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Producing Value-added Products from e
Organic Solid Wastes

with Mechanochemical Processes
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Abstract Mechanochemical process is a versatile technique that is induced by
mechanical forces such as shearing, friction, compression, stretching, and grinding.
Recycling organic solid wastes (e.g. biomass) to value-added products from organic
solid wastes via mechanochemical processes has received increasing interest due to
its high efficiency, low cost and eco-friendly nature (solvent-less or solvent-free). In
this chapter, a brief overview of the historical development of mechanochemistry,
kinds of mechanochemistry equipment, the relationship between mechanochemistry
and organic solid wastes (e.g. waste biomass) conversion into value-added products
(chemicals, fuels, and carbon materials) will be introduced for the general reader.
Emphasis is placed on typical mechanochemical processes for conversion of waste
biomass to chemicals (glucose, xylose, furfural, 5S-HMF, sorbitol, phenol, etc.) and
functional carbon materials (adsorbents, catalysts, electrodes, etc.). The role and
mechanism of mechanochemical technology on the waste biomass transformation
into value-added products were also presented. Limitations and opportunities asso-
ciated with the mechanochemical synthesis of valuable products from organic solid
wastes (biomass) are highlighted.

Keywords Ball milling - Waste management - Biochar - Lignocellulose -
Biorefinery

H. Guo
Graduate School of Environmental Studies, Tohoku University, Sendai, Japan

X. Zhang
School of Energy and Environmental Engineering, Hebei University of Technology, Tianjin,
China

F. Shen (2<)

Agro-Environmental Protection Institute, Ministry of Agricultural and Rural Affairs, Tianjin,
China

e-mail: shenfeng @caas.cn

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022 317
Z. Fang et al. (eds.), Production of Biofuels and Chemicals from Sustainable

Recycling of Organic Solid Waste, Biofuels and Biorefineries 11,
https://doi.org/10.1007/978-981-16-6162-4_10


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-6162-4_10&domain=pdf
mailto:shenfeng@caas.cn
https://doi.org/10.1007/978-981-16-6162-4_10#DOI

318 H. Guo et al.
10.1 Introduction

Mechanochemistry process technology refers to chemical reactions induced by the
application of mechanical energy. Shear and compressive forces are developed
through grinding and impacts [1]. The mechanochemical reaction process provides
a new way to reduce or avoid the use of solvents. In solvent-free or solvent-less
conditions, new synthetic is realized, improving the product selectivity, yield or
reaction rate. Mechanochemistry, especially when implemented in a continuous
process, has been identified by the International Union of Pure and Applied Chem-
istry IUPAC) [2] as one of the ten world-changing technologies.

In 2000, Boldyrev, V. V and co-workers reported one of the earliest applications
of mechanochemistry in the book “On Stones” in 315 B.C, which discussed the
grinding of cinnabar and acetic acid with a mortar and pestle could produce
elemental mercury (Hg) [3]. Since then, mechanochemical reactions were almost
ignored by twentieth century scientists until the last few decades. In 1820, Faraday
et al. [4] discovered that silver chloride could be reduced to its elemental form by a
solvent-free grinding method. Then, M. Carey Lea (1823-1897) performed system-
atic investigations on the mechanochemical reaction and thus he is known as “the
father of mechanochemistry.” During the past two decades, mechanochemistry has
been rapidly established as a green and environmentally friendly synthetic method.

Investigations using a mortar and pestle were the first to implement mechano-
chemical reactions since they are cheap and convenient tools [S]. However, manual
grinding is susceptible to variable factors that are difficult to control, such as operator
variability and laboratory environments. These factors frequently render results
obtained by mortar and pestle unrepeatable. Today, machine-driven ball milling
has become one of the most important tools for mechanochemical reactions. As
shown in Fig. 10.1, laboratories typically implement two different kinds of ball
milling equipment that represent different applications of mechanical force. These
are the shaker (or mixer) mill and planetary mill. In shaker mills, the reaction jars are
rapidly oscillated from side to side, or in complex paths which results in the enclosed
ball bearings applying shear and compressive force to realize grinding [6]. While in
the planetary mills (Fig. 10.1), the reaction vessels are spun at high speed,
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Fig. 10.1 Typical automatic ball milling equipment used for mechanochemical reactions
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counter-rotatory to the main spinning “sun wheel” (thus, the term planetary) results
in the balls grinding the solids within the jars.

