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Abstract: Ball milling, as a cost-effective and eco-friendly approach, has been popular in materials
synthesis to solve problems involving toxic reagents, high temperatures, or high pressure, which has
the potential for large-scale production. However, there are few reviews specifically concentrating on
the latest progress in materials characteristics before and after ball milling as well as the adsorptive
application for aqueous pollutants. Hence, this paper summarized the principle and classification of
ball milling and reviewed the advances of mechanochemical materials in categories as well as their
adsorption performance of organic and inorganic pollutants. Ball milling has the capacity to change
materials’ crystal structure, specific surface areas, pore volumes, and particle sizes and even promote
grafting reactions to obtain functional groups to surfaces. This improved the adsorption amount,
changed the equilibrium time, and strengthened the adsorption force for contaminants. Most studies
showed that the Langmuir model and pseudo-second-order model fitted experimental data well.
The regeneration methods include ball milling and thermal and solvent methods. The potential
future developments in this field were also proposed. This work tries to review the latest advances in
ball-milled materials and their application for pollutant adsorption and provides a comprehensive
understanding of the physicochemical properties of materials before and after ball milling, as well as
their effects on pollutants’ adsorption behavior. This is conducive to laying a foundation for further
research on water decontamination by ball-milled materials.

Keywords: ball milling; adsorbents; aqueous pollutants; physicochemical property; regeneration
performance

1. Introduction

With the rapid development of society and the economy, environmental pollution
caused by organic and inorganic substances has gained significant concerns due to the
potential adverse risks to aquatic environments and human health [1,2]. The excess emis-
sion of heavy metals is susceptible to causing diseases such as chronic poisoning [3], lung
cancer [4], and kidney cancer [5]. The accumulation of colored dyes in water not only has
disadvantages on the photosynthesis process in aquatic plants but also causes carcinogenic-
ity and mutagenicity in human bodies [6]. The widespread antibiotic residues in water
resulting from improper use of medicines and unabsorbed loss are capable of causing high
levels of antibiotic resistance to threaten human health [7]. Therefore, in order to solve
these serious problems, various techniques have been chosen for water decontamination,
including adsorption [8–10], microbiological methods [11,12], advanced oxidation pro-
cess [13–15], and membrane technology [16–18]. Among them, adsorption is considered
one of the most suitable techniques due to its simplicity, effective removal of pollutants,
and environmental friendliness [19]. Various techniques are reported to prepare materials
for adsorption, such as pyrolysis, hydrothermal synthesis, and co-precipitation. But, the
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disadvantages of these methods limit their potential for large production. For example,
although the operation of the pyrolysis method is simple, it involves high temperature,
large energy consumption, long process time, and gaseous pollutants [20,21]. Despite
the reaction of hydrothermal synthesis being chemical, it requires high pressure, high
temperature, or both of them to prepare materials [22,23]. Co-precipitation has a short
reaction time, but the use of large amounts of solvents and even toxic reagents results in
expensive cost and safety risks [24,25]. On the contrary, the ball milling technology provides
an environmentally friendly method for preparing/modifying materials due to the mild
reaction conditions, high efficiency, low energy consumption, and technical and economic
feasibility [26–28]. So far, a large numbers of ball-milled materials, such as commercial
activated carbons [29], biochars [30], carbon nanotubes (CNTs) [31], graphenes [32], zero-
valent irons (ZVIs) [33], zero-valent aluminums (ZVAls) [34] and their modified materials
have been already reported for water decontamination.

However, the current reviews on ball milling mostly concentrated on biochars and
biochar-based nanocomposites for gas and aqueous pollutants removal [35,36], single-atom
catalysts for versatile catalytic applications [37], ball-milled catalysts, and reagents for water
decontamination [38,39], ball-milled ZVIs for pollution remediation [40] and ball milling
technology for the treatment of contaminated soils [41]. To the best of our knowledge, there
are almost no reviews only concentrating on the reported ball-milled materials and their
effectiveness in the adsorptive removal of inorganic and organic pollutants from water.
Therefore, this review aims to describe the principle of ball milling for materials, review the
advances in the reported ball-milled materials, evaluate the changes in the physicochemical
properties of materials before and after ball milling, and adsorption performance of the ball-
milled adsorbents. Adsorption mechanisms between adsorbents and aqueous pollutants
are also investigated, as well as regeneration studies. This work tries to fill the gaps caused
by the scattered knowledge and provides a thorough understanding of the adsorption
behavior associated with ball-milled adsorbents.

2. Principles and Mechanisms of Ball Milling

Ball milling is a mechanical process that intentionally induces reactions among solids
or solidified reagents both physically and chemically in solvent-free or limited solvent
conditions. Non-hydrostatic mechanical stress and related strain generated in the ball
milling process affect the physical and chemical behaviors of individual molecules, as well
as ordered and disordered solids [42]. These transformations occur locally, specifically in
regions where the conditions for mechanical deformation are met [43,44]. In general, ball
milling relies on collisions between milling tools and an intermittent reactor containing
powder materials (Figure 1). During each collision, a portion of the powder is trapped on
the reactor surface and experiences mechanical loads [45]. This typically results in repeated
processes, such as compress, crack, fracture, and cold welding, to induce physical and
chemical transformations to the generation, migration, and interaction of lattice defects.
In terms of whether the liquid is added to a grinding process, ball milling treatment is
divided into dry ball milling and wet ball milling. Dry ball milling grinds with only
precursors or with solid chemicals together. The commonly reported solid chemicals
include metal oxide powders [46], sulfur powders [47], and zero-valent metals [48], which
could change materials’ surface functional groups or obtain magnetic properties for simple
separation. But, because of the shape of the tanks, the materials in the dead space could
not be adequately milled, and the materials tend to sink to the bottom during a dry ball
milling process. This leads to an incomplete reaction. The addition of solvents is available
to promote the mobility of the mixed precursors, improve the above phenomenon, and
even trigger desired reactions [39]. Water [49], ethanol [50], and NaCl solution [51] are
often used as grinding aids, while hydrogen peroxide [52], acid solutions [53], alkaline
solutions [54], and silane coupling agents [55] are applied to change materials’ surface
functional groups. The materials obtained by a wet ball milling method have relatively
concentrated particle dispersion and tend to agglomerate [37]. However, ball milling is still
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a simple and environmentally friendly mechanochemical method for grinding powder into
fine particles with rough morphology [30,56–59], introducing oxygen-containing functional
group to the surface [59,60] and preparing desired targeted materials, compared to other
conventional methods.

A ball milling process is realized by a ball grinding mill machine. The working
method is to put precursors and grinding mediums into a ball mill container and set
operating parameters. Because ball milling is a mechanochemical reaction, it transforms
the energy obtained from the grinding mill into the materials to be ground [40]. The
operating parameters are capable of controlling the input energy, such as milling speed [60],
milling time [61], the ball-to-powder ratio, the size and quality of balls [62], etc. The
high milling speed, long milling time, and low ball-to-powder ratio contribute to high
input energy with unavoidable frictional energy to heat materials [63]. Heat, in some
cases, can induce physical and chemical reactions to obtain the desired materials. But
sometimes, the excessively high heat is disadvantageous to materials preparation, such as
the formation of undesired phase, sacrificial crystallinity, and destroyed construction [63–66].
The interposition of pauses in a ball milling treatment or operation in jars with appropriate
temperature control is beneficial to avoid this unwanted heating effect [67].

Based on the movement of containers and balls, ball grinding mills are categorized
into four types, namely a stirred ball mill (Figure 2a), a vibration ball mill (Figure 2b),
a tumbler ball mill (Figure 2c), and a planetary ball mill (Figure 2d). A stirred ball mill
consists of a cylindrical abrasive chamber and a stirrer. Fine media, particles, and liquids
are placed into a stirring motion through a rotating axis. The density of the medium has a
major effect on the products [68]. A vibrating ball mill consists of a cylindrical container
containing grinding balls. It vibrates in a vertical/horizontal direction to produce high
milling forces, which provides relatively high noise levels and noticeable dust dispersion
during a grinding process [69]. A tumbler ball mill contains a cylinder with milling balls in
which an axial rotation causes these balls to roll down and impact against the powder [35].
A planetary ball mill commonly consists of four jars arranged on a wheel eccentrically. The
wheel and jars are rotated in opposite directions, generating the impact force, squeezing
force, and friction force to synthesize/modify materials. The materials are sealed in ball
milling jars during a grinding process to prevent dust dispersion [62]. A planetary ball mill
is capable of providing high-energy transfers. Based on the above advantages, planetary
ball mills are commonly employed for materials synthesis/modification.
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Current Research Green and Sustainable Chemistry, 5, Thambiliyagodage C., Wijesekera R., Ball
milling—A green and sustainable technique for the preparation of titanium based materials from
ilmenite, 100236, Copyright (2022), with permission from Elsevier.
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3. Ball-Milled Materials
3.1. Ball-Milled Commercial Activated Carbons

Commercial activated carbons have been widely applied in water purification with
large specific surface area and pore volumes [72]. In recent years, ball milling technology
has been applied to modify activated carbons (ACs). Bae et al. [73] subjected ACs to 40 h of
milling, resulting in an increase in specific surface area from 1155 m2/g to 1317 m2/g with
micropore volume increasing from 0.583 cm3/g to 0.654 cm3/g. This was mainly owing
to the destruction of channeled inter-particular pores rather than intra-pores. Similarly,
Fang et al. [9] reported that the specific surface area of ACs increased from 846 m2/g to
929 m2/g after ball milling 20 µm sized ACs with 5 mm sized steel balls for 60 min. Many
carboxylic groups were formed during the ball milling process, which led to more negative
zeta potentials. Ball milling also has the ability to prepare super-fine powdered ACs
(−1.0 mm), which had a higher external surface area (720 m2/g) and meso- and macropores
(0.2102 cm3/g) than the origin one (208.5 m2/g and 0.0316 cm3/g) [74]. However, Yuan
et al. [75] claimed a significant decrease in the specific surface area of ACs after ball milling
and an increase in crystallinity and bulk-phase oxygen contents due to a rearrangement or
oxidation of defective carbon atoms. Nasrullah et al. [56] presented that there was no direct
correlation between specific surface area and ball milling time, but the particle size of ACs
decreased with increasing milling time.

