - 47–23 -

(6)-10MW-mono-CHP and PF 3328 111 98 d 5.5–4.1 87–64 90–66

(7)-10MW-co-heat+direct PF 619 14 27 59–0 86–0 731–0

(8)-10MW-co-CHP+direct PF 1050 35 30 55–0.3 78–0 682–0.9

(9)-100MW-mono-heat
only-with landfill 646 23 37 - 40–9 -

(10)-100MW-mono-heat
only-without landfill 646 15 29 - 30–0 -

(11)-100MW-mono-heat and PF 1271 56 51 d 3.7–1.9 57–26 60–29

(12)-100MW-mono-CHP
and landfill 1352 52 47 - 41–16 -

(13)-100MW-mono-CHP-
without landfill 1352 42 36 - 31–6 -

(14)-100MW-mono-CHP and PF 2143 77 64 d 3.8–2.4 58–33 61–36

(15)-100MW-co-heat+direct PF 371 11 19 40–0 59–0 487–0

(16)-100MW-co-CHP+direct PF 902 31 23 41–0 57–0 506–0

a Boiler capacity. b Output heat. c Given as €/t received MSS. d It is assumed that the produced PF is sold at
market price to calculate heat MSP in a uniform method.

Figure 3 indicates the sensitivity of the economic performance to the annual utilization
hours and the electricity buying price. The difference between the heat MSPs and the heat
market prices depicts how far the plant is from economic viability. Longer annual utilization
time, larger plant size, and lower electricity buying price are all factors contributing to a
decreasing heat MSP.

However, city size and transportation distance are local limiting elements for scaling
MSS combustion plants. Assuming MSS production per capita is 19 kg/inhabitant, y dry
base [68] with 8000 h/year operation, a city with 1.1 million inhabitants would be needed
to provide sludge for one 10 MW mono-combustion plant and 11 million inhabitants for
100 MW. Therefore, the applicability of 10 MW mono-combustion plants would narrow
down to relatively few cities, from a European perspective, and 100 MW mono-combustion
plants would inevitably be centralized plants, the economic feasibility of which would be
bound to transportation costs affected by distance and moisture content. For co-combustion,
the scale of the plant would be less sensible to MSS supply and population, but the
availability of suitable biomass and transportation costs would be instead ruling factors for
decision makers.

Although co-combustion resulted in lower MSP, none of the scenarios were cost-
efficient without a high heat market price or the existence of a gate fee. Depending on
the fuel, the heat market price, plant size, and ash handling options, a gate fee between 0
and 86 € per ton of received MSS was needed to achieve the economic feasibility of heat
production from sewage sludge. Co-combustion, with high solid content, low total amount
of fuel, and low share of sewage, resulted in higher required gate fee per ton of MSS to
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fill the gap between production cost and market price. Therefore, the external financial
support to prompt investments in co-combustion for P recovery should focus on output
energy rather than the feedstock. Otherwise, for decision makers, mono-combustion with a
lower gate fee gets priority, even though it excludes P recovery.

Figure 3. Heat MSPs (€/MWh) for varying annual utilization hours (8000, 5000, 3500 h/year) and
buying electricity prices (40, 81, 140 €/MWh).

4.2.2. CHP and CHP+direct PF Product Scenarios

In this group of scenarios (4, 5, 8, 12, 13, 16), electricity production accounted for a 20%
increase in investment cost for 10 MW and a 40% increase for 100 MW plants compared to
the corresponding heat-only plants, with a subsequent higher heat MSP. However, at low
heat market price (5 €/MWh), a slightly lower gate fee was in fact needed compared to in
the corresponding heat-only and heat+direct PF scenarios due to the electricity production
revenues. This advantage of CHP declined with the higher heat price (30 €/MWh).

Similar to the heat-only scenarios, the MSP for mono-combustion was higher than for
co-combustion, while co-combustion required a higher gate fee per ton of received MSS
at the low heat price. When changing the fuel cost by 50–100% for co-combustion, the
heat MSPs increased by 7–13% (10 MW) and 13–21% (100 MW), respectively. Electricity
market price is the main trigger of investing in electricity production in MSS combustion
plants. Figure 4 shows the annual CAPEX related to electricity production versus the
economic benefits of either supplying internal demand (saving revenue) or selling to the
market (selling revenue) in 10 MW and 100 MW mono-/co-combustion plants respectively.
Generally, a plant with high annual utilization hours is economically preferable, yet the level
of economic benefits as the main motivation of investment builds upon the market prices. In
relative terms, saving revenues contribute more to the mono-combustion plants’ economic
performance due to the higher energy demand compared to co-combustion. Conversely,
the higher electricity production for co-combustion results in higher selling revenues.

Although end-use electricity prices are linked to various factors such as wholesale mar-
ket price (taken as selling price in this study), it is reported that the coupling of wholesale
and end-use electricity prices is not close in many countries [69]. Therefore, the analysis
consists of the comparison of extreme prices. According to the result, even if the buying and
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selling electricity prices are the same, plants still need to have high utilization hours to be
economically feasible. Otherwise, electricity production is economically inefficient, or the
benefits of electricity production only compensate for the costs. The economic feasibility of
the 10 MW plant shows more flexibility toward lower market prices caused by the scaling
method. This method is common in pre-feasibility that is in favor of small-scale equipment.
In the extreme prices, a high electricity buying price stimulates investment in CHP in
mono-combustion plants, and a high electricity selling price promotes investment in CHP
in co-combustion plants, especially in 100 MW plants.

Figure 5 summarizes the heat MSPs of CHP scenarios (4, 5, 8, 12, 13, 16) for different
annual utilization hours. When the utilization time is 8000 h/ year, 100 MW CHP plants
show better economic performance than heat-only production (See Figure 3), while the
reverse is true for lower annual operation time. The reason is that the internal electricity
demand is covered by produced electricity, and the cost difference between buying and
selling electricity prices makes a significant saving revenue. For a given boiler capacity,
co-combustion has lower heat MSP and less sensitivity to the utilization hours due to
several reasons such as higher heat revenue, the reduction in ash landfilling cost from
operation costs, and lower energy cost in comparison to mono-combustion.

4.2.3. Comparing Heat-Only to CHP Scenarios

Figure 6 explores in more detail the share of different costs and revenues in all CHP and
heat-only scenarios for the base parameter values (Table 5) except ‘PF’ scenarios (3,6,11,14).
When comparing the corresponding co- and mono-combustion scenarios, in particular, the
CAPEX and the avoided cost for landfilling contribute to the lower heat MSP. The general
economic benefits of co-combustion regarding the deduction of investment on the dryer
and drying energy demand may provide a better economic opportunity for energy and
P recovery from sewage sludge. However, the mixing of MSS with WS dilutes the MSS
P content and PF revenue. The increase in CAPEX for electricity production outweighs
the economic benefits of electricity production unless the plant has a 100 MW boiler with
8000 h per years of operation (see Figure 4).

4.2.4. PF Production Scenarios

Part A of Figure 7 shows the PF MSPs in relation to the market heat price for the
ash post-treatment (‘PF’) scenarios (3, 6, 11, 14) and part B for co-combustion (‘direct PF’)
scenarios (7, 8, 15, 16). Here, electricity production revenues were found to only marginally
affect the financial driving force for PF production from SSA, and only at very low heat
market prices in 10 MW plants. For all the instances with ash post-treatment, the PF MSP
was, in fact, found to be up to a magnitude higher than the considered commercial fertilizer
price. The 100 MW heat-only scenario (11) resulted in the lowest PF MSP with 1.95 €/kg at
a market heat price of 30 €/MWh, which can be compared to the commercial fertilizer price
of 0.44 €/kg. Economically speaking, P recovery from SSA in the mono-combustion plant
through post-treatment in all cases resulted in uncompetitive final prices and inefficient
investment with heavy reliance on the gate fee (Table 7).

The direct PF production scenarios (7, 8, 15, 16) entail an opportunity for being a
cost-effective P recovery strategy at a high market heat price. In these cases, the economic
feasibility of the plant was independent of P production revenue since the heat revenue
covered the annual costs, and the final PF could be sold at the market price. However, P
recovery through post-treatment required external financial support in all cases. Despite the
high initial P content of ash in mono-combustion, which is important to obtain feasibility of
post-treatment implementation, the final product was several times more expensive than
the commercial fertilizer product.
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Figure 4. Total annual costs versus economic benefits of electricity production in the (a) 10 MW and
(b) 100 MW mono-/co-combustion scenarios, respectively and for different electricity buying prices
(40, 81, 140 €/MWh) and selling prices (10, 40, 60 €/MWh).
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Figure 5. Heat MSP (€/MWh) for varying annual utilization hours for base value for electricity price.

Figure 6. Cost and revenue break-down of the heat MSP in heat-only and CHP plants, at an annual
utilization time of 5000 h/year.
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Figure 8 shows the range of heat MSPs in the PF production scenarios that would
be required to reach the point where ash-based PF can be sold at the market price. With
the same utilization hours, electricity production impaired the economic feasibility of P
recovery from MSS in both 10 and 100 MW plants. By selling ash-based PF at the market
price, none of the cases were economically feasible regarding energy market prices. For
example, the resulting heat-based gate fee for 100 MW heat-only and PF (scenario 11) was
26 €/t received MSS, while the corresponding 100 MW heat-only landfill scenario (9) resulted
in a gate fee of 9 €/t received MSS.
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Figure 8. Required heat MSP (€/MWh) to reach break-even for ash-based versus commercial P fertil-
izer, for varying annual utilization hours (8000, 5000, 3500 h/year) and electricity prices.

5. Discussion

The development of MSS mono-combustion plants to recover both P and energy
imposes higher financial responsibility on policymakers compared to only energy recovery
or direct PF production through co-combustion development. P recovery from MSS ash
through post-treatment appears to be an inefficient investment, and external financial
support would be crucial to circulate P from MSS to the food production process.

The studied fluctuation of energy market prices along with different utilization hours
can change production costs by 50%. Green energy subsidies or other financial support
can be used as tools to aid investments in energy recovery from MSS and buffer against
market uncertainty. On the other hand, the feedstock of the combustion plant must be
semi-dried; otherwise, the process itself consumes most of the combustion heat to evaporate
the moisture content. Therefore, the energy revenue of the plant drops dramatically, and
the gate fee turns into the main income of the plant rather than the return on the recovered
energy. MSS management strategy is conditional on the decision maker’s perspective.
When decision makers consider MSS as a waste to dispose of, the mono-combustion plant
would be the most efficient option because of the lower required gate fee. However,
when policymakers aim to recirculate P from MSS into the food production system, the
advantages of co-combustion may outweigh the implementation of ash post-treatment in
the mono-combustion plants.

Moreover, heat is an economically more favorable form of energy than electricity due to
the MSS quality and local scalability barriers of MSS combustion plants. However, market
heat prices depend on several aspects, the most prominent being the local heat demand, the
availability of district heating distribution system, and alternative heat production costs
(e.g., the presence of low-cost waste heat), and this adds more economic uncertainty to
energy recovery from MSS mono-combustion.

Although 100 MW plants show better economic performance, the scalability of studied
plants depends on the size of the collection area (availability of sludge), availability of
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desired biomass (low moisture and high K content) for fulfilling co-combustions goals
(eliminate drying demand and direct PF production), and transportation demand. Costs
related to centralization and transportation are unavoidable for 100 MW mono-combustion
due to cities’ populations. Therefore, trade-offs between the benefits of large-scale plants
and transport costs require further investigation.

The direct PF revenue was insignificant in the studied scenarios due to the low total P
in the co-combustion ash, but it reduces the complexity of the MSS treatment system while
containing both energy and P recovery. Direct PF also contains K, S, Ca, and Mg, which
are valuable for agriculture. The effect of these added values must be considered in the
economic evaluation of direct PF. For this, better knowledge of plant availability of P and
HMs content of direct-produced PF is needed.

Another opportunity that can improve the economic feasibility of energy and P re-
covery from MSS is the adaptation of existing incineration infrastructure to either mono-
or co-combustion. However, switching the fuel of an existing plant may be accompanied
by both investment and operational costs, related to, e.g., fuel handling, flue gas clean-
ing, and auxiliary boiler capacity to cover the difference in output energy when MSS is
substituted with high heat value fuel. For mono-combustion, existing waste incineration
plants are favorable since they are already equipped with advanced flue gas cleaning.
For co-combustion, the partial introduction of MSS to boilers combusting K-rich biomass
could both reduce bed agglomeration problems and the risk of alkali-related fouling and
corrosion [70], i.e., significant challenges of K-rich biomass combustion. Therefore, further
investigation is needed on the costs of using existing plants versus investing in dedicated
new mono- or co-combustion plants for MSS.

6. Conclusions

Techno-economic analysis was performed to evaluate the feasibility of energy and
P recovery from municipal sewage sludge (MSS) considering 16 different technology
scenarios of investments in new combustion plants. The scenarios covered variations in
five technical affecting aspects: (a) type of boiler (FB; GB), (b) fuel mixture (100% MSS; 10%
MSS mixed with 90% wheat straw (WS)), (c) co-products (heat; electricity; P fertilizer (PF)),
(d) economy-of-scale (10 MW; 100 MW boiler), and (e) final ash destinations (landfilling;
zero-cost disposal; PF production by either ash post-treatment using Ash Dec or direct
ash utilization).

Co-combustion improved the economic viability of energy and P recovery in the
studied plants due to (i) elimination of drying demand, which consumed 25–35% of
the output heat in the mono-combustion plants, (ii) removal of the ash landfill cost that
accounted for 17–25% of the annual cost of the mono-combustion plants, and (iii) increased
fuel mix heating value (32% higher). However, the availability of the WS could be a
limiting factor.

None of the studied cases were economically feasible without either the revenue of a
gate fee paid by the local authority for received MSS or simultaneous high plant capacity
and high revenues from sold energy carriers when the market prices are high or green
energy subsidies are available. Therefore, the economic feasibility of the given scenarios is
interconnected with volatile revenues from sold energy carriers (heat and/or electricity)
and external financial support for waste disposal. The over-reliance of the economies of
scale to improve the economic performance of the given plants is conditional to MSS and
WS availability (population or transportation).

The heat was, in general, the economically favorable energy carrier recoverable from
MSS, the exception being the 100 MW plant with 8000 h/year of operation. In this case,
electricity production benefits (saving and selling) improved the economic feasibility of
the combustion plant. P recovery through Ash Dec post-treatment in mono-combustion
plants had a higher PF yield than direct PF production from co-combustion due to the
higher P concentration in the ash. However, the production cost was still four times
higher than the commercial fertilizer price in the best-performing case (100 MW mono-
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combustion with heat production). In addition to being less dependent on the size of
cities for the supply of sufficient quantities of MSS, 10 and 100 MW co-combustion were
the only cases where the economic feasibility was independent of the PF price at a high
heat market price. Consequently, ash-based PF could potentially be sold at a competitive
market price, thus stimulating the marketability of P recovered from MSS. Of particular
importance are conditions related to energy markets, policies for energy and P recovery
from MSS, or drastically increased prices of mineral fertilizer due to, e.g., fertilizer shortages
on the market. The findings shed light on the importance of less energy-intense drying
technologies and further study on the co-combustion of MSS and agriculture residue.
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Abbreviations

ar As received
CAPEX Total capital costs
db Dry base
FB Fluidized bed
FC Fixed carbon
GB Grate boiler
HMs Heavy metals
h Hour
MSP Minimum selling price
MSS Municipal sewage sludge
OPEX Operational costs
P Phosphorus
PF Phosphorus fertilizer
SNCR Selective non-catalytic reduction
SSA Sewage sludge ash
VM Volatile material
WS Wheat straw

Appendix A

Table A1 provides the input and output material flows for Ash Dec technology based
on one ton of phosphate (P2O5) and the corresponding cost for each flow, investment
cost [29], and chemicals needed for the flue gas cleaning system. Table A2 presents the
investment cost of equipment in a combustion plant.
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Table A1. Ash Dec inlet and outlet material flow and the chemicals cost.

Input Elements Unit Amount Reference
Per Feed Price Unit Price Ref

Hot ash kg/h 1725 0 - 0

[28,29]

Na2SO4 kg/h 640 0.37 €/t 80

Ca (OH)2 kg/h 26 0.02 €/t 90

Electricity kWh/kg ash 150 0.04 €/MWh 81 a

Natural gas kWh/kg ash 670 0.39 €/MWh 31 b

Calcined fertilizer kg/h 2273 1.32

Waste (filter residue,
concentrated metals) kg/h 43 0.03

Water Liter/t waste 0.3 €/m3 0.5 [67]
Flue Gas

Cleaning System Unit Amount Price unit Price Ref

Coke g/kg TS 0.3 €/t 400

[28]

Lime g/kg TS 5 €/t 90

NaOH g/kg TS 16.5 €/t 90

Electricity for flue
gas cleaning kWh/kg TS 0.23 €/MWh 81 a

Ca (OH)2 kg /kg off gas 0.005 €/t 90

NH3 25% g/kg TS 16.5 €/t 150

Ash landfill €/t 50

Hazardous waste
landfill €/t 120

Wheat straw €/t 13.65 [65]
a Average national price in Euro without taxes applicable for the first semester of each year for medium-sized
industrial consumers [71]. b Natural gas prices for non-household consumers [66].

Table A2. Equipment cost of MSS combustion plant (inflation-adjusted to €2020 using the Chemical
Engineering Plant cost index and an exchange rate of 0.85 €/US$).

Element Base Capacity Capacity Unit Value
(1000 € 2020) Description Ref

Dryer 100 MW 1467 includes conveyor to and
from the dryer [72]

GB 150 MW 24,641 Steam generation cost and
cyclone are included [73]

FB 355 MW 49,566 Steam generation cost and
cyclone are included [72]

Turbine 275 MW 63,578 Generator cost in included

Fuel conveyor 17 MW 96 It is included in
co-combustion scenarios [73]

Ash container
and conveyor 17 MW 145 [73]

Electrostatic
precipitator 18 Tons of

waste/h 1909 Particle’s remover in gas
cleaning system [67,74]

Wet scrubber 18 Tons of
waste/h 5967 included of the water

treatment system [67,74]

Bag filter 18 Tons of
waste/h 2625 [67,74]

SNCR 18 Tons of
waste/h 1193 To remove NOx from

flue gas [67,74]

Ash Dec 30,000 Tons of ash/y 18,600 Contact with
company
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Abstract: The current study aims towards a holistic utilization of agro-waste rice straw (RS) to
synthesize nanosilica (SiNPs) employing the sol–gel method. The effect of ashing temperature was
evaluated for the synthesis process. X-ray diffraction demonstrated a broad spectrum at 21.22◦ for
SiNPs obtained using RSA-600, signifying its amorphous nature, whereas crystalline SiNPs were
synthesized using RSA-900. The EDX and FTIR spectra confirmed the significant peaks of Si and O
for amorphous SiNPs, confirming their purity over crystalline SiNPs. FE-SEM and TEM micrographs
indicated the spheroid morphology of the SiNPs with an average size of 27.47 nm (amorphous SiNPs)
and 52.79 nm (crystalline SiNPs). Amorphous SiNPs possessed a high surface area of 226.11 m2/g over
crystalline SiNPs (84.45 m2/g). The results obtained attest that the amorphous SiNPs possessed better
attributes than crystalline SiNPs, omitting the need to incorporate high temperature. Photocatalytic
degradation of methylene blue using SiNPs reflected that 66.26% of the dye was degraded in the
first 10 min. The degradation study showed first-order kinetics with a half-life of 6.79 min. The
cost-effective and environmentally friendly process offers a sustainable route to meet the increasing
demand for SiNPs in industrial sectors. The study proposes a sustainable solution to stubble burning,
intending towards zero waste generation, bioeconomy, and achieving the Sustainable Development
Goals (SDGs), namely SDG 13(Climate Action), SDG 3(Good health and well-being), SDG 7(use of
crop residues in industrial sectors) and SDG 8 (employment generation).

Keywords: rice straw; ash; nanosilica; methylene blue; zero waste generation; decolorization; SDGs

1. Introduction

Rice straw (RS), lignocellulosic biomass, is a very common agro-waste generated
in the agriculture system after the post-harvesting of rice. Incorporating the crop and
harvesting method, approximately 40–60% of residual biomass comprises RS [1,2]. RS
is a stiff, voluminous lignocellulosic biomass with significant silica (SiO2) deposits, for
which the level of biogenic silica can reach up to 82% on a dry weight basis. The complex
structure limits the usability of RS. Being a quick, easy and cheap process, most farmers
opt for open field-burning as the most preferred approach to dispose of RS in agricultural
fields [3,4]. The burning of farm waste causes the ghastly pollution of soil and water at the
regional scale. This practice also adversely reduces the nutrient composition in the soil.
The elemental carbon, nitrogen and sulphur become completely burnt and subsequently
emit hazardous gases such as methane, nitrogen oxide and ammonia, causing austere
atmospheric pollution. These gases also contribute and further add up to the existing ozone
pollution. Burning releases fine particles which are known to aggravate chronic heart and
lung diseases [3].
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Rice plants accumulate Si by polymerizing water-soluble silicic acid (H4SiO4) absorbed
from the soil into insoluble polysilicic acids, precipitated as amorphous silica and deposited
on the plant cell’s exterior [5,6]. Si is deposited in plants primarily as phytoliths, which
consist of amorphous hydrated silica. These beneficial attributes and the rich Si content of
RS make it a suitable alternate source of biogenic nano-silica [7]. The Si can be extracted
from RS by ashing at a temperature beyond 400 ◦C. However, temperature above 700 ◦C
leads to the production of crystalline Si such as cristobalite and tridymite, with limited
applications, possessing higher risks of silicosis [8–10].

In recent years, many efforts have been made to synthesize silica nanoparticles (SiNPs)
from various preparatory materials, precisely chemical and natural sources. Different
approaches such as the sol−gel process, chemical precipitation method, microemulsion
processing, plasma synthesis, chemical vapor deposition, combustion in a diffusion flame
and hydrothermal treatment have been employed for preparing Si-NPs [11,12]. Among
these, the sol−gel process, also known as the “Stöber method” is a relatively modest
and low-cost process [13,14]. It is worth highlighting that the chemical route is not only
expensive, but it also adds to the list of pollutants, therefore, adapting a green route is the
need of the hour for a healthy and safe environment [15].

The scientific community has successfully utilized the potential of nanotechnology
to develop different products and materials at the nanoscale for societal welfare [12,16].
Silica is an important inorganic material with a panoramic range of applications in the
textile industry, automobile industry, biology, medicine, adsorbents, drug delivery system,
etc. [11,12,17]; additionally, it also holds an advantage over conventional precursors owing
to its abundancy as well as being a cheap substrate [18].

SiNPs holds potential application in various sectors due to its high surface area and
reactivity in broad areas [12,13,19,20]. These versatile properties enhance their potentials
for developing biosensors and biomarkers, holding application in the detection of platelet-
derived microparticles and the identification of leukemia cells [21]. The combination of
SiNPs with super absorbent polymers helps in assuaging the plastic shrinkage. Additionally,
the unique ability of SiNPs to exhibit the nucleation effect and pozzolanic activity leads to a
decrease in the setting time and the mitigation of calcium leaching losses for cement-based
materials [22,23]. The suitability of SiNPs as fillers in nanosilica composites has also been
investigated by Salimian et al. [24]. The unique ability of SiNPs also tends to enhance
its catalytic and photocatalytic applicability for removing an organophosphate pesticide,
elimination of heavy metals from wastewater, the treatment of textile effluents and dye
decolorization [23,25].

Of the various pollutants reported, methylene blue is a prominent blue cationic thi-
azine dye used widely in textile, paper and wood industries. It is documented that intense
exposure to this dye leads to release of aromatic amines with severe environmental and
health hazards. In previous years, chemical-based products have been designed to degrade
toxic pollutants effectively; yet again, the persistent and non-degradable nature with its
known tendency to bioaccumulate serves well as another potential environmental health
hazard, demanding an adequate replacement [26,27].

In this regard, nanomaterials have emerged as an influential factor in removing organic
pollutants due to their excellent high surface area and adsorption capacity. Exploring the
potential of naturally synthesized nanomaterials holds potential utility. With reference
to the proposed methods, although silica is inert for many reactions, it shows noticeable
catalytic activities under ultraviolet irradiation below ~390 nm, e.g., photo-oxidation of
CO, photo-metathesis of propene, photo-epoxidation of propene and silica-based photo-
catalysts such as silica-alumina, silica-alumina-titania and gold-coated SiO2 with practical
photocatalytic activities possessing a significant utility in photodegradation of toxic prod-
ucts [27–29]. The utilization of agro-waste-derived SiNPs in the degradation of cationic
dye serves as an excellent example of two birds with one stone, on one end promoting a
natural route towards the treatment of the toxic effluents while on the other proposing an

34



Sustainability 2022, 14, 539

excellent alternative towards the minimization of chemical-based routes for the treatment
of organic pollutants.

A dearth of literature highlights the difference observed in the characterization of
SiNPs when RS ashing is performed at 900 ◦C vs. the ashing temperature of 550 to 600 ◦C.
To this end, a comparative analysis of amorphous and crystalline SiNPs synthesized using
the sol–gel method was conducted in the current study to empirically attest the amorphous
SiNPs as a preferential choice over crystalline SiNPs. The optimal SiNPS were further
explored for a cost-effective route for the removal of the toxic pollutant methylene blue.
The study offers insights to researchers and stakeholders towards a sustainable route for the
synthesis of SiNPs and its application in the degradation of the toxic cationic dye methylene
blue. The increase in the utility of silica-rich RS can serve as an integral factor in avoidance
of stubble burning and exploring its utility will provide new ventures towards a suitable
replacement to chemical route adopted to eliminate the toxic dyes in industries, thus
playing an integral role towards bioeconomy as well as to the safe and healthy environment.
The study overall is an attempt to meet the Sustainable Development Goals (SDGs). An
alternative to stubble burning will assist in targeting SDG 13 (Climate Action), SDG 3
(Good health and well-being), SDG 7 (Use of crop residues in industrial sectors) and SDG 8
(Employment generation), highlight the aim of the study undertaken [30].

2. Materials and Methods
2.1. Collection of Raw Material and Rice Straw Ash Preparation

RS was collected from the Khatauli village of Uttar Pradesh, India. Before any treat-
ment, the piled agro-residue was washed thoroughly using distilled water and then dried
at 105 ◦C. Dried RS was chopped into small pieces and pulverized in a supermass collider
(Masuko Sangyo Co. Ltd., Kawaguchi, Japan). For uniform size powdered straw, the
pulverized material was passed through a 20-mesh screen. The ground RS powder was
re-washed to remove any dust particles and dried in a hot air oven at 60 ◦C. Finally, dried
and cleaned straw powder was burned to ashes using a muffle furnace, maintaining the
furnace temperature at 600 ◦C and 900 ◦C for 4 h leading to grey and white ash production,
respectively [12]. The ashes obtained at two different temperatures are denoted hereafter
as RSA-600 and RSA-900, used to synthesize SiNPs.

2.2. Nano Silica Extraction from Rice Straw Ash

A combined method for extracting nanosilica from RS was performed based on the
methodology provided by Bahrami et al. [10] and Kalapathy et al. [31]. A detailed method-
ology followed is outlined in Figure 1.

2.3. Characterization of Rice Straw Ash and Nanosilica Powders
2.3.1. X-ray Diffraction (XRD)

The amorphous and crystalline nature of calcinated RSAs and synthesized SiNPs
were determined using XRD X’Pert Pro (PANalytical The Netherlands). The samples were
flattened in the sample container using a glass slide. Radical scans of scattering angle (2θ)
vs. intensity scans were recorded from 5 to 100◦ with CuKα radiation of 1.54 Å.

2.3.2. Fourier Transform Infrared Spectroscopy (FTIR)

The functional bonds present in the RSA and SiNPs were studied using an FTIR
spectrophotometer (Perkin-Elmer1600). The absorbance of the dried sample was measured
in the spectral range of 4000–500 cm−1 for 128 scans at a speed of 16 cm s−1. The spectral
obtained was compared with the commercial nanosilica based on a literature review [4].
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Figure 1. Synthesis of SiNPs using RSA combusted at 600 ◦C for amorphous particles and at 900 ◦C
for crystalline particles.

2.3.3. Field Emission Scanning Electron Microscope-Energy Dispersive Spectroscopy
(FE-SEM-EDX)

Microstructure and surface characteristics of the substrates (Raw RS, RSA, and SiNPs)
were observed using FE-SEM-EDX (Field Emission Scanning Electron Microscope with
Oxford-EDX system IE 250 X Max 80, The Netherlands). The dehydrated sample was
mounted on the carbon tape. Gold sputtering was performed under vacuum 120 s with an
acquisition time of 2 min, beam accelerating voltage of 10 kV at beam aperture (30 mm),
with a working distance of 10 mm and probe current of 3 × 10−10 A. Mean EDX count rate
was kept as 1600 ± 200 cps.

2.3.4. Transmission Electron Microscopy (TEM)

TEM analyses were performed by dissolving 5 mg of samples (RSA and SiNPs) in
50 mL of double distilled water and kept for 30 min ultrasonication. Next, 10 µL of the
suspension (0.005% w/w) was mounted on carbon-coated copper grids. The shape and size
of the samples prepared were characterized by TEM (JEOL JEM-1400) at an accelerating
voltage of 100 kV. The diameter and size distribution of synthesized SiNPs was calculated
using ImageJ software.

2.3.5. Surface Area and Porosity

A Brunauer–Emmett–Teller (BET) of the make (Micromeritics ASAP 2010, USA) was
used to analyze the surface area of synthesized SiNPs at 77 K in N2 atmosphere. The
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pore size distribution of the catalyst was calculated from the Barret–Joyner–Halenda (BJH)
method using the adsorption data at relative pressure P/P0 – 0.990.

2.3.6. Photocatalytic Degradation of Methylene Blue Dye

The photocatalytic effect of different concentrations of the optimum synthesized
SiNPs (0.2–0.5 g/L) on methylene blue (100 ppm) at alkaline pH 11.0 was investigated
following the protocols of Saleh and Dijaja [29] and Aly and Elhamid [26] with slight
modifications. The photocatalytic experiment was conducted in a glass beaker equipped
with continuous stirring under exposure to ultraviolet light (Philips 30 W, two tubes).
Different suspensions were swirled in the dark for 30 min before irradiation to obtain a
colloidal solution. The beakers were placed at a 15 cm distance from the light source. The
samples were extracted every 2 h and centrifuged at 10,000 rpm for 5 min, and the study
was conducted for 2 h. The absorbance of the solution was determined using a BioTek
Epoch 2 microplate spectrophotometer at 630 nm (λmax), corresponding to the maximum
absorption of methylene blue. The dye removal efficiency percentage was calculated
as (A0-At)/A0 × 100, where A0 and At are the initial and final dye concentrations at
time t, respectively.

3. Results
3.1. X-ray Diffraction Analysis

The XRD analysis of RSA-600 depicted a broad hump between 20.52◦–22.71◦, indi-
cating the material to be amorphous (Figure 2A), possessing the ability for adsorption;
whereas RSA-900 indicated sharp peaks between 20◦and 30◦ (Figure 2B), documented to
decrease the available surface area, thus restricting the adsorption potential [8].

Figure 2. XRD pattern (A) RS ash obtained at 600 ◦C (RSA-600). (B) RS ash obtained at 900 ◦C
(RSA-900). (C) SiNPs synthesized using RS ash obtained at 600 ◦C. (D) SiNPs synthesized using RS
ash obtained at 900 ◦C.

The synthesis process of SiNPs carried out using RSA-600 depicted a broad peak
centered at 22◦; the absence of any other peaks confirmed the SiNPs to be of amorphous
nature (Figure 2C). SiNPs synthesized from RSA-900 depicted the presence of crystalline
components between 20◦–30◦ with a crystallinity index of 65%, calculated according to the
methodology of Mendes et al. [32]. However, various other peaks signified the impurity
of the synthesized product, as shown in Figure 2D. The results are in coherence with the
findings of several other researchers, where the diffraction peaks at 2θ angles between 20◦

and 30◦ is documented to be the characteristic peak of silica [6,33].

3.2. EDX Analysis

The EDX profiling of RSA-600 showed Si and O’s presence and various other minor
elements such as Mg, K, Na, Al, S, Fe and Ca, shown in Figure 3A. The profiling study of
white RSA-900 also showed various elements along with Si and O, with a low K content,
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as shown in Figure 3B. The amorphous SiNPs confirmed the presence of Si and O and
the absence of any other impurities, thus validating the purity of the product obtained as
depicted (Figure 3C). The crystalline SiNPs denoted small peaks for Na and S, which could
be due to traces of residual elements left in the process of washing (Figure 3D).

Figure 3. EDX analysis (A) RS ash obtained at 600 ◦C (RSA-600) (B) RS ash obtained at 900 ◦C
(RSA-900) (C) SiNPs synthesized using RS ash obtained at 600 ◦C (D) SiNPs synthesized using RS
ash obtained at 900 ◦C.

3.3. Fourier Transform Infrared Analysis

The Fourier transform IR analysis samples were recorded in the spectrum range
of 4000–500 cm−1. FTIR of RSAs, presented in Figure 4, showed significant bands at
794 cm−1, 1109 cm−1 corresponding to the symmetric and asymmetric stretching vibration
of the Si−O−Si bond [6,12]. The peak observed for RSA-600 at 991 cm−1 signified the
Si−OH bond’s bending vibration that diminished completely for RSA-900 [34]. The bonds
1629 cm−1 and 3448 cm−1 indicated the bending and stretching vibration of the H−OH
bond. The results are indicated in (Figure 4A,B). FTIR analyses of synthesized SiNPs
showed broadband ranged between 3000–3500 cm−1 that indicated the presence of silanol
group (Si−OH) bonding. The little band in the region of 1633 cm−1 corresponded to the
bending vibrations of H−O−H (water molecules). The dominant peak at 1097 cm−1 was
due to the asymmetric vibration of the Si−O−Si bond. The band at 789 cm−1 corresponded
to Si−O−Si bond stretching [13,35], as shown in Figure 4C,D. A comparison of the spectral
values obtained, and literature reports are briefly outlined in Table 1.

Table 1. Infrared bands observed in ashes (RSA-600, RSA-900), SiNPs (amorphous and crystalline).

RSA-600 RSA-900 SiNPs
(Amorphous)

SiNPs
(Crystalline) Literature Functional

Groups

459 470 462 452 460 [36] Si−O
1091 11,081 1073 1101 1033 [12] Si−O−Si
3474 3421 3423 NA 3000–3500 [13] Si−OH
NA NA 1663 1641 1600 [35] H−OH
795 775 796 817 796 [6] Si−O−Si

RSA 600—Rice straw ash obtained at 600 ◦C; RSA 900—Rice straw ash obtained at 900 ◦C; SiNPs—Silica nanoparticles.
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Figure 4. FTIR analysis (A) RS ash obtained at 600 ◦C (RSA-600). (B) RS ash obtained at 900 ◦C
(RSA-900). (C) SiNPs synthesized using RS-600. (D) SiNPs synthesized using RS-900.

3.4. Morphology Studies

FE-SEM analysis of RS showed a stable, well-defined structure (Figure 5A). The
microscopic analysis of RS ash (RSA-600 and RSA-900) showed a homogeneous distribution
of dumbbell-shaped phytoliths commonly referred to as silica bodies over the entire surface
(Figure 5B,C). The TEM analysis of RSAs showed the agglomeration of small circular bodies
over the entire surface (Figure 5D,E).

Figure 5. (A) FESEM micrographs of raw RS at 500 X. (B) Microscopic images of RSA-600 at 40X.
(C) Microscopic images of RSA-900 D at 40 X. (D) TEM micrographs of RSA-600 at 120 kV. (E) TEM
micrographs of RSA-900 at 120 kV. (F) FE-SEM micrographs of amorphous SiNPs at 10 kX. (G) FE-
SEM micrographs of crystalline SiNPs at 10 kX. (H) TEM micrographs of amorphous SiNPs at 120 kV.
(I) TEM micrographs of crystalline SiNPs at 120 kV.

FE-SEM analysis of amorphous SiNPs synthesized by RSA-600 depicted the particles
of spheroid morphology with loose aggregates compared to crystalline SiNPs synthesized
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by RSA-900 (Figure 5F,G). The formation of aggregates could be attributed to the gel-like
property of the hydrated silica and its high surface area [7,11,12]. TEM analysis revealed the
amorphous SiNPs to be spherical, with the average particle size of 27.47 nm possessing little
agglomeration. In contrast, crystalline SiNPs possessed average particle size of 52.79 nm
with high agglomeration (Figure 5H,I). The results obtained can be well attested by the
findings of Bahrami et al. [10] and Lu et al. [6] where it was postulated that high temperature
leads to the formation of crystalline silica, keeping the Si bonds intact.

3.5. Surface Area and Porosity Studies

BET analysis revealed that amorphous SiNPs possessed a specific surface area (SSA) of
226.811 m2/g with an average pore volume of 1.144 cm3/g, whereas the crystalline SiNPs
had a BET SSA of 84.45 m2/g with a pore volume of 0.497 cm3/g. Nitrogen adsorption-
desorption isotherm for the amorphous and crystalline SiNPs are shown in Figure 6A,B. The
results were in line with the findings of Beidaghy Dizaji et al. [37] who documented that the
porosity of silica-rich ashes diminish once the crystallinity fraction is higher than 10 wt.%.
Didamony et al. [38] reported a surface area of 160 m2/g from SiNPs extracted using
sodium silicate solution, while Yuvakumar et al. [39] reported the amorphous synthesized
SiNPs with a surface area of 274 m2/g and an average pore diameter of 1.46 nm.

Figure 6. Nitrogen adsorption-desorption isotherms of (A) amorphous SiNPs (B) crystalline SiNPs.
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The results attested the findings that the amorphous SiNPs had significantly better
attributes when compared to the crystalline SiNPs, thus increasing its utility in indus-
trial sectors.

3.6. Decolorization of Cationic Dye Methylene Blue Using Amorphous SiNPs

The photocatalytic degradation studies tested the effect of different concentrations of
SiNPs on a constant concentration of methylene blue dye (100 ppm). The studies reflected
that the dye was efficiently degraded by 66.26% within the first 10 min by the SiNPs at
50 ppm concentration. Degradation of the dye at the lowest SiNPs concentration of 10 ppm
did not reveal any observable degradation pattern. It showed a similar trend as to the
degradation process without SiNPs (Figure 7A). This could be possibly explained owing to
the availability of fewer adsorption sites of SiNPs at a relatively high concentration of dye.
Decolorization of ~100% was achieved within the initial 30 min of the study for the dye
treated with SiNPs.

Figure 7. (A) Decolorization of methylene blue (MB) under the effect of UVC irradiation and different
concentrations of SiNPs (B) Schematic representation of photocatalytic mechanism of methylene blue
degradation by SiNPs (C) First-order kinetics plot of dye degradation, denoted by ( . . . .) with SiNPs
and by (—–) without SiNPs.

The result obtained could be well correlated to the effect of UV-C irradiation that
assisted in the induction of the direct photolysis on the dye. Moreover, as the UV-C photons
have a shorter penetration potential through photocatalyst particles, the possibility of
electron-hole recombination is minimized due to shorter travel distances, leading to higher
photocatalytic activity [27,29,40]. The high surface area of amorphous SiNPs accelerated
the degradation process. A comprehensive detail of dye decolorization documented by
numerous researchers using SiNPs is highlighted in Table 2.
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3.6.1. Mechanism of Photocatalytic Degradation of Methylene Blue Using SiNPs

The mechanism of photocatalytic activity can be explained owing to the ability of
SiNPs to be photoexcited under UV irradiation. This phenomenon can be supported by
the charge transfer from Si−O bonding orbital to 2p non-bonding orbital of non-bridging
oxygen. Interestingly, as observed in FTIR studies, the presence of Si−O and Si−OH
groups imparts a negative charge on the silica surface, thus offering the SiNPs to serve as
an excellent medium for adsorbent cationic dyes [43,46].

On striking the surface of SiO2 by UV light, an electron transfer occurs from the
valence band to the conduction band, generating a positive hole in the valence band (vb)
and a negative hole in the conduction band (cb), leading to the formation of active photo-
catalytic centers on the surface of SiNPs (Equation (1)). The vb hole further interacts with
chemisorbed H2O molecules to form OH radicals that successively attacks dye molecules
(Equation (2)). The generation of heat in this process could be ascribed due to the combi-
nation of ecb

− and hvb
+ on the particle’s surface. A plausible cause for dye decolorization

can be attributed to the hydroxyl attack and conduction of the experiment at high pH,
increasing OH− groups on the silica surface, leading to an acceleration of dye degradation
process [25,47].

A diagrammatic sketch of the mechanism is shown in Figure 7B.

SiO2 + hv→ ecb
− + hvb

+ (1)

HO2 + OH− + hvb
− → OH (2)

The ecb
− and hvb

+ recombine on the particle’s surface within nanoseconds, and the
generated energy becomes dissipated in the form of heat. ecb

− further reacts with the
acceptor dissolved O2 and is transformed to a super oxide radical anion (O2

·−), leading to
the further growth of O2H molecules (3):

O2 + ecb
− → O2

−· + (H+ + −OH)→ HO2 + OH− (3)

hvb
+ interacts with the donor −OH and ·O2H forming ·OH radical that attacks the MB

in the following manner:
HO2

· + OH− + hvb
− → ·OH (4)

The governing factor monitoring the efficiency of SiNPs is the amount of ·OH radicals
generated. Since the hydroxyl groups on the SiNPs surface are attached to the silicon
atom, they are termed as silanols. The OH groups present in the silanols can preferentially
complex particular chemicals or metal ions, imparting functionality to SiNPs [48]. It is
worth highlighting that shifting the pH towards the alkaline range led to a dramatic
boost in dye degradation. Henceforth, varying the pH value can significantly impact the
interactions of various compounds with silanols. Subsequently, any factor that contributes
to the generation of ·OH radicals lead to an enhancement in the photocatalytic degradation
process of methylene blue.

3.6.2. Kinetic Study of Dye Degradation

Kinetic studies were performed for the optimal concentration of SiNPs (50 ppm) that
aided in the complete degradation of the methylene blue dye compared to the dye treated
under UVC. The effect of SiNPs on dye decolorization indicated first-order kinetics. The
linear form of the first-order rate equation is denoted by Equation (5), and the half-life (t0.5)
of dye decolorization was calculated using Equation (6) [47]:

ln DAb = −kt + ln DA0 (5)

t0.5 = 0.693/k (6)
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where DAb is the dye absorbance at different incubation times, k is decolorization rate
constant, DA0 is the initial absorbance of the dye, and t0.5 is the time required to decolorize
50% dye.

The logarithm plot of dye concentration vs. treatment time with SiNPs exhibited a rate
constant (k) of 0.102 min−1 and t0.5 of 6.79 min. In contrast, the untreated dye exhibited
a rate constant of 0.044 min−1 and t0.5 of 15.75 min, reported for the 30 min study. The
results obtained thus positively attest to the enhanced effect in dye degradation due to
incorporation of the SiNPs as shown in Figure 7C.

3.6.3. FTIR Studies of Methylene Blue Decolorization

The methylene blue molecular structure transformation was further evaluated by
the FTIR analysis of the treated and untreated samples. UV-Vis spectra illustrated the
presence of aromatics along with conjugates of N–S heterocycle group and phenothiazine
structure [29]. The results in Figure 8 showed that the broad peak at 3451 cm−1 was
determined as the O−H stretching vibration of water molecules. It could be seen that
the peak corresponding to C−H absorption of benzene ring occurred at 2975 cm−1. The
peak at 2105 cm−1 denoted the stretching vibration peak of the methyl group. The C=C
framework corresponding to benzene ring vibration and the C=N stretching vibration was
found at 1646 cm−1. The absorption peak at 1420 cm−1 was related to another typical
vibration in methyl bending. Other prominent peaks were in the vibration of C=O and
-C-C at 1206 cm−1 and 991 cm−1. It was noticed that the intensity of absorption peaks for
C=N and O−H had significant decrease in C=C aromatic stretch in the treated sample,
indicating a change in chemical composition. This could be possibly attributed to the
breakdown of the N−S heterocyclic compound during the degradation process [25,26,49].
The characteristic peak of benzene and C−H bending vibration of aromatic C−H declined
substantially, indicating the variation in chemical compositions of phenyl groups.

Figure 8. FTIR spectrum of methylene blue about its treatment with SiNPs.

It henceforth can be deduced from the spectra that the adsorption of methylene blue
on the surface of SiNPs led to a remarkable change in infrared bands intensities, retaining
its positions.

Stanley [26], Salimi [40] and Singh [43] hypothesized that the conjugate structure of
N−S heterocyclic underwent variations in chemical composition, and consequently the
aromatic ring was oxidized to open the ring leading to degradation of the dye molecules
during the photocatalysis reaction. The result obtained provides new insight into potential
waste usage and utilizing the low-cost synthesized SiNPs for dye degradation.
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4. Conclusions

The study revealed that RS combusted at 600 ◦C served as an ideal condition for synthe-
sizing amorphous SiNPs. The findings and characterization postulated that the amorphous
SiNPs served better attributes when compared to crystalline SiNPs, establishing that all
the researchers/stakeholders working in this domain can note that lower temperature
offers a more sustainable route in product synthesis. This first-hand analysis provided the
particulars pertaining to temperature’s crucial role and effect on the characterization and
properties of SiNPS. The efficacy of the green synthetic route for amorphous SiNPs holding
potential applications in different sectors was accessed in the field of wastewater and textile
effluents for degradation of the toxic dye methylene blue. Additionally, incorporating
microwave, sonication, conjugation of substrates as laccase, surface modification of SiNPs
can further be attempted towards the dye degradation process. However, the study has
much to offer in terms of optimizing the synthesis process via integrating surfactants,
catalyst, residence time, etc., to enhance the surface area and pore size of SiNPs; that will
further assist in the degradation process with a minimal dose of SiNPs and enhancing its
utility as an adsorbent in different industrial sectors. Contemplating the abundance of
agro-waste RS worldwide, the study establishes a background in converting the waste
to a value-added product, providing a comprehensive and viable sustainable resolution
towards stubble burning to achieve the SDGs 3, 7, 8 and 13.
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Abstract: In order to assess the possibility of silica production via smoldering of moist rice husk,
experiments of washed (moist) rice husk (7 kg with moisture content of 51%) in a newly designed
smoldering apparatus was performed. The temperature inside the fuel bed during smoldering was
recorded, and characteristics of ash were analyzed. Results showed that the highest temperature in
the middle of the naturally piled fuel bed was about 560.0 ◦C, lower than those in most of combustors.
Some volatiles from the lower part of the fuel bed adhere to its upper ash during piled smoldering.
Silica content and specific surface area of ash from smoldering of washed (moist) rice husk were
86.4% and 84.9 m2/g, respectively. Compared to our experiments, they are close to smoldering of
unwashed rice husk (89.0%, 67.7 m2/g); different from muffle furnace burning (600 ◦C, 2 h) of washed
(93.4%, 164.9 m2/g) and un-washed (90.2%, 45.7 m2/g) rice husk. The specific surface area is higher
than those from most industrial methods (from 11.4 to 39.3 m2/g). After some improvements, the
smoldering process has great potential in mass product of high quality silica directly from moist
rice husk.