Recently, mechanochemical reaction technology has been applied in various
fields such as materials synthesis, industrial chemistry, extractive metallurgy, min-
erals engineering, and bioengineering [7]. Mechanochemical processing offers a lot
of advantages such as ecological safety and process simplicity when compared to
solution-based wet processing. Practically, the mechanochemical treatment pro-
cesses not only avoid the complex post-treatment steps (e.g. reuse of solvent and
separation of product) but also the use of large amounts of solvents. Importantly,
most mechanochemical reaction systems are completed within minutes to hours.
Another advantage of mechanochemistry is enabling applications under mild con-
ditions (e.g. at ambient temperature). These factors make mechanochemical
approaches an attractive solution for biomass waste management. Considering
environmental and economic factors, mechanochemistry offers a time-saving, eco-
friendly and labor-saving process for the conversion of waste biomass into sustain-
able platform chemicals, fuels, and functional carbon materials.

10.2 Chemicals from Waste Biomass

10.2.1 Reducing Sugars

The efficient hydrolysis of carbohydrates (e.g. cellulose and hemicellulose) of the
biomass into reducing sugars (RS) is essential for the organic solid wastes transfor-
mation process. It is due to the RS (C5 sugars and C6 sugars) can be further
transformed into value-added products (e.g. biofuels and chemicals) [8, 9]. However,
the hydrolysis of biomass offers great challenges because raw biomass has a
recalcitrant structure that protects its carbohydrate from degradation/attack by the
enzymes [10]. Therefore, pretreatment is an essential step for waste biomass hydro-
lysis into reducing sugars, which can reduce the crystallinity of the cellulose and
particle size of the biomass thus increasing the cellulose accessibility.

Pretreatment methods (e.g. chemical pretreatments including acid, alkaline and
organic solvents, steam explosion, biological, and hydrothermal methods) have been
used to promote the biomass hydrolysis into reducing sugars, however, these
methods are usually limited by their corrosivity, recyclability of solvents, and
waste generated. Most pretreatment methods of biomass limits the production of
undesirable dehydration products (such as levoglucosan, levoglucosenone and
5-hydroxymethylfurfural) and improves susceptibility towards further hydrolysis
through enzymatic processes [11]. Practically, chemical pretreatment methods
limit further enzymatic hydrolysis [12]. So, it is necessary to develop environmen-
tally friendly pretreatments methods that avoid strong acid and alkalis. Various
equipment has been developed to implement mechanochemical processes such as
automated mortar grinders, shaker mills, screw extruders and drum mixers [13].
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Table 10.1 Effect of mechanical pretreatment on total reducing sugar (TRS) yields by biomass

hydrolysis

Substrate Milling time TRS yields (%) Ref.

h Without pretreatment With pretreatment

Bagasse 2 <150 mg/g 531.6 mg/g [25]
Jatropha hulls 24 29.5 354 [26]
Plukenetia hulls 24 34.0 40.8 [26]
Rice straw 1 234 89.4 [19]
Cellulose 6 20.9 84.5 [27]
Oil palm 2 11.4 71.9 [28]

£ 20045 * 247 K1, 200 SE

Fig. 10.2 Scanning electron micrographs of pretreated rice straws. (a) rice straw cutter milled to
less than 2 mm and (b) rice straw ball milled for 60 min. (Reprinted with permission from
[19]. Copyright © 2009, Elsevier)

Mechanical pretreatment processes enabled by the ball milling of raw biomass
have appeared as an environmentally friendly, efficient, and economically feasible
alternative the traditional pretreatment process. This approach was pioneered by
Blair (dry) [14] and Schiith (wet) [15] for the realization of C5 and C6 sugars from
cellulose and biomass. Larger scale experiments showed improved energy consump-
tion [16-18]. Table 10.1 given the effect of mechanical pretreatment on the yields of
total reducing sugar by hydrolysis of various raw biomass. Compared with direct
hydrolysis of biomass, the TRS yields increasing 1.1-14.8% after ball pretreatment
of biomass (Table 10.1). Gu et al. [12] reported that after pre-milled Douglas-fir
forest residuals, the crystallinity of cellulose was reduced from 40% to 11%. The
particle size of samples on D 90% decreased from 416 pm to 41 pm and on D 10%
decreased from 20 pm to 3 pm after ball milled. Scanning electron microscopy
(SEM) images result show that the particle size of rice straw after 60 min dry ball-
milling pretreatment decreases from 500 pm to 2 mm to less than 30 pm (Fig. 10.2),
and the surface changed from smooth to rough which lead to an increase in the
overall surface area [19]. Wide-Angle X-ray Diffraction (WAXD) and ATR-FTIR
analysis showed that both the mean size of the crystalline domains and crystallinity
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index were decreased after 2—60 min of treatment with ball milling [20]. The average
length of the fibers decreased to 12 pm from 200 pm after 60 min of ball milling.
Proton NMR and '*C NMR spectra were used to investigate the functional structure
of the biomass during the ball milling process [21, 22]. It was shown that ball milling
broke chains in cellulose (or hemicellulose), resulting in a disruption of the biomass
structure and conversion into oligosaccharides or monosaccharides [22, 23]. More-
over, Zhang et al. [17] reported that the rolling mode (shear > compressive) pro-
motes cellulose conversion into glucose, while the shaking mode
(compressive>shear) promotes the levoglucosan formation. Wu et al. [24] reported
that glucose yield from enzymatic hydrolysis of biomass greatly increased from
38.7% to 66.5% after the introduction of intermittent ball milling by enhancing the
adsorption of enzymes into cellulose.

