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ARTICLE INFO ABSTRACT
Keywords: The need to explore contemporary alternatives for industrial production has driven the devel-
Mechanochemistry opment of innovative techniques that address critical limitations linked to traditional batch
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mechanochemistry. One particularly promising strategy involves the integration of flow processes
with mechanochemistry. Three noteworthy technologies in this domain are single-screw extru-
sion (SSE) and twin-screw extrusion (TSE) and Impact (Induction) in Continuous-flow Heated
Mechanochemistry (ICHeM). These technologies go beyond the industrial production of poly-
mers, extending to the synthesis of active pharmaceutical ingredients, the fabrication of (nano)
materials, and the extraction of high-added value products through the valorisation of biomass
and waste materials. In accordance with the principles of green chemistry, ball milling processes
are generally considered greener compared to conventional solvothermal processes. In fact, ball
milling processes require less solvent, enhance reaction rates and reaction conversion by
increasing surface area and substituting thermal energy with mechanochemical energy, among
others. Special attention will be given to the types of products, reactants, size of the milling balls
and reaction conditions, selecting 60 articles after applying a screening methodology during the
period 2020-2022. This paper aims to compile and analyze the cutting edge of research in uti-
lizing mechanochemistry for green chemistry applications.
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1. Introduction

In recent decades, both the scientific community and society have heightened awareness regarding the impact of human activities
on the environment. This increased awareness has exerted pressure on authorities and spurred efforts to find solutions to environ-
mental challenges. Chemistry has emerged as a focal point of concern, given that many traditional chemical processes are not sus-
tainable in the long term, leading to detrimental effects on the environment and overall quality of life, leading to well-known
problematics such as climate change. As defined by International Union of Pure and Applied Chemistry (IUPAC), mechanochemistry
involves chemical reactions induced by the direct absorption of mechanical energy. This mechanical energy can be applied through
various means such as by shearing, stretching, grinding, or milling [1]. Impact is typically achieved through processes such as a jet mill,
a falling hammer, and a disintegrator, while shear occurs in a mortar and pestle as well as in an extruder. Simultaneous application of
both impact and shear forces is achieved in devices like a vibrating mill, an attritor, and a planetary mill (Fig. 1).

Mechanochemistry has been established, as a part of the chemistry, since the 1880s [2]. But it was not until 1990s that it has
become a recognized field [3], with examples of such reactions occurring in commonplace devices like pestles or mortars. However,
more comprehensive devices were developed, both at the laboratories or pilot level, such as ball milling, single-screw extrusion (SSE)
or twin-screw extruders (TSE) [3]. Recent advancements in synthetic and purification techniques have elevated mechanochemistry’s
potential as a promising avenue for clean production processes [4-8]. Noteworthy examples include patents such as
WO02016156749A1 “Method for manufacturing calcium zincate crystals, and the uses thereof” for the so-called IMPA°CT reactor, a ball
milling reactor employing micro-sized zirconia oxide beads, which has been utilized in diverse applications and products development
[9-11].

Mechanochemistry constitutes one of the four primary fields of chemistry, alongside thermochemistry, electrochemistry, and
photochemistry. However, its applications have garnered increased attention from the scientific community in recent decades, owing
to its numerous advantages. Notably, these advantages include the environmentally friendly nature of mechanochemical processes, the
significant reduction or complete elimination of hazardous solvents, the ability to configure the reactor under milder conditions
without requiring external heat, and the achievement of high yields in less time compared to other technologies [4,7,12,13]. This is
attributed to the reduction in particle size, resulting in an increased surface area, enhanced contact between reactants, minimized mass
transfer limitations, and accelerated reaction rate [7,14,15]. Despite the notable progress, mechanochemistry’s development is still in
its early stages when compared to its potential in advanced chemical synthesis [4,16]. Positioned between chemistry and mechanical
engineering, mechanochemistry emerges as an indispensable tool for various applications within sustainable chemistry. Mechano-
chemical technologies are employed either independently of in conjunction with other technologies — such as when its used to help
activating the reaction before a conventional solvothermal reactor — to design and synthesize advanced chemical materials with added
value [17].