The functionalized ACs could be simply obtained by the addition of modifiers during
a ball milling process. Carbon quantum dots prepared by ball milling a mixture of ACs and
KOH followed by an ultrafiltration purification had a large amount of oxygen-containing
functional groups confirmed by the stretching vibrations of –OH, –C=O, and –C–O [76].
Ball milling ACs with NaOH for 6 h could form –OH on the surface of materials, and
–OH was transformed to –COOH by ball milling them with chloroacetic acid again [77]
(Figure 3a). Wang et al. [8] ball-milled ZVIs with ACs for 30 min at 300 rpm to obtain
ball-milled iron–carbon composites (ZVIs-ACs), which had a significant increase in specific
surface area (16.9 m2/g) than that of the original micron-scale ZVIs (1.49 m2/g). Shan
et al. [78] synthetized an ultrafine magnetic composite by ball milling ACs with Fe3O4 for
2 h. It was observed that there was a decrease in the specific surface area and pore volumes
compared to raw ACs, which were ascribed to the block by nanoscale Fe3O4 generated in
the ball milling process. Similarly, the porous network of Fe3O4-modified ACs was found
to be somewhat damaged, resulting in a decrease in both the specific surface area and pore
volume. But the surface of the obtained materials was smoother and the amount of acidic
functional group was higher than raw ACs [57].
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milled iron–biochar composites [79], (c) nanobiochars [80], (d) thiol-modified biochars [55], (e) BM-
FeS@NBCs [10] preparation. (a) Reprinted from Journal of Molecular Liquids, 346, Sh. Gohr M.,
Abd-Elhamid A.I., El-Shanshory A.A., Soliman H.M.A., Adsorption of cationic dyes onto chemically
modified activated carbon: Kinetics and thermodynamic study, 118227, Copyright (2022), with per-
mission from Elsevier. (b) Reprinted from Environmental Science And Pollution Research, 30, Chen
C., Yang F., Beesley L., Trakal L., Ma Y., Sun Y., Zhang Z., Ding Y., Removal of cadmium in aqueous
solutions using a ball milling-assisted one-pot pyrolyzed iron-biochar composite derived from cotton
husk, 12571–12583, Copyright (2023), with permission from Springer Nature. (c) Reprinted from
Journal of Cleaner Production, 164, Naghdi M., Taheran M., Brar S.K., Rouissi T., Verma M., Suram-
palli R.Y., Valero J.R., A green method for production of nanobiochar by ball milling-optimization
and characterization, 1394–1405, Copyright (2017), with permission from Elsevier. (d) Reprinted
from Chemosphere, 294, Zhao L., Zhang Y., Wang L., Lyu H., Xia S., Tang J., Effective removal of
Hg(II) and MeHg from aqueous environment by ball milling aided thiol-modification of biochars:
Effect of different pyrolysis temperatures, 133820., Copyright (2022), with permission from Elsevier.
(e) Reprinted from Environmental Pollution, 306, Qu J., Zhang W., Bi F., Yan S., Miao X., Zhang
B., Wang Y., Ge C., Zhang Y., Two-step ball milling-assisted synthesis of N-doped biochar loaded
with ferrous sulfide for enhanced adsorptive removal of Cr(VI) and tetracycline from water, 119398,
Copyright (2022), with permission from Elsevier.

3.2. Ball-Milled Biochar-Based Materials

Although biochars are carbon-rich materials produced from low-cost and widely
available biomass residues through simple pyrolysis, the drawbacks of low specific surface
area and few functional groups limit their application. Ball milling is an effective route to
address the above problems [30,58,59]. Based on the order of ball milling and pyrolysis,
ball milling technology in biochar preparation/modification is classified as ball milling
before biomass pyrolysis, ball milling after biomass pyrolysis, and ball milling biomass
without pyrolysis.

Ball milling before biomass pyrolysis could change the biomass structure or mix
with modifiers uniformly to functionalize materials. Ball milling unfolded the fibers
of newspapers into a large plane and destroyed the fiber network and pores, leading
to a decrease in the newspaper-derived biochars’ specific surface area and pores. On
the contrary, ball milling compressed the porous structure of straws into a denser and
thinner one, resulting in an increase in specific surface area and pores of the straw-derived
biochars [33]. Chen et al. [79] showed that ball milling biomass with γ-Fe2O3 before
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pyrolysis was beneficial to making ZVls produced in the pyrolysis process more uniform,
dispersed, and regular in biochars, compared to the one prepared without ball milling.
And it also reduced the blockage of pores and was conductive to form the mesoporous
structure (Figure 3b). Liu et al. [81] implied ball milling eggshells with rice straw powders
and then pyrolysis to transform the calcium carbonate in eggshells to CaO and CO2 to
obtain CaO–biochar composites. The formation of CO2 in the pyrolysis process could act as
an activation agent to broaden the pore sizes of materials and increase specific surface area
and pore volume. Ball milling cellulose with minerals (montmorillonite, calcite, and quartz)
and then pyrolysis could change the obtained composites’ microstructure, morphology,
and surface properties [82].

There are two main strategies for the classification of ball milling after biomass py-
rolysis: (1) ball milling biochars and (2) ball milling biochars with modifiers. Ball milling
raw/modified biochars are similar to ACs, which changes the specific surface area and
pore volumes, reduces particle sizes, introduces oxygen-containing functional groups to
the surfaces in the form of C–O, C=O, and –OH, exposures more active sites, and prepares
nanoscale biochars (Figure 3c) [80,83,84]. Furthermore, Zou et al. [85] suggested that ball
milling changed the physicochemical properties of iron oxides in the biochars. The existing
forms of iron oxide particles loaded on the biochars before ball milling were magnetite and
lepidocrocite, but all of them changed to magnetite after ball milling. Calcination tempera-
ture is one of the significant factors in the specific surface area of ball-milled biochars. Lyu
et al. [86] showed that ball milling increased only the external specific surface area of low-
temperature pyrolyzed biochars (300 ◦C) by reducing their grain sizes, while ball milling
increased both external and internal specific surface area of high-temperature pyrolyzated
biochars (450 ◦C) by decreasing grain sizes and opening pores. The milling atmosphere
is another important factor in surface morphology and functional groups of ball-milled
biochars. Xu et al. [87] observed that N2 and vacuum atmosphere were beneficial in reduc-
ing biochars’ sizes and inhibited the introduction of oxygen-containing functional groups
to biochars’ surfaces than air atmosphere.

Ball milling biochars with modifiers is a simple way to realize biochar modification.
H2O2 added in the ball milling process facilitated the opening of closed pores of biochars
derived from high pyrolysis temperatures (600 ◦C), thereby increasing specific surface
area, while it reduced the specific surface area of biochars derived from low pyrolysis
temperatures (300 ◦C and 450 ◦C) by blocking microspores [88]. Phytic acid was employed
to introduce P-containing moiety to biochars via a ball milling route, reducing grain sizes
and increasing the microporous surface area by exposing blocked microspore networks [89].
The addition of alkaline ammonia solution in a ball milling process could prepare N-
doped biochars by a facile method to solve the problem of traditional methods involving
complicated synthetic steps or specific machinery [88]. N-doped biochars were obtained by
ball milling biochars (1.8 g) with NH3·H2O (18 mL, 29%) in 500 mL agate jars containing
180 g agate balls at 300 rpm for 12 h with the rolling orientation shifted each 3 h. Most of
the N was loaded on the surface of ball-milled biochars in the forms of –NH2 and C≡N
through the dehydration of –COOH and –OH [90]. Qu et al. [10,91] also successfully
synthesized N-doped biochars by ball milling biochars (1 g), NH3·H2O (15 mL), and agate
balls (15, 10, and 6 mm in diameter, mass ratio = 1:10:11) at 300 rpm for 12 h. In order
to avoid oxidation during preparation, the agate pot was cleaned by purified N2 (>99%)
for at least 30 min before ball milling. In addition, urea was also used as an N-precursor
to prepare N-doped biochars via a ball milling route to cover the shortage of NH3·H2O
with toxicity, un-safety, and volatility [92]. Thiol groups could be successfully loaded
on the surface of biochars through –OH, C–O, and C=O by ball milling biochars with
3-trimethoxysilylpropanethiol (3-MPTS) in agate jars containing agate balls, water, and
ethanol for 30 h at a speed of 400 rpm [55,93]. The low-temperature pyrolyzated biochars
were conducive to graft thiol groups due to high oxygen-containing functional groups.
Furthermore, the formed oxygen-containing functional groups during the ball milling
process could also facilitate the loading of –SH groups (Figure 3d) [55]. P-doped biochars
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were obtained by mixing red phosphorus (0.5 g) with biochars (10 g) into an agate tank
(containing 200 g agate balls) and running at 300 rpm for 12 h [94]. MgO [95], CuO [96],
ZnO [97], attapulgite [98], and vermiculites [99] could also be introduced to the surface
of biochars via a ball milling way, which occupied the interstitial pores of biochars and
led to a decrease in specific surface area. A FeS2–biochar composite was prepared by ball
milling biochar with natural pyrite [100,101]. Zhao et al. [102] reported that biochars ball
milled with Fe(NO3)3·9H2O and Na2CO3 solution for 24 h at 200 rpm could produce an
α–FeOOH/biochar composite while promoting the degree of graphitization.

Magnetic biochars (MBCs) are widely used materials due to their recyclability, whereas
Fe3O4 particles are extremely popular in a ball milling method. Shi et al. [103] synthesized
MBCs by ball milling biochars with Fe3O4 in a 500 mL agate tank containing 180 g agate
ball at 400 rpm for 24 h in ambient air. The rotation direction was altered every 6 h. The
characterization of MBCs showed that Fe was successfully loaded on the biochars’ surface,
and an increase in the external surface area was ascribed to the diameter reducing from
10 µm to approximately 1 µm. The methods of synthesizing MBCs reported by Shan
et al. [78] and Li et al. [104] were similar to the above method.

Ball milling is also an effective way to realize dual functions for materials. A novel
nanocomposite CeO2/Fe3O4/biochar was synthesized by ball milling biochars, Fe3O4 and
CeO2 (weight ratio = 0.54:1:0.33) simultaneously at 500 rpm for 12 h. The rotation direction
was changed every 3 h with an interval of 5 min [105]. Ai et al. [106] also implied that
sulfur-doped nano zero-valent iron–biochar composites (BM-SnZVI@BC) were obtained by
ball milling biochars, sulfur powders, and iron powders with zirconia balls simultaneously
at 400 rpm for 12 h. This method not only synthesized the bifunctional biochars but also
solved the easy agglomeration and aging difficulties of ZVIs. The N-doped biochar loaded
with FeS (BM-FeS@NBCs) was prepared by a two-step ball milling method. The N-doped
biochar was firstly prepared by mixing biochars and NH3·H2O (mass ratio = 1:15) with
45 g of agate balls in N2 atmosphere at speed of 300 rpm. Then, the obtained N-doped
biochar was ball milled again with FeS (mass ratio = 2:1) at the same ball milling parameters
to address the agglomeration of FeS (Figure 3e) [10,91]. As one of the mineral materials,
layered double hydroxides (LDHs) possessing controllable composition, favorable ion
exchange capacity, and nontoxicity have gained much attention for biochar modification.
However, the time-consuming and tedious procedures limited their application. Wang
et al. [107] found that ball milling could solve these above problems and have the potential
for large-scale production of LDHs-modified biochars. The Mg/Al hydroxides-modified
biochars (Mg/Al-BCs) were obtained by ball milling 1.5 g biochars with 0.897 g Mg(OH)2
and 0.603 g Al(OH)3 simultaneously at 300 rpm for 8 h. The results showed that Mg(OH)2
and Al(OH)3 loading on the biochars’ surface were uniformly. Cui et al. [108] implied
that ball milling could not only synthesize LDHs-modified biochars (BM-LDH-BCs) but
also realized the exfoliation of LDHs at the same time demonstrated by the enlarged basal
spacing and reduced crystallite size of LDHs.

Interestingly, Yang et al. [53,109] found that biomass (hickory wood) could be con-
verted to biochars by one-step acidic or alkaline ball milling for 12 h at 300 rpm in ambient
air without any external heat treatment. The strong oxidized H2SO4 used in the ball milling
process facilitated the graphitization degree by decreasing the defects in the ordered struc-
ture and influencing sp2 hybridization [53,109]. NaOH solution prompted graphitization
by destroying and reconstructing micro-domains via sodium intercalation/deintercalation
and relieving subsequent distortion stresses [53,109]. Both H2SO4 and NaOH solutions
enhanced the formation of oxygen-containing functional groups.