Keywords: smoldering; rice husk; high moisture content; silica; specific surface area

1. Introduction

Smoldering is slow, low-temperature, and flameless burning of porous fuels, which
is an important and complex phenomenon [1,2]. The application of it in the field of
waste-to-energy conversion such as sludge treatment [3], recovery of resources from waste
streams [4], and biomass energy conversion [5] has attracted lots of attention in recent years.
The main advantages are its low temperature of the solid phase [6] and self-sustainability
in a fuel bed with high moisture content (75–80 wt.%) [7]. From an environmental point of
view, these characteristics avoid the ash-related slagging/corrosion [8], making nutrients
recovery easy via recycling of ash directly to farms [9] and reducing the pollution of solid
waste. As to energy consumption, it makes the complete burning of moist solid waste
possible [10], reducing the energy consumption for drying fuel.

Rice husk is a typical biomass waste [11], accounting for 14–25% of the grain’s overall
mass [12]. In 2021, approximately 150 million tons of rice husk were produced around the
world, with China contributing approximately 40 million tons. Nowadays most rice husk
is directly buried or open burned [13] due to its low nutritive value for humans compared
with rice grain and rice bran [14]. Direct burying results in soil pollution, because of its
slow decomposition owing to its hard surface resulting from its high silicon and high
lignin content [15]. Open burning leads to air pollution because of the release of fine dust
and incomplete combustion gases of CO, NOx, CH4, poly-cyclic hydrocarbons (PAH) and
soot [16].
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There is great potential in producing silica from rice husk due to its high content
of amorphous silica (around 18–23% [17]) and ash (around 85–95% [18]). Silica is an
important inorganic material and is widely used in various fields such as fertilizer, insulator,
adsorbent and catalyst [19]. It is characterized by high mechanical strength, good chemical
stability, high-temperature resistance, easy dispersion in solvents, etc [20,21]. With the
widespread application of silica, a variety of methods have been adopted to produce it, such
as precipitation, plasma synthesis, chemical vapor deposition, micro emulsion processing,
combustion synthesis and hydrothermal technique [22,23]. At present, most popular mass
producing methods are precipitation from alkaline silicates and hydrothermal treatment
of sand with lye [24]. However, both methods are expensive, intensive energy input, and
environmentally harmful due to the production of dust, nitrogen and sulfur oxides, etc in
the process of obtaining silica [25,26].

Producing silica from thermochemical conversion of rice husk has received consid-
erable attention due to its economic and environmental advantages [27]. As to lab-scale
production, Dizaji et al. [28] prepared silica by burning raw rice husk and pretreated rice
husk (water washing at 50 ◦C for 2 h) in a muffle furnace at 600 ◦C for 4 h. The specific
surface area was around 45.0 and 240.0 m2/g, respectively. Abu Bakar et al. [29] prepared
silica by burning rice husk (unleached/acid-leached) in a muffle furnace (600 ◦C for 2 h).
The purity of silica from unleached and acid-leached rice husk was 95.8 and 99.6 wt.%
(XRF results), respectively, and specific surface area was 116.0 and 218.0 m2/g, respectively.
Almeida et al. [30] prepared a mixture of silica and carbon by pyrolysis of raw rice husk in
a tubular furnace. The obtained silica was black, in a mixture of amorphous and crystalline,
with purity of 81.6 wt.% and specific surface area of 114.0 m2/g. Schliermann et al. [31]
obtained ashes produced from water washed (50 ◦C for 2 h) rice husk using ÖKOTHERM®

furnaces. The ashes are post-treated with acid and then thermally treated at 650 ◦C using a
muffle furnace. The specific surface area of silica is about 150–200 m2/g. As to industrial
production, Fernandes et al. [32] investigated characteristics of ash from burning rice husk
in a grate furnace, a fluidized bed, and a suspension/entrained combustor. The silica
content in these three types of ash was 90.0, 96.7, 93.6 wt.%, and the specific surface area
was 39.3, 11.4, 26.7 m2/g, respectively. The specific surface area of silica from mass pro-
duction tends to be lower than that prepared in a laboratory, which may be related to none
pretreatment of rice husk and the high burning temperature in industrial combustors. It is
recorded that high combustion temperature results in the transformation of amorphous
silica to crystalline material [33].

Pretreatment of rice husk is an effective way to increase the purity and specific sur-
face area of silica and typical pretreatments for rice husk are acid-leaching and water-
washing [29,34,35]. Moisture content of the treated rice husk is normally high. According to
our pre-experiments, moisture content of rice husk is around 50% after washing. The moist
rice husk is not suitable to be burned directly in a normal combustor (the moisture content
in a fluidized bed combustor needs to be <35% [36], for a suspension burner <15% [37]).
Smoldering might be a good choice for thermochemical conversion of moist rice husk di-
rectly to silica. Yet, to the best of our knowledge there are no experiments using smoldering
in literature.

The objective of this study is to assess the possibility of silica production via smoldering
of rice husk with high moisture content omitting a drying step before thermochemical
conversion. A smoldering apparatus was designed and smoldering experiment of rice husk
with high moisture content was performed. Temperature inside a fuel bed was recorded
and characteristics of ash (silica content, specific surface area and mass loss characteristic)
were analyzed.

2. Materials and Methods
2.1. Material

Rice husk was collected from rural southern China in 2021. Two types of rice husk
(washed/unwashed) were chosen as raw material in the experiment. The washing process
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is the following: 3.5 kg of rice husk was put into a bucket (φ42 cm diameter × 40 cm height),
then the bucket was filled with tap water (mass ration of water to rice husk: 10:1). The
mixture was stirred for 10 min at ambient temperature. After being immersed for 12 h, rice
husk was taken out and leaked above a screen in air for 1 h. The proximate and ultimate
analysis of washed and unwashed rice husk were performed three times and the results
were shown in Table 1.

Table 1. Proximate and elemental analysis of the rice husk. Oxygen is calculated by difference
(C + H + O + N + S + Ash = 100 wt.%, dry basis).

Proximate Analysis (Arrival Basis, wt.%) Elemental Analysis (Dry Basis, wt.%)

Moisture Volatile Ash Fixed Carbon C H O N S

Washed 51.0 ± 0.2 32.0 ± 1.5 9.3 ± 0.3 7.7 ± 0.8 40.2 ± 0.3 5.5 ± 0.1 35.0 ± 0.2 0.3 ± 0.1 <0.1
Unwashed 8.1 ± 0.1 59.0 ± 1.4 18.4 ± 0.1 14.5 ± 0.7 38.7 ± 0.3 5.4 ± 0.1 35.5 ± 0.2 0.2 ± 0.1 <0.1

2.2. Experimental Set-Up

A batch smoldering apparatus consisting of three parts (a smoldering chamber, a
gas burning chamber and a heat exchanger) was designed, as shown in Figure 1. The
smoldering chamber is rectangular (inner size 60 × 30 × 30 cm) with an insulation layer
(4 cm) outside of its inner wall. An air inlet (φ5 cm) and a flue gas outlet (φ5 cm) are
on the left and the right wall, respectively. A hole (φ30 cm) with door on the top wall is
used for material feeding and ash removal. The gas burning chamber is a square cavity
(30 × 30 × 30 cm) with an insulation layer (4 cm) outside of its inner wall. Its inlet (φ5 cm)
on the left wall is connected with the flue gas outlet of the smoldering chamber. A quartz
glass tube inside the burner is used to introduce the incomplete combustion flue gas from
the smoldering chamber to the bottom of the burner, then the gas is ignited using an igniter.
The heat exchanger is a cylinder with a diameter of 30 and a height of 100 cm. The heat is
transferred from high temperature flue gas through three tubes (diameter of 5 and a height
of 40 cm) to the water outside them. Rice husk is smoldered in the smoldering chamber,
smoke is burned out in the gas burning chamber, and flue gas is discharged into the air
after cooled in the heat exchanger.
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2.3. Ash Preparation and Treatment
2.3.1. Ash Preparation from Rice Husk

For comparison, four types of ash—from washed/unwashed rice husk via smoldering
and muffle furnace burning—were prepared. The washed and unwashed rice husk (3.5 kg
of raw materials) were put naturally piled into the smoldering chamber. The height of the
fuel beds was around 24 and 20 cm, and the bulk density were about 160 and 100 kg/m3,
respectively. Then, it was ignited with a block of solid alcohol at the air inlet. Two
thermocouples (φ1 mm, KMTXL-040-G) were put into the bottom and middle (10 cm from
the bottom) layer of the fuel bed to monitor the change of temperature inside the fuel bed,
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and data were recorded every 60 s. It was found that a thin layer of upper ash was black
due to the low temperature and the other part of ash was homogeneous after extinguishing
and cooling of the fuel bed. A vacuum cleaner was used to remove the black ash on the
upper layer and 200 g rice husk ash was taken out from the center of the piled residue
every time.

About 3 g of washed and unwashed rice husk were put into an ash tray (6 × 3 × 2 cm)
respectively, heated in a muffle furnace from ambient temperature to 600 ◦C at 10 ◦C /min
and holding for 2 h. Air entered the muffle furnace through a 2–3 cm gap between the
furnace door and the wall. Then the ash was taken out and cooled to ambient temperature
in a desiccator for later use.

2.3.2. Grinding and Drying of Ash

For homogeneity in the subsequent measurements, the four types of ash were sepa-
rately crushed to powder with a particle size <120 mesh using an agate mortar. After that,
these powders were dried in an oven at 105 ◦C for 24 h.

2.4. Thermal and Physical Characterization of Ash

Mass loss characteristic was analyzed using a simultaneous thermogravimetric analy-
sis (TGA DSC1, Mettler TOLEDO). To avoid corrosion to the instrument, a pair of crucibles
(inner: alumina 50 µL, outer: platinum 70 µL) were used in experiments. About 8 mg of ash
was put into the inner crucible and heated from 50 to 950 ◦C at a heating rate of 10 ◦C /min.
An air flow rate of 200 mL/min was used as reactive gas and 20 mL/min of N2 was used
as protective gas. Each experiment was repeated three times to check reproducibility.

The contents of silica and other elements in ash were triplicate and measured by
Wavelength Dispersive X-Ray Fluorescence Spectrometer (ZXS100e, Rigaku Corporation)
at room temperature. It should be noted that contents are only reliable for elements with
atomic weight ≥23 [38]. Because of the data overflow of the results of carbon and boron,
the results of them were deleted before calculation of the oxides’ content.

Specific surface area was evaluated according to the Brunnauer, Emmett and Teller
(BET) method and based on the nitrogen adsorption of the material at 77K. It was deter-
mined in the pressure range of p/p0 = 0.05–0.3 [28], where p is the system pressure, and
p0 is the initial pressure (1 bar in this experiment). The measurement was conducted in a
surface area analyzer (ASAP 2460, Micromeritics).

3. Results and Discussion
3.1. Characteristics of Smoldering Process
3.1.1. Temperature inside Fuel Bed

Temperature inside the washed (moist) and unwashed fuel bed is shown in Figure 2.
The temperature history at one spot of the batch fuel bed can be divided into two
stages—drying and oxidation. At the drying stage, the temperature first increases and then
stabilizes at a temperature of about 60 ◦C. This is similar to the temperature of smoldering
pine bark particle [39] and sewage sludge [4], which is different from the temperature
(around 100 ◦C) of smoldering corn stalk powder [40] and corn flour [6]. Supplement
experiments show this temperature is always around 60 ◦C in natural piled rice husk. In
our experiments of smoldering branches, there is even no obvious plat temperature at
the preheating period, which is similar to smoldering of unwashed rice husk. It implies
temperature in the fuel bed at drying stage might be related to the porosity inside the
fuel bed, materials, particle size, air flow, etc. The detailed analysis of this will be left
for future work. At the oxidation stage, the temperature first increases rapidly and then
increases at a stable rate. It drops quickly at the end stage of oxidation. For both cases the
highest temperatures are around 560.0 ◦C, being much lower than those in most combustors
(>700 ◦C) [41,42]. The low temperature is favorable to maintain the amorphous state of the
silica [43].
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Figure 2. History of temperature of middle and bottom layer of washed (a) and unwashed (b) fuel bed
(red and green pentacles for the maximum temperatures of middle and bottom layers, respectively).

Comparing the temperature development of the washed (moist) fuel bed with the
unwashed fuel bed, the former has a longer duration of drying stage. The lower the part of
the zone in the fuel bed, the longer the drying stage lasts. At oxidation stage, the duration of
temperature > 400 ◦C of the moist fuel bed is shorter than for the unwashed fuel bed. This
happens due to more heat generated in the process of smoldering is used to dry the moist
rice husk and heat transfer rate to dry fuel is bigger than those for unwashed rice husk. The
oxidation duration is also affected by bulk density of the fuel bed. In our supplementary
experiments, smoldering of unwashed rice husk with bulk density of 170 kg/m3 was
performed in a small apparatus. It was found that the maximum temperature becomes
higher (around 600 ◦C) than for naturally piled rice husk. The bigger bulk density decreases
the porosity inside the fuel bed, reducing thermal dispersions [39]. Besides, another possible
reason is that the dwell time of gaseous species is extended resulting in longer duration.

3.1.2. Absorption of Volatiles by the Upper Ash

A one-dimensional simplified illustration on temperature field of the whole fuel bed
after formation of a thin layer of ash at top surface is shown in Figure 3. It was drawn
according to the history of temperature inside the fuel bed, our previous experiments [40]
and the characteristic temperature profile in a forward smoldering system in the litera-
ture [4]. Due to the longer drying time of the moist fuel bed than an unwashed one shown
in Figure 2, the former has a thinner layer of high temperature area (reaction zone) than the
latter after a short time, as illustrated in the curve of Figure 3. The amount of the unreacted
rice husk (without pyrolysis) is proportional to the marked area of the left side. During
their devolatilization, part of the volatiles can be absorbed by the upper ash due to its low
temperature. As a result, the ash of the moist fuel bed has a higher tendency to absorb
volatiles from its lower part than the ash of fuel with less moisture.
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3.2. Physical Properties and Mass Loss Characteristic of Rice Husk Ash
3.2.1. Physical Properties of Ash

Photos of ash before and after grinding from washed and unwashed smoldering as
well as washed and unwashed burning are shown in Figure 4. These ashes are gray, soft,
and almost retains the shape of rice husk itself. The whitest ash stems from washed burning,
followed by unwashed burning. As for the other two ashes, the difference in the whiteness
is negligible. The main reason is that temperature in smoldering (560 ◦C) is significantly
lower than in muffle furnace (600 ◦C) and the duration of this temperature in smoldering
is shorter. Other possible reasons are the removal of impurities like dust by washing or
absorption of volatiles by the upper ash. The higher the whiteness, the higher silica content
in ash [44]. It is worth mentioning that there are always some black particles in the ash.
These might be the rice husk with incomplete combustion. Bridge forming in the fuel
bed that makes the cooling of the related particle faster than the dense piled should be
the reason.
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3.2.2. Mass Loss Characteristic of Rice Husk Ash

Thermogravimetric (TG) and derivative thermogravimetric (DTG) curves of four types
of ash (washed and unwashed smoldering, washed and unwashed burning) are shown
in Figure 5. It is seen from TG data that total mass-loss of four ashes is <5%. The mass
loss from 50 to 950 ◦C for the above four types of ash are 4.2 wt.%, 3.1 wt.%, 2.5 wt.%, and
2.3 wt.%, respectively. The lower the combustion temperature and oxidation duration, the
higher total mass loss.
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As shown in the DTG curves, there are three stages of mass loss: drying, oxidation,
and combustion of residual carbon. Mass loss at each stage is shown in Table 2. At the
drying stage (<200 ◦C), more water and longer drying time are there for burning ash than
those for smoldering ash. This implies that the absorption of condensed materials stated in
Section 3.1.2 decreases the capability of moisture absorption of ash. At the oxidation stage
(200–700 ◦C), more mass is lost at lower temperatures for the two smoldering ashes than
those for the burning ashes. For smoldering ashes, especially for smoldering of moist rice
husk, mass loss occurs in the range 400–560 ◦C. In theory, the mass in this range is burned
out during smoldering due to the maximum temperature inside the fuel bed is around
560 ◦C. The mass loss in this range indicates the oxidation of volatiles and carbon. At the
stage of combustion of residual carbon (>700 ◦C), the mass loss of ash from smoldering
is higher compared with burning ash due to more carbon in ash. The reason for the
formation of residual carbon is that the melted silica obstructs the transport of oxygen to
carbon [45]. At a higher temperature, the residual carbon can be burned out. Besides, the
mass loss at this stage might also relate to the evaporation of KCl [38], the decomposition
of carbonates [42].

Table 2. Mass loss of different stages (wt.%).

Drying Oxidation Combustion of Resdiual Carbon

Washed smoldering 0.6 ± 0.1 2.4 ± 0.2 1.2 ± 0.1
Unwashed smoldering 0.7 ± 0.1 1.4 ± 0.1 1.0 ± 0.1

Washed burning 0.9 ± 0.1 1.3 ± 0.1 0.3 ± 0.1
Unwashed burning 0.8 ± 0.2 1.3 ± 0.1 0.2 ± 0.1

3.3. Silica Content in Rice Husk Ash
3.3.1. Reproducibility and Reliability of XRF Measurement

Main compositions (>0.5%) from triplicate XRF measurements of ash produced by
smoldering of washed rice husk are shown in Table 3. It is seen that the reproducibility is
good (relative error < 10%). As to reliability, if there are elements with atomic weights <23,
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the absolute contents of element are not reliable as pointed in Section 2.4. For smoldering
ash, residue carbon and absorbed volatiles affect this measured elemental content.

Table 3. Contents of main elements in ash from triplicate measurements (wt.%).

NO. SiO2 K2O CaO SO3 P2O5 MgO Cl Fe2O3 Al2O3

1 86.6 4.16 2.61 1.25 1.15 1.08 0.78 0.73 0.72
2 86.4 4.20 2.70 1.26 1.23 1.14 0.81 0.71 0.70
3 86.2 4.20 2.76 1.26 1.22 1.15 0.90 0.70 0.69

Ave 86.4 ± 0.20 4.19 ± 0.03 2.69 ± 0.08 1.26 ± 0.01 1.20 ± 0.05 1.12 ± 0.04 0.83 ± 0.07 0.71 ± 0.02 0.70 ± 0.02

3.3.2. Content of Silica and Other Main Compositions in Rice Husk Ash

The contents of SiO2 and others main compositions in the four types of ash are
listed in Table 4. The main component is SiO2 and the contents of it in all ashes is >85%.
The SiO2 content in descending order is washed burning (93.4%), unwashed burning
(90.2%), unwashed smoldering (89.0%), and washed smoldering (86.4%). Contents of other
compositions in descending order of the content are K2O, CaO, SO3, P2O5, MgO, Cl, Fe2O3,
Al2O3 in smoldering ash, and this order holds for most elements in other ashes.

Table 4. Main compositions in 4 types of ash.

Types SiO2 K2O CaO SO3 P2O5 MgO Cl Fe2O3 Al2O3

Washed smoldering 86.4 4.19 2.69 1.26 1.20 1.12 0.83 0.71 0.70
Unwashed smoldering 89.0 4.46 1.34 0.75 1.17 0.91 0.75 0.49 0.41

Washed burning 93.4 1.07 2.08 0.58 0.50 0.70 0.30 0.39 0.21
Unwashed burning 90.2 4.12 1.22 0.82 0.94 0.83 0.61 0.36 0.19

3.3.3. Effect of Production Method on Silica Content

The purity of silica in ash is affected by three main factors: absorption of volatiles
by upper ash, combustion temperature and pretreatment of rice husk. Volatiles adhering
to the surface of upper-ash smoldering decreases the SiO2 content. Incomplete burn out
of solid organics at low combustion temperature also decreases SiO2 content in ash. The
pretreatment way of washing can remove some water soluble inorganics, such as K, Cl and
dust [46,47]. The removal of water soluble inorganics can increase the silica content [35].
According to Table 4, the measured silica content in ash of washed smoldering is similar to
or lower than that in unwashed smoldering, while the content of water-soluble ions (Ca,
S, P, Mg, Cl, Fe, Al) is higher than that in unwashed smoldering. The lower silica content
for washed smoldering is related to the shorter oxidation duration in the moist fuel bed,
which results in incomplete combustion of rice husk. The higher content of water-soluble
ions might relate to the inaccuracy of XRF measurement as mentioned in Section 3.3.1.
The removing of carbon results in an increase of those water-soluble ions contents as a
percentage of the whole ash.

3.4. BET Specific Surface Area
3.4.1. Specific Surface Area of the Four Types of Rice Husk Ash

The BET specific surface area of ash produced in this study (washed and unwashed
smoldering, washed and unwashed burning) and in literature is shown from Figure 6. Two
characteristics can be seen from this data of this study: (1) The specific surface area of ash
prepared from washed rice husk is higher than that from unwashed rice husk; (2) for the
ash of prepared from washed rice husk, the specific surface area is lower when smoldering
is used compared with burning in the muffle furnace. However, the situation is opposite
for the ash prepared from unwashed rice husk.
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Figure 6. Specific surface area of silica produced by different methods. ([32]: no-pretreatment rice
husk burned in a fluidized bed combustor; [28]: washed rice husk (50 ◦C tap water for 2 h) burned in
a muffle furnace (600 ◦C for 4 h); [48]: citric acid-leached rice husk (1 wt.% at 80 ◦C for 3 h) burned in
a muffle furnace (700 ◦C for 2 h)).

3.4.2. Factors of Specific Surface Area

It can be seen from the above characteristics that the specific surface area is affected
by pretreatment conditions and combustion temperature. Pretreatment, such as washing,
removes part of potassium. This decreases the formation of eutectic from interaction of
K and Si. The decrease in amount of the eutectic partly avoids the transformation from
amorphous silica to crystalline via melting in eutectic and condensing in cooling stage, and
consequently increases the specific surface area [49]. Pretreatment of washing also removes
soil particles which normally have lower specific surface area than amorphous silica.

As to temperature, low temperature avoids sintering/eutectic melting of the mixed
components in ash of rice husk and is beneficial for silica to maintain its amorphous state
and high specific surface area [50]. There is a combination effect of the two factors. It is
very hard to get high-specific-surface-area ash from burning original rice husk at a high
temperature (>700 ◦C).

3.4.3. Comparison of Specific Surface Area in This Study with Those of Silica Prepared
Using Methods in Literature

The specific surface area of ash produced by smoldering of washed rice husk is
84.9 m2/g, which is lower than those prepared in the laboratory (99.2–293.9 m2/g) [13,29,51],
but higher than those produced in the industry (11.4–39.3 m2/g) [32,52], as shown in
Figure 6. In the laboratory, rice husk is normally washed or leached using water and acid to
remove alkali and alkaline earth metals, such as the experiments performed by Dizaji [28]
and Huang [48]. In the industry, no-pretreatment rice husk is burned directly in combustors.
The high temperature (>700 °C) of most combustor is not suitable to produce silica with
high specific surface area.

3.5. Supplementary Experiment of Smoldering Air-Dried Rice Husk after Washing

To decrease the absorption of volatiles by upper ash, a supplementary smoldering
experiment using air dried rice husk after washing was performed in the experimental
set-up. It was found that the silica content is 93.5%, and specific surface area is 145.9 m2/g.
Both the purity and specific surface are significantly higher than those (86.4%, 84.9 m2/g)
from moist rice husk. It shows that drying before smoldering does increase both silica
content and specific surface area.
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4. Potential of Mass Product of Silica from Smoldering of Rice Husk
4.1. Measures to Increase Silica Content and Specific Surface Area

As mentioned before, the purity and specific surface area of silica produced from
smoldering of rice husk are affected by pretreatment of the raw material, the volatile
absorption of ash in reactor, and the solid temperature and dwell time in the fuel bed.
According to the above experience in smoldering, two measures are proposed here to
improve silica properties. The first is to develop a lateral continuously smoldering involving
a dry stage apparatus. The second is to supply a little amount of air to improve fuel bed
temperature slightly.

4.1.1. Lateral Continuously Smoldering Involving a Dry Stage of Rice Husk

A continuously lateral propagation smoldering is proposed here as shown in Figure 7.
The smoldering of rice husk can be divided into three stages using a grate: drying, pyrolysis
and oxidation. Due to its lateral propagation, the volatiles generated in the pyrolysis stage
are discharged into the gas burning chamber directly and burned out, which cannot adhere
to the ash in oxidation stage. The heat generated by oxidation can be used for the drying of
rice husk. The condensate water generated in the process of drying can be collected and
used for the washing of rice husk.
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Figure 7. Schematic diagram of lateral continuously smoldering.

4.1.2. The Supply of Air at the Oxidation Stage

To increase the combustion temperature, a small amount of air can be provided in the
stage of oxidation. As mentioned before, temperature of 700 ◦C can increase the purity and
specific surface area. The highest temperature of the current piled smoldering is around
600 ◦C, which can be increased by supplying a small amount of air.

4.2. Feasibility of Mass Product of Silica from Smoldering of Rice Husk

Although silica prepared in the laboratory from pretreated rice husk has a high silica
content and high specific surface area, considerable energy is necessary for removal of
the water from moist rice husk. Besides, a lot of waste acid and lye is produced during
pretreatment and post-treatment, which is harmful to the environment. As to a traditional
combustor, the high temperature of the solid during combustion is disadvantageous in
maintaining a high specific surface area of silica. Besides, most combustors are not suitable
for burning rice husk with high moisture content.

Smoldering is characterized by a low temperature in the fuel bed and is self-sustained
with moist content. Our experiments show that the highest silica content and specific
surface area of ash is from smoldering of air-dried-washed rice husk. It indicates that after
some improvement of our experimental set-up, it has great potential in the mass production
of high-quality silica directly from moist rice husk.
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5. Conclusions

Smoldering experiments with moist rice husk were performed in a self-designed
apparatus to check its possibility for silica production. Temperature inside the fuel bed and
silica content/specific surface area/mass-loss-characteristics of ash were analyzed. The
main conclusions are:

1. Smoldering is a novel method for producing silica from rice husk. In our experimental
set-up with a smoldering chamber, a gas burning chamber and a heat exchanger, the
smoldering was self-sustained for naturally-piled rice husk with moisture content of
51.0%. Incomplete-combustion smoldering gas can be burned out in a gas burning
chamber, and the heat generated during smoldering can be used for heating.

2. The highest temperature inside the fuel bed is around 560 ◦C, which was lower than
those in many combustors. In the piled smoldering process of rice husk, part of the
volatiles will be absorbed by the upper ash, which can decrease the silica content and
specific surface area of ash. It should be avoided in the future.

3. Specific surface area of ash prepared from washed (moist) rice husk by smoldering
was lower than those prepared in the laboratory, but it is higher than those produced
from most industrial methods. It was greatly improved by air drying of moist rice
husk before smoldering.

4. In future, a lateral continuously smoldering scheme involving a drying stage and
small amount of air supply can be used for silica production. Smoldering of rice husk
shows great potential for the industrial production of high-quality silica.
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Abstract: Biomethane from manure, agricultural residues, and biowaste has been prioritized by
many energy strategies as a sustainable way to decrease greenhouse gas (GHG) emissions in the
transport sector. The technology is regarded as mature; however, its implementation is still at an early
stage. At EU level, there are currently two major instruments relevant for promoting the production
of biomethane from waste and residues and which are likely to contribute to unlocking unused
GHG mitigation potentials: the Renewable Energy Directive 2018/2001 (RED II) and the European
Emission Trading System (EU ETS). Our study analyzes the effects of these two instruments on the
competitiveness of biomethane as an advanced transport fuel in relation to different policy scenarios
within the RED II framework and under EU ETS conditions. Within the RED II market framework
for advanced biofuels, biomethane concepts that use manure as a substrate or as a cosubstrate show
significantly lower GHG mitigation costs compared to advanced biofuels. With respect to the current
EU ETS conditions for bioenergy, it is helpful to consider the GHG reduction potential from the
non-ETS agricultural sector as a way to unlock unused potential for reducing GHG emissions.

Keywords: biogas; lifecycle assessment; greenhouse gas emissions; mitigation potential; GHG
mitigation costs; manure; biomethane; RED II; EU ETS

1. Introduction

Driven by ambitious GHG reduction targets, the European Union has created different
political instruments to promote renewable energy [1–3]. Biomethane from animal manure,
agricultural residues, such as straw, and biowaste is regarded by different policy strategies
as a sustainable way to decrease greenhouse gas (GHG) emissions in the energy and trans-
port sectors [4,5]. In particular, the use of animal excrement in anaerobic digestion plants
is thought to contribute significantly to reducing GHG emissions because of improved
manure management [6]. When manure is conventionally stored in open storage systems
on farms, it inevitably produces GHG emissions [7]. By introducing manure as a substrate
in a biogas plant early on, these GHG emissions can largely be avoided [8].

1.1. Background

In addition to replacing fossil fuels, the production of biomethane from animal ma-
nure achieves additional savings that are increasing in importance [9]. Nevertheless,
there remains a vast amount of unlocked GHG mitigation potential by using animal
manure [10–12].

There are currently two major instruments at EU level that are (or can be) relevant for
the promotion of biomethane from waste and residues.

Firstly, the share of renewables in the EU transport sector is (and will be) mainly driven
by the targets defined in the Renewable Energy Directive 2009/28/EC (EU RED) and the
follow-up Directive 2018/2001 (RED II). RED II defines the market size for renewables in
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the EU transport sector, in particular for advanced fuels such as biomethane from waste
and residues. Because of discussions on the sustainability of bioenergy and the resulting
introduction of several sustainability criteria as part of the directive, the GHG mitigation
potential of biofuels and bioenergy carriers has increased in significance and has become
an important criterion for a biofuel’s success on the market. With the introduction of a
cap on biofuels from food and feed crops and the introduction of a subtarget for advanced
biofuels, the 2015 version of the RED and the follow-up directive RED II have triggered a
shift towards the increased use of biofuels from residues and waste materials.

The maximum proportion of biofuels produced from food and feed crops will be
frozen at 2020 consumption levels, plus an additional 1% (with a maximum cap of 7%) for
road and rail transport fuel. At the same time, advanced fuels must supply a minimum
of 0.2% of transport energy in 2022, 1% in 2025, and at least 3.5% (double-counted) by
2030. The revised Renewable Energy Directive (revised RED II), which results from the
changes to the proposal of the European Commission and the Council [13], increases the
overall target for the share of renewable energies in gross final energy consumption in the
European Union from 32% to 40% in 2030. Furthermore, it proposes to increase the share of
sustainable advanced biofuels from at least 0.2% in 2022 to 0.5% in 2025 and 2.2% in 2030
(compared to 1.75% without double-counting in the current RED II).

Assuming that the RED II (and Red II revision) subtarget will create a “protected
market” for advanced fuels, several technological pathways suitable for converting the
feedstocks listed in Annex IX, Part A of RED II will compete within this market as de-
scribed above. Thus, the first step in evaluating the competitiveness of biomethane as an
advanced biofuel is to assess potential competitors within the advanced fuel subtarget mar-
ket. With respect to the characteristics of the qualified feedstock, technology options such
as biomethane or the production of synthetic fuels seem to be appropriate. Consequently,
we consider in our analysis two alternative, market-ready advanced fuels as potential
competitors to biomethane.

1.2. Scope of the Study

The aim of the second instrument, the EU Emission Trading System (EU ETS), is to
increase the cost of using carbon-intense energy carriers. In theory, raising the cost of using
carbon-intense energy carriers would bring these costs more in line with the production
costs for renewable energy carriers (which are typically associated with higher costs and
lower GHG emissions). The low price for CO2 certificates means that certificate trading is
currently not an effective way to increase the cost of CO2-intensive energy carriers and thus
to create a balance between the provision of energy from biomass and fossil energy supply.
Additionally, the EU ETS is not applied to all sectors and, in particular, the provision of
biomethane using manure as a feedstock relies on a trans-sectoral production chain.

The GHG reduction potential of using manure-based biomethane affects the energy
sector by replacing fossil fuels and influences the agricultural sector by improving manure
management. It could be an appropriate way to allocate the GHG emission reduction
potential to the two related sectors—energy and agriculture—and to identify policy fields
in which additional instruments should be implemented so that unused GHG mitigation
potentials can be unlocked [9,11]. In Germany, for example, only around 50% of the
mobilizable technical biomass potential of animal manure with a value of 37 PJ [12,14] is
used for energy purposes. At the same time, including non-ETS emissions (or reductions)
is an interesting way to take into account cross-sectoral GHG mitigation in the framework
of EU ETS.

Consequently, for the future utilization of this potential, one of the most important
questions is: How competitive is biomethane as an advanced biofuel in the European road
transport sector?

While GHG emissions and mitigation costs for biogas and biomethane have been
addressed in many studies, for instance by coupling economic and GHG accounting
models [15], by assessing the economics of biogas GHG mitigation potential [16], and by
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calculating the environmental impact of biomethane production, considering different
types of technologies and substrates [17]. The effects of the different support schemes
on biomethane have been rarely compared and are mostly within the framework of the
EU RED [18,19] and RED II [20]. At the same time, the market for biomethane and its
competitiveness with other advanced fuels have not been taken into account [21].

To answer the scoping question, we assessed the market for biomethane and the
competitiveness of biomethane within this study. For that purpose, we considered differ-
ent perspectives. On the one hand, we assessed the competitiveness of biomethane by
comparing GHG emissions and the production costs of biomethane with values of other ad-
vanced biofuels as competitors in the advanced fuels market within the RED II framework.
Therefore, we consider different biomethane concepts based on animal manure, straw, and
biowaste, and two other advanced biofuels: ethanol based on straw and FT diesel based on
waste wood. In doing so, we use the definition of advanced biofuels according to Annex
IX of RED II. On the other hand, we examined under which conditions the EU ETS is an
effective instrument to decrease the GHG mitigation costs of biomethane pathways.

2. Materials and Methods

In order to assess the GHG mitigation potential of biomethane in the European
transport sector, we (1) defined different model concepts for biomethane and two other
competing advanced fuels, (2) built three scenarios for the assessment framework, and (3)
calculated the GHG emission mitigation costs for the different fuels.

2.1. Model Concepts
2.1.1. Biomethane Concepts

Three model pathways for biomethane production were assessed with regard to their
specific GHG emissions and GHG mitigation costs. The three biomethane value chains
investigated were biomethane from animal manure (Figure 1A), biomethane from a mixture
of animal manure and straw (Figure 1B), and biomethane from biowaste (Figure 1C). For
our assessment, the biomethane concepts had an assumed annual biomethane production
of approximately 1,700,000 m3 with a feedstock requirement of 40,000 t of animal manure
per year (plant A), 26,000 t of animal manure and 6500 t of straw per year (plant B), and
26,000 t of biowaste per year (plant C) based on KTBL data [22]. After biogas was produced
via digestion, a pressurized water-washing technology was used in the upgrading step
with a capacity of 350 Nm3 biogas per hour. In addition to carbon dioxide separation, the
upgrading process also includes biogas pretreatment processes such as desulfurization
and drying. The plant is running for 8300 h per year. Heat for the biomethane facility
was supplied internally. In this case, part of the biogas produced was converted in a
biogas boiler. The electricity for the biogas plant and the upgrading plant was taken from
the public electricity grid. Methane emissions from biogas production and upgrading
were included, assuming a methane loss of 1% during biogas production [17] and 0.2%
during the upgrading process [23]. Depending on the retention time of the substrates in
the fermenter, post-fermentation processes of the fermentation residues (digestate) in the
digestate storage tanks can result in high residual methane emissions. With an uncovered
storage facility, climate-relevant emissions between 19 [24] and 69 g CO2-eq.*MJ−1 [25]
can be assumed. Considering that in modern biogas plants the digestate storage is gas-
tight covered, and that a gas-tight cover will be mandatory in the future, we assume that
the digestate is stored in closed tanks. For this reason, no GHG emissions from biogas
digestate were taken into account. Due to the declaration of the used biogas substrates
(manure, straw, and biowaste) as waste and residues [3], the assessed lifecycle of the
investigated biomethane concepts starts with the collection and transport processes of
the substrates (e.g., straw baling, straw transport from field to biogas plant). Greenhouse
gas emissions from upstream processes associated with, e.g., livestock breeding such as,
for example, emissions caused by crop cultivation for animal feed, or in the case of straw
use, the emissions from cereals cultivation were not included in the assessment. Also not
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considered in this GHG calculation are two aspects, related to the handling of the digestate.
The first aspect concerns GHG emissions from the transport and the field application of
the digestate. In particular, nitrous oxide emissions from spreading the digestate can have
an influence on the GHG balance. The second aspect is related to the fertilizing effect of
the digestate and the associated substitution of, in particular, synthetic nitrogen fertilizer.
Climate-relevant emissions resulting from the energy-intensive production of synthetic
nitrogen fertilizers can be avoided in this manner. In this sense, digestate based on residual
and waste materials is not related to cultivation areas directly. As upstream processes are
not considered, the nutrients remaining in the digestate (which could replace synthetic
fertilizers) cannot be credited to the system. The same also applies to the GHG emissions
from digestate field applications.
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Figure 1. Main process steps of the advanced biofuel pathways under consideration: (A) biomethane from manure,
(B) biomethane from manure and straw, (C) biomethane from biowaste, (D) ethanol from straw, and (E) FT diesel from woodchips.

2.1.2. Bioethanol from Straw

In our assessment, we included a straw-to-ethanol plant concept (Figure 1D) with
an annual production capacity of approximately 50,000 t of bioethanol and a feedstock
requirement of 275,000 t of wheat straw per year [26]. First, the straw is crushed and
then broken down into its basic constituents (cellulose, hemicellulose, and lignin) using
steam and pressure. In a subsequent liquefaction step, hemicellulose is dissolved into C5
sugars and cellulose is dissolved into C6 sugars, with the aid of enzymes. The sugars are
subsequently fermented into bioethanol. The produced bioethanol is then concentrated
through multiple distillation and rectification steps and through subsequent dehydration.
Biomass byproducts supply the auxiliary energy for process heat and electricity.

2.1.3. Biomass-to-Liquid (BtL) from Woodchips

For the biomass-to-liquid pathway (shown in Figure 1E) considered in this study,
we assumed an annual Fischer–Tropsch fuel (FT diesel) production of approximately
188,000 t with an annual feedstock requirement of 1,641,921 t of woodchips from short-
rotation coppice [26]. The fuel production is based on the multistage gasification of dried
woodchips. The gasification process is followed by gas scrubbing and by conditioning to
syngas. This subsequently undergoes FT synthesis in a fixed-bed reactor and is converted
to FT crude products using catalysts. After product separation, the wax fractions are
converted to FT diesel through hydrocracking using an H2 feed. The necessary process
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heat is supplied via natural gas. The saturated steam, which is not used in the process, is
superheated and used in a steam turbine to generate surplus electricity.

2.2. Scenarios for GHG Mitigation Costs

The biomethane concepts were assessed in relation to various support instruments: on
the one hand, in comparison to other advanced biofuels as competitors within the subtarget
set out in RED II, and on the other hand in comparison to natural gas in the framework
of the EU Emission Trading System (EU ETS). The assessment was carried out using a
three-scenario approach based on the different support instruments:

• In scenario 1, the GHG mitigation costs for the biomethane concepts are assessed and
compared with the values for the competing advanced biofuels as defined by RED II.
In this case, the GHG emission values for the biomethane under consideration and
other advanced biofuels include the complete lifecycle emissions calculated according
to the methodology set out in the directive.

• In scenario 2, we assessed the GHG mitigation costs for biomethane concepts in the
context of the EU ETS and calculated the CO2 certificate price at which the advanced
provision costs are competitive with the natural gas price. A crucial factor in this
scenario is that the EU ETS defines GHG emissions from bioenergy as zero. Therefore,
the differences between the GHG mitigation costs for the various biomethane value
chains are the result of the different production costs.

• Scenario 3 aims to investigate the potential impact on the GHG mitigation costs
for biomethane when the GHG mitigation effects from improved animal manure
management (non-ETS agricultural sector) and the overall GHG emissions are taken
into account. Here, we assumed that emission savings in the agricultural sector from
biomethane production could be monetized within the EU ETS. Consequently, the
corresponding GHG emission savings associated with the production of biomethane
from manure is incorporated in the GHG emission values relevant for calculating the
GHG mitigation costs.

2.3. Calculating the GHG Mitigation Costs

GHG mitigation costs express the price for the mitigation of a specific amount of
greenhouse gas emissions by the use of an energy carrier with relatively higher costs and
lower emissions compared to the reference fuel. The following Equation (1) was used to
calculate GHG mitigation for the reduction of 1 ton of CO2-eq. by substituting fossil fuels
with biofuels:

CGHG mitigation =
CBiofuel − CFossil fuel

GHGFossil fuel − GHGBiofuel
=

∆C
∆GHG

(1)

where the additional cost of biofuels (∆C) results from the difference between the spe-
cific production cost of biofuels (CBiofuel) and the specific production cost of fossil fuel
(CFossil fuel), whereas the net GHG emissions avoided by replacing fossil fuels with biofuels
(∆GHG) is the difference between the GHG emissions of the fossil fuel (GHGFossil fuel)
and the GHG emissions of the biofuel (GHGBiofuel). According to this methodology, the
mitigation costs are sensitive to two factors: on the one hand, the cost difference between
biomethane and the reference, and on the other hand, the difference between the specific
GHG emissions of the fuels. As costs for biofuels and fossil fuels are both volatile, we
present our results in the following sections as the function of GHG mitigation costs in
relation to the cost/price difference between biofuels and fossil comparators.

2.4. Database

The specific greenhouse gas emissions of the advanced biofuel concepts considered
here were calculated based on the guidelines set out in RED II [3]. The RED II methodology
clearly defines the basic framework for the calculation of the specific GHG emissions.
The methodology used in the evaluation of GHG emissions is described in the following

67



Sustainability 2021, 13, 14007

section. The system boundaries, which define the framework in which the calculation takes
place and determine which energy material flows are taken into account in the assessment,
are set as well-to-wheel. The greenhouse gases relevant for GHG calculation are carbon
dioxide (CO2), methane (CH4), and nitrous oxide (N2O). The global warming potential of
greenhouse gases is expressed in kg of carbon dioxide equivalents (CO2-eq.). To convert
a specific methane mass to kg CO2-eq., the methane weight is multiplied by 25 and the
nitrous oxide mass is multiplied by 298 (based on a period of 100 years, according to IPCC
2007). The CO2 emissions from biofuels use are not included in GHG calculation; according
to the IPCC, biogenic CO2 emissions are considered to be offset by the CO2 sequestration
during plant growth. The functional unit which defines the quantification of the product,
and which shall provide a reference to which the inputs and outputs are related, has
been set for biofuels as 1 MJ biofuel. According to the GHG calculation approach of the
RED II, the option for the consideration of coproducts is allocation according to the lower
heating value. Allocation means that emissions shall be divided between the main and the
coproducts in proportion to their energy content (lower heating value according to RED
II methodology). Furthermore, The RED II framework allows to include credits for the
use of manure/slurry as biogas substrate. The conventional storage of manure can lead
to significant emissions of methane. These emissions can be reduced in case manure is
used as a substrate for biogas production. The RED II recognizes this benefit by a credit of
45 g CO2-eq. per MJ manure used (i.e., 54 kg CO2-eq. per t fresh matter). According to the
RED II methodology, GHG emissions associated with the construction and the demolition
of the biofuel production plants were not considered. The specific overall greenhouse
gas emissions calculated according to the described methodology for the investigated
advanced biofuels are shown in Table 1. While the values for biomethane from biowaste,
bioethanol from straw, and BtL from woodchips are of a similar order of magnitude, the
provision of biomethane based on animal manure and biomethane based on a mixture
of manure and straw cause significantly fewer emissions. This is primarily due to the
credits for the improved manure management. The difference in overall GHG emissions
between the two concepts (100% manure) shows how highly sensitive the credit is to the
GHG emissions.

As we did not calculate specific costs for the production of the advanced biofuel
options, literature values and references for advanced biofuel production were used. Due
to the high volatility of costs and nonharmonized assumptions and framework conditions,
we used bandwidths for the comparison of advanced biofuels with each other in scenario 1
shown in Table 1. The GHG mitigation potential in scenario 1 was calculated according to
the fossil reference defined in RED II, with a value of 94 g CO2-eq.*MJ−1 [3].

Table 1. Basic assumptions for GHG mitigation cost calculations.