For instance, metal-organic frameworks (MOFs) have received special interest due to their properties, including extraordinary
porosity, adjustable pore sizes, and extensive possibilities for varying organic-inorganic compositions. Extensive studies of MOFs thus
far underscore their significant potential, particularly in catalysis, gas adsorption, drug delivery, water treatment, and energy storage.
However, the large-scale production of MOFs faces limitations primarily due to uneconomical, environmentally unfriendly, and
complex synthesis methods. Mechanochemistry is an alternative solution for the efficient and environmentally friendly synthesis of
various MOFs [4,10,18,19]. Regarding thermoplastics recycling, the mechanical forces generated in mechanochemical processes can
induce chain scission and the formation of free radicals [20-22]. Furthermore, mechanochemistry proves capable of synthesizing
chalcogenides in the form of nanoparticle,s such as sulfides and selenides. These materials are significant contenders for application in
thermoelectric and photovoltaic systems, transforming thermal and solar energy into electrical energy without generating hazardous
by-products [23-25]. Furthermore, the application of mechanochemical treatment in biomass research has drawn significant attention
from researchers. This method effectively reduces the particle size, crystallinity, and degree of polymerization of lignocellulosic
materials, influencing the structural characteristics of lignin, cellulose, and hemicellulose [26]. A major advantage is that this process
is physical, meaning that, as the degree of polymerization decreases, toxic compounds typical of chemical depolymerizations are not
produced [27]. Consequently, the ultimate objective of employing these mechanochemical processes is to facilitate the separation of
components within lignocellulosic waste, leading to their valorisation. This involves producing chemical compounds with high added
value using enzymes or heterogeneous catalysts [28,29].
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Fig. 1. Basic concept for ball impact energy in mechanochemical synthesis.
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Other relevant areas of research has garnered significant attention in recent years. For instance, the development of asymmetric
organocatalysis and the mechanoenzymology under ball milling activation. Avila-Ortiz et al. (2019) highlight this trend in their study,
“Recent Applications of Mechanochemistry in Enantioselective Synthesis,” where they emphasize advantages such as the elimintation
of solvents from reaction media [30]. The study presents the application of small dipeptides as chiral organocatalysts under
solvent-free and high-speed ball milling conditions, with a focus on the asymmetric aldol addition reaction. Pérez-Venegas et al. (2020
and 2021) discuss the use of mechanochemistry in the synthesis of pharmacology active compounds [31,32]. Their work emphasizes
the evaluation of biocatalytic protocols mediated by the combination of mechanical activation and enzymatic catalysis, representing
an innovative and promising “green” approach in chemical synthesis in a high carbon emitting sector such as pharmacology.

Micro-ball-milling (beads) is widely used in mechanochemistry to grind powders into tiny particles. In these processes, mechanical
forces are generated by the impact of the micro-milling balls (0.5-1 mm of diameter) with the reactants. Solvent-free processes or those
using catalytic quantities of solvent, such as in the case of liquid-assisted grinding (LAG), are relatively uncommon in chemical
synthesis. However, in the past decade, this approach has gained popularity with the use of ball milling because of its ease of use, low
cost, environmental friendliness, and potential to yield extremely high yields [7,33].

The objective of this paper is to compile and analyze the cutting edge of research in the utilization of ball milling for green chemical
syntheses. For the sake of clarity, special attention will be given to the types of products and reactants, the material of the milling balls,
and the utilized reaction conditions, among others.

2. Methodology

The present review follows the principles of systematic reviews [34] to avoid common biases affecting traditional literature reviews
[35]. Initially, we conducted a search for papers on mechanochemical ball milling reactions that provided information on reaction
conditions, materials, yield, and selectivity. The search string was applied to titles, abstracts, and keywords on the ScienceDirect
scientific database: (“ball milling”) AND (reaction OR synthesis) AND temperature AND time AND (conversion OR yield) AND
selectivity AND flow. Only paper in English, published in peer-reviewed journals, were considered. The search yielded 9797 articles,
which were screened for publications from January 2020 to February 2022 within the Environmental Science category. The remaining
354 articles underwent a manual screening process at progressively greater levels of detail (e.g., titles, abstracts, and full text) [35].
Eligibility criteria were applied to ensure alignment with the scope and goal of the present study. Additionally, 7 articles meeting the
specified criteria were identified during the course of this work. These articles came to the authors’ attention through references of
other papers, in the preparation of unrelated studies, or through papers related to the work of the present review. The resulting set of
scientific papers (60 articles) underwent detailed study and analysis. They were compiled and summarized in an Excel table, which
included information such as the corresponding authors, title, keywords, year of publication, journal, number of pages, location,
details on chemicals, and reaction conditions, and the materials used. The ROSES flow diagram [36] illustrates the process followed in
screening and synthesizing the scientific articles (Fig. 2).

The ScienceDirect database has been used as one of the leading and prominent scientific repositories worldwide. However, the
authors of the present article wish to caution that certain works dealing with innovative reactions, mechanisms, and system devel-
opment may be absent in this review, especially if they have been published in other scientific databases.

To address this potential gap, the authors suggest complementing the present review with additional research from reputable
sources comparable to ScienceDirect in reliability and comprehensiveness. For instance, we wish to acknowledge the recent relevant
review from Juaristi and Avila-Ortiz (2023) [38].