3.3. Ball-Milled CNTs-Based Materials

CNTs possess amorphous carbons and one-dimensional structures with sealing at
both ends [110]. Ball milling is capable of altering CNTs’ surface properties. Graphite could
be transformed into nanoarches or highly curled CNTs during a high-energy ball-milling
process [111], whereas short open-ended CNTs could be prepared mechanically [112,113].
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The length of single-walled carbon nanotubes (SWCNTs) became short without significant
damage to the structures for the first 2 h of ball milling. And then, the SWCNTs’ structure
was destroyed and gradually transformed into multi-layered polyromantic carbon with
prolonged ball milling to 50 h [65]. Soares et al. [31] indicated that there was an increase in
the specific surface area of multi-walled carbon nanotubes (MWCNTs) and a decrease in
particle sizes after ball milling for 240 min, resulting from the opening or breaking of the
nanotubes. With ball milling treatment time going, the specific surface area gradually de-
creased owe to compaction and particle sizes increased because of agglomerates formation.
Ball milling intensity also affect MWCNTs’ structure. Mild intensity (260 rpm for 1–10 h)
had almost no change on MWCNTs’ structure, whereas high intensity (720 rpm for 1.3 h)
transformed MWCNTs entirely into amorphous materials. Moderate ball milling intensity
(370–510 rpm for 2 h) could generate open and short MWCNTs and yield a high yield of
open tips with minimal damage to the tubular structure [64]. Solvents is another factor in
CNTs’ physicochemical property. Dry ball milling could quickly collapse MWCNTs, while
wet ball milling with alcohol made MWCNTs short and open, resulting from the destroyed
structure [114].

Ball milling is also adopted to synthesize CNTs-based composites. N-doped CNTs
synthesized by ball milling MWCNTs with triazine/urea and then thermal decomposition
incorporated N-functionalities onto the carbon surface in forms of quaternary nitrogen,
pyrrolic, and pyridinic groups [115]. Côa et al. [116] prepared humic acid-coated MWCNTs
(HA-MWCNTs) by a ball milling method to form a stable coating on the MWCNTs’ surface
with a short length. And the oxygen contents and defects at the graphitic structure increased
with irregular surfaces and wide diameters. The obtained HA-MWCNTs had long-term
dispersion stability in ultrapure water (>96 h). Moreover, Cu [117], Al [118], Fe3O4 [119],
SnO2, ZnO, and TiO2 particles [120] were also introduced to CNTs’ surfaces by a drying ball
milling strategy. A combination of ball milling and hydrothermal method could develop
a FeOx@CNTs nanocomposite by milling CNTs in a mixture solution of FeCl3·6H2O and
KOH. And the obtained magnetic iron oxides (Fe3O4) were loaded on the sidewalls of
CNTs through –OH, C–H, and C–O functional groups (Figure 4a) [66].
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Experimental observations and governing mechanisms, 132581, Copyright (2022), with permission
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3.4. Ball-Milled Graphene-Based Materials

Graphene is a two-dimensional atomic crystal composed of single-layer sp2-hybrid
carbon atoms with a honeycomb structure characterized by a huge specific surface area and
rich π electron structure [122,123]. Ball milling is a simple and environmentally friendly
strategy to exfoliate graphite, synthesize graphene and graphene-based materials, and pre-
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pare graphene oxides. Few-layer functionalized graphene with a sole functional group [124]
and edge-carboxylate graphene (ECG) [125] were obtained by means of dry ball milling
graphite powders with milling balls. Chandran et al. [126] found that D-sorbitol could assist
in the ball milling of graphite to graphene, and the polyhydric nature of D-sorbitol was able
to insert and interact with layers via non-conventional OH–π and CH–π H-bonding. This
was conducive to the shear force-assisted exfoliation and introduced edge functionalization
to the obtained graphene. A novel holey graphene architecture (HGO) was synthesized by
graphite exfoliation via jaggery assisted wet ball milling technique, hydrothermal treatment,
and further calcination without employing any oxidizing agents for creating holes [127].
Graphene nanosheets/Al2O3 composites could also be prepared by milling Al2O3, graphite
with ethanol. It was found that there was a positive relationship between ball milling speed
(200–300 rpm) and layers of graphene nanosheets achieving the highest graphene conver-
sion efficiency at a speed of 300 rpm [50]. ZrO2 nanopowders dispersed on graphenes were
obtained by a similar way of ball milling graphite with ZrO2 in 1-methyl-2-pyrrolidinone
solution. But no characteristic peak of graphene oxide was observed in the composites,
suggesting a small oxidation degree of graphene [128]. Potassium perchlorate could be
used as an oxidizing agent in a wet ball milling process to synthesize graphene oxide from
graphite. Ball milling time contributed to the oxidation level of materials until 12 h, and
then oxygen-containing functional groups, such as hydroxyl, carboxyl, and epoxyl, were
presented on the samples [129].

Ball milling could also induce defects to graphene sheets derived from the stripping
through shearing force and broadening of edges through compression force. And then,
defects were changed to oxygen-containing functional groups due to the participation of
O2 from the atmosphere [32]. Olszewski et al. [121] indicated that ball milling graphite
with CO2 not only introduced oxygen-containing functional groups into the edges of
graphite planes but also prevented the materials from uncontrollable destruction and
remained the layered structure with lower defects compared to the one ball milling in air.
This method eliminated the use of solvents without by-products and was conductive to
converse carboxylic groups into un-hydrolyzed phosphonic groups by reacting with PCl3
to obtain phosphonic graphene derivatives (PGO) (Figure 4b).

Furthermore, ball milling graphenes/graphenes oxide with modifiers is widely em-
ployed to prepare novel composites. N-functional groups [130], nickel-based metal–organic
framework [131], Ti [132], Fe/Co/N [133], Mg/Ni [134], Si [135] and NiO [136] were intro-
duced to graphenes by a ball milling route, while CuS [137], TiO2 [138], SnO2-MoO2 [139],
and indium tin oxides [140] were loaded on the surfaces of graphene oxides mechanically.
Furthermore, ball milling graphene oxides in an Ar atmosphere was used to produce re-
duced graphene oxides by introducing defects and reducing oxygen functional groups [141].
A sulfidated ZVI/reduced graphene oxide composite was prepared by ball milling graphite
oxide with ZVI and S under a N2 atmosphere [142].

3.5. Ball-Milled ZVIs-Based Materials

In recent years, ZVIs have become popular in the water treatment industry with
the advantages of high abundance, low cost, and environmental benignity [143]. How-
ever, the problem of the surface oxide layer caused by the oxidation of ZVIs at ambient
conditions blocked their application. Ball milling ZVIs directly only flatted the particles
trapped between the balls by compressive forces generated from the collision of balls
and led to ZVIs disintegration, which resulted in small particles, rough surface, and
large specific surface area (Figure 5) [144]. Adding reagents/modifiers in the ball milling
ZVIs process could destroy or alter the surface iron oxide layer, which included formic
acid [145], oxalic acid [146], boric acid [147], tannic acid [148], ethylenediaminetetraacetic
acid [149], FeS [150], FeS2 [151], MoS2 [152], ferrous oxalate [153], Fe3O4 [34], FeS [150],
FeS/Cu [154], CaCO3 [155], S [156], lignosulfonate [157], L-cysteine [158], nitridation source
(urea, melamine, and dimethylimidazole) [159], and coffee grounds [160]. For instance,
oxalic acid modification altered the composition of the iron (hydro) oxide layer coated on
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ZVIs mechanically and formed FeC2O4 on the surface [146]. Ball milling ZVIs with FeS
not only decreased particle sizes and increased the specific surface area but also increased
the crystallinity and exposure of ZVIs. A high ball milling speed contributed to a suitable
passivation inhibition effect [150]. CaCO3 used in the ZVIs ball milling process was in favor
of stripping the original oxide layer, dispersing it in solution, and protecting the fresh ZVIs
from forming an oxide layer [155].
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3.6. Ball-Milled ZVAIs-Based Materials

ZVAls become one of the current research hotspots because of abundant reserves in
the earth’s crust [161]. As with ZVIs, the surface oxide layer of ZVAls also limits their
application. Ethyl alcohol [162] and NaCl [163] were employed to pretreat the oxide layer
of ZVAls via a ball milling method, while ball milling ZVAIs with ACs/NaCl [164] and
graphite/NaCl [51] were effective means of modifying ZVAls. Ethyl alcohol inhibited
the cold welding of ZVAls and kinetic energy generated in a ball milling process. This
promoted the fracture of ZVAIs and led to the enlarged specific surface area, reduced
particle sizes, and destroyed the oxide layer [162]. NaCl grains embedded in ZVAIs by ball
milling caused the destruction of the original dense oxide layer on the surface of ZVAl and
resulted in a rough surface [163]. And then, ACs formed a thin layer of ZVAls to prevent
agglomeration of the particles [164]. Graphite-modified ZVAls via a ball milling method
could not only prevent agglomeration of ZVAls but also promote absorbability, electrical
conductivity, and hydrophobicity of materials [51].

4. Application of Ball-Milled Adsorbents for Water Purification
4.1. Removal of Inorganic Pollutants

Table 1 lists the removal of inorganic pollutants by various ball-milled adsorbents. The
enlarged specific surface area and oxygen-containing functional groups of ball-milled ACs
are conducive to Cr(VI) removal. Wang et al. [8] indicated that the larger specific surface
area of ZVIs-ACs facilitated the adsorption amount of Cr(VI) on the ZVI-ACs’ surface.
Fang et al. [9] presented that the adsorption capacity of Cr(VI) by ACs increased from
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18.9–22.4 mg/g to 31.6–32.6 mg/g after ball milling due to the enriched carboxylic groups
formed in the ball milling process via complexation effect. The adsorption isotherm-fitted
Freundlich model indicated that it was multilayer adsorption, and the thermodynamic
study implied that the Cr(VI) adsorption was endothermic and spontaneous.

The variation in physicochemical properties of biochars before and after ball milling
gives rise to the change in the adsorption amount, equilibrium time, and adsorption mecha-
nism of inorganic pollutants. Most reports showed that the adsorption amounts of inorganic
pollutants by biochars-based materials increased after ball milling with a short equilibrium
time (Table 1). The adsorption isotherm, in accordance with the Langmuir model, shows
that the adsorption of pollutants on ball-milled materials is monolayer coverage with a
similar energy of adsorption sites [165,166]. The alignment of adsorption kinetics with
the pseudo-second-order model indicates that the ball milling brings numerous active
sites to materials, and the adsorption kinetics stays in correlation with the availability of
adsorption sites on the surface of adsorbents rather than adsorbate concentrations in bulk
solution [121]. The best fit of the Redlich–Peterson and Elovich model on Ni(II) adsorp-
tion by the ball-milled biochars (BM-BCs) suggested that it was heterogeneous, involving
multi-mechanism adsorption processes [86]. The increase in external and internal surface
areas of BM-BCs exposed the graphitic structure and thus improved Ni(II) adsorption via
strong cation–π interaction. An improvement in oxygen-containing functional groups after
ball milling could both enhance the complexation effect and decrease the surface poten-
tial to enhance electrostatic interaction to improve Ni(II) adsorptive uptakes (Figure 6a).
The adsorption selectivity experiment showed that the cations uptakes were arranged in
the order Ni(II) (193 mmol/kg) > K(I) (14.8 mmol/kg) > Na(I) (1.57 mmol/kg) > Ca(II)
(0.53 mmol/kg) > Mg(II) (0.015 mmol/kg), indicating BM-BCs had a high selection to Ni(II).
This reason was that the small ionic radius of Ni(II) (0.069 nm) was beneficial for entering
into the channels of BM-BCs, and other large cations were only adsorbed on the surface
of BM-BCs. The process of Pb(II) by BM-BCs was chemical adsorption with endother-
micity and spontaneousness [167]. The increase in oxygen-containing groups on BM-BCs
favored Pb(II) adsorption at the low pH values assigned to the enhanced electrostatic
attraction between deprotonated hydroxyl and carboxyl of BM-BCs and positive Pb(II).
The addition of NaNO3 and Na2SO4 suppressed Pb(II) captures by BM-BCs attributed to
the competition of Na+ for adsorption sites [167]. Li et al. [168] suggested that ball milling
introduced more minerals, oxygen functional groups, and unsaturated carbon bonds to
wheat straw-derived biochars, which improved Pb(II) adsorption by co-precipitation, π
electronic interaction, and complexation with maximum adsorption capacity increasing
from 73.50–164.23 mg/g to 103.99–210.90 mg/g, compared to raw biochars. Ball-milled
nitrogenous bone biochars (BM-NBBCs) exposed more hydroxy, carboxyl, and aromatic
esters, pyridinic-N, pyridonic-N, and phosphate groups and thus adsorbed Pb(II), Cd(II),
and Cu(II), which was a spontaneous and endothermic process [169]. The adsorption
mechanism included cation exchange with inorganic components, surface complexation
via oxygen-containing and nitrogen-containing groups, dissolution–precipitation via phos-
phate groups, electrostatic interactions between positively charged heavy metals and
negatively charged materials, and cation–π interaction via aromatic/graphitic carbon with
π electrons (Figure 6b). The increase in NaNO3 did not affect Pb(II) removal due to the
major interaction of chemical precipitation and inner-surface complexation, while the in-
creasing NaNO3 concentration influenced Cd(II) and Cu(II) uptakes negatively due to the
dominant mechanism of cation exchange and/or outer-surface complexation. Similarly,
Li et al. [170] also showed that the addition of NaNO3 was unfavorable for Hg(II) adsorp-
tion. Both the ball-milling potassium ferrate-activated biochars (BM-PBCs) [171] and the
ball-milled biochar/iron oxide composites (BM-Fe-BCs) [85] could remove Cr(VI) in an
acid solution. The coexisting Cl−, SO4