In conclusion, mechanical pretreatment (milling/grinding) is an efficient way to
promote biomass hydrolysis into total RS. Mechanical pretreatment offers advan-
tages through changes in the structure of biomass including the amorphization of
biomass crystalline structures, breaking hydrogen bonding, decreasing the degree of
polymerization (DP) of biomass and increasing the accessible surface area. Due to
avoid strong acid and alkalis, the mechanical pretreatment (e.g. ball milling) as an
environmentally friendly is also beneficial for enzymatic hydrolysis of biomass to
reducing sugars.

10.2.2 Furfural and 5-HMF

Furfural and 5-hydroxymethylfurfural (5-HMF), which are obtained from the acid
dehydration of C5/C6 sugars, are regarded as important biomass-derived platform
compounds of the biorefinery [29-31], moreover furfural and 5-HMF offers a rich
source of derivatives that are potential biofuel components such as ethyl levulinate
(EL) [32], methyl tetrahydrofuran (MTHF) [29], 5-ethoxymethylfurfural (5-EMF)
[32], 2,5-dimethylfuran (DMF) [33]. Extensive research has been carried out on
direct preparation of furfural and 5-HMF from fructose and xylose with a homoge-
neous and heterogeneous acid catalyst such as modified biochar, zeolite, and AlCl;
[30, 34, 35]. However, it is still a challenge to efficiently producing furfural and
5-HMF direct from raw biomass (e.g. long reaction times and harsh reaction
conditions) so that the large-scale production of platform chemicals (furfural and
5-HMF) is still not feasible at reasonable prices. As shown in the above section,
mechanical pretreatment (e.g. ball milling treatment) is beneficial for the hydrolysis
of biomass into total RS (glucose, fructose and xylose), in this section the catalyst-
assisted mechanochemical (or mechanocatalytic) process for the preparation of
platform chemicals (furfural and 5-HMF) from raw-biomass (e.g. Cellulose, Bam-
boo powder) is discussed.

As shown in Table 10.2, compared with synthesis platform chemicals (5-HMF
and furfural) single catalyst reaction, the objective product (5-HMF and furfural)
yields increased via catalyst-assisted mechanochemistry reaction. As Fig. 10.3
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Table 10.2 Conversion of C5/C6 sugars into furfural and 5-hydroxymethylfurfural via catalyst-
assisted mechanochemical method (BM: ball-milling)

Substrate Catalyst Product Without BM (%) With BM (%) Ref.
Cellulose Aly(SOy)3 5-HMF 39.8 44.6 [36]
a-cellulose AlCl; 5-HMF - 79 [37]
C. japonica [Py]Cl1 5-HMF <3 wt. % 6.9 wt.% [39]
Pine sawdust AlCl Furfural <82 85 [40]
Bamboo powder Zeolite Furfural 55 ~65 [41]
O stainless steel balls
cellulose = Al(SOy)s o S-HMF
AlL(SOy), . s ’ GVL
s pretreatment hydrolysis 7 v P
™ Ho, _om cellulose
0
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Fig. 10.3 Al,(SOy4)s-assisted mechanochemical synthesis of 5-HMF from cellulose (Reprinted
with permission from [36]. Copyright ©2020, Springer)

shows, Shen et al. [36] using ball-milling with Al,(SO,4)s-assisted pretreatment in
preparation of S-HMF from cellulose, in which Al,(SO,4); not only acts as a catalyst
but also promotes cellulose comminution during the milling pretreatment step.
Mechanochemical pretreatment also reduces reaction time, with ball milling, a
79% yield of 5-HMF and 80% yield of furfural were obtained after 9 min at
170 °C from glucan and xylan, respectively [37, 38]. This is due to soluble
molecules obtained in the catalyst-assisted mechanochemical biomass pretreatment
step. It is demonstrated that the catalyst-assisted mechanochemical method is an
efficient technology in biomass transformation into furfural and 5-HMF, in which
the objective product yield increase and short reaction time are possible compared to
the traditional solution-based catalytic method.