ROSES Flow Diagram for Systematic Reviews
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Fig. 2. ROSES flow diagram for this systematic review [37].
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3. Articles review results and discussion
3.1. Generalities and principles

Publications on ball-milling processes exhibit a year-by-year growth (Fig. 3), reflecting a rising interest in this field. For instance,
the number of articles published in the first month of 2022 accounts for 31 % of those published throughout the entirety of 2021,
surpassing the total number of articles published in 2017.

Grinding, in a general context, refers to a mechanical action involving hard surfaces on a material, with the primary goal of
disintegration and size reduction. The commonly used pestle and mortar represent a straightforward approach to this process. In
contrast, non-manual methods often utilize ball milling, a well-established technique in materials processing. A ball mill, a type of
grinder, typically possesses a cylindrical shape extending along a longitudinal axis where the stationary milling chamber is located.
This method relies on the transfer of mechanical energy to solids being comminuted by the collisions with the milling agents, which
typically are beads in a ball mill. While solid-state processes are prevalent in ball milling applications, there are instances of liquid-
assisted grinding (LAG) reactions, such as glycerol valorisation [39].

In general, mechanochemistry commonly categorizes methods into ball milling and extrusion techniques, each with distinct ad-
vantages and drawbacks. Ball milling, known for producing finer particle size (<10 pm), proves versatile across a wide array of ap-
plications, even for toxic and abrasive materials. However, a potential downside lies in the risk of product contamination due to wear
and tear from the milling agents and the casing. In contrast, extrusion, while having certain limitations on the types of products it can
handle, scalability and energy demands boasts notable advantages. These include operational flexibility, easy integration into pro-
duction lines, high mixing efficiency, a continuous operation setup and the ability to handle large product volumes, among other
benefits [39].

Based on the papers reviewed in this study — provided in the references of this paper and in the summary table from the supple-
mentary materials —, the materials employed in this chamber consist of metals and ceramics, including the milling balls, which are
frequently crafted from the same material as the stationary chamber. This design choice aims to prevent galvanic corrosion and wear-
related concerns. Although steel is the most used material, it poses the risk of metal contamination. To address this issue, zirconia,
characterized by similar density and comparable impact to steel, can be utilized as an alternative to avoid such contamination (Fig. 4)
[4].

For the reviewed articles, the volume proportion between the reactants, typically in powder form, and the milling balls range from
1:3 to 1:30, being the most used the 1:10. There are different shapes and dimensions of agitators. Typically, an agitator shaped in an
elongated rod form, where this chamber rotates on its longitudinal axis, providing mechanical energy to the system. The reactants and
the milling agents are placed inside the chamber into motion, being prone to collision in this process. On a laboratory scale, the
planetary ball mill is the most used technique or equipment, explicitly mentioned in 24 out of the 60 research papers included in the
present study. This equipment consists in a jar filled with reactants and balls that vibrates and/or oscillates with a motor.

Of the 60 papers constituting the entire study, 49 % are related to the synthesis of advanced materials such as composites, MOF,
nanomaterials, and others. Examples include MIL-101 and ZIF-8 [40], MIL-100(Fe) and CoS [41], MIL-100(Fe) and WO3 [42] for
contaminant removal from water with advanced oxidation processes (AOP); carbon nanotubes [43], UiO-66-NH; and BisO;I composite
[44], nano-FeS; for pharmaceutical industry wastewater treatment and enhanced degradation of ciprofloxacin [45]; zero-valent iron
(ZVI) composites for organic pollutants [46] and chromium removal from water [47]; graphene oxides (GO) and other graphite de-
rivatives for applications such as water treatment [48-50], supercapacitor [51], lithium-ion batteries [52] or bone tissue engineering
[53]; and Rh/meso-Al,03 for chemical storage of hydrogen [54]. About 24 % of the papers employ ball-milled materials for waste
recycling, water remediation, or soil remediation, using raw material such as blast-furnace slag [55,56], coal and fly ash landfilled in
ash ponds [57,58], halogenated organic pollutants [59], lithium-ion batteries [60,61], cardboard waste [62], or heavy metals [63-65].
Approximately 17 % of the papers utilize biomaterials as starting reactants, including distiller grains [66], peanut shell for biochar
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Fig. 3. Articles published yearly related to the search string.
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Fig. 4. Ball mill scheme and nature of the milling chamber and balls.

production [67]; corn stover and SnO2 for bio-H2 production [68]; Sn-functionalized biochar catalyst for glucose isomeration to
fructose and food waste valorisation [69]; natural cellulosic fiber-an abundant, low-cost renewable material with a wide variety of
applications, serving as a crucial component for building a sustainable and green society- activation [70]; tannin, which is intensively
explored due to its unique properties (e.g., wide pore size, high surface area, large pore volume, excellent chemical stability and
adjustable channel structure), with different nitrogen source compounds [71]; milled waste biomass tar as a catalyst for HyOo
decomposition and subsequent methylene blue degradation in aqueous solution [72].The remaining 10 % are articles that do not fit
into the 3 theme described above.