2−, and PO4
3− affected Cr(VI) removal negatively

due to competition adsorption sites, and this indicated that electrostatic interaction was
important in Cr(VI) removal. Moreover, PO4

3− had the largest inhibition, probably due
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to the formation of Fe-P compounds on the surface of BM-Fe-BCs, which blocked Cr(VI)
adsorption [85].
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Figure 6. Mechanism diagrams of governing mechanisms of (a) Ni(II) adsorption onto unmilled and
milled biochars [86]; (b) Cd(II), Cu(II), and Pb(II) adsorption on BM-NBBCs [169]; (c) U(VI) uptake on
PFBCs [89]. (a) Reprinted from Environmental Pollution, 233, Lyu H., Gao B., He F.; Zimmerman A.R.,
Ding C., Huang H., Tang J., Effects of ball milling on the physicochemical and sorptive properties
of biochar: Experimental observations and governing mechanisms, 54–63, Copyright (2018), with
permission from Elsevier. (b) Reprinted from Journal of Hazardous Materials, 387, Xiao J.; Hu R.; Chen
G., Micro-nano-engineered nitrogenous bone biochar developed with a ball-milling technique for
high-efficiency removal of aquatic Cd(II), Cu(II) and Pb(II), 121980, Copyright (2020), with permission
from Elsevier. (c) Reprinted from Journal of Molecular Liquids, 303, Zhou Y., Xiao J., Hu R., Wang T.,
Shao X., Chen G., Chen L., Tian X., Engineered phosphorous-functionalized biochar with enhanced
porosity using phytic acid-assisted ball milling for efficient and selective uptake of aquatic uranium,
112659, Copyright (2020), with permission from Elsevier.

The embedded functional groups in biochars facilitate inorganic pollutants’ adsorptive
removal. When CaO was embedded in the biochars, the adsorption capacity of phosphate
was improved greatly, and the saturated adsorption amount reached 96.4–231 mg/g with
an equilibration time of 6 h [81]. The disappearance of pore structure in the CaO-biochars
and the appearance of flocculent precipitate (Ca5(PO4)3OH(HAP)) on adsorbents’ surface
and pores confirmed that precipitate was the main adsorption mechanism. The embed-
ded FeS could mitigate the oxidation-induced surface passivation of ZVIs to extend the
use lifetime of BM-SnZVI@BC to 60 d aging in air with the saturated adsorption amount
of 25.00–39.72 mg/g for phosphorus [106]. The main adsorption mechanism included
precipitate (Fe5(PO4)4(OH)3·2H2O) produced between Fe and P, the formation of O–H–
P hydrogen bonds, ligand exchange by phosphate ions replacing hydroxyl groups, and
electrostatic attraction. The adsorption processes of phosphate by both CaO-BCs [81] and
BM-SnZVI@BC [106] were spontaneous and endothermic, but the negative effects of co-
existing anions on phosphate adsorption were different. The anions NO3

− and Cl− had
an insignificant effect on phosphate adsorption by CaO-biochars, even in the case of high
concentrations. The coexisting HCO3

− and SO4
2− affected phosphate uptakes on CaO-

biochars negatively, resulting from the formation of insoluble or poorly soluble substances
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between Ca2+ and HCO3
−/SO4

2− [81]. The inhibition of Cl− on phosphate adsorption
by BM-SnZVI@BC was weakened with increasing concertation of Cl−. The anions NO3

−

unfavored phosphate adsorption on BM-SnZVI@BC due to the accelerated corrosion of BM-
SnZVI@BC and formation of passivation layers. The co-existence of HCO3

− disadvantaged
phosphate uptakes by BM-SnZVI@BC since the competition for specific adsorption sites
resulted from the structural similarities of HCO3

– and H2PO4
− and the HCO3

– increased
the solution pH value [106]. MgO-biochars not only had the ability to adsorb phosphate by
electrostatic action and surface precipitation but also remove Ni(II) via van der Waals force,
metal ion exchange, metal–π interaction, and surface functional group complexation [172].
The coexisting Cl− and SO4

2− promoted Ni(II) uptakes owing to the exposure of active
groups of MgO-biochars caused by electrostatic interactions of anions. The co-existence of
Mn(II) and Co(II) suppressed Ni(II) adsorption, resulting from competitive adsorption by
occupying the active sites on MgO-biochars. The embeddedness of SiO2 on biochars was
able to remove Cu(II), Zn(II), and Pb(II) with an adsorption capacity of 27.55–34.60 mg/g
within 60 min by means of electrostatic interaction [173]. The ball-milled Fe3O4-modified
biochars (BM-Fe3O4-BC) presented larger removal rates to Pb(II) with a maximum adsorp-
tion capacity of 183.99–339.39 mg/g within 20 min [174]. The positive ∆H◦ and the negative
∆G◦ indicated it was an endothermic and spontaneous process. The presence of Na+ and
K+ showed a slight influence on Pb(II) capture by BM-Fe3O4-BC because of their low charge
density. Both vermiculite [99] and Mg/Al hydroxides [107] loading on biochars contributed
to As(V) adsorption. The coexisting Cl− and NO3

− had negligible influence on As(V)
removal by Mg/Al-BCs, while HCO3

– facilitated As(V) adsorption onto Mg/Al-BCs due to
the changed pH values of the solution [107]. The FeS2-modified biochars (FeS2-BCs) could
remove Cr(VI) by electrostatic attraction and surface complexation, ion exchange, and com-
plexation [100]. The loaded attapulgite [98], ZVIs [79], Fe/Mn oxides [175], and LDHs [108]
on biochars benefited Cd(II) removal. The mechanism involved physical adsorption, precip-
itate, complexation, electrostatic interaction, ion exchange, Cd–π interaction, and chelation.
The inhibiting effect of different valence metal ions on Cd(II) adsorption by the Fe/Mn
oxide–biochar nanocomposites (Fe/Mn-BCs) was arranged in the order Al(III) > Ca(II)
> Na(I). This was because Al(III) and Ca(II) were more potential to form inner-sphere
complexes with Fe/Mn-BCs and Na+ were more likely to form outer-sphere complexes
with Fe/Mn-BCs [175]. The presence of NaCl, KCl, and KNO3 did not affect Cd(II) removal
by BM-LDH-BCs significantly. On the contrary, the effect of NH4Cl and CaCl2 had an
inhibited influence on Cd(II) adsorption, due to the more attraction between NH4

+/Ca2+

and active sites than Na(I)/K(I) [108].
Phosphorous-functionalized biochars (PFBCs) by ball milling biochars with phytic

acid adsorbed U(VI) in 60 min with the saturated adsorption amount of 78.6–114.9 mg/g,
while biochars and BM-BCs had the saturated adsorption amount of 23.2–43.3 mg/g and
73.4–100.5 mg/g, respectively [89]. The enhanced mechanisms for U(VI) uptakes were
the coordination of U(VI) with O atoms of P=O induced by the filling of empty valence
orbital of U(VI) with lone pairs of electrons of neutral P=O groups, complexation effect
between U(VI) and exposed oxygen-containing functional groups, electrostatic attraction
between deprotonated adsorption sites and positively charged U(VI) species and cation–π
bonding of U(VI) with the π electron donor provided by the electronic structure of biochars
(Figure 6c). The U(VI) adsorption of PFBCs was an exothermic and spontaneous course.
The presence of Cs(I), Sr(II), Co(II), Cd(II), Cu(II), Ni(II), Mn(II), Mg(II), and Ca(II) inhibited
U(VI) removal slightly, while Fe(III) and Al(III) suppressed U(VI) significantly. It was
ascribed to more competition of Fe(III) and Al(III) for the coordination on the surface of
PFBCs due to the higher valence and smaller ionic radius. Thiol-modified biochars had
a saturated adsorption capacity of 270.60 ± 2.67–401.8 ± 2.27 mg/g for Hg(II), which
was more than 1.6 times higher than BM-BCs. The adsorption mechanism was surface
adsorption, electrostatic attraction, complexation, and ligand exchange [55].

The specific adsorption sites of grated functional groups to CNTs via a ball milling
route benefit heavy metal removal. The saturated adsorption capacity of Cu(II) by HA-
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MWCNTs was 68.5 ± 3.5 mg/g, which was approximately 2.5 times higher than the one by
nitric acid oxidized MWCNTs. This indicated that the adsorption capacity was positively
related to the oxygen content of materials. The oxygen functional groups (especially with
respect to –C=O) of HA-MWCNTs contributed to the adsorption capacity of Cu(II) through
chemical complexation [116]. The adsorption capacity of Cr(VI) by CeO2 supported on
CeO2-CNTs (28.3 mg/g) was 1.5 and 1.8 times higher than that of ACs and ball-milled
CNTs, respectively. All of the specific affinity between Ce and Cr(VI), the small size of CeO2
particles, and uniform distribution on the surface of CNTs were conducted to enhance
Cr(VI) adsorptive removal [176]. Cheng et al. [66] reported that the Sb(III) adsorption
capacity by FeOx@CNTs was much higher than that by CNTs, and the best-fitted Redlich–
Peterson model indicated that it was a mixed removal process dominated by chemical
reactions. The weak peak intensity of –OH and movement of the Fe–O peak from 575 cm−1

to 587 cm−1 in the FTIR spectrum after Sb(III) adsorption suggested the involvement of
–OH and Fe–O in the removal of Sb(III). The formation of FeO–H2SbO3, Fe–Sb(OH)2, and
Fe–O–Sb on the surface of FeOx@CNTs further proved that complexation played a primary
role in Sb(III) adsorption. The coexisting CO3

2− (10 mg/L) facilitated Sb(III) adsorption
slightly. However, the presence of Cl− and PO4

2− (1–10 mg/L) had an almost negligible
effect on Sb(III) adsorption due to the electrostatic repulsion between the above anions and
FeOx@CNTs. Additionally, excessively high ball milling speed caused the destruction of
FeOx@CNTs’ molecular structure, resulting in a decrease in Sb(III) removal, whereas the
ball-milling time did not affect Sb(III) adsorption significantly.