10.2.3 Sorbitol

Sorbitol is notable among biomass-related materials, as it can be used for the
production of pharmaceutical intermediates, monomers of polymers or fuels
[42]. Sorbitol can be synthesized from cellulose via acidic hydrolysis into sugars
and their further hydrogenation in the presence of hydrogen donor sources
[43, 44]. Although some processes have succeeded in the conversion of cellulose



10 Producing Value-added Products from Organic Solid Wastes with. . . 323

fTab!e 110-]3) lfat?ilytic fefSEFS Catalyst Conv. (%) Sorbitol (%) Ref.

Of Smgfe bart-Miing of XO™ " Ruw/AC 86 17 [50]

mass and mixed ball-milling
(Ru/AC)mix 100 46 [50]
Ru/AC 88 42 [48]
(Ru/AC) mix 89 69 [51]
Ru-Ni/AC 54.1 31.7 [51]
(Ru-Ni/AC)ix 86.1 74.3 [51]
Ru-Ni/CNT 74.5 414 [51]
(Ru-Ni/CNT)ix 99.3 70.8 [51]

a100 | b100—- '—”——/r_—_—__—u———-.

80 / { _ 80 / |

< 60 5 60

2 e | /

g 40 g 40 | [ )

8 —= RU-NIAC 8 == Ru-Ni/CNT

20 __.-.J‘ (Ru-Ni/AC+cellulose)_mix-mill 20 » (Ru-Ni/CNT-cellulose)_mix_mill
0 Ru-Ni/AC_ball-milled 0 ( Ru-Ni/CNT_ball-milled
0 60 120 180 240 300 0 60 120 180 240 300
Time (min) Time (min)

Fig. 10.4 Conversion of cellulose via a mixed feedstock/catalyst milling process. (a) Ru- -Ni/AC
ball-milled together with cellulose and (b) Ru-Ni/CNT ball-milled together with cellulose. (Reac-
tion conditions: cellulose 0.75 g, catalyst 0.3 g, water 300 mL, at 205 °C under 5 MPa H, (Reprinted
with permission from [51]. Copyright © 2017, Springer)

into sorbitol with various metal catalysts such as Ru-containing composites [45, 46],
there are still many challenges, such as the limit sorbitol selectivity and harsh
reaction conditions.

In the previous section, mechanical pretreatment of biomass and acid catalyst-
assisted mechanochemical ball milling pretreatment of biomass promoted biomass
hydrolysis and dehydration. Results show that the selectivity of sorbitol and cellu-
lose conversion can be increased after pretreatment by single ball milling [47] or
catalyst ball-milling together with biomass (Table 10.3) [48—50]. Geboers et al. [47]
reported a 27% yield of sorbitol with a 65% yield of sugar alcohol from ball milled
cellulose. Ribeiro et al. [48, 51] reported that after milling cellulose with catalyst, the
activity of catalyst and selectivity of sorbitol can be greatly increased. A 69% yield
of sorbitol was realized by shaker milling a Ru/AC catalyst with cellulose without
any acidic catalyst [51]. With cellulose ball-milled together with Ru-Ni/CNT cata-
lyst, a yield of sorbitol of 70.8% was achieved from cellulose after just 1 h reaction
time (Table 10.3). Based above section, the selectivity to sorbitol can be related to
the improved physical contact between the catalyst and the solid substrate after ball-
milling treatment. For both Ru-Ni/AC and Ru-Ni/CNT, the conversions of cellulose
achieved with mixed-balling were higher than that without ball-milling pretreatment
or single ball milling pretreatment (Fig. 10.4). The concurrent milling of catalyst and
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cellulose gives a significant increase in the initial reaction rate (Fig. 10.4) that is due
to mix-milling that can facilitate good solid-solid contact between substrate and
active sites that become accessible to cellulose and promote the cellulose hydrolysis
[50, 52]. In summary, the selectively and yield of sorbitol from hydrogenation of
biomass can be increased if the reaction substrate is ball-milled together with
catalyst.

10.2.4 Phenol

Phenol is a key feedstock in the chemical industry. It is mainly used for synthetic
pharmaceuticals, herbicides, polymer precursors, resins, and plasticizers such as
bisphenol-A [53-55]. Traditionally phenol is synthesized from petrochemical
sources. However, there growing concerns about the environmental impact of
petrochemical technologies and the declining reserves of such sources. Lignin has
attracted much attention for supplanting petrochemicals for chemical precursors, due
to it being a rich source of aromatics [56, 57]. Lignin (15-20%) along with cellulose
(40-50%) and hemicellulose (25-35%) are the main basic structural components of
lignocellulosic materials [58]. The procedure for the synthesis of lignin into phenol
involves the separation of lignin from lignocellulosic materials and catalytic lignin
depolymerization, dehydrogenation/oxidation into phenol [53, 59].