3.2. Ball milling processes parametrization

While some studies has explored real time monitoring techniques, such as using highly penetrating synchrotron radiation to
monitor mechanochemical transformations by X-ray powder diffraction (XRPD) through the walls of the milling jar [73], or employing
Raman spectroscopy [74], and the combination of both [75], the current scientific community lacks the understanding on the
operating conditions of reactions done using mechanochemistry, hence most of the published works employing ball milling or other
mechanochemical processes do not mention information about the reaction, and kinetics and thermodynamics. This omission arises
from the inherent difficulty of monitoring the operating conditions during these processes, treating the reaction as a “black box”. This
lack of detailed information makes it challenging to replicate experiments from one laboratory to another. Additionally, mechano-
chemical reactors generating extreme hotspots along reactions further complicate the control the operating conditions.

Out of the 60-research article evaluated in this study, 10 % do not specify the requiring milling time for completing the reaction, 67
% omit the information on the necessity of thermal input, approximately 22 % fail to present the rotation speed of the miller, and about
78 % do not disclose the maximum yield achieved. Regarding milling equipment details, 80 % do not provide the ball-to-powder
weight ratio, 45 % do not mention the milling ball or chamber material, around 55 % do not specify the size of the milling balls
used, and 60 % do not offer information on the size of the chamber where the reaction takes place.

Despite the environmental advantages of mechanochemical processes, their optimization requires consideration of a substantial
number of parameters, particularly those highlighted into the previous paragraphs. A comprehensive understanding of how mecha-
nochemical processes function, how mechanical energy transforms into chemical energy, and how enhancements can be made is
crucial for establishing mechanochemistry as a standard in the field of materials science. In January 2021, Gil-Gonzalez et al. (2021)
published a research article presenting a kinematic-kinetic approach for the parametrization and prediction of mechanically induced
reactions [76]. In this study, Gil-Gonzalez et al. (2021) explored various experimental parameters such as the dimensions of the milling
chamber, the grinding medium, and the rotational speed [76]. They utilized the procedure outlined in previous works for the
mechanochemical synthesis of CoSbgz [77,78] in two different planetary mills — the Micro Mill Pulverisette 7 Premium Line and the
PM100 - modified to control gas atmosphere with a gas cylinder throughout the milling process [79,80]. The authors proposed an
equation to estimate the input power, accumulated energy and impact energy applied to the reactants. These were parametrized by
combining theoretical-empirical equations proposed by Burgio et al. (1991) and the most widely used kinetic models for solid state
reactions [81].

Specifically, the impact energy (J hit ™) was calculated using equation (1):

1L (W (D, - d)\? w, W,\ /D, — dy W\?/D, — dy\*
s (57) (25 %) (-2) -2 (i) (%) - (i) (%2%) w
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my,: mass of a ball dp: diameter of a ball Dy: diameter of the jars Ry,: distance from the center of the mill to the center of the vial Wy
angular velocity of the supporting disk Wy: angular velocity of the jars.

Gil-Gonzalez et al. (2021) introduce a correction factor to account for the hindering effect when employing multiple balls
simultaneously in the milling process, which leads to a reduction in impact energy [76]. By taking into account the total number of
balls utilized and the frequency with which balls are propelled against the opposite wall of the jars, it becomes feasible to estimate the
total energy transferred per unit weight of powder.

3.3. Types of milling

Neat milling, also known as dry milling, is a mechanical milling technique where solid materials are subjected to milling without
the use of any additional liquid or solvent. In this process, milling balls or media impact and compress the material, resulting in size
reduction and sometimes chemical transformations. Neat milling is often applied in situations where introducing liquids may adversely
affect the desired product or where dry conditions are essential. It is commonly used in pharmaceuticals, ceramics, and materials
science for producing fine powders and modifying material properties [48,65,82].

The term LAG was initially used in 2006 and involves the addition of small amounts of liquid to enhance the reaction kinetics,
optimize yields and mitigate issues of product amorphization found in some neat grinding applications [5]. This technique enhances
the milling process by facilitating reactions, improving particle size reduction, and providing a medium for heat dissipation. LAG is
particularly useful when a reaction or transformation is promoted by the presence of a liquid medium. It is frequently employed in
organic synthesis, pharmaceuticals, and materials research where enhanced reactivity and control over reaction conditions are
desired.