The oxygen functional groups of graphene are in favor of inorganic pollutants’ ad-
sorptive removal. It showed that the saturated adsorption of the amounts of U(VI) by
ball-milled graphene sheets was 71.93 mg/g at pH = 4.5 within 2 h, and the oxygen-
containing functional groups were responsible for U(VI) captures [32]. The acidic solution
(pH = 1) was beneficial to Cr(VI) removal by HGO. The FTIR spectrum of Cr(VI) adsorp-
tion by HGO before and after adsorption suggested that the interaction of Cr(VI) with
the epoxy and –OH proved by the reduction in the intensity of peak at 1041 cm–1 and
1115 cm−1 corresponding to epoxy and C–OH binding. The peaks shifted from 1594 cm−1

to 1620 cm−1, associating with aromatic C=C stretching frequency, indicating some sort
of interaction between Cr species and the aromatic π network [127]. Olszewski et al. [121]
presented that the adsorptive data of Hg(II) by the PGO-fitted Langmuir model and the
maximum adsorption capacity were 82.2 mg/g through the interaction between Hg(II)
and phosphonic groups. The presence of Cd(II) and Ni(II) did not affect Hg(II) adsorption,
resulting from the enhanced interaction between phosphonic acid (soft base) and Hg(II)
(soft acid) and the fast adsorption rate of Hg(II).

An improvement in specific surface area and pore volumes of ball-milled ZVIs
composites and ball-milled ZVAls composites contributed to As(III) [151] and Cr(VI) re-
moval [161,177]. The high concentration of Cl− (0.1 mM) and low pH value were conducive
to As(III) removal by FeS2-ZVIs due to the corrosion of ZVIs [151]. The presence of Mg(II),
Ca(II), Cl–, SO4

2–, and NO3
– was not sensitive to Cr(VI) removal by ZVAls/NiFe2O4 due to

the outer-sphere adsorption between the above anions and surface. The high concentration
of CO3

2– increased the pH values to alkaline conditions and affected Cr(VI) adsorption
negatively due to the reduction in Cr(VI) to Cr(III) and precipitation on the surface to
further inhibit adsorption as well as the enhanced electrostatic repulsion. HA inhibited
Cr(VI) adsorption attributed to the complexation between HA and Cr(VI), which enhanced
the electrostatic repulsion between Cr(VI) and ZVAl/NiFe2O4 [161]. Wang et al. [34] found
that Cr(VI) was completely removed by ZVAl/Fe3O4 within 30 min, while the removal
rate was not achieved at 10% by ZVAls and Fe3O4 at a dose of 3 g/L. The maximum
adsorption capacity of Cr(VI) by ZVAl/Fe3O4 reached 8.10 mg/g, which was related to
the ball milling parameters, such as the weight ratio of ZVAl/Fe3O4, milling speed, and
milling time. Furthermore, the broken surface oxide layer and exposure of ZVls were
in favor of Cr(VI) removal by lignosulfonate-modified zero-valent irons (LS-ZVIs) [157].
The presence of coexisted cationic Mg(II) and Ca(II) facilitated the initial removal rate of
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Cr(VI) by LS-ZVIs because of the neutralization of LS-ZVIs’ surface charges caused by
the adsorption of cations, whereas the coexisting NO3

–, Cl–, and SO4
2– inhibited initial

removal rate of Cr(VI). Furthermore, the more inhibiting effect was caused by higher
NO3

– concentration (5–20 mM) assigned to competition for electrons between NO3
− and

Cr(VI) and the enhanced passivation of LS-ZVIs surface caused by NO3
−. However, Zhao

et al. [156] suggested that iron (oxyhydr) oxides were the primary adsorption sites for
As(III) removal, and the increase in S reduced ZVIs contents, thus leading to decreasing
removal rates of As(III). Ball milling ZVIs with coffee grounds (CG) introduced abundant
carboxylic acid and some polyphenolic substances from caffeine and tannins to the surface
of obtained materials, which improved Cr(VI) adsorption via the complexation interaction
of CG–COOH···HCrO4

− [160].
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Table 1. Ball-milled adsorbents’ characterization and their application for inorganic pollutants adsorptive removal.

Materials Ball Milling
Treatment

Material
Characterization Pollutants

Adsorption Experiment
Ref.Experimental

Condition
Isotherm

Model
Adsorption

Capacity
Kinetic
Model

Equilibrium
Time

Adsorption
Mechanism

Ball-milled ACs-based materials

ZVIs-ACs

P, BM: ACs
(300 mg) +ZVIs
(5.6 mg), ZrO2
balls (Φ = 6 and
10 mm, MR = 4:1),
RS = 300 rpm,
MT = 30 min, air
atmosphere

S = 16.9 m2/g,
Fe = 69.4%, C = 27.3%,
O = 2.9%, P = 0.4%

Cr(VI) T = 25 ± 2 ◦C,
pH = 3.93

Langmuir
model 14.35 mg/g a PSO 2 h Pore filling [8]

HSACs

P, BM: ACs (10 g),
steel balls (Φ = 5
mm), RS = 300
rpm, MT = 60 min

S = 929 m2/g, APS = 4
µm, D = 15.3 Å, AFGs =
1.84 mmol/g, carboxyl
= 0.97 mmol/g,
phenolic, hydroxyl, and
lactols = 0.87 mmol/g,
C = 91.24%, N = 0.93%,
O = 6.86%, S = 0.97%,
zeta potential pH =
2–10≈−22.5~−37.5 mV
ACs: S = 846 m2/g, APS
= 20 µm, D = 19.0 Å,
AFGs = 1.31 mmol/g,
carboxyl = 0.31
mmol/g, phenolic,
hydroxyl, lactols = 1.00
mmol/g, zeta potential
(pH = 2–10)
≈−15~−23 mV

Cr(VI) T = 295–313 K,
pH = 6

Freundlich
model

3.843–5.523
(mg/g)/(mg/L)1/n b

ACs: 0.002–0.441
(mg/g)/(mg/L)1/n b

PSO 2 h Complexation [9]
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Table 1. Cont.

Materials Ball Milling
Treatment

Material
Characterization Pollutants

Adsorption Experiment
Ref.Experimental

Condition
Isotherm

Model
Adsorption

Capacity
Kinetic
Model

Equilibrium
Time

Adsorption
Mechanism

Ball-milled biochar-based materials

BM-BCs

P, BM: biochars
(1.8 g), agate balls
(Φ = 6 mm, 180 g),
RS = 300 rpm; MT
= 3–24, TA = 0.5 h,
air atmosphere

S = 364 m2/g, V = 0.125
cm3/g, D = 3.4 nm,
hydrodynamic radius =
140 nm, TAG = 2.5
mmol/g, carboxyl = 1.1
mmol/g, lactols groups
= 0.5 mmol/g; phenolic
hydroxyl = 0.9 mmol/g,
pHpzc < 1.6
Biochars: S = 359 m2/g,
V = 0.009 cm3/g, D =
3.6 nm, grain size =
0.5–1 mm; TAG = 0.8
mmol/g, carboxyl = 0.5
mmol/g, lactols groups
= 0 mmol/g, phenolic
hydroxyl = 0.3 mmol/g,
pHpzc ≈ 4.0

Ni(II) T = 20 ± 2 ◦C,
pH = 6.0

Redlich–
Peterson

model

1949 mmol/kg a

Biochars: 211
mmol/kg a

Elovich mode
24 h

Biochars:
30 h

Physical
adsorption,
electrostatic
interaction,

complexation

[86]

BM-BCs

BM: biochars
(10 g), ZrO2 balls,
RS = 1600 rpm,
MT = 60 s, T = 30

S = 74.39 m2/g, V =
0.1540 cm3/g, D =
8.3741 nm, C = 54.36%,
N = 2.80%, O = 30.65%,
pHpzc = 2.3
Biochars: S = 46.20
m2/g, V = 0.1274
cm3/g, D = 10.9337 nm,
C = 63.22%, N = 3.19%,
O = 23.94%

Pb(II) T = 298–308 K Langmuir
model

163.63–170.09
mg/g a PSO 60 min - [167]
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Table 1. Cont.

Materials Ball Milling
Treatment

Material
Characterization Pollutants

Adsorption Experiment
Ref.Experimental

Condition
Isotherm

Model
Adsorption

Capacity
Kinetic
Model

Equilibrium
Time

Adsorption
Mechanism

BM-BCs

V, BM: biochars
(150 g), ZrO2 balls
(Φ = 6–10 mm,
1500 g),
MT = 20 min

S = 53.82 ± 5.82–217.03
± 4.36 m2/g, V = 0.030
± 0.006–0.113 ± 0.005
cm3/g, Vmicro = 0.013 ±
0.002–0.027 ± 0.005
cm3/g, D = 7.882 ±
1.797–13.04 ± 3.427 nm,
carboxyl = 0.34 ±
0.01–0.36 ± 0.02
mmol/g, lactones = 0.16
± 0.02–0.23 ± 0.02
mmol/g, phenolic
hydroxyl = 0.12 ±
0.02–0.26 ± 0.03
mmol/g, OFGs = 0.62
± 0.05–0.84 ± 0.03,
CEC = 6.44 ± 0.92–15.07
± 0.89 cmol/kg, pH =
9.31 ± 0.10–9.67 ± 0.11
Biochars: S = 14.37 ±
0.75–198.11 ± 2.61
m2/g, V = 0.010 ±
0.001–0.094 ± 0.002
cm3/g, Vmicro = 0.009 ±
0.001–0.009 ± 0.002
cm3/g, D = 4.708 ±
0.252–6.072 ± 0.535 nm,
carboxyl = 0.20 ±
0.03–0.24 ± 0.02
mmol/g, lactones = 0.09
± 0.02–0.15 ± 0.01
mmol/g,

Pb(II) T = 25 ◦C,
pH = 5 ± 0.05

Langmuir
model

103.99–210.90
mg/g a

Biochars:
73.50–164.23

mg/g a

PSO

Equilibrium
time

shortened
Biochars:

8–16 h

Co-
precipitation,
π electronic
interactions,

and
complexation

[168]
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Table 1. Cont.

Materials Ball Milling
Treatment

Material
Characterization Pollutants

Adsorption Experiment
Ref.Experimental

Condition
Isotherm

Model
Adsorption

Capacity
Kinetic
Model

Equilibrium
Time

Adsorption
Mechanism

phenolic hydroxyl =
0.04 ± 0.01–0.18 ± 0.03
mmol/g, OFGs = 0.33
± 0.01–0.57 ± 0.02
mmol/g, CEC = 6.27 ±
0.87–14.60 ± 1.21
cmol/kg, pH = 10.03 ±
0.14–10.28 ± 0.16

BM-BCs

V, BM: biochars (8
g), ZrO2 balls (Φ
= 6–10 mm, 800 g),
MT = 5 min

S = 130.14 ± 3.48 m2/g,
V = (22.49 ± 4.12) ×
10−3 cm3/g, PS10 = 1.30
± 0.02 µm, PS50 = 4.32
± 0.06 µm, PS90 = 14.20
± 0.99 µm, H/C = 0.22
± 0.00, O/C = 0.06 ±
0.00, CEC = 3.25 ± 0.05
mmol/g, AFGs = 0.57
± 0.02 mmol/g, pHpzc
= 9.77 ± 0.02.
Biochars: S = 6.89 ±
1.28 m2/g; V = (7.04 ±
2.25) × 10−3 cm3/g;
PS10 = 14.65 ± 0.92 µm,
PS50 = 71.20 ± 4.38 µm,
PS90 = 256.00 ± 36.77
µm, H/C = 0.19 ± 0.00,
O/C = 0.04 ± 0.00, CEC
= 3.31 ± 0.06 mmol/g,
AFGs = 0.36 ± 0.01
mmol/g, pHpzc = 9.87
± 0.01

Pb(II) T = 25 ◦C,
pH = 5.0 -

100.00 ±
0.00–134.68 ±
0.95 mg/g c

Biochars: 99.45
± 0.49–119.55 ±

0.64 mg/g c

- -

Ion exchange,
precipitation,

and
complexation

[178]
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Table 1. Cont.