Advanced Biofuels

Biomethane from
Manure

Biomethane from
Manure (80%) and

Straw (20%)

Biomethane from
Biowaste

Bioethanol
from Straw

BtL from
Woodchips

Overall GHG emissions in g
CO2-eq./MJ (for biofuels:
calculated according the

methodology set out in RED
II [3])

−76 (own
calculations based on

[22,27,28])

−10 (own
calculations based on

[22,27,28])

13 (own calculations
based on [22,27,28]) 13.7 [26] 13.7 [26]

GHG emissions from
improved manure
management in g

CO2-eq./MJ

−88 (own
calculations based on

[22,27,28])

−19 (own
calculations based on

[22,27,28])
- - -

Costs in EUR ct/kWh 6.7 [27]–11 [29] 8.8 [27]–12.85 [29] 6.2 [27]–9.2 [28] 6.3 [30]–14 [31] 7.5 [32]–12, 45 [33]
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3. Results of GHG Mitigation Costs
3.1. Scenario 1: Comparison of the GHG Mitigation Costs for Biomethane and Other Advanced
Biofuels as Competitors in the Advanced Fuels Market within the RED II Framework

The introduction of the subtarget for advanced biofuels in RED II has resulted in
the development of a defined market for advanced biofuels and has meant that the GHG
mitigation costs for bioenergy carriers have become a factor in distinguishing between
the various bioenergy options. The calculations in this scenario include the total lifecycle
greenhouse gas emissions of the advanced biofuel pathways for biomethane and other
advanced biofuel competitors.

Based on the figures in Figure 2 for overall GHG emissions and the bandwidths of the
costs, the specific GHG mitigation potential for the advanced biofuel concepts considered
here is calculated and compared to the GHG emissions of the fossil references defined in
RED II. The respective cost bandwidths are shown in Figure 2. Based on the assumptions
made, biomethane value chains that use animal manure show the highest GHG mitigation
potential compared to the fossil fuel reference, due to the given credit for improved manure
management, and the production costs are lower than for the other advanced biofuels
under consideration: bioethanol from straw and BtL from woodchips. The production
of biomethane from biowaste causes similar costs but higher GHG emissions, due to
the higher demand on process energy (electricity from the grid) [28]. A higher share
of renewable energies in the electricity production mix can lower the GHG emissions
associated with the production of biowaste-based biomethane. It can be stated that all the
biofuels considered have a high GHG reduction potential compared to the fossil reference
(defined in RED II with a value of 94 g CO2-eq.*MJ−1).
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Figure 2. GHG mitigation potential and cost bandwidths for the biomethane concepts under consid-
eration and other advanced biofuels.

As mentioned before, costs for biofuels and fossil fuels are both volatile. Therefore, we
calculated the GHG mitigation cost (according to Equation (1)) based on GHG mitigation
potential shown in Figure 2 as functions using cost/price differences between advanced
biofuels and fossil reference fuels. This means that we calculated GHG mitigation costs
based on the relative price difference and not based on absolute cost figures. Figure 3 shows
the functions of GHG mitigation cost for each biofuel option in relation to the cost/price
difference between the biofuel option and fossil fuel. Under the assumptions made, the
results in Figure 3 show significantly lower GHG mitigation costs (and consequently more
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flat-curve characteristics) for biomethane concepts using animal manure as a biogas and
biomethane substrate and as a cosubstrate in a mixture with straw compared to the other
advanced biofuels under consideration. The values for the GHG mitigation cost shown in
Figure 3 are highly sensitive to the GHG reduction potential, similar to the values shown
in Figure 2.
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Figure 3. CO2 mitigation costs functions based on cost/price differences for advanced biofuels,
assuming that GHG emissions from biofuel production are calculated according to the RED II
methodology (see Table 1 for emission values).

3.2. Scenario 2: GHG Mitigation Costs for Biomethane in the EU ETS

In contrast to scenario 1, the GHG mitigation costs for the biomethane concepts were
calculated in this scenario based on the assumption that emissions from biofuel production
are not accounted for within the EU Emission Trading System framework. In addition, in
contrast to scenario 1, we calculated the GHG mitigation costs with actual cost values, in
order to better illustrate the special consideration of bioenergy in the context of the EU ETS.
For biomethane production we used values from [27]. For the fossil fuel we assumed a price
of 3 EURct*kWh−1 [34] and emission values of 67.6 g CO2-eq.*MJ−1 [35] for natural gas. As
emissions from biofuels are considered to be zero, differences in the GHG mitigation costs
only result from differences in production costs. Figure 4 shows the mitigation costs for
the biomethane concepts (based on assumptions in Table 1) in relation to a cost difference
between biomethane and natural gas.
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Figure 4. CO2 mitigation costs in relation to cost/price differences for advanced biofuels based on
biomethane pathways in comparison to natural gas, assuming that GHG emissions from biomethane
are zero within the EU ETS.

The results show clear differences between the biomethane value chains under inves-
tigation. Because of the relatively lower production costs for biomethane from biowaste
and animal manure, the mitigation costs for these value chains are comparably lower than
for biomethane concepts using a mixture of animal manure and straw.

The GHG mitigation cost value chains range from 123 EUR*t CO2-eq.−1 to 247 EUR*t
CO2-eq.−1. These values represent the CO2 certificate price at which the costs for natural
gas and the respective biomethane value chain reach a breakeven point (in fact, an increas-
ing price for CO2 certificates would increase the costs for the utilization of carbon intense
energy carriers in the EU ETS). Figure 4 also shows the relation between GHG mitigation
costs and the cost/price difference between the biomethane value chains and natural gas.
Assuming a consistent difference of greenhouse gas emissions between natural gas and
biomethane, the mitigation costs increase as the cost/price differences between both energy
carriers rise.

3.3. Scenario 3: GHG Mitigation Costs for Biomethane in the EU ETS Including Non-ETS Sectors

Scenario 3 moves beyond the current EU ETS to include greenhouse gas emissions
from the non-ETS agricultural sector, in this case in the form of GHG emissions from
improved animal manure management. The values of the GHG emissions from improved
manure management for the biomethane concepts (biomethane based on 100% animal ma-
nure and biomethane based on a mixture of animal manure and straw) are shown in Table 1.
As a consequence of the inclusion, the GHG mitigation costs for the two biomethane value
chains using animal manure as a substrate decrease significantly. Figure 5 shows the
CO2 certificate price at which the costs for natural gas and the respective biomethane
value chain reach a breakeven point (as mentioned, an increasing price for CO2 certifi-
cates would increase the costs for the utilization of carbon intense energy carriers in the
EU ETS). The mitigation costs for biomethane based on animal manure decrease from
152 EUR*t CO2-eq.−1 to 66 EUR*t CO2-eq.−1. The mitigation costs for biomethane from
animal manure and straw, compared to natural gas, decrease from 247 EUR*t CO2-eq.−1 to
185 EUR*t CO2-eq.−1.
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Figure 5. CO2 mitigation costs in relation to cost/price differences for different biomethane pathways
in comparison to natural gas, assuming that GHG emissions from biomethane are zero within the
EU ETS. For biomethane from animal manure and animal manure + straw, the GHG benefit from
avoiding methane emissions from manure storage (animal manure credit) is included here.

4. Discussion
4.1. RED II Perspective

Biomethane produced from animal manure, straw, or biowaste can achieve very high
savings in greenhouse gas emissions of up to 200% by using animal manure as substrate
over fossil fuels and can be considered very competitive compared to other advanced
biofuels. As the specific production costs are in similar bandwidths for all advanced
biofuels under consideration, the GHG mitigations costs are highly sensitive to the specific
GHG mitigation potential. Due to the credit given for improved manure management
according to RED II methodology (and highly dependent on it), the use for manure-based
biomethane is associated with the highest potential for GHG mitigation. In addition, the
use of straw and biowaste shows high GHG mitigation potential. The GHG mitigation
potential of biomethane from biowaste will increase, due to the use of process energy
associated with lower GHG emission.

Although the subtarget for advanced biofuels set out in RED II offers particular
advantages for biomethane from waste and residues, there are some market restrictions.
The subtarget of 1.75% in 2030 will develop a market of approximately 31 PJ [36]–39 PJ [37]
for advanced fuels in the German transport sector and between 227 PJ [38] and 416 PJ [39] in
the European transport sector. In the case of Germany, for instance, biomethane production
capacities of 36 PJ [40] and a mobilizable technical biomass potential for animal manure in
the amount of 37 PJ and for straw with 26 PJ are available for this [12].

Nevertheless, the current low rate of 5–6 PJ [41,42] gaseous fuels in the German trans-
port sector and 84 PJ [43] in the European transport sector reveals the existing limitations
for the use of biomethane, which is primarily due to the low share of gas-fueled vehicles in
the passenger car and truck fleet. However, the advantages of biomethane listed here with
regard to the GHG reduction potential and costs could, with the right incentives, lead to an
increase in gas-fueled vehicles. Optimistic scenarios expect, for instance, that the number
of gas-fueled trucks will increase from 9000 to 480,000 by 2030 in Europe [44].

4.2. EU ETS Perspective

In contrast to the RED II perspective, the EU ETS does not calculate greenhouse gas
emissions from bioenergy based on a lifecycle assessment approach that includes compre-
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hensive mass and energy balances of all process steps. Greenhouse gas emissions from
bioenergy use are considered zero in the context of the EU ETS; in other words, biomethane
users do not need emission certificates for the biomethane they use. When, in this context,
greenhouse gas emissions from bioenergy are considered zero, there are no differences in
the specific GHG performance of biomethane value chains. Consequently, differences in
the GHG mitigation costs for the biomethane value chains calculated based on EU ETS
conditions solely result from differences in their production cost. Particularly high GHG
reduction effects are not taken into account and, therefore, have no competitive advantage.
The GHG mitigation costs range from 123 EUR*t CO2-eq.−1 to 247 EUR*t CO2-eq.−1.

The use of animal manure in biomethane plants can result in substantial GHG reduc-
tions in different sectors. This is due to the substitutions in the transport and energy sector
and improved manure management in the agricultural sector, which avoids climate-related
GHG emissions from animal manure storage. With respect to emissions from the agricul-
tural sector, the production of biomethane based on animal manure can result in a CO2
certificate price of 75 EUR*t CO2, which is much lower than other GHG mitigation options
in the transport sector.

4.3. Limitations of the Study

In our study, we used typical model concepts to calculate GHG mitigation costs. GHG
balances are individual balances that are highly dependent on process-specific characteris-
tics, methodological assumptions, and data availability. The values shown in this study
for the advanced fuels are therefore only valid under the specified framework conditions.
Furthermore, the proposed consideration of the GHG mitigation potential in the non-EU
ETS agricultural sector is an amalgamation between the entire value chain assessment
according to RED II and current EU ETS conditions that set bioenergy at zero emissions.
This approach is more a political measure to unlock unused GHG reduction potentials.
However, if greenhouse gas emissions from manure storage are taken into account, the
question arises as to whether downstream emissions also have to be considered, even
though they can be associated with other EU ETS sectors.

Another aspect to consider is that GHG mitigation in intersectoral value chains is
linked to allocation problems. There are two main challenges here. Firstly, determining
bioenergy emissions within the framework of the EU ETS as zero and including non-EU
ETS emissions and/or the entire upstream chain. Secondly, finding a way to promote
GHG reductions in the agricultural and energy sector in order to unlock unused GHG
reduction potential.

5. Conclusions

Biomethane from waste and residues can mitigate significant GHG emissions com-
pared to fossil fuels, but the production costs of biomethane often exceed the costs of
fossil fuels.

GHG mitigation costs are typically calculated from a specific point of view (for exam-
ple, from that of political decision-makers). Our investigation focused on the conditions
under which biomethane from animal manure, biowaste, and agricultural residues can be
competitive as an advanced fuel in the European transport sector.

The first perspective addresses the policy instruments that promote renewable energy
carriers under the RED II framework. Biomethane based on animal manure, on a mixture
of animal manure and straw, and on biowaste can achieve a GHG mitigation potential
of up to 200% compared to the fossil reference, and enjoys the advantages offered by the
subtarget for advanced fuels set out in RED II. The perspective of the calculations then
shifted towards the EU ETS mechanism. Depending on the actual GHG performance
and cost of the specific biomethane pathway, CO2 emission certificate prices of between
~120 EUR*t CO2-eq.−1 and ~250 EUR*t CO2-eq.−1 were calculated.

Based on the calculations, the following points can be concluded:
The RED II perspective
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• In general, there are significant differences in the GHG mitigation costs for the various
advanced biofuels pathways investigated. Because of lower GHG emissions per MJ,
biomethane based on animal manure tends to have lower GHG mitigation costs com-
pared to other advanced biofuels. This is a competitive advantage within the protected
market for advanced fuels set out by RED II. Sufficient production capacities and
biomass potentials are available to serve this defined market with biomethane from
waste and residues. However, the current low rate of gaseous fuels in the German and
European transport sectors reveals the existing limitations for the use of biomethane.
An expansion of the gas-fueled fleet and the filling station infrastructure could be one
measure to unlock the unused potential of GHG mitigation by using biomethane from
waste and residues, in particular animal manure, in the transport sector.

The EU ETS perspective

• Under the current conditions, the EU ETS is not an effective instrument for increasing
the costs of carbon-intensive energy carriers to reach a breakeven between the costs
for natural gas and biomethane. Considering the current price for CO2 certificates, we
propose taking into account the GHG reduction potential of the non-ETS agricultural
sector in order to unlock unused GHG mitigation potential for the reduction of GHG
emissions. The mitigation costs for biomethane from animal manure would thus
decrease from 164 EUR*t CO2-eq.−1 to 75 EUR*t CO2-eq.−1.

• Due to the flexibility in terms of the types of substrates used for biomethane produc-
tion, this technology can, in theory, tap great potentials for GHG mitigation in sectors
outside the EU ETS (e.g., agriculture, waste treatment, and disposal). Internalizing,
and thus capitalizing on, these effects will significantly decrease the GHG mitigation
costs for the respective biomethane pathways in the EU ETS.

Biomethane from waste and residues is an interesting and potentially powerful way
to mitigate GHG emissions in the EU transport sector. However, the magnitude of the
GHG mitigation effects from biomethane strongly depends on the type of substrate used
in biomethane production processes, the greenhouse gas emissions from the fossil energy
carrier substituted by biomethane, and the calculation method used by the different GHG
mitigation instruments.
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Abstract: The present study focuses on the valorisation of winery industry wastes through slow
pyrolysis of exhausted grape marc (EGM). The optimal pyrolysis parameters were firstly identified by
small scale experiments carried out using thermogravimetric analysis. Nine pyrolysis temperatures
were tested and their influence on the decomposition of the EGM residue and biochar yield was
evaluated. Then, biochar production was conducted in a pilot plant at three chosen temperatures
(450, 500 and 550 ◦C) at which the biochar was shown to be stable. The effects of biochar application
to soil with respect to plant (ryegrass) growth was also evaluated. Pyrolysis of EGM at the 450–550 ◦C
temperature range has been shown to generate thermally stable and nutrient-rich biochars, but only
the biochar produced at 450 ◦C showed a marked benefit effect of ryegrass growth.

Keywords: waste; exhausted grape marc; biochar; pyrolysis; soil amendment

1. Introduction

Grapes are among the most cultivated fruit crops worldwide [1]. One-third of the
grape total production is intended for the wine industry [2–4]. France is among the lead-
ing producers of wine in the world. In 2020, France was ranked as the second largest
wine-producing country, just after Italy, with an estimated volume of 46.6 million hec-
tolitres [5,6]. Considering the high volumes produced every year, the wine industry can
generate thousands of tons of solid residues, which raises serious environmental and
economic issues [7]. Throughout the winemaking process, a large amount of solid residue,
referred to as grape marc (pomace), is generated and it represents 10–30 wt. % of the grape
fresh weight [3]. This residue generally consists of skins, seeds, stalks and moisture. In
the red wine making process, the grape marc residue is produced after fermentation and
pressing, and it contains a valuable alcoholic fraction [4]. As a traditional and reliable
way to recover the alcoholic fraction (polyphenols), fermented grape marc undergoes
a distillation process, which results in a final solid residue known as exhausted grape
marc [8]. The chemical composition of grape marc (similarly to exhausted grape marc) is
very diverse, consisting mainly of fibres (cellulose, hemicellulose and lignin), polyphenols,
lipids, proteins, oligosaccharides and minerals [9]. Such a rich and complex composition
holds great potential for further valorisation through value-added processing, including
the thermochemical and biochemical processes [3]. Thermal conversion technologies for
energy recovery from grape marc include combustion, gasification, hydrothermal carbon-
isation, torrefaction and pyrolysis [10]. Pyrolysis is a thermal decomposition process in
oxygen-free or oxygen-poor conditions at temperatures of around 400–700 ◦C [11]. Pyroly-
sis yields a mix of gas, liquid (tar or biooil) and solid (biochar) products, depending on the
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operating conditions (heating rate, vapours/solid residence time, pyrolysis temperature,
pyrolysis atmosphere) and the origin of the feedstocks [11]. Low pyrolysis temperatures
and low heating rates are generally required when the biochar is the product of interest.
The pyrolysis of exhausted grape marc could provide a sustainable approach to managing
waste from the wine industry. From this standpoint, several studies were carried out to
explore optimal thermal conversion pathways of winery wastes and evaluate their potential
for the recovery of energy and high-added value compounds [12–24]. Encinar et al. [12]
investigated the influence of the pyrolysis temperature and feedstocks’ particle size on the
quality of the biochars produced from grape marc, using a batch pyrolysis system with
nitrogen as a carrier gas. They found that increasing the temperature yields an increase
in the fixed carbon content, gases produced and ash content. Particle size has a negligible
effect on the properties of the biochars. Demiral et al. [13] investigated changes in pyrolysis
product yields by varying the operating conditions, including the temperature, heating
rate and nitrogen gas flow. Encinar et al. also reported that an increase in the pyrolysis
temperature led to higher liquid and gas yields. Marculescu and Ciuta [14] studied the
optimal pyrolysis conditions for grape marc treatment using experimental and modelling
techniques. The study revealed that the pyrolysis temperature had a significant impact
on products distribution and energy content. An optimum treatment temperature for the
maximum net energy content of the combined pyrolysis products (char, liquid and gas)
was identified to be 550 ◦C. As mentioned before, the pyrolysis products range from solid
to liquid to gaseous compounds, and all are considered as valuable bio-products. Some of
these products can be used directly, as a feedstock for a further industrial process or can
be converted into energy. Charcoal as a bio-product has potential for use in the energy,
industrial and agricultural sectors [25–27]. A significant increase in the agricultural use of
biochar has already been recorded since 2015 [28]. Agricultural applications include soil
amendment, composting, carriers for fertilisers, silage additives and feed additives [28].
Biochar as a soil amendment has received considerable attention because of its carbon
sequestration potential and ability to enhance soil productivity [29–33]. Compared to
non-waste feedstocks (e.g., woody biomass), biochar production from exhausted grape
marc for agronomic uses has not been widely explored and only few studies reported uses
of biochar in soil amendment and connected applications.

The main motivations for this study were (1) to evaluate the potential of grape marc
waste as a feedstock for biochar production, (2) to examine the effects of pyrolysis tempera-
ture on the physicochemical properties of the produced biochars and (3) to consider the
potential agronomic implications of applying biochar to soil.

2. Materials and Methods
2.1. Feedstock

Exhausted Grape Marc (EGM), a distillery waste or an agro-industrial by-product,
was collected from a distillery industry located in the Alsace region (France). An EGM
sample was prepared following the NF EN ISO 14780 standard. An EGM lot (batch) was
mixed by turning and piling it upside-down several times, then different subsamples were
arbitrarily taken and gathered from different spots of the homogenised EGM lot. After
mixing, one portion of the new subsample was dried at 60 ◦C for 24 h, ground using
a laboratory batch mill (IKA Mod. A11 Basic analytical mill, IKA, Staufen im Breisgau,
Germany), thoroughly mixed and sieved to obtain particle sizes in the range of 250 to
400 µm. The dried milled sample was stored in a sealed container. Before laboratory
analysis, representative subsamples were weighed and stored into another set of sealed
containers. The pictures of (a) raw and (c) dried milled EGM samples are shown in Figure 1.

2.2. Feedstock Analysis

Characterisation of EGM is important to assess its properties and quality as a feedstock
for biochar production. A series of physicochemical characterisation were performed,

78



Sustainability 2021, 13, 11187

including thermogravimetric analysis (TGA), elemental analysis (C, N, H, O and S), Higher
Heating Value (HHV) measurements and mineral and chemical composition analysis.

Figure 1. Pictures of (a) raw and (b) dried milled (250–400 µm) EGM samples.

A non-isothermal pyrolysis experiment of EGM was carried out in a thermogravi-
metric analyser (thermo-balance, Mettler Toledo TGA 850). Prior to experiment, an EGM
sample was dried overnight in a ventilated oven at 105 ◦C under air. A typical run was
carried out as follows: about 15 mg of EGM sample was weighed into an open-type alu-
mina crucible (70 µL) and introduced into the TGA furnace. The temperature was raised
from room temperature up to 900 ◦C at a heating rate of 5 ◦C min−1 under 100 mL min−1

nitrogen and maintained at this temperature for 1h. Then, the atmosphere was switched to
synthetic air (100 mL min−1) for 60 min.

The hemicellulose, cellulose and lignin contents were determined, by Cirad laboratory,
according to the Van Soest acid detergent fibre method [34].

The total carbon (C), nitrogen (N), Sulphur (S), hydrogen (H) and oxygen (O) contents
measurements were analysed by Filab laboratory, according to NF EN ISO 16948 and NF
EN ISO 16994 standards.

The inorganic composition (Mg, Na, K, Ca, Si, Al, P, Fe and Cu contents) was analysed
using inductively coupled plasma atomic emission spectroscopy (ICP-AES), provided by
Filab laboratory (Accreditation COFRAC ISO 17025).

The Higher Heating Value (HHV) (MJ kg−1, dry basis) of EGM sample was measured
on a dry basis in a calorimeter bomb according to the standard NF EN ISO 18125 by
Eurofins laboratory. The Lower Heating Value LHV (MJ kg−1, dry basis) was calculated
based on the measured HHV (MJ kg−1, dry basis) using Equation (1) [11].

LHV
(

MJ kg−1, dry basis
)
= HHV

(
MJ kg−1, dry basis

)
− 0.2122 × H (wt. %, dry basis) (1)

2.3. Pyrolysis

Slow pyrolysis experiments were conducted in both a thermobalance and a pilot plant
pyrolizer. In TGA experiments, a very low heating rate (5 ◦C min−1) and a very small
sample size (about 15 mg) were used to minimise the effects of secondary reactions and
heat and mass transfer (optimal pyrolysis conditions) [35]. In the pilot plant experiments, a
larger size sample was used (about 1.5 kg).

2.3.1. TGA Study

TGA experiments were conducted, based on ASTM D7582-15 protocol, in a TGA/DSC
1 LF1100 thermogravimetric analyser (Mettler-Toledo, Columbus, OH, USA), following
two stages: in a first stage, a pyrolysis step was performed by heating under nitrogen
from an ambient temperature up to the pyrolysis temperature (350, 400, 450, 475, 500,
525, 550, 575 and 600 ◦C), then holding for 90 min and finally heating from pyrolysis
temperature to 900 ◦C. In a second stage, a combustion step was carried out by switching
the gas environment to synthetic air and holding at 900 ◦C for 60 min. For the whole run, a
constant heating rate of 5 ◦C min−1 and a constant gas flow rate of 100 mL min−1 were
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maintained. Prior to TGA experiments, the sample was dried overnight in a ventilated
oven at 105 ◦C under air.

2.3.2. Pyrolysis Experiments

Pyrolysis experiments were performed by an external, accredited laboratory RAPSODEE-
UMR CNRS 5302. Before each pyrolysis test, the raw EGM sample was dried at 105 ◦C
for 24 h. Dried grape marc was deposited onto the different drawers and loaded into the
reactor. The reactor was purged for 10 min with nitrogen to remove the air. Pyrolysis
experiments were conducted in a crossed fixed bed reactor. As illustrated in Figure 2,
the reactor consisted of several drawers, disposed inside an electric vertical furnace. The
temperature profiles in each drawer were instantly recorded using a thermocouple. The
inert atmosphere gas, N2, was fed from the bottom at a flow rate of 10 L min−1, heated
along the lower part of the reactor and crossing the sample bed. This method would
ensure a good thermal contact between the gas and the particles of the sample, while
taking the gas products away from the bed. The temperature was raised at a constant
heating rate of 10 ◦C min-1 to the required hold temperature (450, 500 and 550 ◦C), and was
maintained for 1h before cooling. The evolved gases reached the condensing system carried
by the nitrogen inert gas. The condensed gas fraction (biooil) was recovered in a liquid
collector after moving down by gravity. The non-condensable gases were sent into a filter
before reaching the atmosphere. After completing the pyrolysis process, the reactor was
naturally cooled under N2 flow. The solid residue fraction (biochar) was recovered at an
ambient temperature. The biochar samples were immediately stored in sealed polyethylene
containers. Liquid and solid yields were directly obtained by weight. The gas yield was
calculated using the following balance: Gas yield = 100% − (biochar yield + biooil yield).

Figure 2. Pilot plant pyrolizer.

The biochar samples obtained at the three pyrolysis temperatures were labelled as
EGM450, EGM500 and EGM550, respectively.

2.4. Biochar Characterisation

Biochars derived from pyrolysis were characterised using different techniques, in-
cluding TGA, elemental analysis, X-ray diffraction analysis (XRD), Scanning Electron
Microscopy (SEM), Energy Dispersive X-ray spectrometry (EDX), CO2 adsorption analysis
and pH measurement. Before analysis, representative samples of the different biochars
were ground by hand using a mortar and pestle. Ground samples were sieved to a uniform
size fraction of 250–400 µm and stored in sealed containers until use.

Proximate analysis was conducted in a TGA/DSC 1 LF1100 thermogravimetric anal-
yser (Mettler-Toledo, Columbus, OH, USA), according to the ASTM D7582-15 standard,
whereby samples were heated from ambient to 900 ◦C in a N2 atmosphere, after which
air was introduced. Weight loss up to 110 ◦C represents moisture content, and between
110 and 900 ◦C, volatile matter content. The residue remaining after combustion in air at
900 ◦C represents the ash fraction. Fixed carbon content was determined by difference.
Before analysis, biochar samples were dried at 105 ◦C overnight.
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Surface area and porosity measurements were carried out using Micromeritics ASAP2420
equipment (Norcross, GA, USA). Prior to analysis, the biochar samples were degassed
at 250 ◦C under vacuum for 12 h to remove surface water and volatile organic species.
Analysis was carried out using CO2 adsorption at 0 ◦C, with temperature control being
achieved with an ice-water bath. Adsorption was carried out up to a relative pressure
(P/P◦) of 0.03 to examine the micropore region. Pore size distribution for the biochar was
determined using the Density Functional Theory (DFT) method. The mean pore size was
estimated from the pore size distribution data. The micropore volume was determined
according to the Dubinin–Radushkevich equation.

SEM analysis was carried out on a JSM 7900 JOEL microscope equipped with an energy
dispersive X-ray analysis spectrometer. SEM images were acquired at 5 kV accelerating
voltage, while SEM-EDX microanalysis were conducted at 15 kV accelerating voltage.
Prior to the observations, the samples were adhered to a specimen stub with carbon-based
adhesive tape, then carbon coating was applied by sputtering to ensure high electrical
conductivity of the biochar sample.

X-ray diffraction analysis was conducted using a PANalytical MPD X’Pert Pro diffrac-
tometer (Eindhoven, The Netherlands) operating with Cu K α radiation, λ = 0.15406 nm at
40 mA and 45 kV. Data were recorded at room temperature, applying a 2-theta scanning
range of 10–70◦, and a step size of 0.017◦ with a scan step time of 220 s. Data processing
was then carried out using High Score software. The different mineralogical phases were
identified according to the Joint Committee on Powder Diffraction Standards (JCPDS)
database.

Biochar pH was measured by mixing 1 g of biochar sample with 10 mL of deionised
water. After 1 h of stirring, samples were allowed to stand for 60 min and then pH was
measured using a calomel electrode-glass electrode system. Before pH measurements, the
pH meter was calibrated using buffers of pH 4, 7 and 10.

Quantification of total C, N and H elements was carried out, by Eurofins laboratory,
according to the NF EN ISO 17294-2 standard. S content was determined separately
according to NF EN ISO 16994 standard. O content was calculated by difference, using
Equation (2) [11].

O (wt %, dry basis) = 100 − (ash + C + H + N + S) (2)

where Ash, C, H, N and S are, respectively ash, carbon, hydrogen, nitrogen and sulfur
content (wt. %, dry basis).

Analysis of Al, Ca, Fe, K, Mg, Na, P, Si, As and Cr elements was conducted, by Eurofins
laboratory, according to DIN EN ISO 17294-2 (E29): 2017-0 standard.

2.5. Plant Growth Study

The influence of biochar on plant growth was assessed using EGM450, EGM500 and
EGM550 biochars. The microculture technique was applied as described by Lombaert [36].
The Italian ryegrass, used as a model plant, was cultivated in pots containing 1.18 kg of dry
soil with a seeding density of 1.2 g pot−1 (Table 1). A loamy-sand soil, with a sand content
of 50% and a pH value of 7.8, was used. Regulation ensured a daytime temperature of 25 ◦C
and a night temperature of 20 ◦C. During cultivation, the soil humidity was maintained
between 70 and 80%. Plant growth experiments were conducted using the following two
modalities: the first modality corresponds to the control samples by adding mineral K
fertiliser to ensure 50 U K2O (1 unit corresponds to 1 kg K2O ha−1). The second modality
corresponds to the use of biochars to provide the same amount of K (1.77 g pot−1 for
EGM 450, 1.46 g pot−1 for EGM500 and 1.50 g pot−1 for EGM 550, respectively). Biochar
application amounts were calculated according to mineral K content contained in the
biochar (Table 2).The two modality tests were replicated 4 times and received additional
fertilisation during the ryegrass growing (10 mL of 109.86 g L−1 NaH2PO4·2H2O solution,
10 mL of 73.75 g L−1 Ca(NO3)2·4H2O solution and 10 mL of solution containing 0.450 g L−1

FeSO4·7H2O, 0.452 g L−1 MnSO4·H2O, 0.202 g L−1 ZnSO4·7H2O, 0.189 g L−1 CuSO4·5H2O,
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0.278 g L−1 Na2B4O7·10H2O and 0.013 g L−1 (NH4)6Mo7O24·4H2O and weekly nutritive
solution (20 mL of 5.65 g L−1 NH4NO3, 5.33 g L−1 Mg(NO3)2·6H2O and 2.06 g L−1

(NH4)2SO4). Ryegrass was harvested at 4 weeks. The dry weight contents of the aerial part
of the plant were measured to evaluate the impact of biochar amendment on plant growth.

Table 1. Plant growth experiments.

Modality Experiment K2O Amendment (kg ha−1)

M1 Ryegrass seed (1.8) + Soil (1.2 kg) + Minerals 50 U K2O

M2 Ryegrass seed (1.8) + Soil (1.2 kg) + Biochar 50 U K2O

3. Results and Discussion
3.1. Thermo-Chemical Properties of EGM

Table 2 reports the results of the characterisation analyses of exhausted grape marc
feedstock. The characterisation results are in line with the values found in the literature. The
HHV and LHV values of EGM fall within the expected range for grape marc feedstocks. The
HHV and LHV were assessed to about 23 and 21 MJ kg−1, respectively. The macromolecular
organic composition data show that EGM was richer in lignin (42 wt. %) than in cellulose
(15 wt. %) and hemicellulose (5 wt. %). The high lignin content measured in the EGM
sample may lead to a higher biochar yield [35].

The grape marc feedstock had a high carbon content, with lower amounts of oxygen,
hydrogen and nitrogen. Mineral analysis indicates that the Ca, P and K contents in EGM
are relatively high, with a value of a few thousands of ppm, which is in the classical range
found for grape marc feedstocks. In the case of Al, Fe, Mg and Si, the values measured
were higher than those found in the literature [8,21]. Depending on the grape marc sources,
the soil composition of the Alsatian vineyard, the harvest and collection practices, the
grape harvesting age, the handling operations and the wine-making process, a variability
of mineral concentrations in exhausted grape marc can be expected. The high amounts of
silicon, aluminium, iron and magnesium derive from the composition of the soil. Silicon,
aluminium and iron tend to accumulate in the seeds fraction of the exhausted grape marcs
and that constituted a part of the biomass feedstock.

The TG and DTG (differential thermogravimetric analysis) curves, relative to the ther-
mal decomposition of grape marc under nitrogen, are shown in Figure 3 (the isothermal
oxidation step has been omitted). The TG curve shows that the pyrolysis of grape marc is
a three-step thermal decomposition process; the first weight loss at a temperature below
180 ◦C relates to residual moisture (dehydration stage). The second decomposition step
(devolatilization or primary pyrolysis), in the temperature range of 180 to approximately
483 ◦C, corresponds to the loss of organic volatiles. At this temperature range, exhausted
grape marc decomposes into char (primary char), condensable gases (vapours and precur-
sors to bio-oil) and non-condensable gases. Finally, the third step (secondary pyrolysis), at
a higher temperature (>500 ◦C), which is characterised by low and continuous mass loss,
corresponds to the slow charring process of the solid residue [18,22,35,37].

The proximate analysis of the EGM sample (Table 2) gave a fixed carbon content of
22 wt. %, a volatile matter content of 72 wt. % and an ash content of 6 wt. %. It is clearly
seen that exhausted grape marc residue contains more ash content and produces more
fixed carbon than woody feedstocks [38].

The DTG curve of the EGM sample (Figure 3) shows a single peak with three shoulders
(small plateau): the lower temperature shoulders at around 220 and 270 ◦C, represents the
decomposition of low molecular weight sugars [39] and hemicellulose, respectively. The
peak at 323 ◦C, where the maximum rate of decomposition occurs, was assigned to the
degradation of cellulose [19,22]. The higher temperature shoulder at around 400 ◦C was
attributed to the temperature of maximum decomposition of lignin [35].
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Figure 3. TG and DTG curves of EGM.

Table 2. Analysis and comparison of main properties of grape marc feedstocks.

Parameter Present Study Literature 1 Reference

Energy properties (MJ kg−1, dry basis)

HHV 22.74 17.20–22.06 [3,8,10,12,14,19]
LHV 21.39 16.40–20.50 [3,8,10,12,14,19]

CHONS analysis (wt. %, dry basis)

C 49 43–54.90 [3,8,10,12,14,21]
H 6.39 5.56–9.28 [3,8,10,12,14,21]
O 37 30.40–45.50 [3,8,10,12,14,21]
N 2 0.65–2.59 [3,8,10,12,14,21]
S 0.12 0.11–1.24 [3,8,10,12,14,21]

Mineral composition (mg kg−1, dry basis)

Al 503 50 [21]
Ca 6409 6220 [21]
Fe 478 110 [21]
Mg 1326 890 [21]
P 3669 2570 [21]
K 8038 6770–37,900 [8,21]
Si 2631 330 [21]

Na 249 102–1809 [8,21]
Cu 53 6–279 [8,21]

Organic composition (wt. %, dry basis)

Cellulose 15.38 28.64 [13]
Hemicellulose 4.72 – –

Lignin 42.46 41.98 [13]
Devolatilization

T Start point 2 (◦C) 180 – –
T End point 3 (◦C) 483 – –

T max 4 (◦C) 323 – –
Rate max (wt. % min−1) ~2 – –

Proximate analysis (wt. %, dry basis)

Total volatile matter 71.9 63.60–72 [3,8,10,12,14,19]
Fixed carbon 22.4 20.68–28.20 [3,8,10,12,14,19]

Ash 5.7 3.46–8.20 [3,8,10,12,14,19]
1 Grape marc originates from various sources and wine-making process. 2 Temperature at which devolatilization starts.
3 Temperature at which devolatilization ends. 4 Temperature at which the maximum rate of devolatilization occurs.
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3.2. Pyrolysis Characteristics of EGM

A comparison of the thermal behaviour of the EGM sample at different pyrolysis
temperature is presented in Figure 4. The mean objective here is to identify suitable
low pyrolysis temperatures at which a high and effective conversion is possible. Most
of the thermal decomposition of EGM occurs in the same temperature range under the
different pyrolysis temperatures. The characteristic temperatures of the devolatilization
stage involved in the thermal decomposition of EGM were approximately the same for all
the runs. The temperature for which the maximum rate of reaction occurs (Tmax) is almost
identical for all the runs with a deviation of ±1 ◦C from a mean temperature of 323 ◦C. For
all the pyrolysis temperatures, there is a flat section at the higher temperatures (>500 ◦C)
corresponding to the charring process.

Figure 4. Effects of pyrolysis temperature on the pyrolysis behaviour of EGM.

However, some differences may be observed with respect to the thermal decomposi-
tion of lignin over the 350–450 ◦C pyrolysis temperature range. At a pyrolysis temperature
≥ 450 ◦C, the DTG curves of the EGM sample contain one broad peak with three shoulders.
At a lower pyrolysis temperature ≤ 400 ◦C, the overlapping effects between cellulose,
hemicellulose and lignin decompositions are limited, and two peaks can be distinguished.

Since cellulose and hemicellulose start to decompose at lower temperatures, their
thermal decomposition was already complete before the pyrolysis temperature plateau. By
increasing the pyrolysis temperature from 350 to 450 ◦C, lignin is decomposed at a higher
extent and the DTG peak becomes broader. This means that a minimum temperature
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of 450 ◦C is needed to ensure the completion of the overall decomposition reactions for
the used residence time. When increasing the pyrolysis temperature from 450 to 600 ◦C,
the width of the DTG peaks is of an approximately equal size, suggesting that a higher
pyrolysis temperature has little effect on the devolatilization process.

The pyrolysis yields for the volatile matter and char fraction were determined for all
the investigated pyrolysis temperatures and their values are listed in Table 3. The solid
char yield drastically decreases by increasing the pyrolysis temperature from 350 to 450 ◦C,
while the volatile yield increases. At elevated temperatures, the pyrolysis yields remained
stable, with a weight drop of ~1 wt. %. Another interesting observation can be made by
plotting the mass loss curve vs. time, to estimate the time for char mass stabilisation (see
Figure S1). The period for mass stabilisation at 450 ◦C was about 60 min, while for higher
temperatures, the thermal decomposition lasted for 20–30 min. Thus, higher operating
temperatures result in a shorter processing time.

Table 3. Product yields (wt. %, dry basis) in TGA 1.

Temperature 350 ◦C 400 ◦C 450 ◦C 475 ◦C 500 ◦C 525 ◦C 550 ◦C 575 ◦C 600 ◦C
Char Yield 50.6 41.9 37.3 35.9 35.2 34.5 33.9 33.2 32.6

Volatiles Yield 49.4 58.1 62.7 64.0 64.9 65.6 66.0 66.8 67.4
1 Heating rate 5 ◦C min−1.

In view of these findings, a temperature range from 450 to 550 ◦C and a one-hour
residence time were selected for biochar production at a large scale. Indeed, temperatures
higher than 450 ◦C will allow for a more effective decomposition of EGM organic compo-
nents, while a longer products residence time (>30 min) permits a secondary reaction to
occur between the char and volatiles, leading to a secondary char formation (maximising
char aromaticity and stability) [11].

As mentioned earlier, pyrolysis experiments in a pilot plant were carried out at three
different temperatures ranging from 450 to 550 ◦C, under a one-hour residence time.
Depending on the pyrolysis temperature, different product yields were obtained, which
must be attributed to their different pyrolysis behaviour. The average product yields
are presented in Table 4. As the pyrolysis temperature is increased from 450 to 550 ◦C,
the yields of char and liquid decreased, while the yield of gases increased. Obviously,
higher temperatures promote secondary reactions of the tar, thus, increasing the yield of
gases [40]. The char yields ranged from 41 to around 38 wt. %, which are slightly higher
than the yields obtained in the TGA experiments. Similar char yields have been previously
reported [14,21].

Table 4. Product yields (wt. %) in pilot plant.

Temperature 450 ◦C 500 ◦C 550 ◦C
Char yield 41.1 39.5 37.7

Liquid yield 18.7 24.4 20.2
Gas yield 40.2 36.1 42.1

Heating rate 10 ◦C min−1.

3.3. Properties of EGM-Based Biochars

The elemental composition of EGM-based biochars is reported in Table 5. The carbon
contents were high, ranging from 77.5 to 80%. The hydrogen contents were low, ranging
from 2.5 to 3.32%. The nitrogen content ranged very tightly from 2.4 to 2.6%. The oxygen
content ranged from 7.3 to 4.8%. The contents of C in the biochars tended to increase, while
the contents of H and O tended to decrease with increased pyrolysis temperatures. These
trends can be attributed to the enhanced thermal rearrangement process (aromatic growth)
of the carbon structure with increased temperatures, leading to a highly carbonaceous and
aromatic biochar.
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Table 5. Physicochemical properties of EGM-based biochars.

EGM450 EGM500 EGM550

CHONS analysis (wt. %, dry basis)

Total C 77.50 80.00 79.90
H 3.32 2.90 2.50
O 7.29 5.36 4.76
N 2.57 2.42 2.54
S <0.30 <0.30 <0.30

O/C molar ratio 1 0.07 0.05 0.04
H/C molar ratio 1 0.51 0.44 0.38
C/N molar ratio 1 35.17 38.55 36.69

Mineral composition (mg kg−1, dry basis)

As <0.80 <0.80 <0.80
Cr 2 5 12
Al 423 237 709
Ca 13,900 13,600 16,500
Fe 480 426 712
K 24,500 24,900 28,200

Mg 2590 2430 2950
Na 366 354 461
P 6460 6710 7560
Si 2060 3070 5060

Proximate analysis (wt. %, dry basis)

Total volatile matter 23.06 19.10 17.20
Fixed carbon 67.92 71.88 72.80

Ash 9.02 9.02 10

Specific surface area (m2 g−1) 170 193 219

Micropore volume (cm3 g−1) 0.091 0.098 0.116

Mean pore size (nm) 0.56 0.56 0.61

pH 10.8 10.4 10.4
1 Calculated by using total carbon.

Atomic element ratios were determined to predict some characteristics of the pro-
duced biochars such as aromaticity (H/C), stability (O/C) and potential N immobilisation
(C/N) [41]. Both the H/C and O/C ratios decreased with increased pyrolysis temperatures,
indicating a more condensed and stable biochar with fewer oxygen functional groups [41].
The C/N ratio varied slightly with increased pyrolysis temperatures, suggesting that those
biochars will lead to increased N immobilisation in soils.

Analysis of the inorganic content in biochars compared with that of the EGM feedstock
gave insight into the enrichment of biochars with inorganic elements, particularly Ca
(13,600–16,500 ppm), Mg (2430–2950 ppm), P (6460–7560 ppm) and K (24,500–28,200 ppm).
As shown in Table 5, increasing the pyrolysis temperature from 450 to 550 ◦C resulted in
higher inorganic contents. This includes Al, Ca, Fe, K, Mg, Na, P and Si.

The TG and DTG thermograms of the three biochars are presented in Figure 5. For the
three samples, the following two main regions of weight loss were observed: the lower
temperature loss (25–150 ◦C) corresponds to the desorption of water, while the higher
temperature loss, between 400 and 900 ◦C, could be attributed to the release of volatile
organic compounds or/and loss of mineral compounds/salts not released during the
pyrolysis process at a low temperature. As expected, the greater mass loss occurs for the
biochars pyrolyzed at lower temperatures. By examining the DTG thermogram, EGM500
and EGM550 biochars gave a single DTG peak located at around 650 ◦C with a very small
shoulder at 700 ◦C. EGM450 has an additional DTG peak located at a lower temperature,
around 550 ◦C. This peak can be attributed to the presence of a small fraction of lignin that
might not be totally decomposed during the pyrolysis process.
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Figure 5. TG and DTG curves of EGM-based biochars.

Proximate analysis of the three biochar (Table 5) gave a high fixed carbon content
ranging from 68 to 73 wt. %, a volatile matter ranging from 17 to 23 wt. % and a high
ash content ranging from 9 to 10 wt. %. Fixed carbon and ash contents increased with the
temperature while the volatile matter decreased. The high ash content (when compared
with wood-derived biochars [42,43]) in the three biochars can be attributed to the high
ash content found in the EGM feedstock, which is about 6 wt. %. Considering the above
results, the EGM550 biochar seemed to undergo more complete carbonisation, resulting in
a higher fixed carbon content, lower volatile matter and lower H/C ratio, and, therefore,
higher stability.

The specific surface area, the micropore volume and the mean pore size of the different
biochars were calculated starting for the CO2 adsorption isotherms and presented in Table 5.
The micropore volume increased with the increasing pyrolysis temperature from 0.091
to 0.116 cm3 g−1. The BET surface area followed a similar trend, increasing from 170 to
219 m2 g−1. Figure 6 shows the presence of micropores with a pore size between 0.4 and
1 nm. The micropore size distribution curve of the biochar samples showed a tri-modal
pore size distribution. The ultra-microporous structure found in the biochars may arise
from the release of gases during the pyrolysis process.

Figure 6. (a) Adsorption isotherms of CO2 at 0◦ and (b) pore size distribution for EGM-based biochars.
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The XRD patterns of the different biochar samples are shown in Figure 7. They show
a broad band centred at around 23◦ 2θ (3.8 Å) and corresponding to amorphous carbon.
Calcite (CaCO3) and quartz (SiO2) were the two major crystalline phases identified in the
biochar samples. The presence of carbonate and quartz crystalline phases is consistent
with their elemental composition. Calcite could have formed during the pyrolysis process
via the hydration and carbonation of Ca oxide [44]. Some minor peaks of crystalline
whewellite (calcium oxalate, Ca(C2O4) H2O) were detected in the XRD pattern of the
biochar produced at 450 ◦C. Calcium oxalate in biochar has been suggested to derive from
the biomass feedstock. Whewellite peaks were absent in EGM500 and EGM550 due to its
decomposition (at 479 ◦C) into calcite at a high pyrolysis temperature [45]. Most of these
salts are highly soluble and could increase the biochars’ alkalinity [44].

Figure 7. XRD patterns of EGM-based biochars (Cal: Calcite, Qtz: Quartz, Whe: Whewellite).

The SEM images (Figure 8) revealed a heterogeneous and porous structure of EGM-
based biochar particles. The heterogeneity feature is derived from the complex composition
of grape marc (seeds, stalks and skins). On the other hand, the porous nature of these
materials originates from the precursor plant cellular structure of EGM and from the gas
evolved during the pyrolysis process [41]. The EDX spectra (not shown) indicate that
the chemical compositions of the different structures are similar. The presence of carbon,
oxygen, calcium and potassium can be readily detected.