In the conversion of lignin into phenol, the most important step is mechanical
milling (e.g. ball-milling and ultrafine grinding) of raw biomass (e.g. wood, corn
stover, wheat straw) to disrupt the lignocellulosic cell wall polymers and promote the
separation of lignin with cellulose/hemicellulose (Fig. 10.5) [22, 60-62]. The lignin
in biomass is likely a branched polymer and cross-linked (Fig. 10.5) [63]. Some
works have reported a schematic for heterogeneity of ball-milled treatment in lignin
separation [64, 65]. In general, ball-milled pretreatment can reduce native cell wall

——=———VLignin :Eé

Cellulose

Depolymerization

Solvent = B

extraction 5,

®
280 8e%e

Raw L. )
Biomass Ball Hemicellulose
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Fig. 10.5 Separation of lignin with cellulose and hemicellulose with ball-milling pretreatment
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Fig. 10.6 Concentration of total phenolic compounds (TPC) (g/L) of hydrothermal conversion of
lignin after ball-milling pretreatment (Reprinted with permission from [62]. Copyright © 2020,
Springer)

recalcitrance, modify the supramolecular structure of the lignin-cellulose-
hemicellulose matrix and depolymerization the cell wall of waste biomass
(Fig. 10.5), which results in increasing the lignin separation.

The limited phenol yield from lignin is also due to the complex structure,
heterogeneity and variety of lignin [66]. Mechanochemical processes (e.g. ball-
milling) were also used in the second step to promote lignin depolymerization into
lower molecular weight liquid products and further catalytic cracking into phenols
[62, 67-70]. Chemical catalysis with mechanochemical treatment of biomass (e.g.
ball milling treatment methods) has become a promising technology for lignin
conversion into phenol. Bolm et al. [69] develop mechanochemical base-catalyzed
degradation of lignin to the phenol derivatives under mild conditions. This was
followed by Dabral et al,[71] who obtained excellent yields of phenol derivatives
from lignin through mechanochemical-oxidation of lignin with HO-TEMPO/KBr in
presence of ozone. Jang et al. [62] showed that that in the extraction of lignin, the
total extracted phenolic compounds (TPC) concentration after ball milling
pretreatment increased (Fig. 10.6). Moreover, Nair et al. [67] developed a combined
mechanochemical and photocatalytic (titania consisting of anatase and rutile) oxi-
dation process that transformed lignin into phenol. High yields of phenolic com-
pounds from ball-milled lignin were obtained after 3—4 h of UV exposure and
phenolic compounds formed even when milled without light. Compared to
photocatalysis-assisted dry milling, catalysis of wet-milled mixtures with water or
organic solvents (hexane) resulted in high yields of phenolics. Powder X-ray
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Fig. 10.7 Diffractograms of titania, lignin, and other milled samples under wet condition
(Reprinted with permission from [67]. Copyright © 2016, Royal Society of Chemistry)

diffraction of pristine lignin milled with titania produced a new diffraction peak at
31.7 ° which was only realized after wet milling of lignin with acetone and water.
This was attributed to the interaction between lignin and catalyst (Fig. 10.7).
Mechanochemical processes are highly effective that can be used in various waste
biomass transformation steps, such as hydrolysis to reducing sugars, dehydration of
reducing sugars to S-HMF and furfural, hydrogenation for the realization of sorbitol,
and lignin depolymerization, dehydrogenation-oxidation into phenol. Application of
mechanochemical pretreatments (e.g. ball milling) can efficiently disrupt the crys-
talline structure of biomass, reduce particle sizes (comminution), break complex
molecular and macromolecular networks. Many works have developed catalysis-
assisted mixed mechanochemical processes to reduce the reaction time and improve
product yields. This is due to the mechanochemical pretreatment not only produces
comminution but also facilitates catalytic processes during the pretreatment step.
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10.3 Functional Materials from Waste Biomass

Using waste biomass as a carbon source has emerged as an efficient way to synthesis
high-value functional carbon materials. Mechanical ball milling technology has been
widely used for the valorization of waste biomass to carbon-based materials such as
adsorbents, catalysts, electrodes, flame retardants, and soil remediation agents.