Materials Ball Milling
Treatment

Material
Characterization Pollutants

Adsorption Experiment
Ref.Experimental

Condition
Isotherm

Model
Adsorption

Capacity
Kinetic
Model

Equilibrium
Time

Adsorption
Mechanism

BM-NBBCs

BM: biochars (3.30
g) + DW(60 g),
agate spheres, RS
= 300 rpm, MT=
12 h, TA = 3 h

S = 35.49–313.09 m2/g,
Smicro = 0–193.89 m2/g,
Sexternal = 35.49–119.20
m2/g, V =
0.1635–0.4538 cm3/g, D
= 6.46–11.74 nm, pHpzc
= −2.0–3.1
Biochars: S = 2.76–52.78
m2/g, Smicro = 0–24.32
m2/g, Sexternal =
2.76–28.46 m2/g, V =
0.0175–0.0975 cm3/g, D
= 8.22–14.48 nm

Cd(II)

T = 298 K,
pH = 5.0

Langmuir
model

66.33–165.77
mg/g a

Biochars:
31.12–75.15

mg/g a

PSO

200 min
Surface com-

plexation,
cation

exchange,
precipitation,
electrostatic
attraction,

and cation–π
interaction

[169]Cu(II)

159.27–287.58
mg/g a

Biochars:
86.35–163.80

mg/g a

200 min

Pb(II)

339.34–558.88
mg/g a

Biochars:
209.35–389.51

mg/g a

90 min

BM-MBC

P, BM: MBC (1 g),
agate balls (Φ = 5
mm, 100 g), MT =
12 h, TA = 20 min,
RP = 10 min

S = 296.3 m2/g, V =
0.091 cm3/g, C =
47.98%, H = 0.88%, O =
27.89%, N = 0.53%, Fe =
12.32%, Na = 0.13%, Mg
= 0.61%, Si = 0.13%, Ca
= 2.13%, P = 0.12%, K =
0.88%, pHzpc = 4.43, MS
= 15.39 emu/g
Magnetic biochars: S =
198.6 m2/g, V = 0.006
cm3/g, C = 57.82%, H =
2.48%, O = 21.98%, N =
0.87%, Fe = 1.25%, Na =
0.12%, Mg = 0.58%, Si =
0.11%, Ca = 2.10%, P =
0.11%, K = 0.81%, MS =
10.76 emu/g

Hg(II) T = 24 ± 2 ◦C Langmuir
model 127.4 mg/g a PSO 12 h

Electrostatic
interactions,

Hg–π
interaction,
and surface

complexation

[170]
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Table 1. Cont.

Materials Ball Milling
Treatment

Material
Characterization Pollutants

Adsorption Experiment
Ref.Experimental

Condition
Isotherm

Model
Adsorption

Capacity
Kinetic
Model

Equilibrium
Time

Adsorption
Mechanism

BM-PBCs

P, BM: potassium
ferrate-activated
biochars, agate
balls (MR of large,
medium, and
small = 2:18:15),
RS = 300 rpm, MT
= 12 h

S = 284.17–282.47 m2/g,
D = 11.62–12.10 nm,
pHpzc = 3.2–4.9, MS =
18.94–20.33 emu/g

Cr(VI) T = 15, 25,
35 ◦C, pH = 2

Langmuir
model

75.65–117.49
mg/g a PSO 80–150 min

Ion exchange,
pore filling,
electrostatic
attraction,

precipitation,
and surface

complexation

[171]

BM-Fe-BCs

P, BM:
biochar/iron
oxide composites,
RS = 500 rpm, MT
= 4 h

S = 241 m2/g.
Biochar/iron oxide
composites: S = 199
m2/g

Cr(VI) T = 22 ±
0.5 ◦C, pH = 5

Langmuir
model 48.1 mg/g a Elovich mode 200 min Electrostatic

interaction [85]

CaO-biochars

BM: eggshell and
rice straw powder
(MR = 1:4–2:1),
ZrO2 balls (Φ =
0.8 cm, 60 g), MT
= 30 min,
pyrolysis (800 ◦C
for 2 h)

S = 8.30–25.8 m2/g, V =
0.0273–0.0467 cm3/g; D
= 6.70–13.1 nm, Ca =
19.5–42.2%, C =
4.32–16.7%, O =
15.8–25.4%, H =
1.68–2.42%
Biochars: S = 7.87 m2/g,
V = 0.0126 cm3/g,
D = 6.40 nm,
Ca = 1.00%, C = 46.6%,
O = 7.59%, H = 1.90%

Phosphate T = 298 K,
pH = 7

Langmuir
model

96.4–231 mg/g a

Biochars: 5.58
mg/g a

PSO
Biochars:

PFO.

6 h
Biochars: 6 h Precipitate [81]
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Table 1. Cont.

Materials Ball Milling
Treatment

Material
Characterization Pollutants

Adsorption Experiment
Ref.Experimental

Condition
Isotherm

Model
Adsorption

Capacity
Kinetic
Model

Equilibrium
Time

Adsorption
Mechanism

MgO-biochars

BM: biochars (1.0
g) + MgO (0.5 g),
agate balls (Φ = 6
and 8 mm, 75 g),
RS = 500 rpm,
MT = 12 h

S = 10.141–49.324 m2/g,
V = 3.809–3.820 cm3/g,
D = 0.033–0.091 nm, C =
33.72–34.43%, H =
1.71–2.37%, O =
11.33–14.05, N =
1.30–1.89, H/C =
0.05–0.07, O/C =
0.34–0.41, (O + N)/C =
0.38–0.45, pHpzc =
2.14–2.19
Biochars: S =
2.088–2.458 m2/g, V =
3.820–3.836 cm3/g, D =
0.001–0.002 nm, C =
42.58–59.79%, H =
0.88–2.97%, O =
1.63–10.82%, N =
1.82–2.16%, H/C =
0.01–0.05, O/C =
0.03–0.19, (O + N)/C =
0.06–0.23

Ni(II)
T = 298, 308,

318 K,
pH = 6.0

Freundlich
model

99.3 ±
5.4–239.6 ± 3.7
(mg/g)/(mg/L)1/n b

PSO 5–20 h

Van der
Waals force,

metal ion
exchange,
metal–π

interaction,
surface

functional
group

complexation

[172]

MgO-biochars

BM: biochars (1.8
g) + MgO (10–50%
wt/wt), RS = 500
rpm, MT = 12 h,
TA = 3 h

S = 140 m2/g, V = 0.100
cm3/g, C = 47.71%, O =
29.77%, Mg = 21.8%, Si
= 0.72%
Biochars: S = 249.7
m2/g, V = 0.112 m3/g
BM-BC: S = 310.7 m2/g,
V = 0.140 m3/g

Phosphate T = 25 ± 2 ◦C -
2–12 mg/g c

Biochars and
BM-BCs < 0

- -

Electrostatic
action and

surface
precipitation

[95]
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Table 1. Cont.

Materials Ball Milling
Treatment

Material
Characterization Pollutants

Adsorption Experiment
Ref.Experimental

Condition
Isotherm

Model
Adsorption

Capacity
Kinetic
Model

Equilibrium
Time

Adsorption
Mechanism

SiO2@C
BM: biochars+
SiO2

S = 262.39 m2/g, V =
0.1480 cm3/g D =
2.2527 nm, SiO2 =
27.02%, C = 72.98%, zeta
potential = −71 mV

Cu(II)

pH = 6 -

34.60 mg/g d

PSO 60 min Electrostatic
interaction

[173]Pb(II) 23.47 mg/g d

Zn (II) 27.55 mg/g d

Ball-milled
biochar–

vermiculite
nanocompos-

ites

P, BM: biochars
(1.8 g)+ expanded
vermiculite (MR =
1:9, 1:4, 3:7 and
2:3), beads (Φ = 6
mm, 180 g), RS =
300 rpm, MT = 12
h, TA = 0.5 h

S = 16.078 m2/g, V =
0.047 cm3/g, D = 12.929
nm
Biochars: S = 214.622
m2/g, V = 0.009 cm3/g,
D = 1.140 nm

As(V) T = 25 ± 0.5
◦C, pH = 6

Langmuir
model 20.1 mg/g a PSO 36 h

Ion exchange
and

electrostatic
attraction

[99]

Biochar–
attapulgite

nanocompos-
ites

P, BM: biochars (1
g)+ attapulgite
(0.5–2 g), agate
balls (Φ = 2–5 mm,
150–300 g), RS =
550 rpm, MT = 5 h,
TA = 0.5 h

S = 16.1–17.12 m2/g, V
= 0.0536–0.0613 cm3/g,
D = 13.32–14.32 nm, C =
24.58–45.79%, N =
0.30–0.41%, H =
2.32–3.22%. Biochars: S
= 4.46 m2/g, V = 0.0056
cm3/g, D = 5.04 nm, C
= 65.54%, N = 0.88%, H
= 4.79%, C/O = 2.88

Cd(II) T = 25 ◦C Freundlich
model

5.9916–17.8571
L/g b

Biochars: 2.1513
L/g b

PSO 4 h

Silicate
precipitate,

acid-
oxygenated
groups com-

plexation,
and

electrostatic
interaction

[98]

FeS2-BCs

P, BM: biochars
(0.6 g) + FeS2 (2 g),
ZrO2 balls (Φ = 3,
5, 15 mm, 200 g,
MR = 3:5:2), RS =
400 rpm, MT = 24
h, AT = 6 h,
purged with N2 (
> 99%) for 30 min

S = 82.9 m2/g, V = 0.021
cm3/g, D = 3.53 nm, C
= 13.7%, H = 1.74%, O =
38.1%, N = 0.06%, S =
24.7%, Fe = 21.7%, H/C
= 0.13, O/C = 2.78, (N +
O)/C = 2.79, pHpzc =
6.4

Cr(VI) pH = 4.7 Langmuir
model

134 ± 1.32
mg/g a PSO -

Electrostatic
attraction and

surface
complexation

[100]
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Table 1. Cont.