Slurry milling involves milling a solid material in the presence of a liquid to create a slurry. The mixture of solid particles and liquid
is then subjected to mechanical forces to achieve size reduction and other desired effects. Slurry milling is commonly used in industries
such as mining and minerals processing, where the milling of ores is performed in the presence of water or other liquids. It helps in
achieving efficient particle size reduction and liberating valuable components from the ore matrix [83].

Solution or wet milling involves milling a solid material in a liquid solution, typically using a solvent. This technique is employed to
promote reactions between the solid material and the solvent, leading to the formation of new products. Solution milling is widely
utilized in chemistry, particularly in the synthesis of nanoparticles, pharmaceuticals, and fine chemicals. It provides a controlled
environment for reactions and allows for the generation of products with specific properties [52,55,65].

The Deasyl group has pioneered the development of various processes utilizing cutting-edge technology from WAB-Group. Among
these innovations is the deployment of a highly efficient bead mill, equipped with ZrO, micro-milling beads stabilized with 20 % CeO.
Specifically, the DYNO®-MILL MULTI LAB, designed for continuous flow wet-milling applications, stands out. This state-of-the-art
equipment operates on the principle of leveraging the collision between zirconia microbeads and reactants to activate reactions.
Notably, the mechanical energy required for this process is achieved indirectly through the utilization of electricity, which powers the
motor responsible for the motion of the rotor and discs within the machine [9]. The milling chamber accommodates microbeads,
constituting 55 %-70 % of the chamber’s volume relative to its total stationary volume. These microbeads, exhibiting a substantially
spherical shape, possess a mean diameter ranging from 0.5 to 1 mm and a Vickers hardness measured in accordance with standard EN
ISO 6507-1, typically falling within the range of 1000-1400 HV1 [9]. Despite being an outstanding technique for diverse procedures as
already commented, no methodology is perfect. Some limitations that have been encountered involve the use of hazardous solvents,
including acids such as HCI or H3SO4, or even N,N-dimethyl formamide. Limitations rely on the composition of certain parts of the
instrument. Furthermore, not full-continuous flow processes can be carried out, since some crucial stages in organic chemistry as
purification have to be carried out in batch.

3.4. Green chemistry principles in ball milling processes

The environmental situation of the last decades has eased the advancement of Green Chemistry (GC), emphasizing the reduction of:
i) reaction times, ii) use of solvents, and iii) energy demand. This approach is progressively assimilated and implemented in diverse
scientific investigations [16]. The twelve principles of GC provide a framework for evaluating the effectiveness of this implementation
in various chemical processes. These principles, as outlined by Anastas (1998) [84] and reiterated by Ardila-Fierro (2021) [85],
include: GC1) prevention, GC2) atom economy, GC3) less hazardous chemical syntheses, GC4) designing safer chemicals, GC5) safer
solvents and auxiliaries, GC6) design for energy efficiency, GC7) use of renewable feedstocks, GC8) reduce derivatives, GC9) catalysis,
GC10) design for degradation, GC11) real-time analysis for pollution prevention, and GC12) inherently safer chemistry for accident
prevention [16,84]. Specifically, addressing GC1) prevention, GC5) safer solvents and auxiliaries and GC8) reduce derivatives, ball
milling can be conducted with little or no solvent. This is attributed to the fact that the activation energy of the reaction is achieved
mechanically, with the milling balls. The impact of the beads with those reactants can reduce the mass transfer limitations and enhance
the mixing of them. In contrast, solvothermal processes rely on solvents as heat sinks in exothermic reactions or as heat suppliers in
endothermic processes [12,13]. Solvents are sometimes employed to enhance the mixing of reactants, especially when they are
immiscible or highly viscous. The milling balls, with a lifespan of approximately 10,000 h, can be continuously reused without
experiencing wear or affecting the efficiency of the process [86]. Ball milling reactions often achieve high yields in a short time,
mitigating the environmental impact associated with the milling balls. This assumption was notably considered by Arfelis et al. (2023)
in their Life Cycle Assessment (LCA) comparing different processes for producing calcium zincate (CAZN) for zinc batteries.
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For GC2) atom economy, some mechanochemical-aided reactions [87-89] have demonstrated superior yields and selectivity
compared to conventional processes, resulting in a reduction in waste and by-products. For instance, Miranda Junior et al. (2021)
investigated [90], for first time via mechanochemistry, the copolymerization reaction of the biodegradable monomers urea and citric
acid, achieving a yield of 82 % compared to the solution condition, which yielded only 70 % in the article from Wu et al. (2020) [91].
For GC3) less hazardous chemical syntheses and GC11) real-time analysis for pollution prevention, using fewer or even avoiding
solvents helps reducing toxic or hazardous by-products. Moreover, ball milling is employed for pollution prevention or remediation of
hazardous products. Examples include the use of landfilled coal ash in ball milling processes to produce cement binders [57],
mechanochemical processes for stabilizing heavy metals in fly ash from municipal solid waste incineration plants [64,65], conversion
of furnace waste slag into building material through ball milling [92], mechanochemistry for the pre-treatment of arsenic selective
leaching from copper smelter flue dusts [93], and the operation of a high-energy ball miller [94] for synthesizing magnetite nano-
particles with amino-phosphonic functionalized poly (-glycidyl methacrylate) polymer as a sorbent for U(VI) from aqueous solutions.
Mechanochemistry is commonly employed in the fabrication of the manufacturing of MOFsF for wastewater treatment. MOF are useful
for water treatment advanced oxidation processes (AOP) like, such as the Fenton process [40-44,47,48,50,63,72,95,96], as well as the
remediation of organic pollutants [46,59,97,98].