The pH values of the EGM-based biochars are given in Table 5. All the produced
biochars had an alkaline pH (>10). This basic characteristic arises from both their chemical
composition and their surface chemistry. Indeed, during pyrolysis, acidic functional groups
(oxygen-containing groups) are removed and alkali and alkaline earth elements concentrate,
resulting in a higher pH value [41].

3.4. Qualification of EGM-Based Biochar as a Potential Candidate for Soil Amendment

Biochar is recognised as a potential soil amendment. Its properties, such as high
organic C, high mineral content of macronutrients (Ca, K and P) and micronutrients (B, Mn,
Cu, Zn, Fe, Mo and Mg), porous structure, high and active surface area and high cation
exchange capacity have been highlighted as soil improvers [41,46]. Moreover, the effect of
biochar on soil pH is beneficial for ameliorating acid soils. In this study, biochars derived
from EGM were found to meet the requirements relating to agricultural applications. The
required characteristics include high organic carbon content, low ash and volatile matter
contents, porous structure, high surface area and high pH value. In addition, the biochar
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material must meet the soil toxicity assessment thresholds. Thermal and proximate analysis
revealed that the pyrolyzed biochars have a high fixed carbon (>68 wt. %), low volatile
matter (<23 wt. %) and high ash content (9–10 wt.). The high fixed carbon content is a good
indicator of the biochar’s stability and ability in sequestering carbon. The volatile matter
is generally considered as an organic contaminant that may be released from biochar in
soil. Diminishing the volatile matter content in biochar is always essential to minimise
the risk of soil contamination and its related effects on microbial populations and plant
growth [41,46]. In terms of chemical composition, the produced biochars have shown a
high carbon content (≥77.5 wt. %), and very low values for both O/C and H/C ratios.
Such information serves as a key indicator for the carbon sequestration potential of the
produced biochars [28,41]. Mineral analysis results have revealed a high mineral content
of macronutrients (Ca, K and P), in accordance with SEM-EDX analysis. These results are a
good indicator of the nutrient value and the substantial fertiliser value of these biochars.
CO2 adsorption and SEM analysis provided valuable insight into the textural and structural
properties of the biochars. The microporous nature of these materials and their relatively
high surface areas would enhance their sorption capacity (water and added nutrients),
while their microporosity will provide suitable habitats for micro-organisms colonisation.
The biochars produced from EGM were all alkaline with pH, which made them more
suitable for acid soils.

Figure 8. SEM images of (a) EGM450, (b) EGM500 and (c) EGM550 biochars.

The biochars properties show a qualitative dependence to the temperature of produc-
tion. A clear correlation cannot be established due to the complex matrix of biochars and
the influence of other parameters (inorganics catalytic impact, granulometry, etc.) on the
pyrolysis process and consequently on the biochars characteristics. Nevertheless, certain
behaviours can be underlined; concerning the elemental composition, higher pyrolysis
temperatures led to a higher carbon content and lower H, O and N contents. For the
proximate analysis, higher pyrolysis temperatures generated biochars with a higher fixed
carbon content and a lower volatile matter content. For the textural properties, higher
pyrolysis temperature resulted in accentuated microporous structures. Additionally, as the
pyrolysis temperature increases, the content of minerals is increased due to concentration.
In addition, the effect of the pyrolysis temperature on biochar properties, particularly the
chemical and textural properties, was more pronounced at the highest temperature. The
lowest pyrolysis temperature (450 ◦C) produces a less condensed biochar structure, which
is expected to be more biodegradable. The highest pyrolysis temperature (550 ◦C) produces
a more stable biochar with a high microporous structure.
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3.5. Plant Growth Study

The impact of the biochars on ryegrass growth has been firstly evaluated by measuring
the plant growth dry mass after 4 weeks (see Figure 9). The plant growth was clearly
affected by the type of biochar added to the soil. When compared to the control samples
(modality M1), the ryegrass dry mass obtained in the pots containing EGM550 biochar
was lower (1.14 g) than that obtained with the control samples (1.61 g). No effect on the
ryegrass dry mass could be evaluated in the presence of the EGM500 biochar, with an
average plant growth dry mass of 1.62 g. On the other hand, a clear benefit related to
the addition of EGM450 biochar has been observed; the dry mass was improved by 16%
with respect to the control sample and reached 1.87 g. The reduction in the plant growth
dry mass when EGM550 was added can be explained at first by the effects of biochar on
soil N dynamics [47]. The plant-available N pool (by comparing the C/N ratio, which is
often used to predict mineralisation and N release in soils) was lower; the application of
biochar produced at a high temperature (550 ◦C) induced a higher net N mineralisation
and lower N immobilisation than those produced at low temperatures (≤550 ◦C); as a
result, the biochar produced at a low temperature (450 ◦C) induced less mineral N leaching
loss and greater soil N retention, resulting in a higher plant growth dry mass. Secondly, the
carbon matrix reorganises at higher temperature and can incorporate certain minerals in the
structure. They cannot be easily released as in the biochars prepared at lower temperature
and then they cannot be assimilated by the plant.

Figure 9. Average plant growth (on dry mass basis) for the pots containing EGM biochars prepared
at different temperatures (blue) and the control sample (yellow).

The pyrolysis temperature has already been identified as a key parameter for opti-
mising the biochar features adapted to agro applications [21]. In a previous study [48], an
EGM pyrolysis temperature between 400 and 500 ◦C was identified as the best temperature
range for producing biochars that are able to release the minerals at an optimum rate, as
determined by leaching experiments at a laboratory scale. The present results consolidate
the previous observations in terms of plant growth. Even if the present plant growth
experiments are targeted on K loading, synergetic effects, such as the water retention, the
realising of other minerals and the biological and structural modification of the soil, can
affect the growth performance.

4. Conclusions

Biochar production and characterisation provided in-depth knowledge of the chemical
and physical characterisation of the produced biochars. Through the results of this study,
it was found that the pyrolysis temperature impacts the pyrolysis yields, the biochar
thermal stability, the development of surface area, the mineral composition and, to a lesser
extent, the ash content. The pyrolysis of exhausted grape marc at a medium temperature,
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between 450 and 550 ◦C, could be considered as a sustainable pathway to manage winery
industry wastes, while achieving the economic efficiency of the production process once
implemented in different applications. Biochars prepared at a pyrolysis temperature below
500 ◦C have been demonstrated to be promising as an agricultural amendment. The use of
biochar in this field is crucial in decreasing the environmental pollution caused by synthetic
amendment, reducing the global-carbon emission and improving the soil quality (i.e.,
water retention).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/su132011187/s1, Figure S1. Effects of pyrolysis temperature on the pyrolysis behaviour of
EGM (weight loss vs time).
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Abstract: A two-stage continuous process was developed for improved silica extraction from rice
husk. The two-stage continuous process consists of attrition ball milling and alkaline leaching
methods. To find the optimum conditions for the continuous process, the effects of alkaline leaching
parameters, such as the alkaline solution type and reaction conditions, on the silica extraction yield
were investigated in a batch process. The use of NaOH showed a slightly higher silica yield than KOH.
The optimum reaction conditions were found to be 0.2 M, 80 ◦C, 3 h, and 6% (w/v) for the reaction
concentration, temperature, duration time, and solid content, respectively. Attrition ball milling was
used to make micron-sized rice husk particles and to improve the fluidity of the rice husk slurry.
The two-stage continuous process was performed using optimum conditions as determined based
on the results of the batch experiment. The two-stage continuous extraction was stably operated
for 80 h with an 89% silica yield. During the operation, the solid content remained consistent at 6%
(w/v). The obtained silica was characterized using inductively coupled plasma–optical emission
spectrometry (ICP–OES), X-ray diffraction (XRD), and the Brunauer–Emmett–Teller (BET) method.

Keywords: silica; rice husk; alkaline leaching; continuous process; biomass; bio-based material

1. Introduction

Rice is a major agricultural product across the world, and its annual production was
approximately 996 million tons in 2018 [1]. Rice husk accounts for 20% of rice byproducts [2]
and has various applications in different industries, e.g., (a) as an industrial fuel for paddy
processing and in the generation of process steam in power plants; (b) as a fertilizer and
substrate or pet food fiber; (c) as an ingredient for the preparation of activated carbon or
substrate for silica and silicon compound production, and (d) as raw material for brick
production [3,4]. Rice husk is composed of approximately 70–80% organic substances such
as cellulose, hemicellulose, and lignin, and the remaining 20–30% comprises inorganic
compounds [5,6]. A major inorganic component is silica, which accounts for approximately
95% of the inorganic compounds. The silica in rice husk is amorphous and has a colloidal
state in water. Silica is an industrial material that is highly utilized as an additive for
catalysts, insulation, toothpaste [7], coating solutions [8,9], and cosmetics [10]. The use
of “biosilica” (rice husk-derived silica) as an alternative for silica in various industrial
applications would mitigate high energy consumption, natural resource depletion, and
greenhouse gas emissions [3].

Two approaches are used to extract silica from rice husk: combustion and chemical
treatment. Direct combustion is the most popular method and is conducted in open fire
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stoves or boilers. During burning, rice husk is oxidized, resulting in ash products. This is
the simplest method to obtain inorganic compounds from rice husk. The inorganic com-
pounds, so-called rice husk ash, can be converted into soluble sodium silicate by reacting
with aqueous sodium hydroxide [11]. Lee et al. used sulfuric acid to remove organic com-
pounds from rice husk before combustion [5]. Sulfuric acid dissolves most celluloses and
hemicelluloses, which are discarded by separating liquids from solids. The acid treatment
improved the purity of silica finally obtained. Hincapié-Rojas et al. obtained submicron
silica particles from rice husk by subsequent treatments of combustion, acid leaching, and
mechanical ball milling [12]. Souza et al. compared the use of hot organic acid and boiling
water before combustion to obtain high-quality silica [13]. Chemical extraction is adopted
for environmentally friendly extraction. The chemical extraction method consists of acid
treatment and an alkaline leaching step [14]. In the chemical extraction method, several
chemical routes are used to achieve highly efficient silica extraction [14–17]. Zulkifli et al.
combusted rice husk to obtain rice husk ash, followed by acid and alkaline leaching [17].
Chun et al. directly treated rice husk with sulfuric acid to leach metallic impurities, fol-
lowed by combustion to remove organic residual compounds; afterward, high-purity silica
was dissolved in sodium hydroxide to control the size and pores in silica particles [14].
In their study, 99.8% silica purity was obtained. Costa and Paranhos converted rice husk to
rice husk ash (RHA) by combustion. The rice husk ash was dissolved in concentrated sulfu-
ric acid, followed by treatment with alkaline solution to obtain sodium silicate. Nanosilica
particles were synthesized by precipitation using phosphoric acid [15]. Song et al. em-
ployed the Taguchi method to obtain surfactant-free synthesis of high surface area silica
nanoparticles from rice husk [16]. The Taguchi method was efficient for designing factorial
experiments with a minimum number of experiments. Regardless of the specific chemical
route used, the alkaline leaching step is critical for obtaining high-purity silica from rice
husk [6].

This study developed a two-stage continuous silica extraction process from rice husk
using attrition ball milling and alkaline leaching methods. A continuous process has several
advantages over a batch process, namely production of a narrow specification product,
reduced production cost, and increased productivity. Rice husk has a very low density,
within the range 90–150 kg/m3 [18], and conveying is usually conducted by a pneumatic
conveying system [19]. In this study, rice husk was ground into micron-sized particles
and mixed with a sodium hydroxide solution to make a rice husk slurry. The rice husk
slurry can be easily conveyed by a fluid pump and continuously reacted to leach silica from
rice husk. In addition, alkaline leaching was performed under an atmospheric pressure,
which is safe to apply in a rice mill where rice husk is generated. Therefore, this study is
an initial step toward the field application of a silica extraction process using rice husk.
The circular bioeconomy has gained attention as a key concept for sustainable technical
cycles. The circular bioeconomy focuses on the valorization of biomass in integrated
production chains and making use of residues [20]. Currently, biomass valorization focuses
on valorizing the organic fraction of biomass [21]. However, the valorization of ash content
is also important and has the potential to extract more value from biomass. In this respect,
this study is worthwhile to extend the area of biomass valorization and, ultimately, promote
the facilitation of circular bioeconomy.

2. Materials and Methods
2.1. Materials

Rice husk was kindly supplied by a rice processing facility in the Chungbuk region,
Rep. Korea, which was harvested in 2019. Sodium hydroxide powder (97%), acetic acid
(99.5%), and potassium hydroxide (93.0%) were purchased from Daejung Chemicals & Met-
als Inc. (Goryeong, Korea). Sodium hydroxide powders were dissolved in distilled water
and used in the experiments; the others were used as received without further purification.
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2.2. Alkaline Leaching Process

Before using the rice husk, it was washed with deionized water three times and dried at
80 ◦C overnight. After drying, the rice husk was immersed in an alkaline solution (sodium
hydroxide or potassium hydroxide) and thoroughly mixed to allow sufficient soaking in
the solution. The sample was moved to a heating oven (ThermoStableTM “OF-105”, Daihan
Scientific, Wonju, Korea) set at a specific temperature for reaction over a given reaction
time. After reaction, the solids were separated from the solution using vacuum filtration
(Circulating Aspirator (WJ-15, SIBATA, Saitama, Japan)) and filter paper (Whatman No. 41,
20~25 µm, Maidstone, UK). To measure the leached ash, acetic acid was added to the
solution to adjust the pH to 7.0, which was stirred at 300 rpm overnight. The precipitation
was washed three times with deionized water at 4000 rpm for 10 min. The washed
precipitation was dried at 80 ◦C overnight. The organics such as hemicellulose and lignin
were leached during the alkaline leaching process and contained in the precipitation.
Therefore, the washed precipitation was calcined at 900 ◦C for 6 h to remove the organics
in the precipitation. The silica yield was calculated using Equation (1) below:

Silica extraction yield (%) =
(Weight o f ash precipitated × silica purity)
(Weight o f Rice husk ash × silica purity)

× 100 (1)

To find the optimum alkaline leaching conditions, four experimental parameters—the
solid content, alkaline reaction concentration, temperature, and duration—were optimized.

2.3. Attrition Ball Mill

An attrition pulverizer (Korea powder system Co., Ltd., Incheon, Korea) previously
developed for lignocellulosic pretreatment [22] was used to prepare micron-sized rice husk
particles. One-third of the inner space was filled with rice husk, while another third was
filled with grinding steel balls (10 mm in diameter). Alkaline solvent was added to the
grinding jar. The rice husk was pulverized under wet-grinding conditions at 300 rpm
for 20 or 30 min. After milling, the rice husk was transferred to 1 mm shaking sieve
(Aanlysette3, Fritsch GmbH, Idar-Oberstein, Germany) and shaken for 1 min to separate
the pulverized rice husk particles from the grinding balls.

2.4. Two-Stage Continuous Silica Extraction Process

A schematic diagram of the continuous silica extraction process is shown in Figure 1.
The continuous extraction process consists of two steps: pulverization and alkaline reaction.
At the pulverization step, rice husk was pulverized to make fine rice husk particles and to
increase the fluidity. In the continuous process, rice husk was pulverized in an alkaline
solvent at 300 rpm for 20 min and stored in a reservoir after separating from grinding
balls. The reservoir was stirred at 600 rpm using an electronic overhead stirrer (MS 3060D,
MTOPS, Yangju, Korea) to prevent the rice husk particles from settling down. The rice
husk slurry in the reservoir was continuously fed into a reactor using a peristaltic pump
(BT100S, Lead Fluid Technology, Co., Ltd., Baoding, China). The reactor was stirred at
400 rpm and 80 ◦C. The outlet sample was collected and separated using a vacuum filter
and filter paper (Whatman No. 41, 20–25 µm, Maidstone, UK) for calculating the silica
yield, which was calculated as described in Section 2.2. For measuring the solid content,
10 g of the rice husk slurry was sampled at the outlet of the reservoir every 8 h. The sample
was kept in a heating oven (ThermoStableTM “OF-105”, Daihan Scientific, Wonju, Korea)
set to 105 ◦C for 24 h. The solid content was calculated by using the weight difference
before and after drying.
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Figure 1. Scheme of the continuous silica extraction process.

2.5. Analytical Methods

The compositions of rice husk, carbohydrates and lignin, were measured according to
the standard procedure provided by National Renewable Energy Laboratory (NREL) [23].
The compositions of rice husk were compared between before and after extracting to
calculate the quantities of extracted carbohydrates and lignin. The inorganic chemical
composition was determined by using inductively coupled plasma–optical emission spec-
trometry (ICP–OES; Optima 5300DV, PerkinElmer, MA, USA). X-ray diffraction patterns
were obtained using X-ray diffraction (XRD; D/Max 2500/PC, Rigaku, Tokyo, Japan).
The surface areas of the obtained silica were calculated from the measured isotherms
according to the Brunauer–Emmett–Teller (BET) method, and the pore volumes were taken
at the P/P0 = 0.995 single point using a Micromeritics Tristar 3200 system (Micromeritics
Inc., Norcross, GA, USA). The pore size distributions of the silica were calculated using
the Barrett–Joyner–Halenda (BJH) method from the adsorption branches of the isotherms.
The rheological properties of the pulverized rice husk slurry were analyzed using a stress-
controlled rotational rheometer (MCR 702, Anton Paar, Graz, Austria) with a C-PTD200
(Cup-Peltier Temperature Device).

3. Results and Discussion
3.1. Optimization of Alkaline Leaching Conditions

For extracting silica from rice husk, two alkaline solutions, NaOH and KOH, were
used and their performance compared. Both are popularly used alkaline solutions and
have similar properties. The performances of various concentrations of NaOH and KOH
solutions were compared to assess which would be optimal for leaching. Figure 2a presents
a comparison of the performances of the two alkaline solutions regarding silica leaching
from rice husk depending on their concentrations. Both showed similar extracting yields,
but there was a slight difference. At 0.1 M concentration, the silica extraction yields were
1% and 30% for NaOH and KOH, respectively. The use of KOH showed a higher extraction
yield at 0.1 M concentration. As the concentration of the alkaline solution increased, the
extracting yields increased up to a certain point. Over this point, the extracting yields were
saturated and did not increase further, even when the alkaline concentration increased.
When NaOH was used, the silica yield became saturated starting from 0.2 M, with an
approximately 79% yield. When KOH was used, saturation of the extracting yield was
approximately 77%, starting from 0.5 M KOH. Therefore, NaOH can be used at a lower
concentration than KOH while obtaining a slightly higher yield.
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Figure 2. Comparison of the silica extraction yield depending on (a) the type of alkaline solution, (b) the alkaline leaching
reaction time, (c) the temperature, and (d) the solid content.

When using NaOH, similar silica extraction yields were found for 0.2 and 0.5 M—
79.3% and 79.9%, respectively. Therefore, both concentrations were tested for optimizing
the reaction time, temperature, and solid content. Under the conditions of 80 ◦C reaction
temperature and 6% (w/v) solid content, five reaction times—1, 2, 3, 4, and 5 h—were
investigated to determine the optimum reaction time. As the reaction time increased, the
silica yield increased up to 3 h (Figure 2b). At reaction times over 3 h, the yield did not
increase further (Figure 2b). At 3 h reaction time, no significant difference in yield was
observed between use of 0.2 and 0.5 M concentrations. The optimum reaction temperature
was determined among six chosen temperatures. At the temperature of 25 ◦C, only a small
quantity of silica leached from the rice husk into the NaOH solution: 1.4% and 14% for
0.2 and 0.5 M, respectively (Figure 2c). At 60 ◦C, the silica yields increased to 68.4% and
63.6% for 0.2 and 0.5 M, respectively. Over 70 ◦C, the silica yield did not significantly
increase, even when the reaction temperature was increased. The yield over 70 ◦C was
approximately 80%. In the reaction temperature tests, there was no significant difference
between 0.2 and 0.5 M. The solid content is related to reaction volume, which determines
the reactor size. As the solid content increased, the silica yield decreased because of a lack
of NaOH compared to Si (Figure 2d). Typically, there was tendency for a higher decrease in
silica yield for 0.2 M compared with 0.5 M. The highest silica yield was found at 6% (w/v):
79.3% and 79.9% for 0.2 and 0.5 M, respectively.
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3.2. Preparation of Rice Husk Slurry for Continuous Process

For application in a continuous process, rice husk should be continuously supplied
to a reactor. Rice husk has a very low density and is usually conveyed by a pneumatic
conveying system. In this study, rice husk slurry was prepared to easily convey the sample
by a fluid pump. To prepare the rice husk slurry, rice husk was pulverized in NaOH
solution by attrition ball milling. The rice husk had a diameter of approximately 6–7 mm
before milling. After ball milling, the size of rice husk was drastically reduced, the extent of
which was mainly related to milling time. However, the alkaline concentration also slightly
affected the size reduction. The mean diameter of the rice husk particles was 228.9 and
139.0 µm for 20 and 30 min of milling, respectively, when it was treated with 0.2 M NaOH.
When 0.5 M NaOH was used, the mean diameter was 218 and 78.1 µm for 20 and 30 min of
milling, respectively. The size distribution of the rice husk after 20 min of milling showed
a bimodal curve, with peaks being observed at approximately 77 and 777 µm (Figure 3).
However, the peak around 777 µm reduced and shifted to 77 µm as the milling time was
increased to 30 min. This result indicates that the size of rice husk particles became more
homogenous as the milling time increased. The increase of milling time effectively reduced
the portion of larger particle sizes. The concentration of NaOH also affected particle size
distribution, but not as much as milling time. When comparing 0.2 and 0.5 M NaOH
with 20 min milling time, 0.5 M NaOH showed a lower peak on 777 µm and a higher
shoulder on 23 µm when compared to 0.2 M NaOH. In the 30 min milling condition, both
samples of 0.2 and 0.5 M NaOH showed a monomodal curve. However, the graph of 0.5 M
NaOH treatment showed a higher peak than 0.2 M NaOH. This result indicates that the
size distribution of the rice husk particles was affected mainly by milling time and partially
by NaOH concentration.

Figure 3. Size distribution of the pretreated rice husk under the conditions of (a) 0.2 M NaOH and (b) 0.5 M NaOH. Dash
and line indicate 20 and 30 min milling, respectively.

Figure 4 shows the rheological properties of the pulverized rice husk slurry with a
6% (w/v) solid content. The viscosity of the slurry solutions decreased as the shear rates
increased. The viscosities of all samples decreased as the shear rate increased, indicating
shear thinning. The untreated sample showed higher shear stress and viscosity than the
treated samples (Figure 4). The shear stress and viscosity of a slurry are closely related to
the particle size [24–26]. In general, the shear stress and viscosity of the slurry increased
as the particle size increased, especially at low shear rates. In this study, the untreated
slurry contained 6–7 mm rice husk particles. The rice husk particles were soaked with
alkaline solution, meaning the larger particles could have been heavier than the smaller
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particles because of soaking up more of the alkaline solution and, thus, needed stronger
force to be moved. Therefore, the untreated rice husk slurry showed higher shear stress
and viscosity through the range of shear rate (Figure 4). As the particle size decreased, the
shear stress and viscosity reduced. In Figure 4, the ball-milled samples show drastically
reduced shear stress and viscosity. This indicates that the ball-milled rice husk slurries
needed less force to be moved than the untreated slurry. The ball mill used in this study
improved the fluidity of the rice husk slurry and made conveying rice husk easy.

Figure 4. Rheological properties of the rice husk slurry before/after ball milling and shown as a function of shear rate:
(a) viscosity and (b) shear stress. The ball-milled rice husk slurry was prepared by ball milling for 20 min with 0.2 M NaOH.

3.3. Continuous Silica Extraction Process

The continuous silica extraction process was performed using conditions based on the
results of the batch experiments. The milled rice husk slurry with 0.2 M NaOH solution
was stored in a reservoir and continuously supplied to a reactor. For stable operation in a
continuous process, the solid content should be steadily supplied to the reactor because
the quantity of raw material for silica should be constant during the process. Initially, a
separate set of experiments was performed to measure the solid content. At every 8 h,
samples were collected from the outlet of the reservoir. The first sample, obtained 8 h after
starting the continuous process, showed a 6% (w/v) solid content. During the period of
the continuous process, the solid content was steady, approximately 6% (w/v) (Figure 5).
As previously mentioned, the ball mill used in this study improved the fluidity and enabled
a steady supply of the rice husk slurry.

Figure 5. Silica extraction yield and solid content in the continuous process depending on process time.
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Initially, the rice husk slurry was reacted for 3 h before starting the continuous process.
After the reaction, the yield of the silica extraction was 77% (Figure 5). After starting the
continuous supply of the rice husk slurry, the silica yield increased to 90%. This could be
due to extended reaction time for the initially filled sample. After starting the continuous
process, the silica extraction yield slightly decreased, but reached a steady state after 24 h.
After reaching a steady state, the silica yield was constant, indicating that the process was
stable. In this study, the continuous silica extraction was performed for 80 h and the process
was stable during the operation, with 89% silica yield.

Usually, the alkaline pretreatment was performed for delignification. Therefore, the
continuous process used in this study could remove carbohydrates and lignin. The com-
positions of rice husk before the NaOH leaching were 52.8 wt% carbohydrates, 29.6 wt%
lignin, and 12.9 wt% ash (Figure 6). The continuous silica extraction reaction used in this
study leached 21.3% carbohydrates, 30.6% lignin, and 84.2% ash into the NaOH solution.
After precipitation and calcination, about 89% of silica in the rice husk was recovered. This
two-stage alkaline leach strategy is capable to produce a de-ashed rice husk slurry which is
more suitable for further biorefinery, a silica-rich by-product for high-value applications,
and an extracted carbohydrates/lignin mixture for further valorization.

Figure 6. Mass balance of the continuous silica extraction process used in this study.

3.4. Characterization of the Silica Obtained from the Continuous Extraction Process

The extracted silica from the continuous process was characterized after precipitation.
Originally, the purity of silica in the rice husk ash was only 93.1% (Table 1). The rice husk
ash contained high impurities such as CaO, MaO, and K2O. After alkaline leaching, the
silica purity increased to 98.5%. The main impurity was Na2O, which increased from 0.08%
to 0.96% after the NaOH leaching. Considering the increase in Na2O content after the
NaOH leaching, it is possible that the sodium in the NaOH solution was precipitated and
that it could be reduced by applying stringent washing steps.

Table 1. Inorganic composition of the raw material ash and the extracted ash.

Sample SiO2 Al2O3 CaO MgO Na2O K2O SO3

Rice husk ash (wt%) 93.1 0.05 1.52 0.65 0.08 0.84 0.09
NaOH-treated (wt%) 98.5 0.07 0.01 0.01 0.96 0.04 0.01

The crystallinity of the obtained silica was investigated using XRD. The XRD patterns
of the silica samples obtained from both the rice husk ash and the continuous processes
showed a broad diffraction near to 20◦, which is typical for amorphous silica (Figure 7).
In the XRD pattern, no crystalline structure of silica was found, and continuous alkaline
leaching did not cause any crystallinity changes. The phase of silica is determined by the
combustion temperature [27]. Over certain temperature, the phase transformation starts
but the crystallization temperature varied depending on the composition of rice husk ash.
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In this study, the calcination was performed at 900 ◦C for 6 h to remove residual moisture
and volatile compounds. The calcination did not cause any crystallinity changes of rice
husk silica.

Figure 7. X-ray patterns of silica samples obtained from rice husk ash (black) and the continuous
process (red).

The surface area and pore volume of the silica obtained from the continuous process
were 1.973 m2/g and 0.004 cm3/g, respectively (Figure 8). A previous study reported that
the presence of metal impurities, such as Na and K, causes surface melting and agglomera-
tion in the particles during combustion [28]. The surface melting and agglomeration led to
reduced surface area and pore volume. In this study, the content of Na2O in the silica ob-
tained increased due to the NaOH leaching and it could be the reason for low surface area
and pore volume. This study did not control the structure of silica. Therefore, an additional
process is required to obtain a highly specific surface area or well-defined nanostructures.

Figure 8. N2 physisorption isotherms of silica obtained from the continuous process.

4. Conclusions

A process for two-stage continuous silica extraction from rice husk was successfully
developed using alkaline leaching and attrition ball mill methods. The alkaline leaching
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conditions obtained in batch experiments were employed in the continuous process. The at-
trition ball mill treatment was used to obtain a rice husk slurry, which improved fluidity of
the sample. By applying alkaline leaching conditions and the ball mill-treated rice husk
slurry, continuous silica extraction from rice husk was stably operated, with 89% silica
yield and 6% (w/v) solid content for 80 h. An improvement in silica purity was obtained
from the continuous process, which increased to 98.5% when compared to rice husk ash.
The continuous process did not change the crystallinity or surface properties of the silica.

The continuous extraction process developed in this study would be beneficial for
product uniformity and process capacity. It is very easy to operate once the system has
been set up. Therefore, we expect that this method can be used in the field for the mass
production of rice husk silica.
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Abstract: Ashes from biomass heat (and power) plants that apply untreated woody biofuels may be
suitable for use as fertilizers if certain requirements regarding pollutant and nutrient contents are
met. The aim of this study was to examine if both bottom and cyclone ashes from 17 Bavarian heating
plants and one ash collection depot are suitable as fertilizers (n = 50). The range and average values
of relevant nutrients and pollutants in the ashes were analyzed and evaluated for conformity with
the German Fertilizer Ordinance (DüMV). Approximately 30% of the bottom ashes directly complied
with the heavy metal limits of the Fertilizer Ordinance. The limits were exceeded for chromium(VI)
(62%), cadmium (12%) and lead (4%). If chromium(VI) could be reduced by suitable treatment,
85% of the bottom ashes would comply with the required limit values. Cyclone ashes were high
in cadmium, lead, and zinc. The analysis of the main nutrients showed high values for potassium
and calcium in bottom ashes, but also relevant amounts of phosphorus, making them suitable as
fertilizers if pollutant limits are met. Quality assurance systems should be applied at biomass heating
plants to improve ash quality if wood ashes are used as fertilizers in agriculture.

Keywords: wood ash; fertilizer; heat and power plants; heavy metals; nutrients; German fertil-
izer legislation

1. Introduction

Combustion of wood in heat (and power) plants generates solid residues in the form
of ashes [1,2]. In the Federal State of Bavaria (i.e., Southeast Germany), a total of 30,000 to
60,000 t/a of wood ashes from untreated wood accumulates each year from plants with
an installed capacity of more than 1 MWtherm (calculated from the 2018 Energy Wood
Market Report of the Bavarian State Institute of Forestry (LWF)) [3]. Due to the physical
and chemical properties of these combustion by-products, suitable utilization strategies
might be recommended for their use as raw materials in the bioeconomy.

Depending on the point of origin of wood ashes in the heat (and power) plant, a
distinction can be made between different ash fractions. The ash accumulating in the boiler
is called “bottom ash” or “coarse ash”. In most cases, the ash from the heat exchangers is
also considered as part of the bottom ash. After the hot flue gas passes through the heat
exchanger, the air is usually cleaned by a cyclone in which the “cyclone ash” (also called
“coarse fly ash”) is separated. If the plant has an electrostatic precipitator, a fabric filter or a
flue gas condensation system, a third ash fraction, i.e., the so-called “filter ash” (also called
“fine fly ash”) or the “condensate sludge” is generated [1]. The following article focuses
on bottom ash and cyclone ash from grate-fired boilers as these are the most common ash
fractions in Bavarian heat (and power) plants.

The chemical composition of individual ash fractions depends on the fuel quality and
the plant technology [1,2]. Chemical elements such as plant nutrients (e.g., Ca, Mg) or
pollutants such as heavy metals vary in wood fuels depending on the species, but also on
bark content, the share of green biomass (i.e., needles/leaves), growing conditions, the
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degree of external contamination or dry or wet ash removal from the combustion unit [4–9].
Major and trace elements are volatile to varying degrees at temperatures that prevail within
the combustion chamber [1,10–12]. For instance, heavy metals such as Cd, Pb, Zn, and
Hg are highly volatile, while elements such as Cr or Cu have low volatility. Therefore, the
elements accumulate differently in bottom, cyclone or filter ash [10,13–15].

The material use of wood ashes as raw materials for the bioeconomy poses certain
challenges [16–18]. Complex legal frameworks, difficult ash logistics due to decentralized
accumulation, fluctuating product qualities and aspects of storage and occupational safety
are just some of the points that must be considered in this context [11,19–21]. In addition,
many utilization pathways are still under development or at the pilot stage [14,18,22,23]
and are not applied regularly. Consequently, ashes from biomass heat (and power) plants
are usually not perceived as by-products of the energetic use of wood. Thus, it is often not
regarded as a valuable intermediate for further processing but is classified as waste that
must be disposed at significant costs [24]. A survey conducted under the AshUse-project
showed that in the opinion of the heating plant operators the challenges for implementing
recycling of a functioning material include legal uncertainties, fluctuating ash qualities
and low economic revenues. In addition, operators often lack knowledge about quality
management strategies, such as how a defined ash quality can be reliably maintained and
verified [21]. The planned further work at TFZ will therefore focus on the area of quality
management in the production of wood ash at biomass heating (power) plants.

Wood ashes are already used to some extent as raw materials for various purposes in
Germany and in other European countries, and to some extent also in Northern America,
depending on the technical, economic, and legal circumstances and considering environ-
mental aspects. A relatively widespread application is the use of ashes as a fertilizer or as an
additive for fertilizer production for agricultural and forestry applications [11,15,20,25–29].
In Germany and Austria, suitable ashes are also added to composts [30,31]. In Austria, this
pathway is limited to a very low blending rate of 2% ash to the compost, which makes
this process uneconomical and no relevant quantities of ash are recycled via this route [30].
Instead, approximately 40% of the annually produced ash in Austria is processed by the
cement and building materials industry [30]. The use of ashes in road construction has
successfully been tested in research projects in Austria and Finland [22,32,33]. Tejada et al.
(2019) [34] investigated wood ashes as a source of raw materials in urban mining.

Heavy metal contamination, and in particular Cd in ashes, is seen as a major concern
in the use of ashes as fertilizers [16,35,36]. Limit values in other European countries are
considerably higher, especially for Cd [19]. There are regulations on specific parameters of
ash in individual countries. For example, in Germany, there is a limit value for Cr(VI) for
application on arable land [11,37], and in Denmark there is a conductivity limit value for
the eluate from ashes [38].

Many authors document the chemical composition of ashes used as fertilizers or soil
conditioners [10,11,19,20,24,26,28,29]. This is carried out by considering national conditions
regarding prevailing plant technology and legal requirements for the application of the
ashes. Due to the higher limits for heavy metals in ashes for fertilizer purposes in many
countries [19], higher contaminated mixed bottom and fly ashes or ashes from fluidized
bed combustion plants are also sometimes used as fertilizers [13,15,39,40]. In terms of
composition, these are often not comparable to the predominantly pure bottom ashes from
grate-fired furnaces, as they mainly occur in the study area [21] and are eligible for use as
fertilizer and soil conditioner under the German fertilizer law. Ash qualities of German
biomass heating plants are documented by Reichle et al. (2009) [16], Wilpert (2016) [11], and
Schilling (2020) [10]. Wilpert (2016) [11] and Schilling (2020) [10] examined bottom ashes
that were collected in the context of a quality assessment of bottom ashes for fertilizing
purposes. Therefore, rather less contaminated ashes than average may have been used.
The values of Reichle et al. (2009) [16] originate from before 2003, without giving any
further details on the sampled plants. Data on the ordinary ash quality of combustion
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plants according to the current state of the art are therefore missing. However, these data
are necessary to estimate the bioeconomic potential of an increased ash utilization.

Due to the high solubility of calcium oxide (CaO) in the ash, a pH shock is feared when
spreading in the forest, which negatively affects the soil flora and soil fauna. Therefore, the
ash often is pretreated before application. This process, the so-called “ash stabilisation” or
“ash hardening”, includes the addition of water followed by a storage period of several
months. Moistening and contact with atmospheric carbon dioxide causes a variety of chem-
ical transformations. Most importantly, the easily soluble calcium oxide (CaO) transforms
into the poorly soluble calcium carbonate (CaCO3) [11,12,24,38]. In large piles, this reaction
occurs only on the surface if there is no mixing [12,28].

In Germany, wood ash is mixed with lime dolomite and is then used for soil improve-
ment on arable and forestry land [11,41,42]. Wilpert (2020) [11] points out that the use of
wood ash-lime mixtures is particularly recommended where improved potassium supply
is desired and the alkaline effect is present. Since the solubility of the alkali salts remains
high even after ash hardening, the hardened ash should be protected from rain during
storage in order to prevent nutrient leaching. Another positive effect of humidifying the
ash and storing it for several months is the conversion of any toxic chromium(VI) into the
harmless chromium(III). Schilling (2020) [10] and Polandt-Schwandt (1999) [9] observed
this effect in the case of ash from combustion plants with a wet ash discharge system
where the hot ash was placed in a water bath and then discharged moist. Pelletizing and
granulation of wood ash also serve to reduce the reactivity of the wood ash. Auxiliary
materials such as cement or organic binders can be used in this process [28,43]. Pelletized
or granulated ash can be applied with conventional fertilizer spreaders [40]. Moistening of
the ash is not recommended if the ash is to be used as a substitute for quicklime— e.g., in
road construction. In this case, the ash must be stored dry [33].

Many authors emphasize the liming effect of ashes and mixtures with ashes on
agricultural and forest soils [11,24,28,44]. Katzensteiner et al. (2011) [45] describe the plant
availability of calcium and potassium from wood ashes as “high”, magnesium availability
as “medium” and phosphate availability as “low”. “Low” in this context means that less
than 10% of the total phosphate from wood ashes is available to the plant in the year
of application. In pot experiments, Kebli et al. (2017) [46] and Maltas et al. (2014) [47]
demonstrated the uptake of potassium from wood ash in ryegrass and sunflowers. In the
case of sunflowers, P uptake from the ashes was also observed.

An important prerequisite for approval as a fertilizer in Germany is compliance
with the heavy metal limits in the German Fertilizer Ordinance (DüMV) [42] and, if
applicable, the minimum nutrient contents required, depending on the fertilizer. If the ash
is mixed with biowaste or compost, the limit values of the German Biowaste Ordinance
(BioAbfV) [48] must also be complied with in certain cases [31]. Table 1 summarizes these
limit values. The DüMV also contains limit values for organic compounds (perfluorinated
tensides, dioxins and dioxin-like substances). These compounds are usually absent in
ash from biomass heating (and power) plants [10] and were not investigated in this study.
Currently, both bottom ashes and cyclone ashes (if the cyclone is not the last precipitation
unit in the plant) may be used for fertilizer production according to DüMV. Compared to
the application of wood ashes on farmland, 50% higher heavy metal limit values apply
to the application on forestry land. The Cr(VI) limit only applies to ash fertilization on
arable land.

Much uncertainty remains around the variability of wood ashes among plants or
within the same plant and which of these ashes might be suitable for application as
fertilizers in agriculture or for liming of forest soils. The aim of this study was to assess the
range and average values of nutrients and pollutants in ashes from individual Bavarian
biomass heat (and power) plants. This is an important prerequisite for an increase in ash
utilization as it is in in line with the Bavarian bioeconomy strategy [49].
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Table 1. Limit values or maximum contents (in brackets) for wood ashes according to the current
German Fertilizer Ordinance (DüMV) and Biowaste Ordinance (BioAbfV) (d.b. = dry basis).

Element Unit
Current National Limits

DüMV DüMV (Forest) BioAbfV

Arsenic mg/kg d.b. 40 60 -
Lead mg/kg d.b. 150 225 150

Cadmium mg/kg d.b. 1.5 2.25 1.5
Chromium, total mg/kg d.b. - - 100
Chromium(VI) mg/kg d.b. 2 - -

Copper mg/kg d.b. (900) (2000) 100
Nickel mg/kg d.b. 80 120 50

Mercury mg/kg d.b. 1 1.5 1
Thallium mg/kg d.b. 1 1.5 0

Zinc mg/kg d.b. (5000) (5000) 400
PFT mg/kg d.b. 0.1 0.15 -

I-TE Dioxines
and dl-PCB

ng WHO-TEQ/kg
d.b. 30 45 -

For this purpose, mainly bottom ashes but also mixtures of bottom and cyclone ashes
(due to individual ash handling at certain plants) and pure cyclone ashes from heat (and
power) plants with a thermal output of more than 1 MW were sampled and analyzed. The
cyclone ashes are used for comparison with the bottom ashes and for an estimate of how
the distribution of ash constituents could be influenced by plant operation.

2. Materials and Methods

A total of 17 biomass heat (and power) plants with an installed thermal capacity
between 0.8 and 31.6 MWtherm, as well as one centralized ash collection depot of several
small heating plants (plant ID 18), were selected for sampling. Table 2 gives an overview of
the sampled heat (and power) plants with thermal outputs, fuels used, ash samples and
plant IDs. The quality of the ashes varied due to different fuels, plant types or operating
parameters of the furnace. At 17 sites, pure bottom ash could be sampled. At one plant
(plant ID 1, TFZ), pure cyclone ash was sampled too. At five points, mixtures of bottom
ash and cyclone ash could be sampled, leading to a total of 50 ash samples (Table 2).
Depending on the ash management procedure, the storage duration of bottom ashes at
the heating plants varied considerably and ranged from a few days to several weeks. For
ten plants, sampling took place in two different heating seasons (winter 2018/2019 and
winter 2019/2020). Seven plants and the central ash collection depot were sampled only
once (n = 1). At the heating plant of TFZ (plant ID 1), a series of a total of 20 ash samples
was obtained over an entire heating period (12 × bottom ashes, 8 × cyclone ashes). For the
general analysis of variability between plants, mean values on ash quality per plant were
calculated, while individual samples were used to assess heterogeneity within one plant.
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Sampling was carried out directly at the heating plants in accordance with LAGA
PN 98 [50]. Thereby, it was necessary to prepare a representative sample for laboratory
analysis from several individual samples of the ashes stored at their respective locations.
The minimum volume of an individual on-site sample and of the laboratory sample
prepared by sample combination, homogenization and sample division depends on the
maximum grain size of the ash and was between 0.5 and 10 L. Fine-grained ashes have
a lower required minimum volume than coarse-grained ashes. The minimum number
of incremental samples results from the basic quantity of stored bottom ash or cyclone
ash. For example, up to a volume of 30 m3, at least eight individual samples should be
taken according to LAGA PN 98. During sampling, the individual samples were recorded
photographically (Figure 1).

Figure 1. Sampling of bottom ash according to LAGA PN 98 [50].

To obtain the laboratory sample from the individual samples, the samples were
combined and thoroughly mixed with a shovel. After that, the mixed sample was divided
into four even parts. Two of the four parts were discarded. The two remaining quarters
were combined again, carefully mixed and the laboratory sample of approx. 8 L was taken
from the mixture. Each sampling was documented on a sampling protocol.

The TFZ heating plant was an exception regarding sampling. Here, twelve individual
samples of bottom ash and eight individual samples of cyclone ash were collected to assess
variability of this plant over a complete heating season. To compare variation among
heating plants, results from the bottom ash analyses were combined mathematically by
calculating a theoretical mixed sample for the entire heating season.

The chemical analyses were performed by Wessling GmbH, Neuried, Germany. The
analysis included the following ash components with a fertilizing effect—the macronutri-
ents calcium (Ca), phosphorus (P), potassium (K) and sulfur (S), as well as the micronutri-
ents cobalt (Co), iron (Fe), manganese (Mn), molybdenum (Mo), sodium (Na) and selenium
(Se). The following heavy metals were analyzed: arsenic (As), lead (Pb), cadmium (Cd),
chromium (Cr), both as total content and as chromium(VI), copper (Cu), nickel (Ni), mer-
cury (Hg), thallium (Th), and zinc (Zn). In addition, pH, moisture content and loss of
ignition of the ashes were measured. Elemental concentrations of the ash were determined
mostly according to ISO standards. The dry residue was determined according to DIN EN
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12879 [51]. The ash samples were dissolved with aqua regia (DIN ISO 11466 1997-06) [52]
and analyzed by plasma mass spectrometry (ICP-MS) (DIN EN ISO 17294-2 (2005-02) [53].
Cr(VI) was determined according to DIN 19734 (1999-01) [54] The pH value in the solid was
analyzed according to DIN ISO 10390 (2005-12) [55] and the alkaline active components
according to VDLUFA Method Book Volume II.2, Method 4.5.1 [56].

3. Results and Discussion

Table 2 summarizes the results for the bottom ashes and the mixtures of bottom and
cyclone ashes. The results are given per heating plant and ordered from left to right with
ascending boiler output. In this order, the different combustion plants were also provided
with IDs. All plants except one used wood chips from natural wood as fuel, and one
plant used wood pellets. The analysis of the ashes included heavy metals, nutrients, pH,
moisture content and loss of ignition. The results refer to the dry mass and are given either
as concentrations (mg/kg d.b.) or as mass fractions (wt% d.b).

3.1. Quality of Bottom Ash

First, the results of the heavy metals in bottom ashes were evaluated in more detail
(Figure 2), followed by analysis of the nutrient contents (Figure 3). The mean values for the
relevant chemical elements and the physical ash properties per plant are given in Table 2.

Figure 2. Heavy metal contents in mg/kg (on dry basis) of the 26 bottom ash samples as point clouds and as boxplots
with 25% and 75% quantiles (box) and minimum to maximum values (whisker). Horizontal lines show the respective limit
values according to the German DüMV and BioAbfV.
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Figure 3. Main nutrients of the 26 bottom ashes (based on dry matter) as point clouds as well as boxplots with 25% and
75% quantiles (box) and minimum to maximum values (whisker). The numbers next to the boxplots are the mean values.

The results refer to dry basis (d.b.) and, for each element, the individual results are
shown as a cloud of points and as a boxplot with a minimum and maximum. The twelve
ash samples from the TFZ heating plant are included in the evaluation as one mean value
to avoid weighting effects. This results in a total number of n = 26 for the evaluation of the
variation of bottom ashes among plants. In addition, the limit values for agricultural and
forestry use according to the German DüMV and the limit values of the German BioAbfV
are indicated in Figure 2. Table 3 gives the results in numbers.