10.3.1 Adsorbents

Carbon materials synthesized from waste biomass are potential substitutes for
binder/filter media in adsorption areas. Generally, the adsorption capacity was
observed to increase with higher surface areas, rich electrostatic interactions, and
abundant functional groups. Mechanical treatment is an efficient way to improve the
total surface area of functional carbon materials [72]. The physical- and chemical-
properties of carbon material induced by ball milling are controlled by preparation
temperatures of pristine biochar, pretreatment times, substrate-ball mass ratios
(BPR), and milling media. After a ball milling pretreatment, the specific surface
area can be greatly increased to ~350 m*/g from 2 to 10 m*/g [72]. With treatment by
ball milling, high surface area carbon materials were obtained through particle size
reduction of porous biochar [73]. Additionally, the ball mill pretreatment of biochar
influences the oxygen-containing functional groups resulting in improved diffusion
properties, the introduction of ionic defects, and the formation of graphitic
structures [74].

Biochar or biochar-based composites materials synthesized via ball milling are
efficient for the removal of inorganic and heavy metal pollutants (Ni, Hg, Cr, As and
Cd) from wastewater [75]. For instance, the adsorption capacities of ball-milled bone
biochar for Cd(II), Cu(Il) and Pb(Il) were 165.8 mg/g, 287.6 mg/g and 558.9 mg/g,
respectively (25 °C, pH 5.0), which was much higher than that the un-milled biochar
(75.2 mg/g, 163.8 mg/g and 389.5 mg/g, respectively) [76]. The mechanism inves-
tigated showed that the enhancement of the adsorption capacity of the biochar is due
to the increased total surface area and oxygen-containing groups on the carbon frame
after ball-milling treatment.

Carbon materials from waste biomass via ball-milling were reported to be
effective in the adsorption and removal of antibiotics [77, 78]. For instance, negli-
gible sulfonamide antibiotics were removed by biochars synthesized directly from
raw bamboo, bagasse, and hickory chips. However, ball milling biochars prepared
from the above waste biomass all showed high removal efficiencies of sulfameth-
oxazole from 33.4% to 83.3% and sulfapyridine from 39.8% to 89.6% [79]. The
introduction of oxygen and nitrogen-containing groups into the biochar via ball
milling resulted in improved adsorption capacities for antibiotics [80] which can be
attributed to the interaction of the biochar functional groups with the adsorbate
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through the formation of hydrophobic interaction, n-x interaction, and electrostatic
interaction.

Ball milled carbon materials also show good adsorption performance for gaseous
molecules due to internal pore structures developed during processing. The surface
area of hickory wood biochar increasing to 285 m?*g from ~10 m?/g after ball
milling. The adsorbent had a high capacity for different VOCs (toluene, cyclohex-
ane, chloroform, ethanol, and acetone) [81]. In addition to an improvement in the
total surface area, the increased polarity of carbon materials induced by ball milling
pretreatment also benefits adsorption of VOCs.

Hierarchical porous carbon adsorbents, with application in Hg® removal, can be
fabricated mechanochemically using waste biomass rice straw. Large numbers of
oxygen-containing functional groups were generated simultaneously after removal
of a hard CaCOj; template. The ball milled carbon adsorbent showed higher removal
efficiency for Hg” from flue gas than that of conventional biochar (65% vs. 40) due
to its hierarchical porous structures and oxygen-containing functional groups [82].

Ball milling is also a feasible method for the modification of biochar. Lyu et al.
[83] obtained thiol-modified biochar from poplar wood biochar with
3-mercaptopropyltrimethoxysilane via the ball-milling treatment process. The
thiol-modified biochar that has -SH groups, larger surface area and more negatively
charged surface. It was demonstrated to be efficient for removal of CH3;Hg" and
Hg** (CH;Hg":104.9 mg/g and Hg?*: 320.1 mg/g), which is much higher than the
pristine biochar (CH;Hg*:8.21 mg/g and Hg?*: 105.7 mg/g).[83].

10.3.2 Catalysts

Waste biomass-derived biochars/biochar-metal composites with catalytically-active
groups introduced via mechanochemical processing have been used for
photocatalysis [77], thermocatalysis [84], and electrocatalysis [85].

In a photocatalytic reaction system, the electrons of carbon defects in waste
biomass derived-biochars were excited and shifted to oxygen-containing groups
thus leading to the formation of ‘O, and H". It was demonstrated that the milling
process generally produced in more oxygen-containing functional groups as well as
more reactive oxygen species on the carbon materials. Xiao et al. [86] reported that
the concentrations of oxygen-containing groups including carboxyl, lactic, and
phenolic hydroxyls of unmilled biochar were 0.1-0.3, 0-1.1, and 0.1-0.7 mmol/g,
respectively. The concentrations of the above oxygen-containing groups increased to
0.2-0.5, 0.4-1.2, and 0.2—1.1 mmol/g, respectively after ball milling. The O/C ratio
of biochar from poplar at 300 °C increased from 28.4% to 35.0% after ball milling.
Photocatalysis experiments showed that the ball milled biochar exhibited a much
higher enrofloxacin degradation rate (80.2%) compared with unmilled biochar
(13.9%). Additionally, the mineralization ability improved from 0% to 66.4% after
ball milling [86].
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Fig. 10.8 Metal/biochar composites can be realized through the milling of catalysts with biochar or
milling of precursors followed by pyrolysis (Reprinted with permission from [5]. Copyright
© 2020, Springer)