The majority of mechanochemical reactions take place without external heat input, aligning with the principle of GC6) design for
energy efficiency. Although electricity is required to induce the mechanical forces activating the reaction — here, renewable, or nuclear
(not preferred) can be used to reduce the environmental impact of these processes — the environmental impacts of electricity pro-
duction are generally lower than those associated with steam production for thermal energy. This comparison may vary based on the
electricity mix of each country. Considering the European Union Green Deal, it is anticipated that the energy mixes of electricity will
become greener over time [99]. Additionally, several applications for energy storage have been observed, such as the manufacturing of
electrode materials for batteries [100-104] or MOFs for chemical storage of hydrogen or other gases [105,106].

For the GC7) use of renewable feedstocks, several studies in the field of biomass valorisation have demonstrated the advantages of
mechanochemistry [66,68,70], particularly when working with materials such as cellulosic fibers [70], corn stover [68], rice straw,
distillers grains and Eupatorium adenophorum [66]. This topic is expanded in section 3.5. Mechanochemical treatments in biomass
valorisation. For GC9) catalysis, ball milling serves as a valuable tool in catalyst manufacturing [42,67,107,108]. This method fa-
cilitates the production of smaller particle sizes and increased surface area [10], enhancing the catalyst’s activity by maximizing
contact between catalyst and reactants. Moreover, it introduces rich defects and oxygen-containing functional groups [67]. Notably,
catalyst manufacturing can be achieved using biomass wastes such as walnut shell [109]. Addressing GC10) design for degradation
involves finding a balance between long lifespan and (bio)degradability capacity. For instance, the prolonged stability of plastics has
led to their undesirable accumulation in the environment. Recent efforts have focused on designing functional polymers with
adaptable degradability [16]. Additionally, mechanochemical processes have emerged as a new avenue for degrading or recycling
existing polymer-based products [45,58,66,87]. Regarding GC12) inherently safer chemistry for accident prevention, some of the risks
associated with mechanochemical processes can be easily mitigated: i) certain reactions are conducted under nitrogen or argon at-
mospheres to avoid prevent the risk of explosion risks [40,110], ii) some authors introduce a small amount of solvent, typically water
or ethanol, to decompose the residue of the reaction for the same purpose [63], iii) other intermittently pause the reaction to cool it
down, preventing excessive temperature increases [52,59,64,65,72,87,94,111].

Motivated by the principles of GC and mechanochemistry, innovative strategies and technologies are being developed. In this
context, a sophisticated and sustainable high-throughput reaction platform has been created through collaboration between Bachofen
AG (WAB-Group) and Deasyl S.A. (Patent No. 20220152621). This platform integrates the advantages of mechanical energy, thermal,
and pressure activation within a continuous flow system, complemented by an in-situ heating mechanism. The tool employs the
cutting-edge I-CHeM (Impact/Induction in Continuous flow Heated Mechanochemistry) technology [112].

3.5. Mechanochemical treatments in biomass valorisation

Biomass represents one of the largest waste source globally, estimated at 130 million tonnes per year [29]. Lignin is the most
abundant biopolymer after cellulose. The wood industry alone discarded, in 2022, between 50 and 70 million tons of lignin waste
worldwide [113]. Typically composed of lignocellulosic, and lignin, biomass waste also includes proteins and extractable compounds
like lipids, prompting the international energy agency to target 10 % of the world’s energy from biomass by 2050 [114]. The diverse
processes biomass can undergo, owing to its complex composition, open up numerous applications, including the production of
activated carbons through pyrolysis [114,115], hydrogen production with heterogeneous catalysts [116], nanocellulose generation
[26,117], and the synthesis of biodiesel and platform molecules like 5-hydroxymethylfurfural and furfural (HMF) [118,119].

The challenge with many of these processes lies in the energy-intensive reactors they employ, necessitated by high temperatures
and pressures. However, mechanochemical pre-treatment has emerged as a solution, enhancing reaction yields and often allowing
milder reaction conditions, thereby increasing productivity [120-122]. While many of these processes are dry or slightly wetted by
inorganic acids, inorganic bases or solvents, there is a growing trend towards LAG processes for valorisation of biomass-derived
products [123].