Materials Ball Milling
Treatment

Material
Characterization Pollutants

Adsorption Experiment
Ref.Experimental

Condition
Isotherm

Model
Adsorption

Capacity
Kinetic
Model

Equilibrium
Time

Adsorption
Mechanism

Biochars: S = 455 m2/g,
V = 0.015 cm3/g, D =
1.65 nm, C = 85.7%, H =
1.90%, O = 12.2%, N =
0.20%, H/C = 0.022,
O/C = 0.14, (N + O)/C
= 0.15
BM-BCs: S = 568 m2/g,
V = 0.141 cm3/g, D =
2.33 nm, C = 78.3%, H =
2.41%, O = 19.1%, N =
0.19%, H/C = 0.031,
O/C = 0.24, (N + O)/C
= 0.25

ZVIs-BCs

BM: cotton husk +
ZVIs, pyrolysis
(800 ◦C for 1 h),
stainless balls (Φ
= 5 mm, 40 g), RS
= 350 rpm, MT =
2.5 h, TA = 10 min

S = 378.66 m2/g, V =
0.1704 cm3/g, D =
1.7996 nm, H/C = 0.01,
O/C = 0.09; (O + N)/C
= 0.11, Fe = 8.99%
Biochars: S = 4.32 m2/g,
V = 0.008217 cm3/g, D
= 7.6157 nm, H/C =
0.01, O/C = 0.07, (O +
N)/C = 0.08, Fe =0.04%

Cd(II) T = 298 K Langmuir
model

96.40 mg/g a

Biochars: 84.19
mg/g a

PSO 4 h

Physical
adsorption,
electrostatic
attraction,

and
complexation

[79]

BM-Fe3O4-BC

P, BM: biochars +
Fe3O4 (MS =
1:100), agate balls
(Φ = 6, 10, and 15
mm), MM =1:2,
RS= 500 rpm, MT
= 12 h, TA = 3 h

S = 10.1178 m2/g, V =
0.0015 cm3/g, pHpzc =
5.3, MS = 5.29 emu/g.
Biochars: S = 82.10
m2/g

Pb(II) T = 10–50 ◦C Langmuir
model

183.99–339.39
mg/g a

Avrami
fractional-

order model
20 min

Electrostatic
attraction,

precipitation,
complexa-

tion, cation
exchange,

and co-
precipitation.

[174]
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Table 1. Cont.

Materials Ball Milling
Treatment

Material
Characterization Pollutants

Adsorption Experiment
Ref.Experimental

Condition
Isotherm

Model
Adsorption

Capacity
Kinetic
Model

Equilibrium
Time

Adsorption
Mechanism

BM-NaOH-
BC

BM:
NaOH-modified
biochars (2 g) +
Fe3O4 (2 g), agate
balls (Φ = 6 mm,
200 g), RS = 500
rpm, MT = 12 h,
TA = 3 h

S = 148.41 m2/g, V =
0.178 cm3/g, D = 1.985
nm, pHpzc = 10.52, MS
= 37.09 emu/g
NaOH-modified
biochars: S = 288.91
m2/g, V = 0.315 cm3/g,
D = 3.061 nm

Cd(II) T = 25 ◦C,
pH = 7.0

Freundlich
model

183.59 mg/g a

NaOH-
modified

biochars: 101.51
mg/g a

PSO

60 min
NaOH-

modified
biochars:
120 min

Pore
adsorption,

precipitation,
ion exchange,

complexa-
tion, and

Cd–π
interaction

[179]

BM-
SnZVI@BC

P, BM: biochars (3
g) + S (1 g) + Fe (1
g), ZrO2 balls (Φ
= 5, 10, 15 mm,
150 g, MR = 1:1:1),
RS = 400 rpm, MT
= 12 h, TA = 30
min, N2 purging
for 20 min

pHpzc = 9.49, MS =
11.91 emu/g Phosphorus T = 298, 308,

318 K, pH ≈ 6
Langmuir

model
25.00–39.72

mg/g a PFO 240 min

Electrostatic
attraction,

surface
precipitation,

hydrogen
bonding, and
ligand effects

[106]

BM-
FeS@NBCs

BM: biochars (1 g)
+ NH3·H2O (15 g),
agate balls (Φ = 15,
10, 6 mm, 45 g,
MR = 2:20:22), RS
= 300 rpm, MT =
12 h, AT = 3 h, N2
purging for 30 min
BM: N-biochars (1
g) + FeS (0.5 g),
agate balls (Φ = 15,
10, 6 mm, 27 g,
MR = 1:10:11), RS
= 300 rpm, MT =
12 h, AT = 3 h, N2
purging for 30 min

pHpzc = 3.9 Cr(VI) T = 15–25 ◦C Langmuir
model

149.38–194.69
mg/g a

Avrami
fractional-

order model
250 min

Electrostatic
attraction, ion

exchange,
and

complexation

[10]
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Table 1. Cont.

Materials Ball Milling
Treatment

Material
Characterization Pollutants

Adsorption Experiment
Ref.Experimental

Condition
Isotherm

Model
Adsorption

Capacity
Kinetic
Model

Equilibrium
Time

Adsorption
Mechanism

BM-LDH-BCs

P, BM: biochars +
LDHs + water
(MR = 10:1:1),
agate balls, RS =
500 rpm, MT = 4 h,
TA = 5 min

S = 226 m2/g, V = 0.140
cm3/g, D = 3.51 nm,
zeta potential (pH = 5.5)
= −17.5 mV
Biochars: S = 122 m2/g,
V = 0.108 cm3/g, D =
3.86 nm, zeta potential
(pH = 5.5) = −15.7 mV
BM-BCs S = 246 m2/g,
V = 0.101 cm3/g, D =
3.52 nm, zeta potential
(pH = 5.5) = −26.3 mV

Cd(II) T = 25 ◦C,
pH = 5.5

Freundlich
model

41.0
(mg/g)/(mg/L)1/n b

Biochars: 7.82
(mg/g)/(mg/L)1/n b

BM-BCs 26.9
(mg/g)/(mg/L)1/n b

PFO 8 h

Surface com-
plexation,
chelation,

precipitation,
and physical
adsorption

[108]

Mg/Al-BCs

BM: biochars (1.5
g) + Mg(OH)2
(0.897 g) +
Al(OH)3 (0.603 g),
agate balls (300 g),
RS = 300 rpm, MT
= 8 h, TA = 0.5 h

S = 17.577 m2/g, V =
0.0885 cm3/g, D = 12.56
nm, C = 12.51%, H =
2.79%, N = 1.54%,
pHpzc = 4.56
Biochars: S = 14.108
m2/g, V = 0.0383
cm3/g, D = 14.26 nm, C
= 25.87%, H = 1.23%, N
= 3.51%, pHpzc = 3.42
BM-BCs S = 16.199
m2/g, V = 0.0749
cm3/g, D = 12.74 nm, C
= 24.17%, H = 1.69%, N
= 3.27%, pHpzc = 3.66

As(V) T = 25–35 ◦C,
pH = 7.0

Freundlich
model

TM: 24.49 mg/g
c

Biochars: 0.48
mg/g c

BM-BCs 6.73
mg/g c

PSO 20 h

Precipitation,
ion exchange,
surface com-

plexation,
and

electrostatic
interaction.

[107]



Water 2024, 16, 1639 27 of 60

Table 1. Cont.

Materials Ball Milling
Treatment

Material
Characterization Pollutants

Adsorption Experiment
Ref.Experimental

Condition
Isotherm

Model
Adsorption

Capacity
Kinetic
Model

Equilibrium
Time

Adsorption
Mechanism

Fe/Mn-BCs

P, BM: biochars,
agate balls, MM =
1:100, RS = 300
rpm, MT = 6 h

S = 226.50–331.5 m2/g,
Vmeso = 0.32–0.36
cm3/g, D = 4.16–5.21
nm, pHpzc = 1.73–3.06
Biochars: S =
14.02–30.35 m2/g,
Vmicro = 0.003–0.006
cm3/g, Vmeso =
0.006–0.03 cm3/g, D =
6.49–7.49 nm

Cd(II) T = 298 K,
pH = 5

Langmuir
model

65.3–100.9 mg/g
a

Biochars:
12.9–20.9 mg/g

a

PSO
Before: PFO

3 h
Biochar: 4 h

Surface com-
plexation,

cation
exchange,

Cd–π
interaction,

precipitation,
and

electrostatic
attraction.

[175]

BM-PBCs

P, BM: biochars
(3.3 g) and phytic
acid (0–50% wt%
solution), agate
balls (Φ = 6 mm,
330 g), RS = 12 h,
MT = 12 h, TA = 3
h, RP = 30 min

S = 66–285 m2/g, Smicro
= 36–205 m2/g; V =
0.089–0.273 cm3/g,
Vmicro = 0.017–0.092
cm3/g, APS = 307–615
nm, C = 73.5–80.0%, O
= 15.9–21.8%, N =
2.7–2.9%, P = 0.9–1.9%,
pHpzc ≈ 2.00–2.61
Biochars: S = 7 m2/g, V
= 0.026 cm3/g, APS =
1353 nm, C = 85.3%, O =
12.2%, N = 2.5%, pHpzc
= 3.14
BM-BCs: S = 433 m2/g,
Smicro = 356 m2/g, V =
0.379 cm3/g, Vmicro =
0.158 cm3/g, APS = 414
nm, C = 78.3%, O =
18.0%, N = 3.7%, pHpzc
< 2.0

U(VI)
T =

298.15–338.15
K, pH = 4.0

Langmuir
model

78.6–114.9 mg/g
a

Biochars:
23.2–43.3 mg/g

a

BM-BCs:
73.4–100.5 mg/g

a

PSO 60 min

Complexation,
electrostatic
attraction,
cation–π

bonding, and
coordination

[89]
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Table 1. Cont.

Materials Ball Milling
Treatment

Material
Characterization Pollutants

Adsorption Experiment
Ref.Experimental

Condition
Isotherm

Model
Adsorption

Capacity
Kinetic
Model

Equilibrium
Time

Adsorption
Mechanism

Thiol-
modified
biochars

BM: biochars (2 g)
+
3-trimethoxysilyl-
propanethiol (1.6
mL with strong
nitrogen purging)
+ DW (2.4 mL) +
ethanol (76 mL) +
NH4OH, agate
balls (Φ = 3, 5, 15
mm, 200 g, MR =
3:5:2), RS = 400
rpm, MT = 30 h,
TA= 6 h

S = 56.05—458.94 m2/g,
V = 0.271–0.635 cm3/g;
D = 5.53–19.34 nm, C =
59.15–71.24%, O =
18.45–27.95%, N =
0–2.25%, S = 2.98–5.63%,
Si = 7.03–10.77%, O/C =
0.259–0.473, pHpzc < 2.
BM-BC: S = 3.78–385.80
m2/g, V = 0.0163–0.182
cm3/g, D = 2.59–17.22
nm, C = 73.12–87.49%,
O = 12.51–25.88%, Si =
1–1.00%, O/C =
0.143–0.354, pHpzc < 2

Hg(II) T = 25± 0.2 ◦C,
pH = 7.0 ± 0.2

Langmuir
model

270.60 ±
2.67–401.8 ±
2.27 mg/g a

BM-BC:163.70 ±
8.45–386.34 ±
23.45 mg/g a

PSO
4 h

Ball-milled
biochar: 1 h

Surface
adsorption,
electrostatic
attraction,

surface com-
plexation,
and ligand
exchange.

[55]

Ball-milled CNTs-based materials

HA-MWCNTs

V, BM: CNTs (0.01
g) + HA (1.0 g),
stainless steel ball
(Φ = 30.0 mm,
112.0 g), RS = ~
617 rpm, MT = 15
min

C = 74.2%, O = 20.2%, Si
= 3.1%, Al = 2.5%, Zeta
potential (DW) = −42.5
± 1.0 mV

Cu(II)

Reconstituted
water

(Daphnia
magna

medium),
pH = 7.0

- 68.5 ± 3.5 mg/g
a - 3 h Chemical

complexation [116]

CeO2-CNTs BM: CNTs — Cr(VI) T = 25 ◦C,
pH = 3–11

Langmuir
model

23.26–31.55
mg/g a - -

Specific
affinity

between
hydrous

oxides of Ce
and Cr(VI)

[176]
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Table 1. Cont.