When being used as thermal catalysis, waste biomass could be
mechanochemically converted into biochar with more surface defects and rich
catalytic sites such as heteroatoms (B, O, S). Due to the high stability of carbon
materials under reaction conditions, catalytically active waste biomass-derived
biochars could be employed as heterogeneous catalysts for different catalytic reac-
tions. For example, surface-oxidized coke powder could be used as catalyst in the
hydrolysis of cellulose [52, 87]. In conventional approaches, oxidation of biochar
involves large amounts of liquid waste and requires high temperatures. Fukuoka
et al. [88] reported a solvent-free ball milling strategy to fabricate -COOH rich
biochars, in which the oxidant of persulfate salts (e.g. KHSO5 and (NH,4),S,0g) was
mixed with biochars by ball milling. By this way, highly carboxylated porous carbon
materials were produced without the use of solvent. In this strategy, ball milling
enhanced the contact between the biochar support and the persulfate salts and the
mechanical processing gradually introduced surface defects in the carbons. The
modified biochar obtained possessed a high-density of -COOH groups and showed
good activity for the acid hydrolysis of cellulose into glucose with yields of
85% [68].

Metal/biochar composite catalysts can be directly synthesized via a physical
solvent-free ball milling process. There are two ways to prepare metal/biochar
composite as shown in Fig. 10.8. The first way is to prepare biochar and then ball
mill the biochar with metal oxide. In another way, the waste biomass can be mixed
with metal precursors by first milling a mixture of metal catalyst with waste biomass
followed by pyrolysis to realize carbon/metal oxide composites.
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In this way, the milling process can ensure complete dispersal of metal/metal
oxides into waste biomass-derived biochars and facilitate carbon precursor particle
refinement. He et al. [89] prepared an iron sulfide and biochar (FeS @BC) composite
through ball milling and applied it to the to the oxidative degradation of tetracycline.
The FeS@BC showed excellent performance which could be attributed to the fact
that the milling process reduced the agglomeration of FeS, and increased the total
surface area of the biochar.

Mechanochemically synthesized carbonaceous materials from waste biomass
have also shown great potential in the electrocatalytic reactions. Lyu et al. [85]
used ball- milled biochar as glassy carbon electrodes. These electrodes showed high
electrocatalytic activity towards reduction of Fe(CN)s” . The electrochemical prop-
erties including electrical conductivity, peak-to-peak separation, series resistance,
and charge transfer resistance where are all improved after the milling pretreatment.
Such properties play an important role in promoting electron transfer kinetics and
reducing the interface resistance of carbon support materials [86].

10.3.3 Electrodes

Porous conductive carbons from waste biomass with a high surface area are desired
materials for electrodes especially for electrical double-layer (EDL). The electro-
chemical performance is greatly affected by surface area since micropores provide
abundant adsorbing sites for the electrolyte ions and mesopores promote diffusion of
electrolyte ions [90]. Ball milling can greatly increase the surface area, pore-volume,
oxygen-containing functional groups, hydrophilicity, crystallinity, and graphitiza-
tion of waste biomass-derived carbons [74, 85]. This special structure facilitates
electron transfer and reduces interface resistance of carbon materials as electrodes.
To further improve the electrochemical performance of carbon electrodes, it is
essential to increase the total microporous surface area of carbon materials. Mechan-
ical ball milling could provide a powerful force for mixing waste biomass with other
solid reagents. It can then be integrated into the chemical activation process to
produce porous carbon materials from waste biomass and applied as electrodes for
energy storage and electrochemical applications.

Traditional methods to prepare porous carbon materials are chemical activation
via impregnation of waste biomass with KOH or KHCOj; solutions and then
pyrolysis at high temperatures [91, 92]. Mechanical ball milling provides an alter-
native solvent-free way to fabricate porous carbon materials. Zhai et al. [93] mixed
the waste biomass of vinasse with the activating agent KOH via ball milling under
solvent-free conditions. The ball milling process enhances homogenous contact
between carbon precursor and KOH and improves pore production. Additionally,
the ball milling process improves surface wettability of carbon materials since more
surface defects are formed. In this way, porous carbons with surface area up to 3047
m?/g have been obtained and have excellent characteristics for supercapacitor
electrodes.
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To further improve the electrochemical performance of carbon-based electrodes,
heteroatom (N, S, B) doped porous carbon could be obtained from waste biomass via
a one-pot ball milling method [94]. In this facile approach, waste biomass is
employed as a carbon precursor, urea or melamine are used as heteroatom precursor,
and K,COj3; (or KHCO5) is used as the activator [95]. After ball milling and high
temperature pyrolysis, high-surface porous carbons (up to 3000 m?/g) with a high
concentration of covalently modified heteroatoms are formed. In this way, the
specific capacitances of the carbon materials can reach 302.7 F/g at a current density
of 0.5 A/g in 6M KOH.