In the past decade, mechanochemical pre-treatment has gain significant attention, particularly for depolymerizing lignocellulosic
materials, leading to improved subsequent treatments [124]. These treatments can yield nanocellulose, primarily nanofibrils (NFC),
which, being less crystalline, offer advantages in various applications such as hydrolysis, pharmaceutical, and adsorbents [125-127].
Yu and Wu (2011) conducted ball milling experiments on microcellulose, observing significant changes in cellulose microstructure
with just 1 h of milling, reducing particle size. Extended milling (7 h) led to particle agglomeration, proving less effective for further



Table 1

Pretreatment of biomass for diferents reactions of biomass valorisation.

Pretreatment Post-treatment

Reactor Catalyst Biomass Reaction Time (h) Temp. (°C) Yield (%) Pression (Mpa) Ref.
Ball milling - MCC Cellulose — Methyl lactate 10 200 45 0,5 [129]
Ball milling - MCC Cellulose — Glycerine 5 205 41 5 [130]
Ball milling - MCC Cellulose — Glucose 1 200 76.3 - [131]
Ball milling - MCC Cellulose — HMF 2 170 45.4 - [132]
Ball milling — MCC Cellulose — H, 24 40 — — [133]
Pretreatment Post-treatment

Reactor Catalyst Biomass Reaction Time (h) Temp. (°C) Yield (%) Pression (Mpa) Ref.
Ball milling NaOH/NHj; (5%w/w) Wheat straw Wheat straw — Glucose 72 50 91,9 % - [134]
Ball milling KOH Rice straw Rice Straw — Glucose + xylose 1 200 52.1 % glucose - [131]

66.5 % xylose

Ball milling Ca(OH), Eucalyptus wood chips Eucalyptus wood chips — glucose 48 170 90 - [135]
Ball milling H,SO04 Eucalyptus loxophleba Eucalyptus loxophleba — sugars monomers 0.5 150 94 - [136]
Ball milling HCl Eucalyptus wood Eucalyptus Wood — glucose 48 50 95.7 - [137]

MCC: Microcrystalline cellulose.
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size reduction [128]. This cellulose pretreatment has been utilized by various research groups to enhance yields for various target
compounds, including methyl lactate, ethylene glycol, HMF, and even H; as detailed in Table 1.

While most studies employ microcrystalline cellulose (MCC), Table 1 showcases results where biomass undergoes direct treatment
using acid or mineral bases. The utilization of these acids/bases significantly enhances the hydrolysis processes of the hemicellulosic
and cellulosic fractions. Furthermore, subsequent treatments enable the separation of lignin for individual recovery [138,139].

However, these processes typically involve two stages: an initial impregnation stage with acid or mineral base and a subsequent
integration stage in a hydrothermal or continuous flow reactor. Nonetheless, LAG and ICHEM processes could potentially address these
challenges and streamline the process into a single step. Biomass is immersed in a liquid medium, where the mechanochemical system
reduces particle size, crystallinity, and enhances the reactivity of exposed hemicellulose chains. This is attributed to the reduction in
monomers forming the chains and the increased number of chains in solution, rendering them more easily accessible [27-29].

To mitigate the current global warming trend and diversify energy sources, the transformation of biomass into fuels and chemicals
is becoming increasingly popular. Traditionally, the industrial production of high-added value products such as vanillin involve non-
environmentally friendly processes like the Riedel process [140]. In this regard, when combining mechanochemistry with continuous
flow approaches, greener strategies to obtain the desired products can be reached. As reported by Martin-Perales et al. (2023), high
yields of vanillin were obtained in the oxidation of biomass-derived platform molecules, such as isoeugenol and vanillyl alcohol. The
novelty of this study is that no catalyst is needed, high temperatures are not required and in short times of reaction, with optimal results
at 25 °C during 19 min of residence time and 30 mL of H202 (35 % v/v) when using isoeugenol as precursor, and 80 °C during 19 min
of residence time and 10 mL of H202 (35 % v/v) for vanillyl alcohol oxidation.

3.6. Life cycle assessments (LCAs) in ball milling processes

When assessing the entire life cycle of products, it is crucial to acknowledge that the precursors used in some cases are obtained
through contaminating or less eco-friendly processes. While numerous papers compare innovative ball milling processes with the
conventional synthesis methods for producing identical products, highlighting the typically lower environmental impact of me-
chanical processes [41,43,51,52,54,67,88,141-143], there is limited literature that quantifies these impacts throughout the entire life
cycle of the products [10,26,144]. In conducting an overall environmental study, it is essential to consider whether the operation unit
for milling balls requires additional pre-treatment or post-treatment processes, such as drying, calcination, size reduction, or other
energy-intensive procedures that are not needed in conventional processes.