Table 3. Analytical results of heavy metal contents of 26 bottom ashes from Bavarian biomass heat (and power) plants with
an installed capacity of >1 MW (d.b. = dry basis).

Parameter Unit Min 1st Quantile Median Mean 3rd Quantile Max

Arsenic (As) mg/kg d.b. 5 5 5 6.5 5.6 27
Lead (Pb) mg/kg d.b. 2 2.8 5 20.2 11 260

Cadmium (Cd) mg/kg d.b. 0.2 0.4 0.4 1 1.2 4.8
Chromium, total (Cr) mg/kg d.b. 29 39 45 59 58 200

Chromium(VI) (Cr(VI)) mg/kg d.b. 1 1.3 2.7 7.2 5.5 42.3
Copper (Cu) mg/kg d.b. 5.8 39 60 64 90 150
Nickel (Ni) mg/kg d.b. 18 28 37 37 43 78

Mercury (Hg) mg/kg d.b. 0.1 0.1 0.1 0.1 0.1 0.1
Thallium (Th) mg/kg d.b. 0.2 0.2 0.2 0.3 0.4 0.8

Zinc (Zn) mg/kg d.b. 26 95 145 205 250 900

The limit values of the DüMV were exceeded in one sample for Pb (3%) and in
three samples for Cd (8%). These exceedances apply to the DüMV limit values of both
agricultural and forestry applications, although a 50% higher heavy metal content is
permissible for forestry applications (Table 1). Schilling (2020) [10] examined 334 ash
samples from 12 plants. He found exceedances for Pb in 1.9% of cases and for Cd in 1.6%
of cases. The author documented exceedances for Cr(VI) in just 6% of cases. This deviates
strongly from the values in the present study. For an application on agricultural land, a
limit value for Cr(VI) of 2.0 mg/kg applies, according to DüMV. This limit is exceeded by
62% of the examined bottom ashes. Additionally, Reichle et al. (2009) [16] point out that
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the Cr(VI) limit is frequently exceeded in bottom ash from wood combustion. The authors
recommend paying particular attention to Cr(VI) during the recycling of wood ash.

Ten heating plants were sampled twice in the current study, i.e., during winter
2018/2019 and during winter 2019/2020, and only two heating plants complied with
the limit value for Cr(VI) in both samples. These were plants with a wet ash removal
system (plant IDs 4, 14, 16), whereas all other plants used dry ash removal systems. For
the plants that used dry ash removal, at least one sample per heating plant exceeded the
limit value for Cr(VI). In three plants, the limit value was exceeded both times. Moistening
of bottom ashes provides the conditions for a chemical reduction of Cr(VI) into Cr(III) [9].
Pohlandt-Schwandt (1999) [9] and Schilling (2020) [10] state that wet bottom ashes are
low in Cr(VI). Therefore, moistening of bottom ashes is already often applied as a quality
management tool to improve bottom ash quality [9,57].

In contrast to DüMV, there is no limit value for Cr(VI) in the BioAbfV. However, some
of the other limit values in the BioAbfV are lower compared to DüMV and some bottom
ashes exceeded the values for copper (19%, n = 5), nickel (8%, n = 2) and zinc (15%, n = 4).

The DüMV limit value for Cd was exceeded by two plants (plant IDs 6 and 11).
Nickel and copper limits of BioAbfV were exceeded in each of the heating plants that were
sampled twice in one of the samples, while the BioAbfV limit value for zinc was exceeded
by both samples at one heating plant. Thereby, Zn was exceeded in all three ash samples
with exceeded Cd. Kovacs et al. (2018) [8] and Schilling (2020) [10] show that there is a
negative correlation between the concentration of volatile metals such as Cd, Pb or Zn and
the temperature in the combustion chamber. Therefore, higher temperature combustion
could probably solve the problem of Cd in bottom ash. Schilling (2020) [10] observed a
complete volatilization of Cd at an average temperature of above 750 ◦C in the combustion
chamber. The boiling temperature of Cd is 767 ◦C.

In total, only eight of the bottom ashes sampled complied with all heavy metal limit
values according to the DüMV and the BioAbfV (Table 1), directly. Assuming that Cr(VI)
can be sufficiently reduced by suitable treatments, e.g., by moistening the ashes [9,10], 85%
of the ashes (n = 22) complied with the limit values of the DüMV. A total of 54% of the
ashes (n = 14) also complied with the requirements of the BioAbfV regarding the maximum
permissible heavy metal concentrations.

Bottom ashes contain many nutrients that are relevant for plant growth [11,24,26,28].
The sum of the basic components (metal oxides and carbonates [24]) and the individual
values for calcium (calculated as CaO), potassium (calculated as potassium oxide K2O),
magnesium (calculated as magnesium oxide MgO) and phosphorus (calculated as phos-
phate P2O5) are shown in Figure 3 as point clouds and box plots. Table 4 shows the results
in figures together with the contents of the additional trace nutrients and other parameters.

First, a comparison is made with publications on ash quality from Germany and Aus-
tria. Since here the wood qualities and the technology of the CHP plants are quite similar
to the plants investigated. Reichle et al. (2009) [16] reported average nutrient contents for
bottom ash of 25 to 45 wt% for calcium oxide (CaO), 3 to 6 wt% for magnesium oxide (MgO)
and potassium oxide (K2O), each, and of 2 to 3 wt% for phosphate (P2O5). In the current
study, higher values were measured, especially for potassium oxide. Here, the mean value
is 6.3 wt% (d.b.) and 50% of the analytical results were between 4.5 and 7.5 wt% (d.b.).
Obernberger (1997) [58] also gives a higher value for K2O than Reichle et al. (2009) [16]
with 6.7 wt% d.b. as the average value for the content of potassium oxide in 12 bottom
ashes from the combustion of wood chips. The mean phosphate content in Obernberger
(1997) [58] is 3.6 wt% (d.b.) and thus about one percentage point higher than results in
this study.
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Table 4. Analytical results of trace nutrients and other parameters of 26 bottom ashes from Bavarian
biomass heat (and power) plants with an installed capacity of >1 MW (d.b. = dry basis).

Parameter Unit Min 1st
Quantile Median Mean 3rd

Quantile Max

Alkaline active
components (CaO) wt% d.b. 15.5 23.5 30.1 32.9 33.5 75.2

Calcium
(calculated as CaO) wt% d.b. 15 18.5 24 28.9 37.5 56

Magnesium
(calculated as MgO) wt% d.b. 1.4 2.4 3.9 3.9 4.5 10

Potassium
(calculated as K2O) wt% d.b. 2.3 4.6 6.3 6.3 7.5 12

Phosphorus
(calculated as P2O5) wt% d.b. 0.9 2.1 2.6 2.6 3.1 5.2

Total sulfur (S) wt% d.b. 0.0 0.1 0.1 0.1 0.2 0.4

Boron (B) mg/kg d.b. 0 92 145 148 195 330
Iron (Fe) mg/kg d.b. 5000 12,000 14,500 14,057 16,750 26,083

Cobalt (Co) mg/kg d.b. 4.1 9.1 12.5 13.0 15.8 28.0
Manganese (Mn) mg/kg DM 1000 4075 12,500 11,772 15,750 40,000

Molybdenum (Mo) mg/kg d.b. 2.0 2.7 5.0 4.1 5.0 7.0
Sodium (Na) mg/kg d.b. 970 2425 2750 3362 4181 8000
Selenium (Se) mg/kg d.b. 5.0 5.0 5.0 5.0 5.0 5.0

pH value - 12.3 12.7 12.8 12.8 12.8 13.3
Moisture content wt% 0.0 0.0 0.5 6.2 9.9 32.7
Loss on ignition wt% d.b. 0.0 0.0 0.0 0.6 1.3 3.6

The results indicate that the nutrient contents in bottom ash from wood combustion
can fluctuate over a wide range of values. The pH values of the ashes examined vary
between pH 12.3 (minimum) and pH 13.3 (maximum) (Table 2). They thus fluctuate quite
closely around the mean value of pH 12.8 and lie within the range of pH 11 to pH 13 given
by Reichle et al. (2009) [16] for wood ashes.

Most of the ashes were very dry, the median value of the moisture content is 0.5 wt%.
Nurmesniemi et al. (2012) [15] also notes this value for bottom ashes. Only the two plants
with wet ash removal raised the mean moisture content to 6.2 wt%. For the plants with a
wet ash removal system, the moisture content varied between 21 and 33 wt%.

Most of the ashes were completely combusted and showed only a low loss of ignition,
which amounted to 0.6 wt% on average and reached a maximum of 3.6 wt%. Thus, all
ashes remained below the value of 5 wt%. Therefore, it can be assumed that there are no
organic pollutants in the ash [16].

Looking at ash qualities that have been published beyond Germany and Austria,
similar contents for CaO, MgO, P2O5 and K2O have been reported by Okmanis et al.
(2015) [40] and Ingerslev et al. (2011) [20]. Considerably lower nutrient levels have been
published by Nurmesniemi et al. (2012) [13] and Hannam et al. (2018) [16] for bottom ashes.
Except for Cr (partly originating from the steels in the combustion chamber [20], the ash
constituents originate from the fuels [7,20]. These differences can therefore be partly due
to different fuel compositions. However, the main causes are differences in combustion
technology and different temperatures in the combustion chamber.

Table 5 correlates the bottom ash contents of the present study with the thermal power
of the combustion unit classified in <1 MW, 1 to 10 MW and >10 MW. The nutrient levels
of alkaline active substances (CaO), MgO, P2O5 and K2O decrease with increasing furnace
power due to higher temperatures in the combustion chamber. This is consistent with
the research of Okmanis et al. (2015) [40] who examined the ash from heating plants in
Lithuania. Additionally, Wilpert et al. (2016) [11] shares this observation and suggests a
mixture of ashes from large and smaller heating plants to increase the nutrient content in
fertilizers from wood ash.
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Table 5. Chemical composition (mean value and range) of the bottom ash according to thermal power
of the combustion unit.

Parameter Unit
Thermal Power of Combustion Unit in MWtherm,

n = Number of Units—Each Represented with One or
Two Samples

<1 (n = 3) 1–10 (n = 9) >10 (n = 3)

Arsenic mg/kg d.b. 5.0 (5.0–5.0) 7.6 (5.0–27.0) 6.9 (5.0–10.7)
Lead mg/kg d.b. 3.9 (2.0–5.0) 6.5 (2.0–16.0) 66.6 (3.9–150.5)

Cadmium mg/kg d.b. 0.3 (0.2–0.4) 1.2 (0.3–4.1) 0.6 (0.3–1.0)
Chromium, total mg/kg d.b. 53 (37–81) 69 (37–200) 48 (37–60)
Chromium(VI) mg/kg d.b. 12.2 (1.8–32.8) 8.7 (1.6–42.3) 1.3 (1.0–1.8)

Copper mg/kg d.b. 68 (51–100) 76 (45–150) 42 (29–54)
Nickel mg/kg d.b. 35 (18–45) 37 (28–50) 37 (21–62)

Mercury mg/kg d.b. 0.05 (0.05–0.05) 0.06 (0.05–0.10) 0.05 (0.05–0.06)
Thallium mg/kg d.b. 0.3 (0.2–0.4) 0.3 (0.2–0.5) 0.3 (0.3–0.3)

Zinc mg/kg d.b. 92 (46–120) 235 (37–500) 170 (145–205)

Lime (CaO) wt% d.b. 28 (21–38) 30 (16–51) 23 (19–31)
Alkaline active

substances (CaO) wt% d.b. 37.7 (30.6–49.0) 36.0 (19.2–69.1) 20.9 (17.7–23.8)

Phosphate, total
(P2O5) wt% d.b. 3.4 (2.9–4.1) 3.0 (2.1–5.2) 1.5 (0.9–2.4)

Potassium oxide,
total (K2O) wt% d.b. 9.8 (8.1–11.0) 6.4 (4.5–12.0) 4.3 (2.5–7.0)

Magnesium oxide,
total (MgO) wt% d.b. 4.4 (4.1–5.0) 4.2 (2.2–7.9) 2.4 (1.7–3.6)

Total sulfur (S) wt% d.b. 0.10 (0.04–0.14) 0.14 (0.04–0.34) 0.12 (0.05–0.25)
Boron (B) mg/kg d.b. 0.02 (0.00–0.05) 8.91 (0.00–82.50) 0.90 (0.30–1.76)

Iron (Fe) mg/kg d.b. 17,861
(9500–26,083)

12,255
(5200–17,000)

15,600
(11,300–21,000)

Cobalt (Co) mg/kg d.b. 13 (4–22) 14 (8–28) 13 (9–19)

Manganese (Mn) mg/kg d.b. 10,722
(2600–17,567)

15,355
(5500–40,000)

5383
(1450–13,000)

Molybdenum (Mo) mg/kg d.b. 4.9 (2.6–7.0) 4.3 (3.5–5.0) 3.5 (3.5–3.6)

Sodium (Na) mg/kg d.b. 4213.9
(2700.0–5500.0)

2983.5
(1135.0–6000.0)

3800.0
(2300.0–6550.0)

The bottom ashes which, apart from Cr(VI), do not exceed any other limit values of
the DüMV, all contain more than 15 wt% (d.b.) CaO and thus meet the requirement for a
“lime fertilizer made from ash from the combustion of vegetable matter”. A recycling path
established in Bavaria and Baden-Württemberg consists of mixing ashes of this quality
with lime or lime dolomite to form “carbonic acid lime”. The ash content may not exceed
30 wt%. Theoretically, it would also be possible to mix this lime fertilizer from ash with
biowaste. However, minimum nutrient content limits in the finished product of 3 wt% N,
3 wt% P2O5 or 3 wt% K2O in the dry matter would then have to be met. According to
Kehres (2016) [31], these contents are generally not achieved by mixtures of bottom ash
and biowaste.

For a large part of the bottom ash (69%), the classification as “PK fertilizer from ash
from the incineration of vegetable matter” would be possible, since at least 2 wt% P2O5
and 3 wt% K2O are contained in their dry matter.

Four of the ashes (corresponding to approximately 15%) contain at least 10 wt% (d.b.)
K2O and would thus fulfil the requirement for a “potassium fertilizer from ashes of the
combustion of vegetable matter”.

Wood ash can also be used in composting. If the resulting “organic-mineral fertilizers”
are to be spread on agricultural land in accordance with DüMV, the limit values of the
BioAbfV must also be met. Taking into account the exceedances of Cr(VI) according to
the DüMV, a total of 54% of the bottom ash examined also complies with the limit values
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of the BioAbfV. However, the limit values of the BioAbfV do not have to be met if the
application takes place on land, for which the BioAbfV does not apply, such as in gardening
and landscaping or if substrates or topsoil materials are produced from the mixture of ash
and compost [31]. This latter recovery path would thus be possible for 85% of the bottom
ash investigated, as long as a reduction in the Cr(VI) content can be assumed.

3.2. Distribution of Element Loads between Bottom Ash to Cyclone Ash (TFZ Heating Plant)

At the TFZ heating plant, the distribution of the element loads between bottom ash
and cyclone ash was investigated. For this purpose, individual samples of bottom ash and
cyclone ash were sampled simultaneously at eight points during the same heating period.

Volatile ash components, such as Cd, Pb, Zn and Hg, evaporate at the high tempera-
tures in the combustion chamber [8,10,13,15,16]. For this reason, volatile components can
be discharged from the hot ash bed and accumulate in the cyclone ash through condensa-
tion. This results in increased concentrations of these elements in the cyclone ash compared
to the bottom ash. By using the data set of samples obtained at the TFZ heating plant, this
correlation should be directly verifiable.

Table 6 shows the heavy metal and nutrient concentrations in the bottom ash in
direct comparison with the corresponding cyclone ash. The mean value and the standard
deviation of the eight samples taken in pairs are given in each case. Pairs of mean values
that differ significantly are printed in bold. Means were compared using the Wilcoxon
signed-rank test. At the points where there is no standard deviation, all samples had fallen
below the detection or determination limit with respect to this element. The specified
detection or quantification limit was then used as the concentration. For the elements
As and Hg, which also occur at very low concentrations in the cyclone ash, this can lead
to a distortion in the calculation of the element loads, since this procedure means that a
similarly high value must be assumed in both the bottom ash and the cyclone ash. In fact,
it can be assumed that the proportion of the two volatile elements As and Hg is higher in
the cyclone ash than in the bottom ash. However, the detection limit of the analysis via the
external laboratory does not allow this conclusion to be drawn.

Table 6. Mean heavy metal and nutrient concentrations (including standard deviation) in bottom
ashes and in the associated cyclone ashes from eight paired samplings at the TFZ heating plant.

Parameter Unit Bottom Ash Cyclone Ash

Mean * Standard
Deviation Mean * Standard

Deviation

Arsenic mg/kg d.b. <5.0 8.7 2.5
Lead mg/kg d.b. <5.0 123.3 65.6

Cadmium mg/kg d.b. 0.5 0.1 56.3 14.7
Chromium, total mg/kg d.b. 41.1 7.3 54.4 10.4
Chromium(VI) mg/kg d.b. 1.9 1.3 2.1 0.7

Copper mg/kg d.b. 32.9 27.8 77.1 20.5
Nickel mg/kg d.b. 46.0 9.1 51.9 8.7

Mercury mg/kg d.b. <0.1 0.4 0.2
Thallium mg/kg d.b. <0.4 5.5 2.1

Zinc mg/kg d.b. 110 25.4 3787 788.1

Lime (CaO) wt% d.b. 20.9 5.9 25.3 8.8
Alkaline active

substances (CaO) wt% d.b. 30.7 10.4 40.5 6.1

Phosphate, total (P2O5) wt% d.b. 3.3 1.8 3.9 1.4
Potassium oxide, total (K2O) wt% d.b. 10.1 3.3 8.5 3.0

Magnesium oxide, total (MgO) wt% d.b. 4.0 0.9 5.3 1.1
Total sulfur (S) wt% d.b. <0.1 1.8 0.3
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Table 6. Cont.

Parameter Unit Bottom Ash Cyclone Ash

Mean * Standard
Deviation Mean * Standard

Deviation

Boron (B) mg/kg d.b. 191.3 40.8 435.0 72.6
Iron (Fe) mg/kg d.b. 16,125 3370 35,125 11,263

Cobalt (Co) mg/kg d.b. 20.6 6.5 29.9 13.4
Manganese (Mn) mg/kg d.b. 15,850 7284 24,213 11,097

Molybdenum (Mo) mg/kg d.b. 2.2 0.2 4.7 0.9
Sodium (Na) mg/kg d.b. 4525 1253 2788 491

* Significantly different pairs of mean values are printed in bold.

The interpretation of the results in Table 4 is based on the calculated absolute element
loads related to the total mass of the respective element in the ash (Figure 4). In order
to make quantitative statements about how the actual loads of the individual elements
are distributed between the bottom ash and the cyclone ash, it is first necessary to make
reasonable assumptions about the mass ratio between bottom ash and the associated
cyclone ash. For fixed-bed furnaces, a proportion of 10 to 30 wt% of cyclone ash is usually
reported [45,58–60]. Fine fly ash is not considered in the following analysis.

The actual proportion of cyclone ash depends on various factors, such as the turbu-
lence of the primary air in the combustion bed or the fineness of the fuel, for comparison
of the ash fractions from wood chips or sawdust shows [1]. With these assumptions, it is
possible to derive from the eight pairwise analyses of the bottom ash and the cyclone ash
at the TFZ heating plant how the fractions of heavy metals and nutrients are distributed
between the ash fractions. In addition to the 1:1 mixing ratio (bottom bar chart), Figure 4
shows the distribution of the loads at 10, 20 and 30 wt% cyclone ashes of the total ash.

Heavy metal compounds containing Pb, Cd, Tl, Hg and Zn, are highly volatile [8,13]
and are predominantly found in the cyclone ash in all calculations. Consequently, even
at the lowest assumed cyclone ash content of 10 wt% of total ash, Cd accumulates in the
cyclone ash of up to 93 wt%. Should high concentrations of highly volatile elements be
observed in bottom ashes that are considered for utilization as fertilizer, an increase in the
temperature in the combustion bed could result in a reduction in these elements in bottom
ashes and an increase in cyclone ashes.

For As, no clear effect could be seen in the data presented here. As the concentrations
of As in the investigated bottom and cyclone ashes were overall very low, the limit of
determination often had to be used as the concentration in the ash fractions. Cu, Cr, Ni
and the main nutrients Mg, P, Ca and K are less volatile and, depending on the calculation
performed here, are found in only 11 to 50 wt% in the cyclone ash. Therefore, they
predominantly remain in the bottom ash.

Obernberger (1997) [58] shows basically similar element ratios between bottom ash
and cyclone ash for wood chips. However, the reported concentrations in the cyclone ash
were consistently lower compared to the results presented here (with exception of K and
P), which may be due to different combustion chamber and cyclone temperatures of the
heating plants investigated. The combustion chamber temperatures near the combustion
bed are not known for the TFZ heating plant. Lanzerstorfer (2017) [13] observed that at
combustion chamber temperatures between 830 and 920 ◦C, Cd, Pb and Zn accumulate
in the fly ashes, while most nutrients (Ca, Mg, P2O5) remain in the bottom ash. Both
Lanzerstorfer (2017) [13] and Schilling (2020) [10] note a higher volatility for potassium,
which leads to K losses from the bottom ash. These increased K losses could not be observed
at the TFZ heating plant, suggesting that the combustion temperatures are sufficiently
high to remove the volatile heavy metals and at the same time low enough to avoid high
potassium losses.
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Figure 4. Ratio of element loads in bottom ash and cyclone ash of the TFZ heating plant at hypotheti-
cal mixing ratios with cyclone ash contents of 10, 20, 30 and 50 wt%.

3.3. Quality of Mixtures of Bottom Ash with Cyclone Ash

In some heating plants, the bottom ash and the cyclone ash are collected in the same
container due to the plant design. The composition of these ashes is shown in Table 2
(right columns). All five samples of these mixed ashes exceed the DüMV limit value for Cd.
Further exceedances occurred for Cr(VI) (n = 4), thallium (n = 1) and lead (n = 1). None of
the bottom ashes mixed with cyclone ash can meet the requirements regarding the heavy
metal limit values of the DüMV or the BioAbfV. They are therefore not eligible as a source
material for fertilizers. These ashes are excluded from being spread on agricultural and
forestry land in Germany. If the aim is to recycle bottom ashes, it is recommended that
these ash fractions are collected and reused separately. When using other fuels, e.g., when
firing agricultural fuels such as straw, a mixture of bottom ash and cyclone ash can often
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comply with the limit values of the DüMV [42]. This is due to the generally lower heavy
metal content of agricultural fuels compared to wood fuels.

4. Conclusions

The energetic use of untreated wood in biomass heat (and power) plants produces
combustion residues in the form of ash. The increased use of by-products and residues
contributes to the conservation of natural resources. It has been shown that the bottom
ashes produced are basically suitable for use as fertilizers or as a raw materials for fertilizers
despite the low pollutant limits in the German DüMV.

On average, the bottom ashes examined contained 33 wt% alkaline active components,
29 wt% Calcium (calculated as CaO), 3.9 wt% Magnesium (calculated as MgO), 6.3 wt%
Potassium (calculated as K2O) and 2.6 wt% of phosphorus (calculated as P2O5).

However, quality assurance of the ashes and compliance with the relevant legal
requirements due to possible exceedances of the heavy metal limits prescribed by the
German Fertilizer Ordinance are crucial. The limits were exceeded in the bottom ashes
for chromium(VI) (62%), cadmium (12%) and lead (4%). Mixing of the bottom ashes with
cyclone ashes led, in all cases, to the heavy metal limit values being exceeded, especially
for cadmium. The following measures contribute to the quality assurance of ashes for
fertilization purposes:

- As prescribed by the German Fertilizer Ordinance, only untreated wood should be
used in biomass heat (and power) plants, since waste wood can contain elevated
concentrations of heavy metals.

- Fluctuations in fuel quality or the combustion conditions can change the heavy metal
contents in bottom ash. Regular sampling and chemical analysis of the ash is there-
fore necessary.

- Since some of the heavy metals are volatile under the usual combustion conditions in
biomass heating (power) plants, care should be taken to ensure that the combustion
temperatures in the boiler are constantly high enough. An average temperature of
over 750 ◦C, for example, reliably leads to sufficiently low cadmium contents in the
bottom ash.

- As has been shown, mixing of bottom ash and cyclone ash leads to an increase in
heavy metals. Separate collection of these ash fractions is essential.

The frequently exceeded limit value for chromium(VI) in the German Fertilizer Or-
dinance can be reduced by moistening and storing the bottom ashes. In this process,
chromium(VI) converts into the harmless chromium(III).

The present study maps the ash quality of typical biomass heating plants according
to the state of the art in Germany. The evaluation of the results is carried out according
to the regulations applicable in Germany for the use of biomass ash for fertilizer pur-
poses. Other combustion techniques, other fuels and other legal regulations may lead to
different assessments.
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Abstract: Solid biofuel is considered as a possible substitute for coal in household heat production
because of the available and sustainable raw materials, while NOx emissions from its combustion
have become a serious problem. Nitrogen-containing compounds in pyrolysis products have im-
portant effects on the conversion of fuel-N into NOx-N. Understanding these converting pathways
is important for the environmentally friendly use of biomass fuels. The nitrogen migration during
pyrolysis of raw and acid leached maize straw at various temperatures was investigated in this
study. Thermal gravimetric analysis and X-ray photoelectron spectroscopy were used to investigate
the performances of thermal decomposition and pyrolysis products from samples. The main nitro-
gen functional groups in biomass and biochar products were N-A (amine-N/amide-N/protein-N),
pyridine-N, and pyrrole-N, according to the findings. The most common gaseous NOx precursor
was NH3, which was produced primarily during the conversion of N-A to pyridine-N and pyrrole-N.
The formation of HCN mainly came from the secondary decomposition of heterocyclic-N at high
temperatures. Before the pyrolysis temperature increased to 650 ◦C, more than half of the fuel-N was
stored in the biochar. At the same pyrolysis temperature, acid-leached maize straw yielded more
gas-N and char-N than the raw biomass. The highest char-N yield of 76.39 wt% was obtained from
acid-leached maize straw (AMS) pyrolysis at 350 ◦C. Low pyrolysis temperature and acid-leaching
treatment can help to decrease nitrogen release from stable char structure, providing support for
reducing nitrogenous pollutant emissions from straw fuel.

Keywords: maize straw; acid leaching; ash; pyrolysis; nitrogen conversion

1. Introduction

Biomass energy is a form of renewable energy derived directly or indirectly from
plant photosynthesis. Solid biomass fuel has been gaining popularity as a way to reduce
reliance on fossil fuels while also dealing with climate change [1]. However, biomass
fuel combustion is reported to result in high NOx (NO, NO2, N2O, etc.) emissions [2].
The NOx produced from fuel combustion can be divided into thermal-NOx, fuel-NOx,
and prompt-NOx according to their origins. The formation mechanism of prompt-NOx is
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complicated and its amount is relatively small. Thermal-NOx is primarily formed by the
reaction of nitrogen and oxygen at high temperatures (>1300 ◦C) [3]. While the furnace
temperature of household biomass stove is mostly lower than 700 ◦C (refer to previous
studies [4,5]), fuel-NOx accounted for most of all NOx [6,7]. Fuel-N can be converted into
various nitrogen-containing functional groups during the pyrolysis process, and these
compounds can react with oxygen to produce various NOx species [8]. For NOx regulation,
it is critical to have a thorough understanding of the transformation and migration behavior
of fuel-N during biomass pyrolysis.

Both biomass characteristics (species, contents of nitrogen, volatile matter and ash
content, etc.) and pyrolysis operation conditions (temperature, heating rate, air supply, etc.)
influence the pyrolysis performance of the biomass. Researchers investigated the migration
course of nitrogen elements in raw biomass, proteins, and N-containing compounds
(formed by protein mixed with hemicellulose, cellulose, and lignin) under various operating
conditions [9–11]. With the increase of temperature, NOx precursors are primarily formed
by the following three ways: the pyrolysis of unstable fuel-N, secondary decomposition of
char, and tar products [12]. The main NOx gaseous precursors are NH3, HCN, and HNCO,
with HNCO accounting for little and being easily transferred to the other two [13,14]. The
dominant N-species are determined by the biomass type and origin. In some biomass, such
as sewage sludge, nitrogen mainly exists in the form of heterocyclic-N, HCN can be found
to be the main NOx precursor during pyrolysis [8]. However, the majority of nitrogen in
plant residues is found in proteins and free amino acids, with only a small amount in the
form of nucleic acid, chlorophyll, enzymes, vitamins, alkaloids, and inorganic nitrogen [15],
NH3 will become the dominant nitrogen-containing precursor [16].

Agricultural and woody residues are the two main materials of solid biofuels. Accord-
ing to the literature, agricultural residues (straw fuels) may have 5–20 times higher ash
content than those of woody biomass, which could contribute to inefficient combustion [17].
Besides, alkali and alkaline earth metallic species (AAEMs) in ash (K, Ca, Na, Mg, etc.) are
thought to influence the devolatilization and combustion process [18,19]. Acid-leaching
treatment can reduce the content of ash and AAEMs, effectively improve the combustion
performance and reduce ash melting, slagging, and corrosion [20–23], but the impact of
AAEMs on the NOx precursor generations of biomass pyrolysis remains unclear. Deep
research on the effects of de-ashing and demineralization by acid-leaching on nitrogen
transfer and conversion would help the clean utilization of straw biomass fuel.

Therefore, nitrogen migration behaviors during pyrolysis of raw and acid-leached
maize straw were investigated in this report. To reduce the ash and AAEMs contents
in maize straw, pre-treatment of acid-leaching with CH3COOH was introduced. The
thermal gravimetric analysis (TGA) and pyrolysis experiments at various temperatures
were performed to evaluate the decomposition characteristics of the two biomass samples.
X-ray photoelectron spectroscopy (XPS) was used to investigate the distribution and
migration of nitrogen functional groups in biomass and corresponding biochar, and the
effect of acid-leaching on NOx precursors generation was further analyzed.

2. Materials and Methods
2.1. Materials and Pretreatment Process

In this study, raw maize straw (RMS) was obtained from Shangzhuang experimental
station of China Agricultural University, Beijing, China. The samples were crushed and
sieved through a 100 mesh sieve, then dried in an oven at 105 ◦C for 12 h.

Various organic and inorganic acids have been used for acid treatment in previous
researches. Strong acids, such as sulfuric acid and nitric acid were reported to enhance
dehydration reactions in biomass. Hydrochloric acid is also a commonly leaching solution,
but chloride ions will affect the subsequent HCN concentration measurement. To effectively
remove AAEMs, while reducing the damage to the biomass structure and not introducing
other ions [24], CH3COOH solution was adopted in this study. The solution was prepared
by adding 30 mL of glacial acetic acid (1.05 g/mL, 99.5%) into 970 mL of distilled water
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and mix thoroughly, which was converted to a mass concentration of 3.13%. Acid-leached
maize straw (AMS) was pretreated by soaking 10 g of raw maize straw samples in 200 mL
acid solution for 2 h at room temperature while stirring. After removing the acid liquor,
the acid-leached biomass was washed with deionized water to neutral pH and then dried
at 105 ◦C for 12 h.

Ultimate analysis of the samples was performed by Vario EL cube (Elementar, Lan-
genselbold, Germany), and oxygen content was detected by difference (Table 1). Proximate
analysis of the biomass fuels was carried following the existing Chinese standards [25,26].
The ash content for the biomass sample was reduced from 12.69 wt% to 8.67 wt% after
acid treatment. The main residual material in the ash should be silica, since more than
half of the ash of the maize straw consists of SiO2 [27], and it is hardly removed by acid
leaching. The contents of cellulose, hemicellulose, and lignin in biomass were determined
using the methods mentioned by Guo et al. [28]. To better understand the effect of the
pre-treatment, inductively coupled plasma with optical emission spectroscopy (ICP-OES)
(ICPOES730, Agilent, Santa Clara, CA, USA) was performed on RMS and AMS to provide
selected elemental compositions of the fuel ashes (Table 1). It should be noted that the acid
leaching significantly decreased the content of K, Na, and Mg, which were abundantly
found in biomass ash.

Table 1. Basic characteristics of the two biomass samples.

Characteristic
Biomass Sample Removal Ratio

%RMS AMS

Ultimate
analysis

wt%, dry basis

C 41.83 44.69
H 5.08 6.18
S 0.58 0.68
N 1.39 1.13

O 1 51.13 47.33

Proximate
analysis

wt%, dry basis

Volatile matter 68.68 75.70
Fixed carbon 16.94 13.01

Ash 12.69 8.67

Composition%
Hemicellulose 31.11 36.49

Cellulose 29.03 34.47
Lignin 3.72 3.62

Inorganic
elements 2

mg/kg

K 21,245.4 92.1 99.57
Na 1474.9 61.5 95.83
Mg 2171.9 91.7 95.78
P 2254.1 364.4 83.84
Fe 379.1 203.3 46.38
Ca 3979.7 2444.4 38.58

1 By difference. 2 By ICP-OES analysis.

2.2. Pyrolysis System and Experimental Procedure

The slow pyrolysis system is shown in Figure 1. A gas supply, gas flowmeter, tubu-
lar resistance furnace (OTF-1200X, Hefei, China), condensation unit, filter unit, and N-
containing gas collection unit were all included in the system. At the start of each exper-
iment, a 5.00 ± 0.02 g sample was mounted in the center of the furnace tube (constant
temperature zone length: 150 mm) in a quartz boat (length: 80 mm). The system was
purged for 40 min (400 mL/min) with high purity Ar (99.999%). Subsequently, the flow
rate was adjusted to 200 mL/min, and the reactor was heated to the desired temperature
(350 ◦C, 450 ◦C, 550 ◦C, or 650 ◦C) with a heating rate of 10 ◦C/min and then kept steady for
30 min to ensure the completion of pyrolysis. The outlet of the tubular quartz reactor was
connected with the condensing device placed in the ice-water mixture. After that, the pyrol-
ysis gas was filtered by absorbent cotton and entered the nitrogen-containing gas collection
bottle containing 200 mL absorbent solution. The two kinds of NOx precursors, NH3 and
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HCN, were absorbed by 5 g/L HBO3 and 8 g/L NaOH solutions, respectively [29], and
converted to the corresponding ions (NH3→NH4

+, HCN→CN–). To prevent interference,
NH3 and HCN collection experiments were carried out separately. Each experiment was
duplicated under the same condition and the average value was adopted.

Figure 1. Schematic diagram of pyrolysis system: 1-gas supply, 2-gas flowmeter, 3-horizontal tubular
resistance furnace, 4-quartz boat with samples, 5-condensation unit, 6-filter unit, 7-N-containing gas
collection unit.

2.3. TG Analysis

The TG analysis of raw and acid-leached maize straw was performed by a thermal
gravimetric analyzer (TGA 2, Mettler-Toledo, Greifensee, Switzerland) in the Ar atmo-
sphere (50 mL/min). In each experiment, 5.00 ± 0.05 mg of the straw sample was heated
from 30 ◦C to 900 ◦C at a constant heating rate of 10 ◦C/min. The experiments were
performed twice to test the repeatability.

2.4. XPS Analysis

The nitrogen functional groups in the biomass and corresponding biochar were char-
acterized using XPS analysis. The sample was uniformly glued to the conductive adhesive
tape and degassed for 12 h. An X-ray photoelectron spectrometer (ESCALAB 250Xi,
Thermo Fisher Scientific, Waltham, MA, USA) with a monochromatic Al Kα X-ray source
(150 W, hv = 1486.6 eV) was used, the following were the operating conditions: a spot
size of 650 µm, a voltage of 14.8 kV, a current of 1.6 A, a constant analyzer pass energy
mode (100 eV for survey scans and 20 eV for narrow scans) and a pressure less than
10−10 mbar. The XPS results were evaluated by Thermo Avantage software. The Shirley-
type background was subtracted and all spectra were calibrated based on the principal C1s
peak at 285.0 eV [30–33]. Thereafter, the N1s signal was curve-resolved using peaks with
a 70% Gaussian and 30% Lorentzian line shape and the FWHM of 1.4 eV [32]. Peaks at
398.8 ± 0.2 eV, 399.9 ± 0.2 eV, 400.4± 0.2 eV, 401.4± 0.2 eV and 402–405 eV corresponding
to the energy positions were considered as N functional groups of pyridine-N (N-6), amine-
N/amide-N/protein-N (N-A), pyrrole-N (N-5), quaternary-N/inorganic-N (N-Q/N-IN)
and N-oxide (N-X), respectively [12,34–36].

2.5. Scanning Electron Microscopy (SEM)

The sample powers were fixed on the conductive adhesive tape and coated with a
gold film. The morphology images of two biomass and corresponding char products were
performed using an SEM device (SU3500, HITACHI, Tokyo, Japan, an accelerating voltage
of 10 kV).

2.6. Calculations

The difference between the initial and final weight of containers was used to cal-
culate char and tar production. According to the forms of pyrolysis product, nitrogen
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compounds were classified into char-N, gas-N (NH3-N, HCN-N) and rest-N (tar-N and
other N-containing products). The following equations were used to measure the yields of
char-N and nitrogen functional groups (group-N) in char products [36]:

Ychar-N =
mchar×wchar-N
mbiomass×wN

×100% (1)

Ygroup-N =
Agroup-N

∑ Agroup-N
×Ychar-N (2)

where Ychar-N and Ygroup-N mean the yields of char-N and group-N in char products, respec-
tively (wt%), mbiomass and mchar mean the mass of biomass and corresponded char products,
respectively (g), wN and wchar-N mean the N contents from biomass and char products,
respectively (wt%), and Agroup-N means the peak area of each nitrogen functional group in
char according to the XPS analysis.

Based on relevant Chinese standards, the absorption solutions of NOx gaseous precur-
sors were analyzed using a UV2800 ultraviolet spectrophotometer (UNICO, Princeton, NJ,
USA) [37,38]. Yields of these gas-N were calculated by Equation (3):

Ygas-N =
cn × V

mbiomass × wN
×100% (3)

where Ygas-N means the yields of NH3-N or HCN-N (wt%), cn is the concentrations of
NH3-N or HCN-N in the absorption solutions (g/mL), and V represents the volume of
absorption solution (200 mL).

3. Results and Discussion
3.1. Characteristics of Raw/Acid Leached Maize Straw

TG and derivative thermogravimetric (DTG) curves of RMA and AMS samples are
shown in Figure 2. Similarly, both two biomass samples were found in three stages
of mass loss. According to relevant researches, these three stages were summarized as
water evaporation (below 200 ◦C), rapid decomposition of hemicellulose and cellulose
(around 200–400 ◦C), and slow pyrolysis of lignin and other residual materials (above
400 ◦C) [39–41]. By comparison with the TG curve of RMS (Figure 2a), the second pyrolysis
stage of AMS began later (at around 300 ◦C). This hysteresis was due to the fact that
AAEMs in the ash could promote the decomposition of cellulose and hemicellulose under
low temperature [42]. A shoulder peak at 305.67 ◦C was observed during the pyrolysis
of acid-leached maize straw (Figure 2a). It is understood that the peak at around 300 ◦C
originated from hemicellulose degradation [43]. RMS had a maximum degradation rate
of 8.43%/min at 322.33 ◦C, which was lower than AMS’s (10.60%/min at 356.83 ◦C)
(Figure 2b). As the temperature increased to about 350 ◦C, the AMS samples continued to
release volatiles at a rapid rate, while the weightlessness rate of RMS slowed. These results
are consistent with those reported in other studies [42,44,45]. According to the description
of Zareihassangheshlaghi et al. [23], the increased concentration of metal impurities on
the surface of straw biomass ash could be found during the conversion, which could
promote the formation of agglomeration and char, thereby hindering the following biomass
decomposition. Also, acid-leaching treatment could increase the porosity of biomass and
promote the conversion of cellulose and hemicellulose into sugars, leading to a large release
of volatiles [20].
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Figure 2. Curves of TG, DTG, and XPS analysis and SEM images of raw/acid leached maize straw: (a) TG curves; (b) DTG
curves; (c) XPS analysis of raw maize straw (RMS); (d) XPS analysis of acid-leached maize straw (AMS); (e) SEM image of
RMS; (f) SEM image of AMS.

The functional group characteristics of specific elements in different samples were
investigated using XPS analysis. The predominant peak was observed in both biomass
samples at 399.9 ± 0.2 eV, which can be verified as N-A (Figure 2c,d) [12]. Maize can
absorb nitrogen elements from soil and chemical fertilizer for growth, the fixed nitrogen in
biomass mainly existing in the forms of amine-N/amide-N/protein-N [46]. Some nitrogen
in biomass exists in inorganic nitrogen such as NH4

+-N, while quaternary-N groups are
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usually observed after heating treatment [47–49], thus the small peaks at 401.88 eV of
RMS and 401.39 eV of AMS should be defined as N-IN in this study (Figure 2c,d) [36].
Moreover, the RMS spectrum contained the N-6 peak at 398.93 eV, which was missing in
the AMS spectrum. These losses may be due to the high solubility of pyridine nitrogen
and its reaction with acids during the pre-treatment. Moreover, a lot of floccules and small
particles were observed in raw maize straw compared to acid leached straw (Figure 2e,f),
which mainly belong to various salty, inorganic constituents in ash.

3.2. Distribution of Pyrolysis Products

In this study, solid products were represented by biochar, liquid products consisted of
tar and condensed water, and the remaining non-condensable gases were referred to as
gaseous products. According to the TG analysis reported above, the moisture in biomass
was extracted before 200 ◦C, so the change of liquid products from 350 ◦C to 650 ◦C
could be attributed to different tar productions. Under different temperatures, similar
change trends in the pyrolysis product yields were obtained for the two biomass samples
(Figure 3). Biochar was the predominant product during biomass samples pyrolysis at
350 ◦C, accounting for 48.55% for RMS and 44.81% for AMS. When the temperature
increased to 450 ◦C, the char proportions decreased quickly for RMS (39.06%) and AMS
(35.66%) due to the devolatilization. Gaseous product yields increased as the temperature
increased from 350 ◦C to 450 ◦C, while liquid product yields increased from 450 ◦C to 550 ◦C
and peaked at 550 ◦C. The highest yields of liquid products were 42.33% and 46.92% for
RMS and AMS, respectively. During pyrolysis at low temperatures, the unstable chemical
bonds of biomass break quickly and primarily produce non-condensable gases, while the
ring cracking reactions in lignin and char were much stronger at higher temperatures
and a large amount of tar are generated [50]. More surface folds and structural cracking
were observed in SEM images from high-temperature pyrolysis (Figure 4). As the reaction
temperature increased from 550 ◦C to 650 ◦C, the liquid product yields fell rapidly, which
were attributed to the secondary decomposition of tar products. Moreover, higher solid
product yields and lower liquid product yields were observed in RMS groups than that in
AMS groups at the same pyrolysis temperature. According to Figure 4, ash agglomeration
and sintering of particles resulted in larger ash particles coating the surface of char products
from RMS. The acid-leaching pre-treatment could increase the porosity of the biomass and
promoted the removal of volatiles [20].

Figure 3. Pyrolysis products from RMS (a) and AMS (b) under different pyrolysis temperatures.
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Figure 4. SEM images of the char products: (a) RMS350; (b) RMS450; (c) RMS550; (d) RMS650; (e) AMS350; (f) AMS450;
(g) AMS550; (h) AMS650.
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3.3. Distribution of Gaseous NOx Precursors

As shown in Figure 5, NH3 was the dominant NOx gaseous precursors during pyroly-
sis of the two straw samples. According to the literature, when the fuel-N mostly existed
as aromatic ring-N, the dominant gaseous NOx precursors was HCN. When it existed in
amine-N groups, NH3 would become the key intermediate product. The rapid increase of
NH3 yield from 350 ◦C to 450 ◦C was primarily due to the decomposition of N-A, while
the decomposition of char and tar could also produce NH3 at the higher temperature. For
HCN-N yield, it remained at a low level in the low-temperature pyrolysis for RMS and
AMS, while a large increase was achieved at 650 ◦C. This meant that more heterocyclic-N
was broken and HCN was released as the temperature rose.

Figure 5. Yields of NH3-N (a) and HCN-N (b) from RMS and AMS under different pyrolysis temperatures.

In the literature, it is reported that the removal of AAEM species from coal fuel before
pyrolysis will reduce nitrogen conversion to NOx gaseous precursors, but the situation is
more complicated for biomass fuels [51]. Different amino acid structures have different
nitrogen release characteristics during the chemical chain cracking. Potassium, for example,
has been found to promote the NH3-N production during aspartic acid pyrolysis, while
inhibiting the HCN-N conversion from phenylalanine thermal decomposition [6]. By
comparison with RMS, AMS released more NH3-N at each pyrolysis experiment, while
obtained much higher HCN-N yields in high-temperature pyrolysis. The highest NH3-
N and HCN-N yields were 3.17% ± 0.14% and 0.90% ± 0.07%, respectively, obtained
from AMS pyrolysis at 650 ◦C. It’s clear that the gas-N proportion was small for the total
fuel-N. In the following part, we investigated the characteristics of char-N at various
temperatures to further quantitatively confirm the nitrogen conversion from the two
biomass samples pyrolysis.

3.4. Nitrogen Migration in Char-N during Biomass Pyrolysis

During pyrolysis, C, H, O, N, and S elements can be removed in various compound
forms. However, since decarburization and denitrification take far longer than other
reactions like dehydrogenation and deoxygenation, the increased carbon and nitrogen
contents could be observed in biochar compared to the biomass sample (Table 2).

Table 2. Ultimate analysis (wt%, dry basis) of char products from raw/acid-leached maize straw.