10.3.4 Flame Retardants

Flame-retardants are a class of compounds that are added to combustible materials to
prevent fires or slow the ignition of fire. Phosphorylation is one of the most
important ways to fabricate flame-retardant carbon materials. Traditionally, phos-
phorylated carbons are obtained via the direct treatment of waste biomass with
concentrated liquid phosphoric acid which is corrosive and difficult to recycle
[96]. Fiss et al. [97] describe a facile, green, solvent-free and previously unreported
way for direct phosphorylation of cellulose and lignin via ball milling method with
solid phosphorus pentoxide (P,Os). Based on >'P MAS NMR and TGA analysis, it
was shown that phosphorus groups could be grafted onto the carbon support via
mechanochemical treatment, and the obtained cellulose nanocrystals have high
thermally stability.

10.3.5 Soil Remediation Agent

Because of the high content of carbon, large specific surface area and unique surface
properties (i.e., more functional groups), carbon materials prepared from waste
biomass via the mechanical milling process have been applied in the soil remedia-
tion. The biochar-soil composites prepared by sing-step dry ball milling wheat straw
could be used for the retention of organic pollutants. Yan et al. [98] reported that the
complexation of biochar with soil minerals was enhanced after ball milling of
biochar due to its rich oxygen-containing functional groups. In this way, the sorption
capacity and uptake rate of biochar-soil composites for phthalate esters in soil was
greatly improved.
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10.4 Conclusions and Future Outlook

Waste biomass as renewable and sustainable sources have a strong potential for
supplanting traditional fossil sources in the production of platform chemicals, fuels
and high-value carbon materials. However, it is still a challenging task due to the
complex characteristics and robust structure of the waste biomass. This chapter has
provided an overview of mechanochemical technology that can be developed into a
green and efficient process for transformation of waste solid biomass. The mecha-
nochemical treatment (e.g. ball milling) is an important step in conversion of waste
biomass into chemicals and functional carbon materials, since it can disrupt the
recalcitrant structure of biomass, break hydrogen bonding in biomass, decreasing the
polymerization degree of biomass and facilitate the good solid-solid contact between
catalyst and biomass substrate.

Generally, high yields of chemicals (e.g. reducing sugars, 5S-HMF, furfural,
sorbitol, phenol) can be obtained from waste biomass via mechanochemical
pretreatment (e.g. ball milling) and selective hydrolysis, dehydration, hydrogenation
or oxidation reactions. It is found that mechanochemical assisted conditions such as
the type of ball milling method (single ball milling or mixed ball milling method),
milling mode, milling time, ball material, ball size and other parameters, can greatly
affect the yield of products. Practically, homogeneous catalyst ball-milled together
with biomass prior to use in biomass transformation reactions, where the mechanical
process promotes good physical contact between the catalyst and biomass, increases
solid-solid mass transfer and increases chemical productivity.

Mechanochemistry provides a new way to design and fabricate functional carbon
materials from waste biomass. Compared with conventional wet processing, the
mechanochemical approach is solvent-lite or solvent-free, requires short reaction
times, and can be performed at ambient temperatures. Highly porous carbon mate-
rials with surface area surface area up to 3047 m?/g have been obtained by
mechanochemically-assisted (ball-milling treatment) from waste biomass. The
mechanochemical processing can promote the introduction of active sites such as
oxygen-rich groups, metal oxides and heteroatoms into the carbon materials. The
obtained functional carbon materials have a range of applications such as adsorbents,
catalysts, electrodes and soil amendments.

Despite the outstanding contribution of mechanochemistry in waste biomass
valorization, high consumption of energy limits its large-scale industrialization.
Combining mechanical ball milling with other methods such as enzyme and
cryoprocessing is a potential way to reduce energy input. Energy savings are also
realized when processes are scaled beyond the laboratory. Unfortunately, such large-
scale studies may be resource prohibitive. In addition, the impact of the mechano-
chemical process on the conversion of solid waste biomass at the molecular level is
not yet fully understood and further investigations are needed to quantify and model
frictional effects on reactive materials. As research in this field expands, many of
these hurdles will be overcome and mechanochemical processing will become a
mainstay in chemical plant design for sustainable society.
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