Morfino et al. (2022), conducted an LCA comparison between zircon and alumina sand applied in the production of ceramic tiles,
including the milling processes required for its manufacture. The study results indicated that the main differences between the two
processes were influenced by the energy mix used in each process. Mechanochemical processes rely on electricity as an energy supply,
whereas solvothermal processes typically use steam (often produced from natural gas) for heat. Arfelis et al. (2023a) conducted an LCA
comparing different pre-treatments for cellulose extraction from wood chips. The pre-treatments assessed are: i) mechanical, ii)
enzymatic, and iii) TEMPO-mediated oxidation routes. The results of their LCA were allocated considering the different tensile strength
obtained for each pre-treatment. This property affects the functionality of the product under comparison and, therefore, the LCA
methodology itself obliges to take it into account in the functional unit (FU) of the study. The main output of their study is that both,
mechanical and TEMPO-mediated oxidation routes, present lower impacts than the enzymatic pre-treatment. Being the mechanical
pre-treatment the one presenting slightly milder contributions to climate change, acidification, eutrophication, and other indicators.
Even though, Arfelis et al. (2023a) argued that the fact that TEMPO-mediated oxidation is environmentally unfeasible should be put
under question. After all, and despite being disregarded in most assessment publications up to date, it is the only well-known way to
selectively oxidize primary hydroxyl groups and thus producing kinds of CNFs that are unthinkable by other ways. Arfelis et al.
(2023b) conducted a LCA for the CAZN production for zinc batteries. The study consists in comparing the environmental impact of the
wet milling production of CAZN crystals with the traditional production process named hydro-thermal synthesis. In this case, the
results were allocated according to the activation rate of the batteries which depended on the particle size of the crystals. Arfelis et al.
(2023b) also identified that, in LCAs dedicated to continuous industrial processes, the author must pay attention to the selection of the
FU. Despite falling beyond the scope of cradle-to-gate LCA practices, factors such as the particle size of the ultimate product or the
residence time of the reaction introduce variability, resulting in the final product having a higher number of service units or functions.
Hence, it is crucial to recognize these aspects as valuable supplementary information when evaluating alternative options. Utilizing a
functional unit dependent solely on mass in LCA results fails to account for these nuances. Notably, there exist numerous chemical LCA
studies that already incorporate flowrate as the functional unit, addressing these intricacies in their analyses [145-148]. Similar
approach is taken in the incorporation of Module D within the framework of EN 15804:2012 + A2:2019, which serves to account for
information beyond the cradle-to-gate scope in LCAs of construction products [149,150].

In other LCAs conducted by the authors of this paper, it has been demonstrated that the use of mechanochemistry to activate
chemical reactions often leads to a greener process with improved conversion and selectivity [10,11,26,151,152].

4. Conclusions

Interest in mechanochemical processes has grown within the scientific community due to their environmentally friendly nature.
However, a notable challenge lies in the batch nature inherent to mechanochemistry. Recent efforts aim to overcome this limitation by
introducing continuous-flow approaches to mechanochemical processes, aligning with the twelve principles of GC.

One innovative strategy that integrates continuous-flow with beads-assisted processes is ICHeM technology, exemplified by the
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remarkable high-throughput reactor, IMPA°CT. This technology enables the production of various compounds, ranging from high-
added value like vanillin [109] or biodiesel [153], to advanced catalysts, including diverse MOFs and CaDG for biodiesel produc-
tion [9,154-156].

Stainless steel, zirconia oxide, and agate are commonly used materials in the milling chamber and milling balls. Ball milling is
frequently employed for synthesizing advanced materials such as MOF and nanomaterials. Moreover, it has found applications in
waste recycling, biomaterials production, and water and soil remediation. Emphasizing the need to monitor ball milling reaction
conditions is crucial. Avoiding the presentation of processes as a “black box” enhances experiment repeatability and aids in com-
prehending the reaction kinetics. Ball milling processes offer a pathway to developing more sustainable procedures. This review shows
how mechanochemical approaches align with all GC principles. Particularly, ball milling processes are often more environmentally
friendly than conventional solvothermal processes, requiring less solvent and substituting thermal energy demand with electricity
demand. Despite the benefits, there is a scarcity of LCA papers for ball milling processes. Utilizing this methodology to compare
innovative syntheses with conventional processes could contribute significantly to understanding mechanochemistry and its potential
to enhance widely used solvothermal processes.

This comprehensive exploration affirms mechanochemical strategies as pivotal in advancing sustainable and eco-friendly chemical
synthesis, ultimately propelling the field towards a more efficient and environmentally conscious future.
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