Sample C H S O 1 N

RMS350 53.47 ± 0.19 3.71 ± 0.03 0.18 ± 0.03 40.70 ± 0.28 1.94 ± 0.04
RMS450 54.56 ± 0.06 3.16 ± 0.04 0.29 ± 0.03 40.18 ± 0.18 1.82 ± 0.04
RMS550 56.32 ± 0.16 2.45 ± 0.05 0.35 ± 0.04 39.19 ± 0.30 1.69 ± 0.04
RMS650 57.92 ± 0.16 1.75 ± 0.03 0.29 ± 0.04 38.63 ± 0.28 1.41 ± 0.04
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Table 2. Cont.

Sample C H S O 1 N

AMS350 58.56 ± 0.16 4.40 ± 0.03 0.65 ± 0.06 34.49 ± 0.29 1.91 ± 0.04
AMS450 61.42 ± 0.14 3.87 ± 0.04 0.93 ± 0.04 31.78 ± 0.27 2.01 ± 0.04
AMS550 63.93 ± 0.20 2.98 ± 0.08 0.64 ± 0.06 30.37 ± 0.38 2.09 ± 0.04
AMS650 65.52 ± 0.20 2.36 ± 0.04 0.53 ± 0.05 29.83 ± 0.35 1.77 ± 0.06

1 By difference.

The XPS spectra of biochar obtained at different pyrolysis temperatures are shown in
Figure 6 and yields of nitrogen functional groups in the solid phase are shown in Figure 7.
The biochar obtained from low-temperature pyrolysis kept some residual N-A groups
and N-IN groups, which eventually vanish at 450 ◦C and higher temperatures. They
were considered as the main source of NH3-N in low-temperature pyrolysis [49]. N-6
and N-5 were mainly produced from N-A through direct cyclization, dimerization, and
other reactions [52,53]. During the pyrolysis process, N-5 and N-6 dominated in nitrogen
functional groups from solid products and accounted for more than 50% of biochar-N. The
yields of N-6 and N-5 increased with the temperature in the range from 350 ◦C to 450 ◦C,
but decreased at higher temperatures due to the secondary decomposition (Figure 7). The
ring-opening reaction of N-5 was the important way of HCN formation [54]. The binding
energies of N-IN and N-Q groups were very close (401.4± 0.2 eV). Considering the thermal
stability, N-IN could easily decompose when heated, while N-Q was primarily formed
by the cyclo-condensation and hydrogenation reaction of N-6 at high temperature [55].
Previous studies have reported that N-6 and N-Q conversions play an important role in
NH3-N generation at high pyrolysis temperature [36,56]. N-X stands for various nitrogen
oxide functional groups, which can be observed in char products under each temperature.
Zhan et al. [29] suggested that it could be produced by the combination of N-6 and oxygen
functional groups.

Figure 6. Cont.
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Figure 6. XPS analyses of the char products at various temperatures: (a) RMS350; (b) RMS450; (c) RMS550; (d) RMS650;
(e) AMS350; (f) AMS450; (g) AMS550; (h) AMS650.

Figure 7. Yields of nitrogen functional groups in char products from RMS (a) and AMS (b) under different pyrolysis
temperatures.

For nitrogen conversion in RMS pyrolysis, N-A yield dramatically dropped from
80.00 wt% to 20.82 wt% at 350 ◦C, while the corresponding gaseous-N (NH3-N and HCN-N)
only accounted for 1.06 wt%. It meant that in addition to the conversion of N-A to gaseous-
N and N-5 and N-6 in char-N, a large part of N-A flowed into tar products. Moreover,
by comparing the pyrolysis performance of RMA and AMS, delayed removals of N-IN
and N-A were found in AMS pyrolysis with the same temperature. As the temperature
increased from 350 ◦C to 450 ◦C, N-IN was totally converted, and N-A yield showed a
decrease from 34.57 wt% to 10.94 wt%, which were responsible for the significant increase
in NH3-N yields in AMS pyrolysis (Figure 5a).

Based on the characteristic analysis of the pyrolysis products and related litera-
ture [12,36,57], nitrogen migration pathways during raw and acid-leached maize straw
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pyrolysis were illustrated in Figure 8. Thermal decomposition of N-A and N-IN was
the main source of NH3-N at low temperature, and the conversions of N-5 (char-N) and
heterocyclic-N (tar-N) contributed to HCN-N yield at high temperature.

Figure 8. Possible fuel-N migration pathways during pyrolysis of RMA and AMS.

3.5. Nitrogen Distribution in Pyrolysis Products of Raw and Acid-Leached Maize Straw

In general, the distribution of nitrogen in each phase product from RMS and AMS were
shown in Table 3. The yield of rest-N was detected by difference, of which tar-N accounted
for more than 90%. During low temperature (350 ◦C, 450 ◦C) pyrolysis processes, more
than half of the biomass-N was deposited in biochar products. As pyrolysis temperature
increased, it can be seen that nitrogen elements gradually flowed from solid products to
gas and tar. Among the three-phase products, gas-N took a small part of the total, and the
majority of nitrogen was combined in the tar products during high-temperature pyrolysis.
The proportion of gaseous NOx precursors of sludge and some industrial waste biomass
can be higher than that of straw biomass [49]. Zhan et al. [49] reported the gas-N yield
(<8.5 wt%) and variation trend from straw biomass pyrolysis between 200 ◦C and 500 ◦C,
which was close to the results in this study.

Table 3. Nitrogen distribution (wt%) in different pyrolysis products from RMS and AMS.

Sample Char-N Gas-N Tar-N and Others 1

RMS350 67.80 1.06 31.14
RMS450 51.87 2.04 46.09
RMS550 45.23 2.28 52.49
RMS650 34.98 3.18 61.84
AMS350 76.39 1.76 21.85
AMS450 63.32 3.03 33.65
AMS550 61.53 2.96 35.51
AMS650 48.13 4.07 47.80

1 By difference.

The higher tar-N yield was obtained from RMS than AMS with the same temperature,
AAEMs in the ash may promote the generation of tar-N in raw straw. N-rich tar products
can be used in the production of high value-added chemicals, which is meaningful for
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industrial production. However, the complex nitrogen bonds in tar were labile and would
cause severe NOx emissions during fuel combustion. The slow nitrogen release from a
stable char structure would support nitrogen control of straw fuel combustion. Although a
slight increase of gas-N yield was found in AMS, the char-N yield was much higher than
that of RMS. The char-N yield (76.39 wt%) was peaked at 350 ◦C from AMS pyrolysis,
which was higher than that of other studies [34,49,58]. These results can provide some
guidance for straw fuel modification and its low NOx combustion.

4. Conclusions

The pyrolysis performance and nitrogen migration pathways of raw and acid leached
straw biomass at various temperatures were investigated in this paper. The acid-leaching
pretreatment effectively reduced the AAEMs in the ash of the straw. Thermogravimetric
analysis showed that AMS released more volatiles than RMS during pyrolysis, but the
maximum degradation rate of the former moved to a higher temperature than that of
the latter. NH3 dominated in gaseous NOx precursor from slow pyrolysis of two straw
biomass. The conversions of unstable N-IN and N-A groups in straw contributed to the
NH3 generation at low pyrolysis temperatures (350 ◦C and 450 ◦C), while more than half
of the HCN was formed from the secondary reactions of N-5 in char and other heterocyclic-
N in tar products. Particularly, higher char-N and gas-N yields were observed from
AMS than RMS with the same temperature. The highest char-N yield of 76.39 wt% was
obtained from AMS pyrolysis at 350 ◦C. By operating low pyrolysis temperature and
acid-leaching treatment, the fuel nitrogen can be effectively stored in the stable char-N
structure, rather than gaseous NOx precursors or labile tar-N, which could provide support
for NOx emissions control from straw fuel combustion.
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Abstract: The ongoing research toward meeting global energy demands requires novel materials
from abundant renewable resources. This work involves an investigation on nitrogen-doped carbon
nanotubes (N-CNTs) synthesized from relatively low-cost and readily available biomass as carbon
precursors and their use as electrodes for supercapacitors. The influence of the ionic liquid 1-butyl-3-
methylimidazolium chloride, or its combination with either sugarcane bagasse or cellulose (IL-CNTs,
ILBag-CNTs, and ILCel-CNTs, respectively), in the synthesis of N-CNTs and the resultant effect
on their physical and electrochemical properties was studied. Systematic characterizations of the
N-CNTs employing transmission electron microscopy (TEM), thermogravimetric analysis, X-ray
photoelectron spectroscopy (XPS), elemental analysis, nitrogen sorption analysis, cyclic voltammetry,
and electrochemical impedance spectroscopy were performed. TEM data analysis showed that the
mean outer diameters decreased, in the order of IL-CNTs > ILBag-CNTs > ILCel-CNTs. The N-CNTs
possess only pyridinic and pyrrolic nitrogen-doping moieties. The pyridinic nitrogen-doping content
is lowest in IL-CNTs and highest in ILCel-CNTs. The N-CNTs are mesoporous with surface areas in
the range of 21–52 m2 g−1. The ILCel-CNTs had the highest specific capacitance of 30 F g−1, while
IL-CNTs has the least, 10 F g−1. The source of biomass is beneficial for tuning physicochemical
properties such as the size and surface areas of N-CNTs, the pyridinic nitrogen-doping content, and
ultimately capacitance, leading to materials with excellent properties for electrochemical applications.

Keywords: carbon nanotubes; biomass; cellulose; sugarcane bagasse; capacitance

1. Introduction

Across the globe, the quest for sustainable energy supply has seen societies moving
from the extensive usage of petroleum to renewable sources of energy, with active research
still ongoing [1]. Mainly, the energy from the sun, which is in abundance, is being highly
considered, amongst other alternative reliable sources of energy. The challenge is to effec-
tively harness and store solar energy [2]. Therefore, firstly, photovoltaics are successfully
implemented in the conversion of energy from the sun directly into electricity [3]. Secondly,
the power converted from the sun is amassed using energy storage devices such as batteries
and supercapacitors.

What distinguishes supercapacitors from batteries is their integral constituents and
the mechanisms associated with their charge and discharge processes [4]. Supercapacitors
possess higher energy-storage and power-delivery capability than batteries [5]. Thus, they
are suitable for use in devices where there is a great power demand at relatively short
periods. In addition, supercapacitors are associated with a longer life cycle, fast charge
and discharge rates coupled with low internal resistance [5]. Hence, they are suitable for
applications that require storing high current transient electrical surges to improve the
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efficiency and energy of a system. Supercapacitors are currently gaining popularity in
diverse applications, including portable electronic devices, hybrid electric vehicles, and
commercial electric utilities [6]. Since there has been an increase in energy demand and
reliability, supercapacitors are continuously involved in modification with new electrode
materials. These materials allow for operation over a wider potential window with a
rapid current response to voltage reversal, which offers high specific capacitances, thus
enhancing their storage abilities [7,8].

Mesoporous carbon nanostructured materials (CNMs) are prominent electrode mate-
rials for supercapacitors, and this is due to their low cost, exceptional cycle stability, and
wide voltage operating windows [9]. Research on the use of biomass-derived CNMs as an
electrode material for supercapacitors exists [7,8]. However, to the best of our knowledge,
this is the first report on the effect of the precursor composition (IL or IL + biomass) on the
properties and electrochemical performance of the resulting carbon nanotubes (CNTs).

The unique one-dimensional geometry of CNTs and the associated physicochemical
properties such as mechanical strength and excellent electrical properties afford CNTs to
be suitable for charge storage and numerous other applications [10]. For achieving a high
specific capacitance, a characteristic carbon material should possess a high electroactive
surface area and suitable pore sizes that match the size of electrolyte ions [10].

Material engineering by the inclusion of a heteroatom during doping of the carbon
material should provide favorable surface characteristics that promote ion intercalation. Of
interest is the introduction of heteroatoms such as sulfur, boron, or nitrogen in the graphitic
carbon network [11]. N-enriched carbon structures can establish a high capacitance, and
this is due to the Faradaic redox reactions, i.e., pseudo-capacitance effects, provided by the
nitrogen functional groups [11,12]. Additionally, improved electron donor capability and
enhanced surface wetting by the electrolyte can increase the charge storage [12].

Our current work focuses on studying the electrochemical performance of CNTs
synthesized using renewable raw materials, namely sugarcane bagasse or cellulose, in
combination with ferrocene and an ionic liquid, namely, 1-butyl-3-methylimidazolium
chloride ([C4MIM]Cl). The primary objectives were to perform capacitance measurements
of the N-CNTs and interpret the results with respect to the nitrogen-doping effect, surface
area, and tube diameter, amongst others, emanating from the impact of sources. This
work contributes advantageously to material beneficiation from available, renewable, and
abundant waste biomass for the fabrication of electronic devices such as supercapacitors.

2. Materials and Methods

All materials and methods employed are stated, and experimental details are provided
in subsequent sections under sample preparation, characterization, and electrochemical
measurements.

2.1. Preparation of the Samples

H2SO4 (98%) was obtained from Merck, South Africa, HNO3 (70%) was obtained from
Associated Chemical Enterprises, South Africa. Ferrocene, 98% (AR), and cellulose Avicel®,
PH 101, 50 µm were purchased from Sigma Aldrich, Germany. Sugarcane bagasse was
obtained frozen from the Sugar Milling Research Institute (SMRI). Sugarcane bagasse was
shredded to small pieces, sieved, and dried at 100 ◦C for 10 h (weight constant). After
drying, the bagasse was ground with mortar and pestle to fine particles.

The ionic liquid (IL), 1-butyl-3-methylimidazolium chloride ([C4MIM]Cl), was pre-
pared as previously described [13].

The synthesis of CNTs was conducted with either sugarcane bagasse (Bag) or cellulose
(Cel) with ferrocene and [C4MIM]Cl (IL), following the previously reported procedure
(Scheme 1) [13].
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Scheme 1. Schematic presentation of the synthesis of nitrogen-doped carbon nanotubes (N-CNTs).

In short, ferrocene (0.25 g) and either IL-Bag or IL-Cel solution (containing 10% of
either biomass; 9.75 g) were mixed (to make 2.5 wt % of catalyst) in an ultra-sound sonicator
(Digital ultrasonic heater UD150SH-6L) for approximately 20 min. Then, the mixture was
transferred into a 10 mL plastic syringe and set for injection using a purpose-built injection
system. The injection system had the requisite gas fittings and was designed to deliver
the mixture directly into the centre of a quartz tube located within a horizontally aligned
tube furnace.

A horizontally aligned tube furnace, fitted with a main zone temperature controller,
was set to the desired temperature using a ramp rate of 10 ◦C/min. The carrier gas, 10%
H2 balanced in Ar, was switched on at 600 ◦C, and a flow rate of 100 mL/min was applied.
When the respective desired temperature was reached, injection of the sonicated mixture
into the chemical vapour deposition (CVD) system at a set injection rate of 0.8 mL/min
followed. The reaction was set for 30 min, and after that, the furnace was allowed to cool
down to room temperature. All the samples collected were purified. The purification
process involved calcining all samples using a muffle furnace at 300 ◦C in air for 3 h,
followed by ultrasonication in H2SO4/HNO3 (3:1 by volume) for 40 min using an ultrasonic
heater. Thereafter, the mixture was refluxed at 100 ◦C for 24 h at a constant stirring speed
of 300 rpm. After refluxing, the acid was neutralized with a solution of NaOH, and the
mixture was ultrasonicated for 1 h. After filtration and washing with deionized water
(until the pH was 7), the materials were dried at 120 ◦C for 3 h. The CNTs synthesized from
IL and ferrocene are denoted IL-CNTs, while those from the IL-bagasse and IL-cellulose
mixtures are denoted as ILBag-CNTs and ILCel-CNTs, respectively.

2.2. Characterization

Characterization of the carbon nanostructures utilized TEM (JEOL JEM 1010) with the
aid of Image J software for structural dimension determination. Elemental analysis was
performed using an LECO CHNS-932 elemental analyzer standardized with acetanilide.
X-ray photoelectron spectroscopy (XPS) analysis was performed with a Thermo ESCAlab
250Xi equipped with monochromatic Al Kα (1486.7 eV) X-rays. An X-ray power of 300 W,
with an X-ray spot size of 900 µm, pass energy (Survey) of 100 eV, pass energy (Hi-
resolution) of 20 eV, and pressure of 10−8 mbar were used. The thermogravimetric analysis
utilized the TA instruments Q seriesTM Thermal Analyzer DSC/TGA (Q600) with a TA
instruments universal analysis 2000 software for data acquisition. The samples were
run in oxygen at a 100 mL/min flow rate and from ambient temperatures to 1000 ◦C
at 10 ◦C/min. Nitrogen sorption studies were performed with a Micromeritics TriStar
3020 V1.03 (V1.03) instrument. Surface area and porosity were calculated with the use of
Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH) methods, respectively.

2.3. Electrochemical Measurements

The electrochemical tests were performed using cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS) on an electrochemical CHI 660E work station, CH
Instruments, Austin, Texas, USA. All the electrochemical measurements were achieved
by the use of a three-electrode system. The counter and reference electrodes were Pt and
Ag/AgCl, respectively. The working electrode was prepared by drop-casting the sample
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mixed with Nafion onto a glassy carbon electrode (3 mm diameter). The deposited mixture,
on the electrode, was dried at room temperature. The electrolyte, H2SO4 (0.1 M), was
prepared by diluting 98% solution with double deionized water. The electrodes used for
EIS were likewise prepared.

3. Results and Discussions

Effects of the precursor on the physicochemical properties of the synthesized CNTs
and the electrochemical performance are reported herein.

3.1. Morphological Analysis

The TEM image analysis of the three samples shows hollow tubular structures with
some bamboo compartments (Figure 1), which resemble nitrogen-doped CNTs [14,15]. The
outer diameters (ODs) of the CNTs after purification are 101, 63, and 38 nm for IL-CNTs,
ILBag-CNTs, and ILCel-CNTs, respectively. The differences in the size of CNT diameters
were attributed to the presence of oxygen in the biomass containing precursors. Oxygen
affects the activation of the catalyst, the decomposition of the carbon precursor, and also
acts as an etchant of amorphous carbon [16]. Additionally, the diameters of the purified
samples are smaller than those from the crude samples (172, 104, and 112 nm for IL-CNTs,
ILBag-CNTs, and ILCel-CNTs, respectively). Similarly, the reduction in sizes was attributed
to the etching effect of the purification processes.

Sustainability 2021, 13, x FOR PEER REVIEW 4 of 13 
 

2.3. Electrochemical Measurements 
The electrochemical tests were performed using cyclic voltammetry (CV) and elec-

trochemical impedance spectroscopy (EIS) on an electrochemical CHI 660E work station, 
CH Instruments, Austin, Texas, USA. All the electrochemical measurements were 
achieved by the use of a three-electrode system. The counter and reference electrodes were 
Pt and Ag/AgCl, respectively. The working electrode was prepared by drop-casting the 
sample mixed with Nafion onto a glassy carbon electrode (3 mm diameter). The deposited 
mixture, on the electrode, was dried at room temperature. The electrolyte, H2SO4 (0.1 M), 
was prepared by diluting 98% solution with double deionized water. The electrodes used 
for EIS were likewise prepared. 

3. Results and Discussions 
Effects of the precursor on the physicochemical properties of the synthesized CNTs 

and the electrochemical performance are reported herein. 

3.1. Morphological Analysis 
The TEM image analysis of the three samples shows hollow tubular structures with 

some bamboo compartments (Figure 1), which resemble nitrogen-doped CNTs [14,15]. 
The outer diameters (ODs) of the CNTs after purification are 101, 63, and 38 nm for IL-
CNTs, ILBag-CNTs, and ILCel-CNTs, respectively. The differences in the size of CNT di-
ameters were attributed to the presence of oxygen in the biomass containing precursors. 
Oxygen affects the activation of the catalyst, the decomposition of the carbon precursor, 
and also acts as an etchant of amorphous carbon [16]. Additionally, the diameters of the 
purified samples are smaller than those from the crude samples (172, 104, and 112 nm for 
IL-CNTs, ILBag-CNTs, and ILCel-CNTs, respectively). Similarly, the reduction in sizes 
was attributed to the etching effect of the purification processes. 

 
Figure 1. TEM images for the synthesized structures: (a) IL-CNTs, (b) ILBag-CNTs and (c) ILCel-
CNTs. IL-CNTs, ILBag-CNTs, and ILCel-CNTs: ionic liquid 1-butyl-3-methylimidazolium chlo-
ride, or its combination with either sugarcane bagasse or cellulose. 
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Apart from being smaller, the ILCel-CNTs are notably more bent than the IL-CNTs
and ILBag-CNTs (Figure 1). The inward bent structure defects suggest that pentagons were
formed because of nitrogen doping [13].

3.2. Chemical Composition Analysis

Elemental analysis (EA) was initially used for qualitative analysis and showed the
presence of carbon, nitrogen, hydrogen, and oxygen in the samples (Supplementary Infor-
mation, Figure S1). IL-CNTs have a higher content of doped N, followed by ILBag-CNTs
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and ILCel-CNTs. This concurs with the TEM observations where IL-CNTs were found to
have more pronounced bamboo compartments. Further elemental quantitative analysis
through XPS shows a trend of atomic nitrogen composition similar to that from EA, i.e.,
thus confirming a higher percentage of nitrogen in the IL-CNTs sample (Figure 2). The
atomic nitrogen content for IL-CNTs, ILBag-CNTs, and ILCel-CNTs are 7.2%, 7.1%, and
6.2%, respectively (Figure 2).
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The N1s peak show a broad peak between 397.7 and 400.4 eV (Figure 3a–c), which
was deconvoluted to reveal the presence of two major nitrogen-doped species in the
carbon lattices, namely pyridinic and pyrrolic around 397.6–398.5 and 399.6–400.5 eV,
respectively [17–20]. These peaks confirm the presence of nitrogen doping in the samples,
which concurs with the presence of bent structures and bamboo compartments as observed
using TEM (Figure 1).
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The deconvoluted N1s species ratio was used to determine the percentage composition
of the identified species (Figure 3d). In all samples, the percentage of the pyridinic nitrogen
is higher than the pyrrolic nitrogen, i.e., 52%, 58%, and 71% IL-CNTs, ILBag-CNTs, and
ILCel-CNTs, respectively. Interestingly, ILCel-CNT, which shows bent structures in the
TEM analysis (Figure 1c), has the lowest pyrrolic-nitrogen content, and thus, the inclusion
of the unsymmetrical pyrrole ring is not responsible for this phenomenon. Hence, these
results suggest that the more pronounced bent structures of ILCel-CNTs are due to the
smaller tube sizes.

3.3. Thermal Analysis

The thermogravimetric analysis (TGA) profiles of the CNTs show minimal water loss
(≈2 wt %), which is expected to occur below 200 ◦C (Figure 4). There is no noticeable
decrease in weight in the range of 200–400 ◦C, corroborating TEM analysis and inferring
the absence of amorphous carbon. Significant weight loss occurs from around 500 ◦C,
with a weight loss of ≈95 wt % from both ILCel-CNTs and IL-CNTs, at 630 and 611 ◦C,
respectively, and ≈97 wt % from ILBag-CNTs samples at 618 ◦C. This was assigned to the
decomposition of N-CNTs, which is attributed to the disintegration of a single type of sp2

carbon structures. This is further supported by TEM analysis where no other structures
such as spheres, fibers, or amorphous carbons were observed (Figures 1 and 4). In addition,
the XPS analysis further supports the findings from the TGA analysis.
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Figure 4. Thermal analysis profiles of IL-CNTs, ILCel-CNTs, and ILBag-CNTs samples.

The thermogram in Figure 4 indicates that the order of material tolerance to heat is
IL-CNTs < ILBag-CNTs < ILCel-CNTs, i.e., Tmax DTA of 611, 618, and 630 ◦C, respectively.
These thermal stability trends agree with the amount of doped N determined by XPS. The
thermal decomposition temperatures are close to each other, and this is due to the similar
relationship of nitrogen contents, as seen in Figure 2. IL-CNTs show the highest amount of
doped N within the graphitic structure; hence, they have relatively higher compromised
C-C bond strengths and poorer heat tolerance. Some residual Fe remains in the materials,
as evidenced by the incomplete decomposition. The sample containing ILBag-CNTs has
almost zero residual Fe content while ILCel-CNTs and IL-CNTs have a residual Fe content
of around 3 wt %. This could be due to non-dissolved Fe after the purification process
since the concentrated H2SO4/HNO3 mixture has the ability to dissolve the metal catalyst,
separate the CNTs, and remove carbonaceous impurities.

3.4. Surface Area and Porosity Analysis

Nitrogen sorption and desorption data can be used to determine the surface area, pore
size distribution, as well as the ratio of micro- to mesopores. Surface area and porosity
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were calculated with the BET and BJH methods, respectively. The samples exhibit type
IV sorption−desorption isotherms with an H2 hysteresis loop observed in the range of
0.45–1.0 P/P0 (Figure 5a).
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The H2 hysteresis loop suggests the presence of pores with narrow mouths (ink-bottle
pores), comparatively constant channel-like pores, and pore network-linking effects [21],
therefore suggesting the samples are mesoporous materials. The hysteresis loop of ILCel-
CNTs is slightly broader than the other two, suggesting the presence of more porous
structures with possibly greater surface area and pore volume. This observation correlates
to the highest BET surface area of 52 m2 g−1 for ILCel-CNTs, which is followed by ILBag-
CNTs, 35 m2 g−1, and IL-CNTs with the lowest surface area of 21 m2 g−1. These surface
areas correspond to the increase in ODs of the CNTs, i.e., 38, 63, and 101 nm, respectively,
hence suggesting that the smaller the OD, the greater the surface area. The pore size
distribution of samples is displayed in Figure 5b, and the insert is for the size region
of 3.5–5.5 nm. The order of population frequency of these pores was IL-CNTs < ILBag-
CNTs < ILCel-CNTs, respectively. The most probable reason for this is the different
dimensions and composition of nitrogen-doping types leading to altered structures and
textural characteristics. The pore distribution indicates that the CNTs are mostly composed
of mesopores (2–50 nm).

3.5. Cyclic Voltammetry

Cyclic voltammetry (CV) is an effective and popular electrochemical technique fre-
quently utilized to study the electrochemical performance of materials. The charge accu-
mulation at electrodes was determined using a scan rate of 10 mV s−1 in a potential range
of 0 to 0.8 V. The specific capacitance (Cs) was calculated from the CV curves according to
Equation (1) [22]:

Cs =
∫

IdV
2υ∆Vm

(1)

where Cs is the specific capacitance (F g−1), I is the current response (A), ∆V is the potential
window (V), υ is the scan rate (V/s), and m is the mass of electrode material (g). The
capacitive performance of the CNTs was obtained in 0.1 M H2SO4 at room temperature.
The fabricated electrodes from all the N-CNT materials display some pseudo-capacitance
traits and rectangular-shaped CV curves (Figure 6). This means that all the N-CNT materials
investigated show an excellent rapid current response to voltage reversal and excellent
electrochemical capacitive behavior. A pair of reversible redox peaks at 0.43 and 0.53 V
was attributed to the presence of N introducing Faradic reactions between nitrogen atoms
in the N-CNT matrix and the electrolyte. In acidic medium, the pseudo-Faradaic effects
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resulting from CNTs with pyridinic nitrogen functionality can be characterized according
to Equation (2) [18,23]:

C* = N + e− + H+ ↔ C* NH (2)

where C* stands for the carbon network. There were no oxidation and reduction peaks of
Fe observed in CV curves, and this observation suggests that the effect of the residual Fe
nanoparticles from synthesis is negligible [24,25].
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The existence of nitrogen as a dopant in CNTs results in enhanced capacitance due to
the modified electronic properties [26]. However, an increase in pyrrolic nitrogen-doping in
N-CNTs has been reported to cause severe deterioration regarding both the electrochemical
capacitor (EC) quality and the current [27]. However, in the present work, the EC quality
did not deteriorate with an increase in pyrrolic nitrogen doping (Figure 6).

Furthermore, introducing nitrogen, an electron-rich atom, in the form of pyridinic
moieties in the graphitic carbon network adds a lone pair of electrons into the delocalized
π system [19]. The function of the lone pair of electrons is to act as a charge carrier, which
improves the charge density and, in turn, leads to increased electrical conductivity, therefore
resulting in increased capacitance [28]. It is also important to note that the substitution
of carbon with nitrogen provides natural carbon materials with other redox reactions
for pseudocapacitors [29]. On the other hand, pyrrolic nitrogen is known to induce a
high concentration of defects within the graphitic structure since five-membered rings are
formed instead of six-membered rings [30], which compromise the associated electrical
conductivity of carbon and cause a loss of capacitance.

The synthesized N-CNTs exhibit Cs of 10, 26, and 30 F g−1 for IL-CNTs, ILBag-CNTs,
and ILCel-CNTs, respectively. The Cs is comparable to the reported values of commercially
available doped N-CNTs [31]. The total nitrogen content in the samples is very similar
(7.2%, 7.1%, and 6.2% for IL-CNTs, ILBag-CNTs, and ILCel-CNTs), but the amount of
pyrrolic N-doping decreases in the series (48%, 42%, and 29% (Figure 3d)) and is hence in
line with the literature. The data indicate that the performance of the supercapacitors can
be tuned by pyridinic nitrogen-doping composition.

Another reason for the increase in specific capacitance in that series could be the
different porosities and specific surface areas [23]. Sufficiently large surface areas must be
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accessible to the electrolyte ions for adsorption and ultimately forming a double layer. In
the above series, both the surface area and the average pore volume increase, indicating
indirectly that the surface area is available for electrosorption. This contrasts to other
reports [32,33], where no relationship between EC quality and performance with BET
surface area was found. This work indicates that the physical properties, namely, diameter,
porosity, and surface area of N-CNTs, are suitably tailored by introducing cellulose or
bagasse as feedstock combined with the ionic liquid.

Cycle stability studies were performed on all three samples at 50 mV s−1 for 50 cycles
(Figure 7a).
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It is observed that all samples are stable, with ILCel-CNTs being slightly more stable
based on the voltage window. Therefore, the most stable sample, ILCel-CNTs, which also
features the best capacitive performance, was further studied for long-term cycle stability
studies, i.e., 50, 100, and 200 cycles, as shown in Figure 7b. The voltammogram maintained
its quasi-rectangular shape at 50 and 100 cycles, at a scan rate of 50 mV s−1, indicating
quick and efficient charge transfer and excellent capacitive behavior [34]. However, it
deteriorated severely between the 100th and 200th cycles, as shown by the smaller voltage
window (Figure 7b).

3.6. Electrochemical Impedance Spectroscopy (EIS)

Nyquist plots display the frequency responses of the samples, which demonstrate
the associated impedance properties of the CNTs [35]. The high-frequency region shows
negligible charge transfer resistance for all samples (Figure 8). Ideally, in cases where
there is charge transfer resistance, the Nyquist plot may show a distorted semicircle in the
high-frequency region. However, in this case, the semicircle is absent, indicating that the
resistance is negligible, and hence, there is a remarkable charge reversal at voltage change,
leading to the rectangular shapes shown in Figure 6 for the CV analysis.

The lower frequency region of the three CNT materials shows a straight line, which is
attributed to the low ion diffusion resistance in the electrolyte, suggesting a nearly ideal
charge storage device [35]. The slope for ILCel-CNTs is slightly steeper than those for
ILBag-CNTs and IL-CNTs, suggesting faster ion diffusion and better EC quality.
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4. Conclusions

In conclusion, the results have shown that excellent electrochemical properties are im-
parted to N-CNTs when these are prepared from 1-butyl-3-methylimidazolium chloride or
a mixture of this ionic liquid with either bagasse or cellulose. Hence, the developed proto-
col allows fabricating electronic devices such as supercapacitors from renewable resources.
Depending on the starting material composition, the physical (dimensions, pore size distri-
bution, surface area), chemical (elemental composition, level of N-doping, ratio of pyridinic
and pyrollic nitrogen, thermal stability) and electrochemical properties electrochemical
capacitor, EC, (EC quality, specific capacitance, impedance) of the material are tailored. In
particular, the N-CNTs synthesized from cellulose display excellent performance.
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Abstract: The parameters of the alkaline fractionation process were investigated and optimized using
a statistical analysis method to simultaneously remove hemicellulose and ash from rice husk (RH)
concomitantly. After the alkaline fractionation process, the residual solid contained high cellulose,
and the recovery yield of hemicellulose was enhanced in the fractionated liquid hydrolyzate. The
hemicellulosic sugar recovery yield (71.6%), de-ashing yield (>99%), and lignin removal (>80%)
were obtained at the reaction conditions of 150 ◦C of temperature, 40 min of reaction time, and 6%
(w/v) of NaOH concentration. Subsequently, nano-structured silica was synthesized using black
liquor obtained as a by-product of this fractionation process. For the production of nano-structured
silica, it was observed that the pH of a black liquor and the heat treatment temperature significantly
influenced the textural properties of silica product. In addition, the two-stage bleaching of solid
residue followed by colloid milling for the production of high value-added CNF with was attempted.
As a result, in addition to 119 g of fermentable sugar, 143 g of high-purity (>98%) silica with a
surface area of 328 m2g−1 and 273.1 g of high-functional CNF with cellulose content of 80.1% were
simultaneously obtained from 1000 g of RH.

Keywords: biorefinery; multi-objectives RSM; nano-silica; de-ashing; cellulose crystals

1. Introduction

In response to growing concerns about environmental pollution caused by excessive
consumption of fossil fuels, many researchers are pursuing alternative bio-based resources
that can be applied to related industries. Among various candidates, lignocellulosic
biomass, including agro-industrial and agricultural wastes, has attracted an intensive
interest in the production of biofuels and chemicals, which are desirable alternatives to
conventional petroleum-based fuels and chemicals. The biodegradability, reproducibility,
and abundance of lignocellulosic biomass make it a promising resource for the production
of these bio-based products [1]. Thus, lignocellulosic biomass has emerged as a potential
renewable resource due to its annual reproducibility and abundance.

To secure the economic feasibility of biorefinery, a biorefinery system for producing
value-added chemicals, i.e., an integrated biomass conversion process, must be conceived.
To operate the biorefining process efficiently, each component of biomass must be separated
sequentially by an effective and technically feasible fractionation process [2,3]. Rice is one of
the most cultivated crops in the world; in 2018, approximately 661 million tons of rice were
cultivated worldwide. Therefore, rice husk (RH) is a major side product of the agricultural
industry, because its weight accounts for approximately 20 wt.% of rice plant [4]. Since
RH is obtained through the milling process, it has already been processed first, suitable
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for further chemical and physical treatment without any additional drying or grinding
process. In Korea, domestic RPCs (rice process complexes) perform rice milling according
to demand, so they can produce relatively uniform amounts of RH throughout the year [5].
Nevertheless, most of the current RH is either burned in the field or used as compost in
the soil as a quick and easy disposal method [6]. However, these methods of disposal
are a major source of air pollution from smoke and greenhouse gases. In particular, RH
combustion is evaluated as socially unacceptable due to the widespread air pollution
increasing organic carbon emission [7]. The inclusion of some RH in the soil is a common
management practice to improve soil fertility [8] and to prevent the harmful effects of
long-term agricultural activities [9]. However, composting of RH increases emission of
methane gas, one of the major greenhouse gases [10].

There has been a considerable amount of research on the use of RH over the past few
years. Since RH is composed of a large amount of lignocellulose and ash, numerous studies
have been focused on the preparation of high value-added products such as lignin, silica,
and fermentable sugar to utilize RH as a raw material in various bio-based industries [11–13].
For examples, hemicellulose is hydrolyzed into sugars (mainly xylose) and substituted
sugar oligomers [14,15], cellulose is hydrolyzed into glucose and then fermented into
ethanol [16,17], and ash is used for preparation of pure fine silica [18,19]. In particular, the
silicified surface of RH acts as a protective barrier, specifically conferring an outstanding
recalcitrance toward biological threats, which leads to inefficient hydrolysis of cellulose
and hemicellulose. Accordingly, the release of fermentable sugar from the tightly woven
structure of cell wall is considered a prerequisite to obtaining bio-based products through
the biological conversion process [20].

Interestingly, silica (SiO2) accounts for 80–95% of the inorganic components in RH [21,22].
Therefore, after extraction of the cellulosic components through fractionation, silica-based
products can be obtained from the byproduct liquor (black liquor). The morphology and
purity of the silica products can be changed through post-treatment of black liquor. There-
fore, the development of an appropriate post-treatment process with optimized conditions
can lead to the production of high purity/grade nano-structured silica from black liquor.
Currently, a large amount of silica is widely used in various industries. In particular,
nano-structured silica with unique characteristics is required for various modern applica-
tions such as biosensors [23], drug delivery systems [24], wastewater treatment [25], and
superhydrophobic coatings [26], which are expected to grow rapidly [27]. Accordingly, the
facile preparation of high-purity nano-structured silica from RH is an important research
theme, because the production of high value-added silica from a low-cost raw material
and the effective treatment of waste biomass can be achieved simultaneously. Fernandes
et al. [28] suggested that the effective production of silica from RH is generally based on a
combination of appropriate chemical and heat treatment conditions.

On the other hand, due to the specific chemical and physical properties of biomass-
derived cellulose, the interest in their research and development is rapidly increasing.
However, cellulose is still limited in its use in industrial applications due to its unique
properties such as water insolubility, hygroscopicity, and non-melting properties. Nev-
ertheless, until recently, many researchers have found that when biomass cellulose is
subjected to mechanical shear or controlled hydrolysis, elongated fibrils or defect-free
rod-shaped crystal particles are obtained in the nanoscale range, and that they were named
nano-cellulose [29]. Nano-cellulose has many advantages such as high mechanical strength,
large aspect ratio, low density, high specific surface area, and excellent biocompatibility.
In particular, by modifying the surface chemical properties of nano-cellulose through
various development strategies, it is possible to change the properties to meet various
industrial needs [30]. Thus, nano-cellulose can be a versatile source of various products in
the form of commercial cellulose derivatives through chemical modification [31]. Typically,
nano-cellulose is divided into two main types. That is, it can be broadly classified into
cellulose nanocrystals (CNC) obtained from acid treatment and cellulose nano-fibrils (CNF)
mainly produced by mechanical disintegration. CNF has become a more attractive material
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for industrial use, and as CNF can be produced on a commercial scale, this material has
become readily available through the market. Thus, CNF has received more attention
in industrial applications. In relation to CNF from lignocellulosic biomass, many R&Ds
have been proposed to develop and optimize production technologies or to impart new
properties to materials of special and high industrial value [32–36].

In our previous work to effectively utilize the lignocellulosic biomass, glucose and
xylose were produced as the raw materials for production of biofuel by hydrolyzing
cellulose and hemicellulose through optimized fractionation process. In addition, ball
milling combined in the presence of chemical catalyst has been shown to be an effective
fractionation method because of increasing mixing effectiveness, reducing particle size and
increasing larger accessible surface area, resulting in significantly improved fractionation
of herbaceous biomass [37–39]. However, unavoidable substantial byproduct formation
after recovery of the fermentable sugars incurs additional costs for the associated waste
treatment, which can increase the production cost. Therefore, it is speculated that a
conversion strategy for the utilizing by-products produced in the fractionation process is
required [40].

In the current study, alkaline fractionation of RH has been attempted to selectively
separate the components from RH. The objective of this study was to recover hemicellulosic
sugar and ash (mainly silica), while retaining most of the cellulosic component in the
solid residue. Numerous studies, however, have been conducted to produce bioethanol
using xylose in liquid phase and cellulose in solid phase. Therefore, the focus of the
research is on the multi-purpose optimization of the alkali fractionation process, which
can simultaneously meet the recovery of hemicellulosic sugar (mainly xylose) and the
de-ashing yield from RH. In addition, the studies were conducted to secure bio-based
materials from rice husk other than biofuels. After fractionation of the RH, with the aim of
producing high value-added bio-based materials from fractionation residues, new synthetic
methods for producing high-purity nano-silica from liquid residues were investigated, and
a series of experiments were conducted to produce CNF from solid residues.

2. Materials and Methods
2.1. Feedstock Preparation

RH was obtained as a by-product from local rice process complex (RPC); the rice was
harvested from Gimpo, Gyeonggi-do, Korea, in the fall of 2017. Prior to the experiment,
RH was dried for 48 h at 45 ± 5 ◦C using a convection drying oven (FC-PO-1500, Lab
House, Seoul, Korea) and stored in an automatic dehumidification desiccator. The moisture
content of the RH was 4.6% based on its oven-dried weight.

2.2. Compositional Analysis of Raw and Fractionated RH

The carbohydrate components of the fractionated or untreated RH were subjected to
a two-stage acid hydrolysis extraction process, which was standardized according to the
procedure specified in the corresponding Laboratory Analytical Procedure of the National
Renewable Energy Laboratory (NREL-LAP) [41]. In addition, in the analysis of liquid
samples obtained during the fractionation, glucose and hemicellulosic sugar (xmg: xylose,
mannose, and galactose) were analyzed by high-performance liquid chromatography
(HPLC; 1260 Infinity, Agilent Technologies Inc., Santa Clara, CA, USA). The analytical
column and detector were an Aminex HPX-87H organic acid column (Bio-Rad) and a
refractive index detector (1260 RID, Agilent Technologies Inc.), respectively. The operating
conditions for the HPLC column were 65 ◦C and a mobile-phase (sulfuric acid) flow rate of
0.6 mL/min.

2.3. Experimental Setup and Operation of Bench-Scale Fractionation

A tubular reactor was used to optimize the lab-scale alkaline fractionation process.
The reactor was made of stainless steel (SS-316L) and had an internal diameter of 10.7 mm
and a length of 150 mm, with an internal volume of 13.5 mL. Five hundred milligrams
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of oven-dried RH was placed in the reactor, and sufficient alkaline solution was added
to give a solid-to-liquid ratio of 1:10. To increase the temperature of the reactor to the
target temperature within approximately 1.0 min, it was first immersed in the first heating
bath (molten salt) set at 240 ◦C. When the temperature of the reactor reached the target
temperature, it was quickly transferred to the second bath (silicone oil) set to the target
reaction temperature (116–184 ◦C). After the reaction was conducted for a fixed period of
time, the reactor was quenched in an ice-water bath to quickly stop the reaction.

The bench-scale (30 L) combined ball milling reactor used for the production of
hemicellulosic sugar and black liquor via an alkaline fractionation of RH [42]; this reactor
was designed to be capable of operating at 60 rpm at a pressure of 20 kgf cm−2 and a
temperature of 200 ◦C (Sugaren Co. Ltd., Yongin, Korea). Alumina balls (HD, sphere
type, 10 mm diameter, and 3.6 g cm−3 density) were additionally placed in the reactor
to improve the mixing efficiency. The ball/biomass/alkaline solution ratio was 30:1:10
(w/w/v). Upon completion of the reaction, the solid and liquid inside the reactor were
separated. The remaining solid samples were washed and then used for glucose production
by enzymatic hydrolysis.

2.4. Optimization of the Process Variables Using Response Surface Methodology (RSM)

A second-order model was used to fit the data individually for the response of hemicel-
lulosic sugar extraction yield and de-ashing yield by the general model with three variables
in the alkaline fractionation of rice husk: reaction temperature, reaction time, and NaOH
concentration [43]. The range of process variables in the central composite design (CCD)
are shown in Table 1.

Table 1. Process variables and their levels for 33 central composite design (CCD).

Process Variables
Coded Levels and Actual Conditions

−1.68 −1 0 +1 +1.68

Temperature (◦C) 116 130 150 170 184
Time (min) 6 20 40 60 74

NaOH Conc. (%) 1 2 3.5 5 6

To achieve high hemicellulosic sugar extraction yield and de-ashing yield from RH,
the alkaline fractionation conditions were optimized by response surface methodology
(RSM) based on the 33 factorial CCD. To determine the optimal conditions for extracting
hemicellulosic sugar and de-ashing, analysis of variance (ANOVA) and multiple regression
analysis were performed using Design Expert (Ver 8, Stat-Ease, Minneapolis, MN, USA).

2.5. Preparation of Nano-Structured Silica Powders from Black Liquor

Nano-structured silica powders (NSP series) were obtained from a black liquor. A
block diagram according to the preparing sequence and conditions is shown in Figure 1. In
a typical preparation of NSP-1, 450 mL of the black liquor diluted with 50 mL of distilled
water was used. First, the pH of the black liquor was adjusted to ~7.0 by addition of acetic
acid. After the resulting solution was stirred for 12 h at room temperature (~25 ◦C), it
was centrifuged at 5000 rpm for 5 min; the supernatant was then decanted away. The
remaining products were washed several times with distilled water and dried overnight at
80 ◦C. Finally, the dried powders were heat-treated at 600 ◦C for 2 h under air atmosphere.
Through this process, we obtained ~15.5 g of silica powders per liter of black liquor. The
overall synthesis procedure of NSP-2 and NSP-3 was similar to that of NSP-1, except that
the pH of the black liquor was adjusted to ~6.0 and ~8.0, respectively.
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Figure 1. Block diagram depicting the preparation of nanostructured silica powder (NSP) from black liquor under
different conditions.

In the case of NSP-4 and NSP-5, the overall synthetic procedure was the same as
that of NSP-1, except that the heat-treatment temperatures at the last step ere 450 ◦C and
300 ◦C, respectively. NSP-6 was prepared by a procedure similar to that used for NSP-1,
except that the dried powders at 80 ◦C were further treated with HCl solution before the
heat treatment at 600 ◦C; specifically, the dried powders were placed in 100 mL of 10 wt%
HCl solution and then stirred at 90 ◦C for 2 h. After reaction, the powders were filtered
and washed with distilled water. After drying overnight at 80 ◦C, the final products were
obtained by the heat treatment at 600 ◦C for 2 h under air atmosphere.

2.6. Preparation of Cellulose Nano-Fibrils from Fractionated Residual Solid

The two-stage bleaching process was performed using hydrogen peroxide (H2O2)
and chlorine dioxide (ClO2) to remove residual lignin from fractionated solid phase. In
the first step, the solid/liquid ratio was set to 10% using 5% (v/v) H2O2, and reacted at
100 ◦C for 60 min. In a second step using 5% (v/v) ClO2, the pH was controlled to 3 to
4 using CH3COOH, reacted at 70 ◦C for 90 min, then washed with distilled water and
dried at 45 ◦C. A 2 wt.% (w/v) dry solid suspension was prepared using distilled water,
and CNF was prepared by grinding with a colloid milling device, Super Mass Colloider
(MKCA6-5J, Masuko Sangyo Co., Kawaguchi, Japan). A non-porous grinder (MKGA10–80,
Masuko Sangyo Co., Kawaguchi, Japan) that prevents contamination of bacteria and can
add catalysts was used, for which the grinder interval was 150 µm and the rotation speed
was 1600 rpm.

2.7. Material Characterization of Nano-Structured Silica Powders and Cellulose Nano-Fibril

X-ray diffraction (XRD) patterns were obtained using a Rigaku D/Max 2500/PC
diffractometer (Japan). The material morphologies were investigated by scanning electron
microscopy (SEM; X-Max T50, Oxford Instruments, Abingdon, UK) and transmission
electron microscopy (TEM; JEM-2000EX, JEOL Ltd., Tokyo, Japan). The nitrogen (N2)
physisorption isotherms were obtained at 77 K using a Tristar II 3020 system (Micromeritics
Inc., Norcross, GA, USA). The surface areas of materials were calculated from the measured
isotherms according to the Brunauer–Emmett–Teller (BET) method, and the pore volumes
were taken at the P/P0 ≈ 0.995 single point. The pore size distributions of materials were
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calculated by the Barrett–Joyner–Halenda (BJH) method from the adsorption branches
of the isotherms. The inorganic chemical composition and carbon content of silica were
determined using a sequential X-ray fluorescence (XRF) spectrometer (ZSX100, Rigaku,
Akishima, Japan) and an elemental analyzer (Elementar Analysensysteme GmbH, vario
MICRO cube, Langenselbold, Germany), respectively.

3. Results
3.1. Compositional Analysis of Raw and Fractionated RH

Table 2 summarizes the chemical constituents of the raw and NaOH-fractionated
RH. The composition of carbohydrates in the raw RH was measured to be 35.6 ± 0.8% of
cellulose, 13.6 ± 0.4% of hemicellulose, 0.8 ± 0.1% of galactan, and 1.7 ± 0.0% of arabinan;
thus, the total carbohydrates account for 51.7 ± 1.3%. In addition, the noncarbohydrate
component was analyzed to consist of 23.4 ± 0.2% lignin, 4.2 ± 0.1% extractives, 3.2%
protein, 0.5% lipid, and 15.7 ± 0.2% ash. Therefore, the mass closure of each constituent of
raw RH was reached at 99.6 ± 1.6% for oven-dried biomass. The results of the component
analysis of the NaOH-fractionated RH in the second row in Table 2 were used to compare
the changes in content of each component.

Table 2. Chemical composition of raw and NaOH-fractionated rice husk based on an oven-dry biomass.

Components

Carbohydrates Lignin Extractives
Protein

(2)
Lipid

(3) Ash
Mass

ClosureGlucan XMG (2) Arabinan Insoluble
Lignin

Soluble
Lignin Water Ethanol

Raw rice husk 35.6 ± 0.8 13.6 ± 0.4 0.8 ± 0.1 22.7 ± 0.0 0.7 ± 0.2 3.5 ± 0.1 0.7 ± 0.0 3.2 0.5 15.7 ± 0.2 97.9
Fractionated rice

husk (1) 73.9 ± 1.1 13.4 ± 0.6 1.1 ± 0.2 11.5 ± 0.3 99.9

(1) NaOH-fractionated at optimized reaction conditions; reaction temperature of 150 ◦C, reaction time of 45 min, and NaOH. concentration
of 6%(w/v) with solid remaining of 35.5%. (2) XMG: Major component of hemicellulose (Xylan, Mannan, and Galactan). (3), (4) Protein and
lipid contents were analyzed by KFRI, Korea Food Research Institute. N-factor = 5.95.

Only carbohydrate and lignin contents are shown for fractionated rice husk, because
most of the noncarbohydrate components, including ash, were estimated to have been
extracted into liquid by-product during the fractionation, resulting in no analysis. Simi-
lar studies have reported that alkaline fractionation facilitates the degradation of lignin
and hemicellulose because of saponification of the intermolecular crosslinking between
hemicellulose and lignin. In addition, significant changes in physical properties such as
increased porosity, cellulose expansion and destruction of carbohydrate–lignin complexes
can also be the cause [44,45].

The cellulose content of the NaOH-fractionated RH increased from 35.6% to 73.9%,
and the hemicellulosic sugar content was found to be very slightly reduced. Meanwhile, the
lignin content was greatly reduced from 22.7% to 11.5%. These values are relative, because
the noncarbohydrate fraction and some of the hemicellulose and lignin fractions were
solubilized during the fractionation; given the amount of residual solids, the hemicellulose
and lignin fractions correspond to 26.2% cellulose, 4.8% hemicellulose, and 4.1% lignin
based on the raw RH. These results are in good agreement with those of Shahabazuddin
et al., who reported that the cellulose content increased from 32.7% to 51.7% and that the
hemicellulose and lignin contents decreased from 18.1% to 16.1% and 26.7% to 12.3%, re-
spectively [46]. Compositional analysis was established from three replicate measurements
performed independently; error values are expressed as standard deviations.

3.2. Effects of Process Variables for Alkaline Fractionation

The effects of independent variables, reaction temperature, reaction time, and NaOH
concentration, were evaluated to maximize the extraction of lignin, ash, and hemicellulosic
sugar. In the 17 experimental conditions investigated in this study, the hemicellulosic
sugar extraction yields ranged from 21.7% to 77.4%, and the de-ashing yields ranged from
69.2 to 95.6% (Table S1). In examining the influence of each independent variable, we
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observed that hemicellulosic sugar extraction and de-ashing yields tended to increase
proportionally as the level of all of the independent variables increased. The effects
of each independent variable on hemicellulosic sugar extraction and de-ashing yields
were evaluated based on ANOVA (Table S2). The effect of NaOH concentration on the
hemicellulosic sugar extraction yield was found to be greatest, followed by the effect of
reaction time and temperature. By contrast, in the case of the de-ashing yield, significance
was confirmed in the order of NaOH concentration, reaction temperature, and reaction
time. The coefficients of determination (R2), which measure the fitness of the second-order
regression equations for hemicellulosic sugar extraction and de-ashing yield, as derived
using the CCD, were evaluated as 0.9803 and 0.8372, respectively. The p-values were
0.0001 and 0.0406, respectively, indicating that the confidence intervals were within 95%.
The highest yields of hemicellulosic sugar extraction and de-ashing at 150 ◦C, 40 min of
reaction time, and 6% (w/v) NaOH concentration were 77.4% and 95.6%, respectively.
These results are consistent with previous reports that lignin and ash were extracted as
black liquor with increasing NaOH concentration.

3.3. Multi-Objectives Optimization of the Alkaline Fractionation of RH

The second-order polynomial equations related to hemicellulosic sugar extraction
yield and de-ashing yield were obtained from the regression analysis and given by
Equations (1) and (2).

Yxmg = 49.35 + 2.14 × X1 − 0.34 × X2 + 14.56X3 − 2.18X1 X2- 2.84X1 X3 − 1.17X2 X3
− 6.20X1

2 − 1.60X2
2 + 0.076X3

2 (1)

Yde-ashing = 93.65 + 1.25 X1 + 1.68 X2 + 5.47 X3 − 0.10 X1 X2
+ 0.13 X1 X3+ 0.25 X2 X3 +0.083 X1

2−1.19 X2
2−3.37 X3

2 (2)

where X1: reaction temperature; X2: reaction time; X3: NaOH concentration.
The coefficients of determination (R2), which measure the fitness of the second-order

regression equations for hemicellulosic sugar extraction and de-ashing yield, were evalu-
ated as 0.9803 and 0.8372, respectively, which further indicated that the model was suitable
for adequately representing the real relationships among the selected reaction variables.
The statistical significance of the model was evaluated by the F-test that showed that the
regression was statistically significant. For the case of hemicellulosic sugar extraction yield,
the “Prob > F” represented as p-value for the model was <0.0001, which indicated that the
model was statistically significant with a confidence level of 99.99%.

The predicted maximum yield of hemicellulosic sugar extraction from the regression
equation of dependent variable hemicellulosic sugar extraction yield was 74.7% at 148.1 ◦C
reaction temperature, 27.0 min reaction time, and 5.9% NaOH concentration, respectively.
Furthermore, the predicted maximum de-ashing yield was 96.1% at 142.8 ◦C reaction
temperature, 60.6 min reaction time, and 4.9% NaOH concentration. The conditions for
highest yields of hemicellulosic sugar extraction and de-ashing were determined by the
analysis of the statistical model generated.

Figure 2 attempts to represent the change of dependent variables by overlaid contour
lines for the interactions between the independent variables; therefore, the gray-toned
contours represent the changes in the de-ashing yield, and the black-toned contours were
expressed for the changes in the hemicellulosic sugar extraction yield. Since a relatively
high de-ashing yield was obtained in most of the experimental range, the optimization
criterion was given priority to the range in which the hemicellulosic sugar extraction yield
could be obtained more than 70%. It was determined that the de-ashing yield was high, and
the overlapping portion appeared to be suitable for the purpose of the processing, which
was indicated in grayscale. Figure 2a shows that over 72% hemicellulosic sugar extraction
yield and 94% de-ashing yield can be obtained in the range of reaction temperature of about
146 to 158 ◦C and reaction time of about 41 to 55 min. Likewise, in the case of reaction
temperature, there was a possibility to obtain an hemicellulosic sugar extraction yield of
70% or more and a de-ashing yield of 93% or more in a wide range of about 140 to 160 ◦C,
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but the NaOH concentration to meet these yields was determined to be possible only in a
narrow experimental range of about 5.8–6.3% (Figure 2b).

Figure 2. Multi-objective optimization on hemicellulosic sugar recovery and ash removal as a function of reaction tem-
perature, reaction time and NaOH concentration, where, (a) NaOH concentration; 3.5 (w/v)%, (b) Reaction time; 40 min.,
(c) Reaction temperature; 150 ◦C.

It can be seen in Figure 2c that NaOH concentration greatly influences the sugar
recovery and ash removal in the alkaline fractionation process of RHs. The reaction range
capable of simultaneously matching the hemicellulosic sugar yield of 75% and the de-
ashing yield of 92% or higher was possible in the entire range of reaction time. However,
the effect of NaOH concentration was significant, as it was found to be possible only in the
range of about 6.0% to 6.3%.

By overlapping the response surfaces of the resultant dependent variables, the op-
timized reaction conditions were estimated with a reaction temperature of 149.8 ◦C, a
reaction time of 45.1 min, and a NaOH concentration of 5.9 wt.%, under which the hemi-
cellulosic sugar extraction and de-ashing yields were estimated to be 73.2% and 93.9%,
respectively. When the RH was fractionated under the optimized conditions; 150 ◦C, a
reaction time of 45 min, and a NaOH concentration of 6.0 wt.%, it was confirmed that the
extraction yield of hemicellulosic sugar was 71.6% and the de-ashing yield was greater
than 99%, which are in good agreement with the estimated values obtained from the
optimized conditions.

3.4. Synthesis of Nano-Structured Silica from the Residual Black Liquor

Residual black liquor is a type of basic silicate solution that contains both hemicellu-
losic sugar and lignin components. To obtain silica powders from black liquor preventing
excessive precipitation of other components (e.g., lignin), the pH of black liquor was ad-
justed to neutral using a certain amount of acid solution. In this study, we used acetic acid
instead of sulfuric acid for pH adjustment, because the former is weaker and less harmful
than the latter. After purification of precipitated silica by centrifugation and washing, trace
organic components were removed by heat treatment under an air atmosphere.

To prepare an initial test sample (NSP-1), the pH of black liquor was adjusted to ap-
proximately 7.0 using acetic acid, followed by heat treatment at a high temperature (600 ◦C)
to completely remove the organic components. The XRD pattern of NSP-1 exhibited a
broad diffraction near 20◦, which is typical for amorphous silica (Figure 3a). It was seen
that silica content among the inorganic components of NSP-1 was as high as 98.0%, and a
small amount (1.76%) of sodium compound was also measured. SEM and TEM images of
NSP-1 showed that the small nano-particles aggregated into large particles with sizes of a
few hundred nanometers (Figure 3b,c). These types of hierarchical nano-structures impart
NSP-1 with a large surface area of 175 m2 g−1 and a pore volume of 0.81 cm3 g−1 (Table 3).
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Figure 3. (a) XRD pattern, (b) SEM image, and (c) TEM image of NSP-1. (d) N2 physisorption isotherms and pore size
distributions (inset) of NSP-1, NSP-2, and NSP-3.

Table 3. Experimental conditions and characterization results of NSP series.

NSP-1 NSP-2 NSP-3 NSP-4 NSP-5 NSP-6

pH control ~7.0 ~6.0 ~8.0 ~7.0 ~7.0 ~7.0
Acid leaching – – – – – O

Heat treatment
temperature (◦C) 600 600 600 450 300 600

Surface area (m2 g−1) 175 113 109 273 328 392
Pore volume (cm3 g−1) 0.81 0.23 0.45 0.57 0.61 0.65

Main pore size (nm) ~25 ~7 ~20 ~10 ~10 ~10
SiO2 (%) among the

inorganic components 98.0 95.5 97.2 98.2 98.1 99.8

In the synthesis procedure, it was confirmed that the pH of black liquor and the heat-
treatment temperature affected the textural properties of silica products substantially. NSP-
2 and NSP-3 were obtained using the same procedure used for NSP-1, except that the pH
levels of the black liquor were adjusted to approximately 6.0 and 8.0, respectively. Although
the pH levels of NSP-2 and NSP-3 only differed from that of NSP-1 by approximately
±1.0 pH unit, their surface areas and pore volumes were noticeably small. NSP-2 exhibited
a surface area of 113 m2 g−1 and a pore volume of 0.23 cm3 g−1. A similar tendency was
observed for NSP-3 (Table 3), which exhibited a surface area of 109 m2 g−1 and a pore
volume of 0.45 cm3 g−1. We speculated that these differences in textural properties resulted
from the different rates of condensation reactions. After the formation of silicic acid by the
addition of acetic acid, the condensation reaction of silicic acid was strongly dependent
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on the pH of the reactant solution [47]. Since the formation of the silica framework was
affected by the condensation reaction rate, the textural properties of NSP powder were also
altered by the pH of the solution.

3.5. Optimization for the Synthesis of Nano-Structured Silica with Large Surface Area

NSP-4 and NSP-5 were prepared following the same synthesis procedure used for
NSP-1, except that the heat-treatment temperature at the last step was decreased to 450 ◦C
and 300 ◦C, respectively. Because of the lower heat-treatment temperatures, the surface area
of the silica substantially increased (Table 3). Between NSP-4 and NSP-5, NSP-5 showed a
surface area of 328 m2 g−1, which was nearly two times larger than that of NSP-1.

The main pore sizes of NSP-4 and NSP-5 were approximately 10 nm, whereas that
of NSP-1 was approximately 25 nm (Figure 4a). This phenomenon might be induced by
the residual sodium contents in the NSP powders, because the melting points of sodium
silicates are substantially lower than that of pure silica [48]. Therefore, a small sodium
content could reduce the melting point of the silica. In addition, because the particle
size decreased to the nano-scale, the melting point of the material also decreased [49].
Accordingly, the nanosized silica framework of the NSP series could be easily melted and
aggregated even at 600 ◦C. This process leads to the generation of large mesopores through
the collapse of small mesopores, resulting in the decrease of surface area. Inevitably,
because of the low heat-treatment temperature, the carbon content (0.61 wt.%) of NSP-5
was greater than that (0.06 wt.%) of NSP-1. However, we found that nano-structured silica
with a high surface area could be readily prepared through a simple optimization of the
established process.

Figure 4. (a) N2 physisorption isotherms and pore size distributions (inset) of NSP-1, NSP-4, and NSP-5. (b) N2 physisorp-
tion isotherms and pore size distributions (inset) of NSP-1 and NSP-6. (c) SEM and (d) TEM images of NSP-6.

It was also found that high purity silica can be obtained without compromising textu-
ral properties through additional acid leaching. After centrifugation and washing, dried
powders were further treated with HCl solution before heat treatment at high temperature.
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Through this acid leaching process, residual sodium compounds could be completely
removed. XRF analysis results showed that the purity of the silica product (NSP-6) was
as high as 99.8%, but that of the sodium compound was less than 0.2%. Interestingly,
although NSP-6 was obtained through heat treatment at 600 ◦C, it retained a high surface
area of 392 m2 g−1 with a main pore size of ~10 nm (Table 3 and Figure 4b). In com-
parison with the TEM image in Figure 4c, the high-magnification TEM image of NSP-6
(Figure 4d) clearly showed the preservation of small-sized nanopores without agglom-
eration of the framework. This result supports the fact that the residual sodium content
strongly affects the surface area of silica by deforming the silica framework during heat
treatment at high temperatures. Because of its high treatment temperature, NSP-6 con-
tained practically no carbon (0.06 wt.%). Therefore, high-purity silica with a large surface
area could be successfully obtained from a black liquor. In particular, the surface area of
NSP-6 is much greater than that of RH-derived silica prepared in previous studies [50,51],
despite the absence of the use of additional surfactants or block copolymers.

3.6. Characteristics of CNF Prepared from Fractionated Residual Solid

Figure 5 shows the changes in chemical composition of raw RH and sequentially
treated RH fibers. The untreated RH showed component content of cellulose 35.6%,
hemicellulose 13.6%, lignin 23.4%, and ash 15.7%. The relative composition of the residual
solid fractionated by NaOH showed 70.8% of cellulose, 12.3% of hemicellulose, 12.2%
of lignin, and 0% of ash, confirming that all ash and a significant amount of lignin were
removed through the optimized NaOH fractionation, whose conditions were 150 ◦C, a
reaction time of 45 min, and a NaOH concentration of 6.0 wt.%. As a result of the first
bleaching stage (H2O2) on the NaOH fractionated residual solid, the relative content of the
1st bleached solid was shown as cellulose of 81.1%, hemicellulose of 12.0%, and lignin of
6.1%, representing that some of the lignin was removed. In the case of the second bleached
(ClO2) RH, the relative composition of cellulose 85.2%, hemicellulose 10.4%, and lignin 0.6%
were shown, so that most of the lignin was removed, resulting in highly pure cellulose.

Figure 5. Changes in chemical composition and whiteness of rice husk fiber according to sequential
treatment: untreated RH, NaOH fractionated RH fiber, first bleached RH fiber, second bleached
RH fiber.

In addition, figures of residual solids for each sequential bleaching were intended to
be shown at the top of Figure 5. After the second-stage bleaching process, the residual
solid had a white color, which was believed to be due to the removal of lignin and other
impurities as the bleaching proceeds sequentially. The change in the colors of the residual
solids in each sequence well explained the change in the chemical composition as the
bleaching progresses.
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Figure 6a shows the results of XRD analysis to compare the change in crystallinity
of RH and RH fibers according to each sequence. RH raw material, NaOH-treated RH
fiber, and first-stage bleached RH fiber showed Cellulose I form, which is the crystal
structure of lignocellulose that exists in nature. On the other hand, CNF obtained after
second-stage bleaching showed a Cellulose II form. It is believed that this is because the
number of hydrogen bonds between molecules increases as hydroxyl groups are exposed
due to mechanical shear and friction forces, resulting in a more stable crystal structure.
The crystallization index (CrI) at each stage of bleaching was the lowest at 37.3% in RH
raw samples, 51.6% in NaOH-treated RH fiber, and 60.5% in first-stage bleached RH fiber.
On the other hand, the crystallinity of the CNF obtained after proceeding to the second-
stage bleaching was measured to be 57.1%, which was slightly lowered. This result is in
good agreement with the results of Liu et al., which suggested that the crystallinity of
CNF increased as the proportion of cellulose increases due to the removal of amorphous
components such as lignin or hemicellulose during chemical bleaching step [52].

Figure 6. (a) XRD patterns, (b) FT-IR patterns, (c) SEM image of CNF, (d) N2 physisorption isotherms and pore size
distributions (inset) of NaOH + bleaching treated RH, CNF.

Figure 6b shows the FT-IR spectra of raw RH and RH fibers obtained by chemical
bleaching for each stage. All samples exhibited major absorption areas in the range of
900–1600 cm−1, 2900–3400 cm−1. Compared to the raw RH raw material, the narrow and
high peak of 3335–3344 cm−1 in the chemically treated RH fiber indicates that it contains
more -OH groups. The 1159–1108 cm−1 peak, 1027–1051 cm−1 peak, and 896–897 cm−1

peak represent typical β-(1-4) glycosidic bonds in cellulose including C-O-C stretching and
pyranose ring skeleton vibration. As the bleaching progressed, more significant effects were
observed, which is believed to be due to the increase in the proportion of cellulose due to
the removal of non-cellulosic substances by chemical bleaching. The peak at 1734 cm−1 in
the spectrum of the RH raw material (a) is due to C=O bonding, and it was found that most
of the hemicellulose and lignin components were removed as the peak disappeared in the
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treated RH fiber. In the CNF spectrum (d), characteristic peaks were 1429 and 1370 cm−1,
which were related to CH2 bending and O-H bending, respectively.

As a result of the FE-SEM analysis, it was confirmed that the nano-fibrillation of the
milled RH fibril was properly performed compared to the unmilled RH fiber (image is
not shown) as shown in Figure 6c. Before colloid milling, the diameter of RH fiber was
observed to be 10–50 µm, and after colloid milling, the diameter of RH fibril was observed
to be 19–21 nm, confirming that the nano-sized fibril was properly formed.

In order to observe the structural characteristics of CNF, BET analysis was performed
(Figure 6d), and the results of analysis of the specific surface area, pore volume, and pore
size of RH fibrils before and after colloid milling are summarized in Table 4. The surface
area of RH fibril before milling was 0.79 m2 g−1, the pore volume was 0.0026 cm3 g−1, and
the pore size was 14.81 nm. After milling, the surface area, pore volume, the pore size of
CNF were all increased; i.e., 110.52 m2g−1, 0.52 cm3g−1, and 15.82 nm, respectively. It was
confirmed that the aspect ratio and specific surface area were greatly improved during
colloid milling, and colloid milling can be used as an effective CNF manufacturing method.

Table 4. Effects of colloid milling treatment on characteristics of CNF.

Sample BET Surface Area Pore Volume Pore Size
(m2 g−1) (cm3) (nm)

Before milling treatment 0.79 <0.01 14.81
After milling treatment 110.52 0.52 15.82

3.7. Overall Mass Balance on the Comprehensive Utilization of RH

Figure 7 summarizes the simplified flow diagram and overall mass balance for each
sequential process aimed at producing high value-added bio-based materials from RH.
Based on 1000 g of RH input, the cellulose and hemicellulose, lignin, and ash contents
were 356, 136, 227, and 157 g, respectively. Under the optimized fractionation conditions,
approximately 64.5% of the input biomass mass was solubilized into the black liquor, with
26.2% cellulose, 64.7% hemicellulose, and nearly 100% of ash from the raw RH.

Figure 7. Simplified flow diagram of the RH process including the overall mass balance of RH fractionation process for
cellulose nano-fibril and nano-structured silica.

Black liquor from alkaline fractionation contained 24 g of glucose, 95 g of hemicel-
lulosic sugar, and 152 g of ash, and 262 g of cellulose and 48 g of hemicellulose were
retained unhydrolyzed in 355 g of the residual solid based on 1 kg of raw RH. During the
alkaline fractionation process, the undetected 79 g of glucose, which corresponded to 20.3%
of cellulose, was presumed to be in the sugar filtrate as a cello-oligomer, because small
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amounts of degradation products from glucose, such as HMF and levulinic acid, were
found in the analysis.

The black liquor resulting from the alkaline fractionation was subjected to consecutive
precipitation and calcination, yielding 143 g of high-purity nano-structured silica.

In order to produce the CNF from the fractionated solid, a two-stage bleaching process
using hydrogen peroxide and chlorine dioxide followed by colloid milling was performed,
which resulted in 273.1 g of CNF (80.1% of cellulose content). After the bleaching process,
41.6 g (12.2%) of lignin was almost removed, and the whiteness of the cellulose could be
enhanced. As a result, 96.3% of 283.5 g of cellulose was converted to CNF throughout the
colloid milling process.

4. Discussion

For production of high value-added materials from lignocellulosic biomass, there have
been many previous reports on the cellulose nano-crystals [53] and silica [54]. In addition,
recent studies have focused on the opportunity to simultaneously fractionate and recover
the useful components of biomass through unique fractionation methods using various
catalytic solutions [55,56].

In this work, an alkaline fractionation was selected for the fractionation of the ligno-
cellulosic materials, because the NaOH solutions are widely employed to remove lignin
from wood and non-woody lignocellulosic materials [57,58]. It should be noted that the
alkaline fractionation is also able to effectively solubilize hemicellulose, residual extractives,
and ashes [59]. It is also important that the large amount of ash confers RH an outstand-
ing recalcitrance toward biological and environmental threats. It was observed that the
30 L-bench scale alkaline fractionation completely removed ash from RH, in addition to
the effective production of hemicellulosic sugars. We have already confirmed that the
integration of mechanical and chemical pretreatment can be implemented in a large-scale
reactor system [37].

RH is a naturally ash-rich agricultural by-product, which has more than 90% of this
inorganic fraction as a pure silica [60], and the natural silica obtained from it represents an
economically viable raw material that can be effectively used in life science and health care
industries including cosmetics and pharmaceuticals. In this study, it was verified that silica
can be recovered from the fractionated liquid phase generated and there was an advantage
in recovering cellulose nanofibrils (CNF) in solid phase. CNF are attracting much attention
due to their high nano-sized surface area, low density and high mechanical strength, as
well as their solubility and biodegradability properties. In these days, CNF is promising to
be used in a variety of applications in fields such as paper, composites, packaging, coatings,
biomedicine, and automobiles due to its outstanding properties [61].

5. Conclusions

One of the most impeding negatives for the biorefinery industry is how to improve
low economics. To overcome this problem, it is important to achieve effective utilization of
lignocellulosic biomass and improve overall process economy by simultaneous production
of high value-added materials. In our study, we have demonstrated the excellent properties,
physical properties, and purity of the fractions produced through the fractionation method,
which can maximize the added value of each component. In conclusion, it was confirmed
that rice husk is a resource with very high economic potential. For this reason, this study
attempted to increase the added value of by-products for the development of efficient
biorefinery process technology, and is currently conducting research on technologies and
applications such as separation/purification of high value-added silica and production of
cellulose fiber.
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Supplementary Materials: The following are available online at https://www.mdpi.com/2071-105
0/13/4/1951/s1: Figure S1. Central composite experimental design and responses obtained for the
alkaline fractionation of rice husk on the yields of xmg extraction and de-ashing, Figure S2. Analysis
of variance (ANOVA) for the adjusted quadratic model for alkaline fractionation of rice husk on the
xmg extraction yield and de-ashing yield.
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Abstract: A thermo-chemical treatment method was used to produce biogenic amorphous silica
from South African sugarcane and maize residues. Different fractions of South African sugarcane
(leaves, pith, and fiber) were processed for silica production. The biomass samples were leached
with either 7 wt% citric acid or 7 wt% sulfuric acid at 353 K for 2 h prior to being rinsed, dried and
combusted using a four-step program ranging from room temperature to 873 K in a furnace. The
characterization of the pre-treated biomass samples was conducted using thermogravimetric analysis
(TG/DTA), X-ray fluorescence analysis (XRF) and elemental analysis (CHN), while the final products
were characterized by XRF, X-ray diffraction (XRD), elemental analysis, nitrogen physisorption and
scanning electron microscopy (SEM). Citric acid pre-treatment proved to be an attractive alternative
to mineral acids. Amorphous biogenic silica was produced from sugarcane leaves in good quality
(0.1 wt% residual carbon and up to 99.3 wt% silica content). The produced biogenic silica also had
great textural properties such as a surface area of up to 323 m2 g−1, average pore diameter of 5.0 nm,
and a pore volume of 0.41 cm3 g−1.

Keywords: biogenic amorphous silica; green chemistry; maize leaves; sugarcane fiber; sugarcane
leaves; sugarcane pith

1. Introduction

Plants can either be classified as silica accumulators or silica non-accumulators. Sugar-
cane, maize, and other types of Gramineae (grasses) fall under silica accumulators. Besides
water, agricultural residues such as maize leaves or sugarcane leaves, pith, and fiber consist
of cellulose, hemicellulose, lignin, as well as inorganic matter that is generally referred
to as ash. Extensive research has been conducted to extract biogenic silica from different
agricultural residues such as rice husk [1,2], wheat straw and cereal remnant [3], rice straw,
oat husk and spelt husk [4], and corn cob [5].

Biogenic silica can be obtained, e.g., from diatomite. However, this procedure utilizes
complex thermal and mechanical treatments that result in biogenic silica with impurities
like CaO, FeO3, and Al2O3 [6]. Hence the production of high-quality porous silica from
silica accumulating plants has become an area of interest to most researchers [1–5]. For
the production of silica from biomass, pre-treatment of the biomass by leaching prior
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to combustion is essential as it improves the purity of the ash by increasing the SiO2
content while decreasing the share of all the other inorganic constituents (Cl−, K2O, P2O5,
MgO, etc.) [2]. Acid leaching disrupts the lignin-carbohydrate matrix in order to enable
cellulose hydrolysis [7]. Inorganic acids (e.g., sulfuric and hydrochloric acid) and bases
(e.g., sodium hydroxide and ammonium hydroxide) have been used for biomass leaching
in previous studies [1,8,9]. Inorganic acid leaching protocols, however, are environmentally
unfriendly. They have several drawbacks as they require a lot of water to rinse the biomass
post leaching, are not economical since they require the usage of expensive corrosive
resistant processing equipment and in addition, a special disposal treatment of the used
acids is required. Several researchers have therefore opted for the use of carboxylic acids
as are bio-based and economical with no special equipment needed. During the leaching,
the carboxylic group is involved in the successful removal of inorganic impurities via a
chelating reaction with the metal ions [10].

The importance of the incineration temperature has also been emphasized in litera-
ture [3]. Silica can exist in an amorphous form or in a variety of crystalline forms: cristo-
balite, tridymite, and quartz. Amorphous silica can be partially converted to crystalline
silica at approximately 1280 K in sugarcane-related biomass [11]. Higher temperatures
cause the cellular microstructure to collapse, and that results in the merging of the small
pores [12]. Consequently, a crystalline phase will form, leading to a reduced specific sur-
face area [12]. The phase-transition temperature, however, is dependent on the presence
of impurities in the sample; i.e., the higher the impurity content in a sample, the lower
the temperature at which amorphous silica converts to crystalline silica. This makes the
incineration protocol an important aspect in removing organics while retaining amorphous
silica from biomasses.

Sugarcane (scientifically known as Saccharum officinarum) is one of the principal agri-
cultural crops that are cultivated in tropical countries. The annual world production of
sugarcane in 2018/2019 was approximately 1904 million tons (of which approximately
19 million tons are produced in South Africa [13]. From the produced volume, approxi-
mately 279 million metric tons of biomass residues are generated worldwide [14], with
South Africa responsible for about 2 million metric tons [15]. Sugarcane residues mainly
consist of leaves and bagasse, where the bagasse can be further separated into fiber and pith.
Maize (Zea mays L.) is the most important grain crop in South Africa, which is produced
throughout the country. Approximately 8 million tons of maize are produced in South
Africa annually, and a significant percentage of leaves are produced as trash [16].

In South Africa, 90% of the sugarcane is burnt prior to harvest to facilitate cane
cutting and to reduce fungus as well as other plant disease growth on the soil, while
10% is harvested green [17]. The burning of the sugarcane leaves prior to harvest is not
environmentally friendly as it causes pollution and health-related issues [11]. Fiber and
pith can be produced from excess sugarcane bagasse, which is otherwise used in boilers
in the sugarcane mills to generate steam, giving an opportunity to process them to value
added materials. Maize leaves are used to feed livestock in rural areas, while they have no
significant use in most urban areas. Silica has been exploited in several applications across
many fields such as electronics, image sensing, solar power conversion and as a precursor
for silicon production (the birth of semiconductor evolution) [18]. Silica has been used in
desiccant packets for specimen storage [19], the manufacturing of toothpaste [20], and to
synthesize amorphous silica nanowires [21].

Several studies that utilize citric acid as a biomass leaching agent have been conducted
by various researchers [2,4,10,22]. Selective results obtained from the literature are reported
in Table 1. All the presented results in Table 1 are based on pre-treatment methods that
employed only carboxylic/organic acids. Rice husk seems to be the most utilized biomass
when it comes to the separation of biogenic silica from agricultural residues.
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Table 1. Comparison of different citric acid pre-treatment conditions for the production of biogenic silica from different biomasses.

Type of Biomass Pre-Treatment Acid
Pre-Treatment
Temperature

(K)

Silica Content
(wt%)

BET Surface Area
(m2 g−1) References

Rice husk 10% (v/v) citric acid 423 98.8 n.d. [22]
Rice husk 5 wt% citric acid 323 99.1 n.d. [10]
Rice husk 5 wt% citric acid 353 97.7 313 [2]
Rice Straw

3.25 M citric acid

323 99.1 264 [4]
Spelt husk 95.8 185
Oat husk 99.1 248
Horsetail 91.6 301

n.d: not determined.

There is no substantial existing literature that focuses on the usage of either sugarcane
or maize leaves residues. This study focuses on the valorization of South African maize
(maize leaves) and sugarcane (sugarcane leaves, pith, and fiber) residues for the first time
to produce amorphous biogenic silica using a thermo-chemical method that utilizes an
organic acid. This study aimed to demonstrate the effectiveness of citric acid pre-treatment
on the utilized South African biomass residues in terms of purity and textural properties
despite the nature of the biomass. Hot water pre-treatment and inorganic acid (sulfuric
acid) pre-treatment was also carried out for comparison sake. Despite the different physical
appearance of these biomasses, they were all handled/utilized the same way in order to
highlight the effectiveness of the employed thermochemical method using citric acid as
a leaching agent to produce biogenic silica with high silica yield and impressive textural
properties. The results obtained from all the utilized biomasses were presented based on
ash purity, morphology, textural and structural characteristics.

2. Materials and Methods
2.1. Materials

Sugarcane and maize leaves were supplied by farmers in Durban, South Africa.
Sugarcane fiber and pith were supplied by the Sugar Milling Research Institute (SMRI)
in Durban, South Africa. Upon collection, the biomasses were dried in an oven at 375 K
overnight to reduce the moisture content. After drying, the leaves were cut into pieces
of about 1.5 cm long prior to any treatment, while the pith and the fiber were used as
supplied.

2.2. Methods
2.2.1. Preparation of Biogenic Silica

In separate experiments, about 50 g of each agricultural residue biomass was washed
with 1200 mL distilled water while being agitated for 2 h at ambient temperature and then
dried in the oven at 373 K overnight prior to leaching with either 1200 mL hot distilled
water, 7 wt% citric acid or 7 wt% sulfuric acid (in the case of sugarcane leaves) at 353 K for
2 h with continuous stirring. After leaching, the biomass was rinsed with deionized water
to remove excess acid, followed by drying at 323 K for 24 h.

The dried, leached biomass was subjected to sequential combustion at a heating rate
of 10 K min−1 in a furnace. The incineration program was as follows: 30 min at 583 K,
60 min at 723 K, 210 min at 783 K, and lastly 30 min at 873 K. After cooling of the ash, the
resulting samples were kept at room temperature for characterization.

The samples were labeled sugarcane (SC) leaves-raw (for dried but unprocessed
sugarcane leaves), SC leaves ash -HW (for the hot distilled water leached sugarcane leaves),
SC leaves ash-CA (for citric acid leached sugarcane leaves), SC leaves ash-SA (for sulfuric
acid leached sugarcane leaves), SC pith-raw (for dried unprocessed sugarcane pith), SC
pith ash-CA (for citric acid leached sugarcane pith), SC fiber-raw (for dried but unprocessed
sugarcane fiber), SC fiber ash-CA (for citric acid leached sugarcane fiber), Maize leaves-raw
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(for dried but unprocessed maize leaves) and Maize leaves ash-CA (for citric acid leached
maize leaves).

2.2.2. Characterization of the Biogenic Silica

A Vario EL micro analyzer system (Heraeus, Hanau, Germany) was used for carbon
content analysis, approximately 3 mg of the biomass sample was used. The elemental
composition of the specimen was carried out using X-ray fluorescence (XRF) analysis (S4
Explorer, WDXRF Bruker, Karlsruhe, Germany). For this purpose, 0.75 g of the sample was
mixed with 0.25 g of a wax powder. The mixture was ground to form a fine powder prior
to being pressed with a hydraulic press (PerkinElmer, Germany) at 10 tons for 2 min to
produce a round pellet with 20 mm diameter.

The phase identification was carried out using a Seifert XRD 7 apparatus that is
equipped with Ni-filtered, Cu-Kα radiation (λ = 1.54 Ȧ). Thermal analysis of the biomass
samples was performed using a Thermo Gravimetric/Differential Thermal analyzer TG/DTA
equipment (DST2960 simultaneous apparatus, TA Instrument, New Castle, DE, USA) that
had a supplement air flow rate of 150 mL min−1 and a heating rate of 10 K min−1. Ap-
proximately 7 mg of each sample was used for the analysis. The operating temperature
range was between 293 and 1073 K, while the heating rate was 10 K min−1. The surface
morphology was studied by Scanning Electron Microscopy (SEM) using an Ultra 55 (Zeiss,
Jena, Germany) that was operated at 10 keV. Nitrogen sorption analysis was used to deter-
mine the textural properties of the biomass samples. This was carried out using an ASAP
2010, Micromeritics, Nocross, GA, USA). Prior to measurements, the biomass samples were
degassed for 12 h at 523 K under ultra-high vacuum. The relative pressure (p/p0) of 0.995
was used to calculate the total pore volume. The Brunauer-Emmett-Teller (BET) model was
used in the relative pressure of the range of (p/p0) between 0.05 and 0.25 to evaluate the
specific surface area. The value of 0.162 nm2 was used as cross-sectional area of a nitrogen
molecule. The adsorption branch of the isotherm was used to determine the pore size
distribution by applying the Barret-Joyner-Halenda (BJH) method [23].

3. Results and Discussion
3.1. Thermal Analysis and Assessment of the Combustion Protocol

The elemental analysis (CHN) of the untreated biomass and produced silica ash
samples is given in Table 2.

Table 2. Elemental analysis (CHN) for sugarcane and maize-based biomass, as well as the ash derived from the respective
biomass samples.

Biomass Nitrogen (%) Carbon (%) Hydrogen (%)

SC leaves−Raw 0.40 ± 0.00 39.50 ± 0.00 5.42 ± 0.10
SC leaves Ash-HW 0.031 ± 0.01 0.19 ± 0.00 0.42 ± 0.01
SC leaves Ash-CA 0.02 ± 0.00 0.14 ± 0.01 0.31 ± 0.00
SC leaves Ash-SA 0.01 ± 0.01 0.02 ± 0.01 0.12 ± 0.01

SC Pith-Raw 0.10 ± 0.01 45.30 ± 0.10 5.80 ± 0.05
SC Pith Ash-CA 0.01 ± 0.01 0.04 ± 0.01 0.38 ± 0.04
SC Fiber−Raw 0.03 ± 0.00 45.20 ± 0.10 5.90 ± 0.00

SC Fiber Ash-CA 0.01 ± 0.00 0.03 ± 0.00 0.14 ± 0.03
Maize leaves−Raw 0.10 ± 0.00 45.30 ± 0.10 5.80 ± 0.10

Maize leaves Ash-CA 0.03 ± 0.01 0.05 ± 0.01 0.37 ± 0.04

In order to assess the combustion method for the biomasses, thermogravimetric
analysis (TGA) was conducted (air, 10 K min−1, max. temperature 1073 K). Figure 1 shows
the TG/DTA profiles of the utilized biomass samples, indicating similar decomposition
patterns irrespective of the type of biomass. The first observed peak was at 339 K, 352 K,
334 K and 355 K with a weight loss of 3.7, 7.1, 6.3 and 5.2 wt% for sugarcane leaves, pith,
maize leaves, and sugarcane fiber, respectively. This peak is due to the evaporation of
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moisture and other volatiles. The second observed peak (first degradation peak) occurred
at 575 K, 578 K, 562 K and 554 K, with a weight loss of 59.8, 54.1, 60.6 and 58.7 wt% for
sugarcane leaves, sugarcane pith, maize leaves and sugarcane fiber, respectively. This peak
is due to the thermal degradation of hemicellulose [4].

Figure 1. TG/DTA profiles of SC pith-Raw, SC leaves-Raw, Maize leaves-Raw and SC fiber-Raw.

Pure cellulose has been reported to thermally degrade at 628 K [10]. In the thermo-
grams of the materials investigated herein, the third observed peak (2nd degradation peak)
was at 619 K, 619 K, and 617 K with a weight loss of 29.9, 37.7, and 28.9 wt% for sugarcane
leaves, pith, and maize leaves, respectively. Sugarcane fiber exhibited a somewhat lower
degradation temperature of 607 K with a corresponding weight loss of 35.6 wt%. According
to Alyosef et al. [2], the presence of high concentrations of potassium and other inorganic
species found in biomass samples reduces the thermal stability of cellulose, in line with the
results reported in this work: all the biomass samples contain potassium (see Table 3), with
the highest potassium concentration found for sugarcane fiber.

Table 3. Chemical analysis of inorganics from sugarcane leaves, pith and fiber, as well as maize leaves, before and after
pre-treatment with hot water or acids (determined by XRF).

Constituent
SC

Leaves-Raw
(wt%)

SC
Leaves

Ash-HW
(wt%)

SC
Leaves

Ash-CA
(wt%)

SC Leaves
Ash-SA
(wt%)

SC
Pith-Raw

(wt%)

SC Pith
Ash-CA
(wt%)

SC
Fiber-Raw

(wt%)

SC Fiber
Ash-CA
(wt%)

Maize
Leaves-

Raw
(wt%)

Maize
Leaves

Ash-
CA

(wt%)

SiO2 63.8 87.6 95.4 99.3 39.2 94.8 33.7 94.3 51.4 93.0
P2O5 1.4 0.7 0.4 0.1 1.3 1.1 4.0 2.6 5.3 3.3
K2O 3.8 1.4 0.2 <LOD 2.4 0.1 12.0 0.1 5.8 0.3
CaO 14.9 7.5 2.6 0.2 19.0 0.4 14.9 0.6 21.4 1.3
MgO 1.5 1.2 0.4 <LOD 2.2 0.3 2.9 0.9 2.0 0.4
SO3 4.5 0.9 0.8 0.3 4.4 0.3 7.3 0.4 5.5 0.4

Fe2O3 2.3 0.2 0.1 <LOD 5.7 0.9 2.5 0.2 2.4 0.3
Al2O3 3.1 0.1 0.1 0.1 11.7 0.8 12.4 0.2 1.7 0.6

Cl 1.7 <LOD <LOD <LOD 5.6 <LOD 6.2 <LOD 0.8 <LOD
Others a 3.0 0.4 0.0 0.0 8.5 1.3 4.1 0.7 3.7 0.4

Others: a Other metal oxides; LOD: limit of detection = 0.1 ppm.
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Kumar et al. [24] and Yang et al. [25] reported the degradation of lignin to take place
over a wide temperature range of 453–1173 K, concurrent with both the 1st and 2nd
degradation peaks.

Hence, for the sequential combustion protocol, the first programmed temperature was
kept at 583 K for 30 min to allow for the removal of residual water from the sample. The
second step was performed at 723 K for 60 min. This focused on thermal degradation of
organic components and the transformation of cellulose, hemicellulose, and lignin into
carbon/CO2, which can be noticed by the formation of smoke. However, the smoke ceases
after this step. The third step kept the temperature at 783 K to achieve the complete
combustion of carbon in the ash, hence resulting in a white ash [2].

3.2. The Influence of Leaching on the Chemical and Elemental Composition

Elemental analysis (CHN) of the untreated biomass and produced silica ash samples
was performed to determine their chemical composition, where the focus was on carbon,
hydrogen, and nitrogen (Table 2). Three measurements were carried out, an average of
each set of analyses was considered and a standard deviation calculated. As expected,
the biomass samples have a high carbon content, with the lowest found for untreated
sugarcane leaves. Incidentally, sugarcane leaves have the highest ash content and the
lowest loss on ignition when compared to the other biomass samples, as shown below. As
expected, the thermo-chemical treatment reduces the content of the selected three elements
to below 0.5 wt%, as indicated in Table 2.

Although citric acid is a weaker acid than sulfuric acid, it reduced the carbon content
significantly by >99.7% for all biomasses, while the nitrogen contents were reduced by
>68.0%, respectively. Citric acid leaching and subsequent combustion produced very white
ashes, indicating almost quantitative combustion and removal of organic components. In
comparison, pre-treatment of sugarcane leaves with a strong inorganic acid (7 wt% sulfuric
acid; -SA) lead to a quantitative removal of carbon, and a reduction of >97.0% for nitrogen.
In addition, the pre-treatment of sugarcane leaves with hot water (HW) resulted in 99.5%
reduction of carbon and 92.2% for that of nitrogen.

The chemical analysis of the biomass samples was performed using XRF to study the
influence of chemical treatment on the biomass samples. The results obtained are shown in
Table 3. The leaching with hot citric acid resulted in white ashes with high silica contents of
more than 94 wt% for all the sugarcane-based biomass samples and 93 wt% for the maize
leaves sample.

The effect of hot water leaching (-HW) was investigated using sugarcane leaves, and it
was found that even in the absence of an acid, the silica content in the formed ash increased
to 87.6 wt% while the chlorine was reduced below the detection limit. The extraction of
aluminum, iron, and sulfur was as effective as when using citric acid pre-treatment, but
hot water leaching was not that effective in the reduction of phosphorus, alkali and alkali
earth metals.

When comparing pre-treatments of sugarcane leaves with citric and sulfuric acid, a
silica purity of 95.4 wt% was obtained from citric acid pre-treatment while sulfuric acid
pre-treatment resulted in 99.3 wt% as illustrated in Table 3. This silica content obtained
from sulfuric acid pre-treatment of the sugarcane leaves is incredible when compared
to those from other agricultural residues. Cereal remnant, wheat straw, and miscanthus
were all pre-treated with sulfuric acid and their resulting biogenic silica was reported to
be 91.3 wt%, 92.8 wt% and 95.0 wt%, respectively [3]. Alyosef at al. [2] reported a high
silica content of 97.7 wt% from the pre-treatment of rice husk but is still lower than the
one reported in this work. Based on the results obtained from this study, it indicates that
for applications where a high purity of biogenic silica is essential, only the silica obtained
from the pre-treatment of sugarcane leaves with sulfuric acid can be utilized. The biogenic
silica obtained through the pre-treatment of sugarcane leaves with citric acid pre-treatment
can only be used if the employed thermochemical method is optimized through varying
variables like time, temperature, acid concentration, etc. to obtain silica with an increased
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purity. Sulfuric acid leaching resulted in a reduction of potassium, manganese, iron, and
chloride below the detection limits. Phosphorus and sulfur were both reduced by 93%,
while aluminum and calcium were reduced by 97 and 99%, respectively. For citric acid,
phosphorus, alkali earth metals, and sulfur were removed only between 71–83%, while
potassium, iron, and aluminum contents were reduced by 95–97%.

It is known that acid treatment leads to the hydrolysis of hemicellulose and cellulose,
the degree of which depends on the medium acidity as well as time and temperature.
Sulfuric acid treatment is hence a more efficient hydrolysis catalyst, increasing the ex-
tractability of inorganics from biomass [26]. However, the extraction selectivity observed
for the citric acid-treated sample indicates specific interactions between carboxylic acid
groups of citric acid with some the metal ions. These interactions are known to occur by
chelation [9,25–30].

The biogenic silica obtained from this study using citric acid as a leaching agent
demonstrated a higher purity of silica when compared to the purity of other residues
from sugarcane and maize reported in literature. For an example, Worathanakul et al. [31]
pre-treated sugarcane bagasse (i.e., a mixture of fiber and pith) with 3M HCl to produce
biogenic silica with a silica content of 89 wt% compared to 94.8 and 94.3 wt% for pith and
fiber obtained in this work, respectively. On another study, [32] pre-treated sugarcane
bagasse with 1M HCl and obtained an even lower silica content of 66 wt%. In yet another
recent study a silica content of 85.6 wt% was obtained from the pre-treatment of sugarcane
bagasse with 9% sulfuric acid [33]. Similarly, for maize leaves pre-treated with HCl, a
silica content of 64 wt% was obtained by Lanning et al. [34], compared to 93 wt% obtained
from this study. Considering the above argument regarding the effect of the acidity of
the medium, this finding is somewhat surprising. However, it is noted that the biomass
investigated here had been subjected to a sequence of drying, washing, and drying prior to
acid treatment, which may affect the efficiency of acid treatment [2]. This demonstrates
the incredible ability of hot citric acid pre-treatment in significantly removing/reducing
organic compounds and accompanying metal oxides in the biomasses.

3.3. Phase Identification

XRD analysis was performed to identify different phases of the produced biogenic
silica from the pre-treatment of sugarcane-based biomass (leaves, fiber and pith) and maize
leaves as displayed in Figure 2. Judging from the broad peak with an equivalent Bragg
angle of 2θ at 21.8◦ of the sugarcane-based samples, it can be deduced that the silica formed
was amorphous with almost no traces of crystalline phases [12]. This finding indicates that
the combustion protocol is indeed suitable for producing amorphous silica from sugarcane
residues. Contrary to this, a presence of additional peaks for biogenic silica produced from
maize leaves was observed. These peaks are in addition to the detected broad peak with
an intensity of Bragg angle of 2θ = 21.8◦ and the internal standard (CaF2) peaks. This is an
indication of the ash not being entirely amorphous. The peaks at 2θ = 20.9◦ and 2θ = 28.6◦

correspond to crystalline silica, quartz to be specific [35]. The presence of quartz in this
biogenic silica is suspected to be due to the incomplete removal of the sand/impurities
during the washing process.

3.4. Textural and Structural Properties

The textural properties of both sugarcane and maize-based biomass samples were
obtained from nitrogen sorption measurements (Figure 3). The isotherms have a closed
hysteresis loop and consist of a small knee at p/p0 = 0.05 that is followed by a continuous
increase in the nitrogen uptake. All the biomass ash samples followed a similar pattern
categorized as class IV isotherms [16].
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Figure 2. XRD patterns of sugarcane-based biomass (leaves, fiber, and pith) and maize leaves. IS is the internal standard
(CaF2) and Q is the quartz.

Figure 3. Nitrogen sorption isotherms of biogenic silica derived from sugarcane biomass (leaves, pith and fiber) and maize
leaves.

The particle pores can either be micropores (≤2 nm), mesopores (2–50 nm) or macro-
pores (≥50 nm). Each of these is characterized with a specific adsorption isotherm. The
opening of micropores consists of a diameter of a few molecules and that causes the poten-
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tial fields of the connection pore walls to overlap with one another [36]. The interaction
between the adsorbent and the molecule is therefore automatically intensified, which
results in a steep increase in adsorption quantity even at low relative pressures. The
adsorption, however, levels off eventually due to the achieved saturation pressure [37],
resulting in a long plateau in the isotherm over a wide range of relative pressures [35].
There is a presence of a hysteresis loop with a lower closure point at about p/p0 = 0.42–0.45,
which can be classified as H3 [37] as is the case for all four examined samples of biomass
ash samples. This indicates that there is a presence of additional macropores and also
stipulates that accessibility of the larger mesopores can only be through the smaller meso-
pores [4]. In the case of the sugarcane leaves ash sample (citric acid-treated), additional
microporosity cannot be excluded. In addition, none of the isotherms reach a plateau at
high p/p0 = 1 values. This is a characteristic for incomplete pore filling by an adsorbate
and suggests that larger meso- and macropores are also present in the materials [4,36].

The textural properties, including BET surface area (ABET), average pore size (Dp),
and pore volume (Vmeso) of all porous silica products are given in Table 4. The citric acid
pre-treated sugarcane leaves ash sample is characterized by the largest BET surface area
of 323 m2·g−1. This is quite a competitive specific surface area when comparing it with
that of other agricultural residues from the literature: rice husk ash and cereal remnants,
after pre-treatment with citric acid, showed specific surface areas of 313 m2·g−1 [2] and
245 m2·g−1 [3], respectively. Citric acid leached sugarcane fiber, pith and maize leaves had
BET surface areas of 136, 203 and 182 m2·g−1. Even though sugarcane fiber and the pith
are from the same material (bagasse), their textural properties differ. The average pore
diameter of the produced ash is 5 nm for sugarcane leaves, both sugarcane pith and fiber
have 6 nm while the maize leaves have an average pore diameter of 7 nm. Sugarcane fiber
has the lowest pore volume of 0.21 cm3·g−1, while sugarcane leaves show the highest value
of 0.41 cm3·g−1.

Table 4. Textural properties of sugarcane and maize-based biomass ash samples (determined by
nitrogen sorption).

Sample ABET (m2 g−1) Dp (nm) Vmeso (cm3 g−1)

SC leaves Ash-CA 323 5.0 0.41
SC leaves Ash-SA 326 4.7 0.47

SC leaves Ash-HW 133 8.0 0.25
SC Pith Ash-CA 203 6.0 0.29
SC Fiber Ash-CA 136 6.0 0.21

Maize leaves Ash-CA 182 7.0 0.34

The effect of hot water and sulfuric acid leaching on the textural properties was also
investigated using sugarcane leaves. Although the BET surface area of hot water leached
sugarcane leaves is relatively low (133 m2 g−1), with average pore diameter of 8.0 nm and
a pore volume of 0.25 cm3 g−1, it is noteworthy that it is similar to that of citric acid-treated
sugarcane fiber. Compared to citric acid pre-treatment, sulfuric acid leaching resulted in
a slight increase of BET surface area (0.9%) but decreased the pore diameter by 6% while
the pore volume increased by 15%. It can be stated that the biogenic silica ashes produced
from sugarcane leaves with either citric or sulfuric acid fall within the specifications of
commercial products such as silica gels (ABET = 250–1000 m2 g−1, DP = 2–20 nm, narrow
pore width distribution) [38].

The pore size distribution of the pre-treated biomass samples was also determined
using the adsorption branch of the nitrogen sorption isotherms (Figure 4), indicating a
broad pore size distribution of disordered meso and macropores.
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Figure 4. Pore size distribution of biogenic silica derived from sugarcane biomass (fiber, pith and leaves) and maize leaves
(determined by an adsorption branch of nitrogen sorption isotherms).

Figure 5. SEM pictures of biogenic silica derived from sugarcane leaves after pre-treatment with citric acid and subsequent
burning from different parts of inner epidermis with high (A,B), intermediate (C) and low magnification (D).
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Figure 5A–D show the SEM images of the produced ash from sugarcane leaves leached
with citric acid, demonstrating that the produced biogenic silica ash possesses numerous
types of pore shapes and sizes. Figure 5A visualizes the evident porosity of the ash at
higher magnification while Figure 5B indicates agglomeration of small particles. Intra-
particle meso- and macropores can be observed from Figure 5A. Figure 5C (intermediate
magnification) and Figure 5D (low magnification) show a broken inner epidermis from
different parts with several shapes such as double rods and backbone structure. However,
these fragments seem to have retained their original structure. In addition, a smooth
surface is observed.

Figure 6A–D present the SEM images of biogenic silica ash resulting from the pre-
treatment of maize leaves with citric acid, indicating the presence of different pore shapes
and sizes. Figure 6A demonstrates intraparticle macropores in inner epidermis at a high
magnification. Figure 6B shows agglomeration of small particles, while Figure 6C,D show
the broken structure of the inner epidermis that has an intact silicified structure, and this is
shown from different parts in different magnifications.

Figure 6. SEM pictures of biogenic silica derived from maize leaves after pre-treatment with citric acid and subsequent
burning from different parts of inner epidermis with high (A,B), intermediate (C) and low magnification (D).

4. Conclusions

This study demonstrates the production of biogenic silica with high purity (99.3 wt%
silica content) and exceptional textural properties. Different South African agricultural
residues (sugarcane leaves, pith and fiber, as well as maize leaves) were utilized for the first
time in the production of amorphous biogenic silica through a thermo-chemical procedure
that employed hot citric acid leaching and subsequent combustion. Furthermore, the
possibility of using sugarcane-based materials as an additional feedstock in the production
of biogenic silica was demonstrated.
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When compared to sulfuric acid, citric acid pre-treatment of sugarcane leaves resulted
in fully amorphous silica with excellent quality, with 99.7% removal of carbon and 95.4 wt%
silica content, which is higher than the purity obtained from other agricultural residues in
the literature such as wheat straw, miscanthus and cereal remnant [3]. While the removal
of inorganic impurities was somewhat less efficient with citric acid than with sulfuric
acid pre-treatment (silica content of 99.3 wt% vs. 95.4 wt%), similar textural properties
(323 m2 g−1 surface area, 5.0 nm average pore diameter and 0.41 cm3 g−1 pore volume)
were still obtained from the produced amorphous biogenic silica. The advantage of citric
acid lies in it being an organic and bio-based acid, which affects both costs of effluent
treatment and material of construction when compared to strong mineral acids such as
sulfuric or hydrochloric acid.

When comparing the citric acid pre-treatment of all the utilized biomasses, the
sugarcane-based starting materials resulted in biogenic silica with higher purity
(94.3–95.4 wt%) compared to that of maize leaves (93.0 wt%). Sugarcane leaves provided a
material that consisted of best textural properties than sugarcane fiber and pith, as well as
maize leaves.

Our study focused on biogenic silica production; hence, future research will investigate
if an additional extraction step with citric acid could lead to further improvement regarding
the removal of inorganic impurities.

Considering the high sugar production in South Africa with an export markets in
Africa, the Middle East, Korea, Japan, and the North America, the continuous generation
of sugarcane trash is predicted to increase. Therefore, sugarcane-based starting materials
can be used to expand the feedstock for the production of biogenic silica. In addition,
the production of biogenic silica from sugar cane trash will be a plus in solving disposal
problems, and thus contribute to the mitigation of climate change and other environmental
impacts that could result from the burning of its trash.

Finally, with growing potentials and opportunities of sugarcane agricultural residues
in sugarcane-growing countries like South Africa, our future research will assess the effect
of upscaling on the morphology of the products in terms of the potential of generating en-
ergy during combustion while producing biogenic silica, especially from sugarcane leaves.
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Abstract: The development of engineered silica particles by using low-cost renewable or waste
resources is a key example of sustainability. Rice husks have emerged as a renewable resource for the
production of engineered silica particles as well as bioenergy. This review presents a state-of-the-art
process for the development of engineered silica particles from rice husks via a bottom-up process.
The first part of this review focuses on the extraction of Si from rice husks through combustion
and chemical reactions. The second part details the technologies for synthesizing engineered silica
particles using silicate obtained from rice husks. These include technologies for the precipitation of
silica particles, the control of morphological properties, and the synthesis of ordered porous silica
particles. Finally, several issues that need to be resolved before this process can be commercialized
are addressed for future research.

Keywords: rice husk; rice husk ash; silica; engineered particle; bottom-up process; silica extraction;
valorization; agricultural byproduct; sustainable material; biomass; renewable material

1. Introduction

Global rice and paddy production in 2018 was approximately 996 million tons as reported by
the Food and Agricultural Organization [1]. The countries with the largest volume of rice and paddy
production are located in Asia (China, India, Indonesia, Bangladesh, Vietnam, and Thailand). Rice husk
is a residue produced during the rice mill process and on average, accounts for 20% of the paddy
produced. The rice husk output in 2018 was approximately 199 million tons. Many countries use rice
husks as a renewable energy resource for power generation [2]. The heating value of the rice husk is
15 MJ kg−1, and there is an energy potential of 2985 PJ available per year [3]. Currently, rice husks
are burnt in simple incinerators for resident energy, industrial streams, and thermal power plants
in most Asian countries. Several Asian countries such as India, China, and Thailand are operating
gasification power plants using rice husks [4,5]. Gasification power plants using rice husks have
power capacities ranging between 20 and 400 kWe; however, they are still in the demonstration
stage [6]. One ton of rice husk generates 800 kWh of electric power [7] and after generating electric
power, approximately 0.195 tons of rice husk ash is produced as a byproduct. High ash content in
rice husks causes operational problems and consequently renders their thermal conversion difficult
and expensive. Therefore, the valorization of rice husk ash for value-added material applications
is important for improving the economic return of the entire process. In addition, the extraction of
inorganic compounds from rice husks before energy generation could be worthwhile to reduce the
burden of the energy production process.
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Rice husk ash mainly contains amorphous silica (SiO2) and other metallic impurities.
Rice husk-derived silica has gained increasing interest as a renewable source. Engineered silica
particles have recently been intensively studied for bio-applications [8–10], energy storage [11,12],
bioremediation [13], and as construction materials [14–17]. By increasing the utilization of engineered
silica particles, the synthesis of engineered silica from renewable resources is considered to enhance
sustainability. The use of rice husk silica for synthesizing engineered silica particles has advantages
not only in the economy but also in mitigating environmental issues [18].

However, there is lack of comprehensive articles on the recovery and synthesis of silica particles
derived from rice husks. Therefore, this review presents the recent progress in the development of
engineered silica particles derived from rice husks.

2. Purified Silica Extraction from Rice Husk

2.1. Combustion to Remove Organic Contents

The most widely used method for obtaining silica from rice husks is direct combustion, resulting
in the production of rice husk ash, which contains 85–95% silica [19–21]. The direct combustion of
rice husk can produce thermal energy and can be used to generate steam, which subsequently drives
the blades of a turbine to produce electricity. However, the direct combustion of rice husks generates
greenhouse gases and emits significant quantities of particulate matter [22,23]. The emissions from rice
husk burning contain CO2, CH4, CO, NOx, SO2, PM2.5, and PM10 of black carbon. Hence, when using
direct combustion, it is important to always use both a dust collector and a gas absorber. The emission
of CO2 from rice husk combustion is “net zero” because the hull reduces CO2 in nature. It also replaces
the use of a fossil fuel. Therefore, the use of rice husk to produce energy is encouraged only when it is
installed with emission control devices.

The phase change of silica depends on the combustion temperature. The silica in rice husks is a
non-crystalline phase. As the combustion temperature increases over 600 ◦C, the phase transformation
to tridymite and cristobalite starts [24]. However, the crystallization temperature varied depending on
the chemical composition of rice husk ash [25]. It was also reported that pretreated rice husk remained
amorphous up to 1000 ◦C. At higher combusting temperatures, the physical properties of silica also
change. Zareihassangheshlaghi et al. compared the physical properties of rice husk ashes synthesized
at 700 and 900 ◦C [26]. At a higher combustion temperature (900 ◦C), fewer metal impurities were
observed. This might be due to the formation of more volatile and less stable phases that can be
easily released into the gas phase. At this temperature, alkaline earth metal oxides can be refractory.
At higher temperatures, the size of ash particles increases. Furthermore, the mesopores and micropores
in the ash diminish after combustion at 900 ◦C. In rice husk ash, alkali metal impurities, such as K, P,
Ca, and Mg, incorporate and form sticky alkali silicate at high combustion temperatures. This causes
ash melting and agglomeration, which increases the size of particles and diminishes the meso- and
micro-pores [27].

Previous studies report that combustion conditions could define the characteristics of silica;
however, changes in characteristics could be within a narrow range: the specific surface area
(11–39 m2 g−1), purity (29.7–96.7 wt %), and crystallinity (completely amorphous or partially
crystalline) [25]. The characteristics of the shape, particle size, pore, and uniformity cannot be
controlled by changing the combustion conditions. Therefore, chemical treatment should be followed
to synthesize the engineered silica particles.

2.2. Principle of Chemically Extracting Silica from Rice Husk

The main components of rice husk—cellulose, hemicellulose, lignin and inorganics—can be
separated by their thermo-chemical properties. Figure 1 shows the phase changes of rice husk
components depending on pH. Under acidic conditions, cellulose and hemicellulose are dissolved
in the aqueous phase and can be separated from solid residues, mainly lignin and inorganics [28].
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During the hydrolysis of polysaccharides, metallic impurities, such as K2O, P2O5, CaO, and MgO,
were discarded by the washing step. Alkaline hydrothermal conditions induce the cleavage of ester
linkages in lignin, which dissolves the lignin. After alkaline hydrothermal treatment, lignin can
be removed from the solid residue [29,30]. The alkaline thermal treatment also dissolves silica and
partially dissolves xylan to the liquid phase. The solubility of amorphous silica rapidly increases above
pH 9.14 [31]. It can be again solidified by decreasing the pH. During solidification, silica particles can
be engineered to have specific properties fit for their intended purpose. Residual organic compounds
in the silica can be thermally removed at temperatures over 575 ◦C.
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2.3. Acid Leaching to Obtain High Purity Silica

Acid leaching to remove organic matter and metallic impurities from rice husks was conducted
before or after the combustion process. Acid leaching can produce a higher purity and specific surface
area when compared to without acid leaching [19,32–34]. Lee et al. compared the performances
of three acid solutions—sulfuric acid, hydrogen chloride, and oxalic acid—to remove the organic
matter and metallic impurities [19]. Sulfuric acid effectively dissolved and removed both cellulose and
hemicellulose but was not effective in removing lignin. Both hydrogen chloride and oxalic acid mainly
reduced hemicellulose. The removal of metallic impurities was investigated depending on the acid
solutions. However, the capability of acid solutions to remove organic and metallic impurities in rice
husk varied depending on the solution’s concentration, and the reaction time and temperature [35].
Traditionally, the acid leaching of rice husk was performed with sulfuric acid, hydrogen chloride [36],
and nitric acid [33]. The use of a strong acid solution is significantly hazardous to the environment
and human life. In addition, strong acid leaching produces not only soluble sugars but also smaller
compounds such as aliphatic carboxylic acids and furans, which are inhibitors to microbes and enzymes.
Therefore, attempts to replace these strong acid agents with environmentally harmless agents have
been reported [19,37–40].

The environmentally harmless agents used to remove organic matter in rice husks were citric acid,
ionic liquid, and deionized water. The use of citric acid could remove metallic impurities such as Na,
K, Ca, Mg, Fe, Cu, etc., through a chelate reaction between carboxyl groups and metal elements [37,38].
Ionic liquids are green solvents and are effective in dissolving polysaccharides. The ionic liquids used
to remove polysaccharides and metallic impurities from rice husks were 1-butyl-3-methylimidazolium
chloride and 1-butyl-3-methylimidazolium hydrogen sulfate. The dissolved cellulose can be recovered
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by mixing with distilled water and further used to produce fermentable sugar [41]. Trinh et al.
reported that ionic liquid-treated cellulose significantly changed its crystallinity, surface morphology,
and composition, resulting in improved enzymatic digestibility. Conventionally, lignocellulose in rice
husks is simply burned to generate energy, which leads to air pollution. However, the use of ionic
liquid-treated cellulose to produce biofuel does not produce any pollutants. Therefore, using ionic
liquids improves both the purity of silica and the comprehensive utilization of lignocellulose. Shen et al.
used deionized water to leach metallic impurities, but water leaching was effective only on the external
surface [40]. Mochidzuki et al. performed water leaching under pressurized conditions using a batch
autoclave and steam explosion [42]. Both autoclave hot-water and steam-explosion-treated silica
showed improved purities, even comparable to those obtained with the hydrochloric acid treatment.
The pressurized water treatment dissolved some portion of the silica in hot water and changed its
structure, which is more applicable to the synthesis of water-glass-like materials.

Most studies reported that acid leaching could improve the amorphousness of silica [19,39,43].
Alkali metals in rice husks facilitate the initiation of the formation of cristobalite, which causes the
phase transformation of the silica [44]. Acid leaching could remove alkaline metals, which prevent
the phase transformation of the silica. In addition, Real et al. reported that the leaching of rice husks
with an acid solution before their combustion would yield silica powder with a high specific surface
area [32]. However, if the acid leaching was performed after combustion, the specific surface area of
silica would be poor.

2.4. Alkali Extraction to Obtain Silicate

Silica can be extracted from rice husk by solubilizing it in an alkali solution and precipitating in an
acidic medium. In general, sodium hydroxide was used to extract silica from the rice husk as sodium
silicate. The following formula represents the chemical reaction:

SiO2 (s) + 2NaOH (l)→ Na2SiO3 (l) + H2O (l) (1)

Various hydrothermal conditions were used for the alkali extraction of silica. Most studies have
prepared rice husk ash or acid-treated rice husk before the alkali extraction. Typically, thermal treatment
is performed before alkali extraction to remove lignin. Otherwise, both lignin and silica were extracted
from rice husks by alkali solution, which affected the quality of sodium silicate. In addition to the
thermal treatment, organosolv fractionation can be applied to separate lignin by organic solvents such
as ethanol [45] and 1,4-butanediol [46]. Rice husk ash was dissolved in sodium hydroxide solution
at 80 ◦C [47], 90 ◦C [21,48], 100 ◦C [49], and even 150 ◦C [50]. In addition, a considerable amount of
research has reported the performance of alkali extraction at room temperature [51–55]. In this case,
rice husk ash was ground down to micron-sized particles and reacted for 24 h. The concentrations
of sodium hydroxide were varied in the range of 1–10 M, which determined the reaction time.
Bazargan et al. showed the removal of lignin and silica from the rice husk, not rice husk ash, by the
assistance of sodium hydroxide and hydrogen peroxide [56]. However, recoveries of silica and lignin
in alkaline peroxide solution were only 75 and 60%, respectively. Alkali extraction degrades lignin into
phenolic compounds, such as benzoic acid, ferulic acid, and coniferyl aldehyde, and those cannot be
utilized in further process.

3. Synthesis of Engineered Silica Particles Using Silicate Extracted from Rice Husks

As mentioned before, there is a limitation in changing the structure and shape of silica by changing
the combustion conditions. Therefore, we focused on various methods for the synthesis of engineered
silica particles using a sodium silicate solution extracted from rice husks. Such methods are based on a
bottom-up process in which nano- or micron-sized particles are formed through chemical reactions
of precursors at the atomic or molecular level. Although the overall synthetic procedure is relatively
complex compared to methods based on a top-down process, the bottom-up process enables the precise
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and uniform control of the morphological properties of products. Accordingly, in modern industries
that require biomass-derived silica, it is expected that research on the development of advanced
synthetic techniques based on bottom-up processes will be more actively conducted in the future.

3.1. Simple Precipitation of Silica Particles by the Addition of Acidic Reagents

To obtain silica particles from a silicate solution, the pH of the solution should be adjusted to
certain ranges to induce the precipitation of silica. Because the solubility of silica increases as the pH of
the solution increases, the use of acidic reagents is the basic requirement for lowering the pH of an
alkaline silicate solution [57]. The precipitation reaction of silica is simply described by the following
equation, where HaX is an acidic molecule:

Na2SiO3 + nHaX→ SiO2 + nNaaX + H2O (2)

Neutralization of sodium silicate solution using sulfuric acid is a common method for the
precipitation of silica particles [58–63]. For example, in the paper reported by Ghorbani et al. [60],
sodium silicate solution prepared from rice husk was titrated with diluted sulfuric acid to pH 7 under
vigorous stirring. The solution was further stirred for 24 h and then aged for 48 h at room temperature.
After filtration and washing, the obtained silica gel was freeze-dried overnight. Amorphous silica
particles prepared by this process exhibited an aggregated form of primary particles with an average
size of ~200 nm, and the products showed a relatively high surface area of 409 m2 g−1. The agglomerated
forms of silica particles were identically observed in other studies, where the silicate solution was
titrated using sulfuric acid, although the sizes of the primary particles were different in each case [61–63].
The optimized process for the synthesis of pure silica nanoparticles reported by Nassar et al. was
as follows [62]: (i) Dried rice husk was acid-leached by 2 M nitric acid solution; (ii) After washing
and drying, the dried residue was calcined at 600 ◦C; (iii) The obtained rice husk ash was refluxed
with 2 M NaOH solution; (iv) The sodium silicate solution was separated by filtration; (v) The silicate
solution was titrated with 1 M sulfuric acid until the pH reached 7; (vi) The obtained silica gel was
aged for 24 h, and then calcined at 800 ◦C. The final product prepared by this process exhibited
peanut-like or irregularly shaped particles (Figure 2a,b). The TEM image shows irregular shaped
particles composed of tiny nanoparticles that are 10–50 nm in size.Adam et al. reported the sol–gel
synthesis of silica nanoparticles from rice husk using a template-free approach [64]. They simply
titrated sodium silicate, which was obtained from rice husk, with nitric acid until the pH reached 9.0.
After aging for 2 days, the yellowish gel was recovered by centrifugation and washed with distilled
water. Because no template molecules were used, a further calcination step was not required. Through
this process, amorphous silica nanoparticles assembled from primary particles of tens of nanometers
were synthesized. Their surface area was 245 m2 g−1. Davarpanah et al. also used nitric acid for the
titration of sodium silicate extracted from rice husk [65]. The pH of the solution was adjusted to 5.0,
and the precipitated gel was aged for 24 h. Figure 2c shows that the obtained silica was irregularly
shaped nanoparticles composed of 10 to 20 nm-sized primary particles. These morphological properties
of precipitated silica particles have also been reported in previous studies using hydrochloric acid for
pH adjustment [66–69].

The rise of environmental and safety issues has led to attempts to use organic acids instead of
hazardous strong acids. In a study by Kalapathy et al., a silicate solution obtained from rice husk
was titrated using citric acid or oxalic acid [70]. When the pH of the solution was adjusted to 4.0 or
7.0, amorphous silica was successfully obtained. In contrast to the case of using hydrochloric acid,
no impurity peaks were observed in the XRD measurements. Moreover, no significant difference in
the silica yields were observed regardless of the type of acid. The experimental results reported by
Liou et al. showed that the silica particles produced by oxalic acid or citric acid exhibited higher yields
than the silica particles produced by hydrochloric acid or sulfuric acid [33]. However, the residual
sodium content in the silica particles was relatively high when citric acid or oxalic acid was used for
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the precipitation reaction. The surface areas and pore volumes of silica produced by citric acid or
oxalic acid were also lower than those of silica produced by hydrochloric acid (Figure 3).
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with permission from [65], Copyright 2019, Elsevier).
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Figure 3. (a) Adsorption–desorption isotherm; (b) differential pore size distribution; and (c) BET
(Brunauer–Emmett–Teller) surface area, pore volume, and extraction yield of silica samples prepared
through various acid treatments (reprinted with permission from [33], Copyright 2011, Elsevier).

3.2. Control of Morphological Properties of Silica Particles

Although the precipitation of silica by adding acidic reagents is a simple and convenient method,
it cannot precisely control the morphological properties of silica. Most of the silica prepared by this
approach exhibited irregularly shaped large particles assembled by small-sized primary particles.
Therefore, advanced synthetic methods that can control the shape and surface properties of silica are
required to apply rice husk-derived silica particles to modern industries. In this section, we review
previous studies that used (i) organic co-solvents, (ii) polymer additives, and (iii) a water-in-oil
emulsion system to control the morphology of silica particles.

Zulkifli et al. used ethanol as a co-solvent at the precipitation step of silicate [71]. In this study,
sodium silicate solution extracted from rice husks was mixed with different amounts of ethanol.
Then, the mixed solution was titrated with phosphoric acid. As a result, while irregular and highly
aggregated particles were obtained without ethanol, dispersed spherical particles were synthesized
with increasing amounts of ethanol. At the optimized condition (ratio of sodium silicate: H2O:ethanol
= 1:1:0.25 at pH 7), uniform silica nanoparticles with low aggregation were obtained, and their sizes
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ranged from 75 to 252 nm. The silica powders exhibited a BET surface area of ~364 m2 g−1. It was
surmised that the formation of spherical particles originated from the formation of self-emulsion
droplets consisting of silicate anions upon the addition of ethanol to an aqueous silicate solution [72].
A similar phenomenon was also observed in a study by Zulfiqar et al. [21]. The neutralization of
the silicate solution with phosphoric acid in the presence of ethanol led to the formation of spherical
silica particles. Furthermore, as the concentration of sodium silicate increased, the average size of
silica particles precipitated at room temperature also increased continuously (Figure 4). Silica particles
made from sodium silicate solution containing 0.7 wt % white rice husk (WRH) had a unimodal size
distribution of 181 ± 17 nm. When the concentration of WRH in the sodium silicate solution increased
to 5.6 wt %, the silica particles exhibited a tri-modal size distribution (352 ± 77 nm, 1.8 ± 0.3 µm,
and 7.1 ± 1.3 µm). On the other hand, when the precipitation reaction progressed at 65 ◦C, the particle
sizes decreased as the concentration of silicate solution increased.
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(a,b) 1.4 wt %, (c,d) 2.8 wt %, and (e–h) 5.6 wt % white rice husk (WRH) (reprinted with permission
from [21], Copyright 2015, Elsevier)

The use of acetone, an organic solvent, has also been shown to be effective in producing spherical
silica particles. Rajan et al. [73] added 40 mL of acetone to 100 mL of sodium silicate solution extracted
from rice husk. Afterwards, the pH of the solution was adjusted to 7 using 5 M acetic acid. Through this
optimized condition, they synthesized well defined spherical silica particles in the range of 200 to
400 nm.

Several studies have reported the synthesis of spherical silica particles using a polymer additive.
In particular, the spherical shape control was achieved when polymers with sufficient ethylene oxide
(EO) chains were used as additives [74–77]. It is considered that the interaction of the EO chains of
polymers with the silicate species stabilizes the silicate during the solidification process, which leads to
the formation of spherical particles [78]. In a study by Li et al., [74,75], they first dissolved polyethylene
glycol (PEG, molecular weight = 20,000) in a sodium silicate solution. Then, by the titration of the silicate
solution using phosphoric acid, spherical silica nanoparticles were obtained. Similar results were also
reported by Le et al. [76]. When PEG (molecular weight = 10,000) was used as an additive, spherical
silica nanoparticles could be obtained from the rice husk-derived silicate solution. On the other hand,
by using a Pluronic P-123 polymer instead of PEG, Shahnani et al. prepared silica microspheres from
a rice husk-derived sodium silicate [77]. A certain amount of Pluronic P-123 was dissolved in 2 M
hydrochloric acid solution and then sodium silicate was added to the mixture. The overall reactions
progressed under acidic conditions. After filtration and washing, the porous silica microspheres were
obtained by calcination at 550 ◦C. The non-aggregated silica microspheres obtained by this process are
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shown in Figure 5. The silica microspheres had a BET surface area of 445 m2 g−1 and a pore volume of
0.298 cm3 g−1, respectively.Sustainability 2020, 12, x FOR PEER REVIEW 8 of 19 
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Figure 5. SEM images of the silica microspheres (reprinted with permission from [77], Copyright
2018, Elsevier).

The use of an emulsion system is a well known method for producing spherical particles.
Hasan et al. reported a study that adapted this system for the preparation of spherical silica from a
rice husk-derived silicate solution [79]. In the water-in-oil emulsion composed of water and toluene,
cetyltrimethylammonium bromide (CTAB) and n-butanol were used as the surfactant and co-surfactant,
respectively (Figure 6). After the formation of the reverse micelle, silicate was hydrolyzed by the urea
at the micelle interface. The obtained silica particles exhibited a distinct spherical shape with a surface
area and pore volume of 227 m2 g−1 and 1.24 cm3 g−1, respectively.
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Figure 6. (a) Formation mechanism of silica sphere using Na2SiO3-RHA (rice husk ash) and CTAB
(cetyltrimethylammonium bromide) in the water-in-oil emulsion system. TEM images of silica particles
made from (b) commercial sodium silicate and (c) rice husk-derived sodium silicate (reprinted with
permission from [79], Copyright 2018, Elsevier).
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3.3. Synthesis of Ordered Porous Silica Particles from Rice Husk

Since a mesoporous aluminosilicate using a soft-template synthetic method was developed by
the Mobil Oil Corporation in 1992 [80], numerous studies have been conducted to synthesize various
types of ordered porous materials. In the case of silica-based materials, starting with the MCM (Mobil
Composition of Matter) series, research on the development of various types of mesoporous silica,
such as SBA (Santa Barbara Amorphous), KIT (Korea Advanced Institute of Science and Technology),
FDU (Fudan University), and MSU (Michigan State University) series, have been conducted. At the
same time, the requirement for cost-effective processes has led to the search for low-cost silica precursors
that can replace silicon alkoxide reagents. This is one of the main reasons why rice husk-derived
silicate has attracted attention as a raw material for the synthesis of mesoporous silica.

In the last decade, MCM-type silica has been successfully produced from rice husks in many
studies. Conventional MCM-41 silica has a uniform hexagonal pore structure with a pore size of
2–4 nm. CTAB, a cationic surfactant, has been typically used as a structure-directing agent for MCM-41.
CTAB forms rod-like micelles in the aqueous solution and aligns into a hexagonal array. The negatively
charged silicate species above pH 10 preferentially interact with the positively charged surfactant heads.
Accordingly, after the removal of the surfactant by calcination, mesoporous silica with a hexagonal pore
structure was obtained. An example of the synthetic method in detail with reference to the reported
paper is as follows [81]. First, considering the specific molar composition of SiO2, NaOH, CTAB,
and H2O, a certain amount of CTAB was dissolved in distilled water. Then, this solution was added to
the sodium silicate solution extracted from rice husk and stirred at 80 ◦C for 24 h. After the titration
of the mixed solution using nitric acid to a pH of 10.0, it was aged for 48 h at the same temperature.
The resulting gel was washed with distilled water and acetone, and subsequently calcined at 600 ◦C.
Through this process, Ramalingam et al. synthesized MCM-41 silica particles using rice husk as the
silica precursor (Figure 7); it showed a hexagonal pore structure with a monomodal pore size of 2.3 nm
and a high surface area of 1115 m2 g−1 [81].
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Figure 7. (a) N2 adsorption–desorption isotherm of rice husk ash-derived MCM (Mobile Composition
of Matter)-41. The inset shows the corresponding pore size distribution; and (b) the TEM image of rice
husk ash-derived MCM-41 (reprinted with permission from [81], Copyright 2020, Elsevier).

Unlike MCM-41 silica, MCM-48 silica has a three-dimensional pore structure with cubic Ia3d

symmetry. To obtain MCM-48 silica, the structure of the micelle formed by the self-assembly of
surfactants must be changed. Several studies satisfied this condition by utilizing a cationic-neutral
surfactant mixture system [82–84] or changing the surfactant concentration [85]. Subsequently, MCM-48
silica was successfully synthesized using sodium silicate solution extracted from rice husk. Looking at
a specific example, Bhagiyalakshmi et al. used a mixture of CTAB and polyoxyethylene lauryl ether
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(LE-4) as the structure directing agents [83]. Sodium silicate solution was added to the surfactant
mixture (CTAB and LE-4) dissolved in an aqueous solution at 80 ◦C. Then, the mixed solution was
titrated using acetic acid until the pH reached 10, and heated at 100 ◦C for 48 h. After filtration
and washing, the final product was obtained by calcination at 550 ◦C. The obtained MCM-48 silica
showed a bicontinuous Ia3d cubic phase with a surface area of 1124 m2 g−1 and a main pore size of
3.9 nm. Morphological properties, such as the surface area, pore volume, and main pore size of the rice
husk-derived MCM-41 and MCM-48 silica reported to date are summarized in Table 1 [81–95].

Table 1. Pore diameter, surface area, and pore volume of MCM-type silica prepared from rice
husk-derived silicate solution.

Silica Type Pore Diameter (nm) Surface Area (m2 g−1) Pore Volume (cm3 g−1) Ref.

MCM-41

2.9 800 0.93 [86]

2.86 943 – [87]

3.54 1101 0.96 [83]

3.51 1099 0.96 [84]

3.28 903 – [88]

2.3 1115 0.92 [89]

3.6 602 0.49 [90]

2.8–3.1 545–1210 0.36–1.00 [85]

2.92 797 0.57 [91]

3.16 1347 0.906 [92]

3.8 500.5 0.45 [93]

3.0–3.4 552–769 1.025–1.167 [94]

2.71 972.5 0.87 [95]

2.3 1115 0.92 [81]

MCM-48

4.02 1024 2.58 [82]

3.89 1124 0.98 [83]

2.6 1059 0.68 [84]

2.5 815 0.75 [85]

SBA-15 is one of the most common types of mesoporous silica and was first developed at the
University of California [96]. SBA-15 has a two-dimensional hexagonal pore structure. Its pore size
can be controlled in the range of 4–12 nm. It can be further increased up to 30 nm by using additional
organic additives. One important feature of SBA-15 is that it has thicker pore walls compared to
MCM-41. Thus, SBA-15 is more stable under high temperature and hydrothermal conditions [97].
In order to obtain SBA-15 having these advantages from low-cost raw materials, a number of studies
using silicate extracted from rice husk have been reported. For the synthesis of SBA-15, Pluronic P-123,
a nonionic triblock copolymer, is used as a structure directing agent. SBA-15 is assembled by the
N0H+X−I+ mechanism, where N, H, X, and I indicate nonionic surfactant, hydrogen, halide, and silica
source, respectively. Therefore, in difference with a case of MCM-41, the synthetic reaction proceeds
under acidic conditions. Under these synthetic conditions, Henao et al. obtained SBA-15, which had a
monomodal pore size of 7.6 nm with a high surface area of 604 m2 g−1, from rice husk-derived silicate
solution (Figure 8) [98]. Chareonpanich et al. synthesized SBA-15 from rice husk via an ultrasonic
technique [99]; their SBA-15 exhibited a highly ordered hexagonal pore arrangement with a pore size
of 9.5 nm. In the meantime, by using the Pluronic F-127 polymer instead of P-123, SBA-16-type silica
was also successfully obtained from rice husk [100]. The obtained SBA-16 showed a three-dimensional
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cubic pore structure with a pore size of ~8.0 nm. The morphological properties of rice husk-derived
SBA-type silica reported in previous studies are summarized in Table 2 [83,84,98–102].Sustainability 2020, 12, x FOR PEER REVIEW 11 of 19 
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Table 2. Pore diameter, surface area, and pore volume of SBA-type silica prepared from rice husk-derived
silicate solution.

Silica Type Pore Diameter (nm) Surface Area (m2 g−1) Pore Volume (cm3 g−1) Ref.

SBA-11 3.8/7.7/12.9 356 0.792 [98]

SBA-15

9.5 530–860 0.96–1.27 [99]

4.8 790 0.82 [101]

5.8 712 0.68 [83]

7.4 780 0.95 [84]

7.7 1095 1.705 [102]

7.6 604 1.192 [98]

SBA-16 5.8–8.2 775–840 – [100]

The synthesis of large-pore-sized ordered mesoporous silica from rice husk was reported by
Chun et al. [103]. In this study, Pluronic P-123 and trimethylbenzene (TMB) were used as templates
and pore expanders, respectively. Pluronic P-123, TMB, and rice husk-derived silicate solution were
assembled in a neutral environment with the addition of acetic acid. Through the N0I0 mechanism,
amorphous silica with a well defined mesocellular foam structure was successfully obtained [104].
It has uniform mesopores with a size of approximately 30 nm and a large pore volume of 1.77 cm3 g−1

(Figure 9a–c). Interestingly, when the concentration of sodium silicate extracted from rice husk
increased, the usage of acetic acid increased to adjust the neutral pH, the pore size of silica was further
expanded to approximately 60 nm (Figure 9d–f). The authors suggested that the large amounts of
acetate promote the oxolation reaction and increase the hydrophobicity of silica, which led to the
further pore expansion of silica [103,105].

Although they are not pure silica materials, several types of zeolites have also been synthesized
using silicate extracted from rice husks. Zeolites are microporous aluminosilicate materials. Therefore,
additional alumina resources had to be used for zeolite synthesis. Using rice husk-derived silicate and
sodium aluminate reagent as a raw silica and alumina material, respectively, the synthesis of zeolite
A [106], zeolite Y in sodium form (NaY) [107,108], ZSM(Zeolite Socony Mobil)-5 [109], ZSM-12 [110],
ZSM-48 [111], and Linde Type J zeolite [112] have been reported in previous studies. The synthesis of
various kinds of zeolite from the rice husk-derived silicate solution is covered in detail in a previous
review [113].
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4. Conclusions and Perspectives

To date, we covered the purification of the silica component from rice husk and its use for the
synthesis of engineered silica particles in previous studies. In particular, silica particles obtained by
the bottom-up process using liquid silicate extracted from rice husk have been dealt with in detail.
Morphologically controlled and ordered porous silica particles can be manufactured through various
methods based on the bottom-up process. These engineered silica particles have unique properties
including uniform shapes and sizes, large surface areas and pore volumes, and precisely controlled
mesopores. Within the scope of this review, the following conclusions can be drawn:

• The widely used method for obtaining silica from rice husks is direct combustion.
The characteristics of shape, particle size, pore, and uniformity can be controlled by changing
the combustion conditions but its changes could be within a narrow range. Therefore, chemical
treatment should be followed to synthesize the engineered silica particles.

• The main components of rice husk—cellulose, hemicellulose, lignin and inorganics—can be
separated by their thermo-chemical properties.

• Acid leaching using a strong acid solution (e.g., H2SO4, HCl, and HNO3) is effective to produce
silica with high purity and surface area. However, these reagents are significantly hazardous to
the environment and human life. Therefore, attempts to use environmentally harmless agents,
such as citric acid and ionic liquid, have been reported.

• Silica can be extracted from rice husk by solubilizing it in an alkali solution and precipitating
in an acidic medium. In general, sodium hydroxide was used to extract silica from rice husk as
sodium silicate.

• The development of synthetic methods based on bottom-up processes enables the precise and
uniform control of the morphological properties of silica products. These methods generally use a
sodium silicate solution extracted from rice husks as a raw material.

• The neutralization of sodium silicate solution using acidic solution (e.g., H2SO4, HCl, HNO3,
organic acid) is a common method for the precipitation of silica particles. However, it is still not
possible to accurately control the morphological properties of silica.
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• The use of (i) organic co-solvents (e.g., ethanol and acetone), (ii) polymer additives (e.g., PEG),
and (iii) a water-in-oil emulsion system enables the control of the morphological properties,
such as the shape and size, of silica particles.

• Various ordered porous silica particles including MCM-type, SBA-type, and mesocellular foam
structure have been successfully obtained from a rice husk-derived silicate solution with additional
structure directing agents (e.g., CTAB, Pluronic P-123, etc.).

Based on these properties, they are expected to be utilized in potential value-added applications,
such as heterogeneous catalysts, CO2 capture, adsorbents for aqueous pollutants, biomolecular delivery,
and cosmetic ingredients. The rice husk-derived engineered silica will further increase their value in
modern society because they are manufactured from sustainable biomass resources.

For the practical use of engineered silica particles made from rice husks, several important issues
must be addressed. As described in the previous chapter, the combustion of rice husks to remove
organic components generates greenhouse gases and emits significant quantities of particulate matter.
The use of strong acids to obtain high-purity silica is significantly hazardous to the environment and
human life. Moreover, the overall synthesis procedure is complex, as shown in Figure 10a. As a
result, the unit price of the final product is higher than those of silica particles made from mineral
resources. We believe that overcoming these obstacles in the synthetic process is a prerequisite for the
commercialization of engineered silica particles made from rice husks. One strategy for the preparation
of rice husk-derived engineered silica through an environmentally friendly and cost-competitive
process is proposed in Figure 10b. The direct extraction of silicate from rice husks using alkaline
solution and thereafter titration using weak acids with polymer additives or co-solvents simplifies
the overall process, while the use and emission of harmful substances can be minimized. However,
the direct extraction of silicate using alkaline solution also leads to the extraction of organic components
such as xylan. These organic components make it difficult to obtain engineered silica particles with
high purity. Therefore, further research is needed to overcome these unresolved problems, and through
this, it is expected that the commercialization of rice husk-derived silica will be one step closer.
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