Materials Ball Milling
Treatment

Material
Characterization Pollutants

Adsorption Experiment
Ref.Experimental

Condition
Isotherm

Model
Adsorption

Capacity
Kinetic
Model

Equilibrium
Time

Adsorption
Mechanism

FeOx@CNTs

P, BM: CNTs (0.2
g) + FeCl3·6H2O
(0.6 g) + KOH
(1.25 g), a
spherical
planetary ball mill,
agate ball (Φ = 5
mm, 200 g), RS =
300 rpm, MT = 12
h, TA = 3 h

S = 242 m2/g, V = 0.523
cm3/g, D = 3.42 nm,
pHpzc = 4.3
CNTs: S = 228 m2/g, V
= 1.86 cm3/g, D = 30.5
nm, pHpzc = 5.7

Sb(III) T = 298 K,
pH = 6.35

Redlich–
Peterson

model

172 mg/g a

CNTs: 4.01
mg/g a

PSO 12 h

Complexation
and surface

pore
adsorption

[66]

Ball-milled graphenes-based materials

Ball-milled
graphene

sheets

BM: graphene
sheets + N-
methylpyrrolidone,
stainless steel ball,
RS = 300 rpm, MT
= 50 h

- U(VI) T = 298 K
pH = 4.5

Langmuir
model 71.93 mg/g a PSO 2 h Chemical

oxidation [32]

HGO

P, BM: jaggery +
graphite + DW,
hydrothermal
treatment, and
further
calcination, MR =
100:1, stainless
steel balls (Φ = 1
cm and 2 cm), RS
= 70 rpm, MT = 30
h

- Cr(VI) pH = 1 - 5.48 mg/g c - 1 h

C–O–C and
–OH function-

alities,
aromatic π

network

[127]
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Table 1. Cont.

Materials Ball Milling
Treatment

Material
Characterization Pollutants

Adsorption Experiment
Ref.Experimental

Condition
Isotherm

Model
Adsorption

Capacity
Kinetic
Model

Equilibrium
Time

Adsorption
Mechanism

PGO

P, BM: graphene
(2 g) + dry ice (40
g), modification
by PCl3, ZrO2
balls, RS = 350
rpm, MT = 48 h,
RP = 10 min

S = 25 m2/g, C = 85.4%,
O = 14.2% and P = 0.4%

Hg(II)
Room

temperature,
pH = 7

Langmuir
model 82.2 mg/g a PSO - Complexation [121]

Ball-milled metal-based materials

FeS2-ZVIs

BM: ZVIs + FeS2
(total amount =
5.0 g, MR = 1:0,
4:1, 1:1, 1:4 and
0:1), steel balls (4.0
g), RS = 300 rpm,
MT = 30 min

S = 0.912 m2/g, O =
5.87%, S = 27.12%, Fe =
67.00%.
Ball-milled FeS2: S =
1.190 m2/g, O = 13.99%,
S = 43.48%, Fe = 42.53%.
Ball-milled ZVIs: S =
0.800 m2/g, O = 11.77%,
S = 0.70%, Fe = 87.52%

As(III) T = 25 ◦C,
pH = 6.8 -

78.3–97% c

Ball-milled FeS2:
18.1% c

Ball-milled ZVIs:
19.3% c

- 90 min - [151]

Sulfidated
ZVIs

P, BM: ZVIs + S
(MR = 0.1–0.2),
ZrO2 balls, RS =
400 rpm, MT = 20
h, N2 atmosphere

S = 1.46–2.08 m2/g
Ball-milled ZVIs: S =
0.21 m2/g

Cr(VI) T = 25 ± 0.5
◦C, pH = 6 - 3.831mg/g b PSO 180 min - [177]

LS-ZVIs

P, BM: ZVIs (2.5 g)
+ lignosulfonate
(0.025–0.25 g),
ZrO2 balls (Φ = 6
mm), RS = 400
rpm, MT = 2–20 h,
Ar headspace

S = 2.59 m2/g, Fe(0) =
10.5%, Fe(II) = 59.7%,
Fe(III) = 19.8%
ZVIs: S = 0.76 m2/g,
Fe(0) = 3.4%, Fe(II) =
76.9%, Fe(III) = 19.7%

Cr(VI) T = 25 ◦C,
pH = 5.5 - 4.0–100% c

ZVIs: ≈0% c PSO 60 min Chemical
adsorption [157]
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Table 1. Cont.

Materials Ball Milling
Treatment

Material
Characterization Pollutants

Adsorption Experiment
Ref.Experimental

Condition
Isotherm

Model
Adsorption

Capacity
Kinetic
Model

Equilibrium
Time

Adsorption
Mechanism

Sulfidated
ZVIs

P, BM: ZVIs + S
(MR = 0.01–0.2),
ZrO2 balls (Φ = 6
mm), RS = 400
rpm, MT = 20 h,
Ar headspace

S = 1.5 m2/g
Ball-milled mZVIs: S =
0.21 m2/g

As(III)
T = 25 ± 5 ◦C,
pH = 7, oxic

condition
-

174.91–275.10
mg/g d

Ball-milled ZVIs:
353.27 mg/g d

PSO
24 h

Ball-milled
ZVIs: 72 h

Chemical
adsorption [156]

Coffee
grounds-

modified ZVIs

P, BM: ZVIs +
coffee grounds
(MR = 2–8%),
ZrO2 balls (Φ = 6
and 9 mm, 100 g,
MR = 3:2), RS =
550 rpm, MT = 2 h

S = 1.48–1.85 m2/g,
APS = 80 µm, Fe =
84.20–95.70%, C =
0.75–3.60%, O =
3.55–12.20%
Ball-milled ZVIs: S =
1.45 m2/g, APS = 71
µm, Fe = 98.20%, C =
0.55%, O = 1.25%

Cr(VI) T = 25 ◦C,
pH = 6.5 -

80–100% c

Ball-milled ZVIs:
<10% c

PFO 120 min Complexation [160]

ZVAls/Fe3O4

P, BM: ZVAls (2 g)
+ Fe3O4 (1.0 g),
ZrO2 balls (3.0g),
RS = 300 r/min,
MT = 1.5 h

S = 6.5154 ± 0.1963
m2/g, pHpzc = 9.2, SM
= 10.03 emu/g
ZVAls: S = 4.0427±
0.7390 m2/g

Cr(VI) T = 25 ± 2 ◦C,
pH = 7

Langmuir
model 8.10 mg/g a PFO

30 min
ZVAls:
50 min

Surface
adsorption [34]

ZVAls/MFe2O4
(M = Mn, Zn,

Ni)

BM: ZVAl (1.0 g) +
MFe2O4 powders
(0.5 g), ZrO2 balls
(Φ = 8, 4, 2, 1 mm,
15 g, MR = 1: 2: 4:
8), RS = 300 rpm,
MT = 2 h

S = 17.344–24.646 m2/g,
V = 0.067–0.076 cm3/g;
D = 5.136–7.443 nm,
pHpzc ≈ 9.5, SM =
7.84–51.59 emu/g
ZVAls: S = 1.826 m2/g,
V = 0.007 cm3/g, D =
4.140 nm

Cr(VI) T = 298 K,
pH = 7 - 89.15–100% c

ZVAls: 0% c PSO 30 min

Surface
adsorption

and ion
exchange

[161]

Notes: P: planetary ball mills; V: ultrafine vibration ball mills; DW: deionized water; Φ: ball diameter; MR: mass ratio. MM: ratios of materials to balls; RS: rotate speed; MT: milling time;
TA: time of alteration rotation direction; RP: a rest period; T: times; S: surface area; V: pore volume; APS: average particle size; D: average pore diameter; AFGs: acidic functional groups;
OFGs: oxygen functional groups; CEC: cation exchange capacity; TAG: total acidic group; pHpzc: point of zero charge; MS: values of saturation magnetization; a: maximum adsorption
amounts obtained from adsorption isotherm parameters; b: values obtained from the Freundlich model; c: adsorption amounts/adsorption rates at equilibrium; d: adsorption amounts
obtained from kinetic parameters; PFO: pseudo-first-order mode; PSO: pseudo-second-order mode.
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4.2. Removal of Organic Pollutants

Table 2 lists the removal of organic pollutants by various ball-milled modified materials.
Nasrullah et al. [56] indicated that BM-ACs were conductive to remove cationic methylene
blue (MB) via electrostatic interaction, and the adsorption amount of MB was positively
related to the particle size of BM-ACs. The Langmuir-model-based maximum adsorption
amount of MB on BM-ACs was 505 mg/g. The kinetic data followed the pseudo-second-
order model, and both film and intraparticle diffusion controlled the process. The negative
value of ∆G◦ and positive values of ∆H◦ and ∆S◦ demonstrated that MB adsorption by
BM-ACs was spontaneous and endothermic. On the contrary, Gohr et al. [77] implied
that the grafted carboxylic groups played a major role in cationic dye adsorption. The
maximum adsorption amount of MB and crystal violet (CV) by AC–COOH were 123.02
and 120.30 mg/g, respectively, with an equilibrium time of 15 min. The thermodynamic
study claimed that the adsorption process of MB and CV on AC–COOH was spontaneous
and endothermic. Ball milling ACs with Fe3O4 not only introduced magnetic properties
through mechanical extrusion but were also available to further improve MB adsorption
capacity [104]. Meng et al. [180] suggested that extending the mass ratio of Fe3O4 and
balling milling time to ACs could increase the magnetic separation property but reduce
the adsorption capacity for perfluorinated compounds (PFCs). The positive relationship
between adsorption capacity and the chain length of PFCs indicated that hydrophobic
interaction played a major role in PFC adsorption by magnetic ACs.

Since the physicochemical properties of organic pollutants are different, there is a
discrepancy in the organic pollutants’ adsorptive behavior by BM-BCs as well as adsorp-
tion mechanisms. A combination of ball milling and 2,2,6,6-tetramethylpiperidine-1-oxyl-
oxidation improved imidacloprid (IMI) and sulfadiazine (SUL) uptakes by pore filling,
H-bonding, and cation/p/π–π EDA interaction, and further promoted IMI removal via
electrostatic interaction and cation–π EDA interaction [33]. The formation of oxygen-
containing groups and mesoporous layered structure by biochars derived from cellulosic
biomass and montmorillonite (BCs-CBM) facilitated MB uptakes via ion exchange and
electrostatic interaction [109]. The adsorption amount of tetracycline hydrochloride (TC)
on BM-BCs was positively correlated with the external specific surface area and total pore
volume/mesoporous volume, which suggested surface adsorption and pore filling were
the main contributors [83]. Neutral solution (pH = 6–8) was beneficial to TC by BM-BCs
ascribed to enhanced electrostatic interaction. Coexisting Na(I), K(I), and Mg(II) had an ad-
verse effect on TC adsorption due to the competition for adsorption sites, while the presence
of Ca(II) improved TC removal resulting from formation of TC-Ca2+ complexes. Zhang
et al. [181] also reported that biochars modified by ball milling directly possessed enhanced
adsorption amount of MB (from 14.4 ± 1.3–17.2 ± 3.5 mg/g to 213 ± 19–354 ± 20 mg/g)
with shorter equilibrium time (16 h to 8 h) ascribed to the increasing specific surface area,
pore volume, and surface oxygen-containing groups as well as exposing graphitic structure,
which improved π–π interaction and electrostatic effect (Figure 7). Xu et al. [87] demon-
strated that the saturation adsorption amount of reactive red (RR) based on the Langmuir
model increased from 1.70–3.60 mg/g to 9.2–34.8 mg/g within 120 min on account of high
external specific surface area and less negative charge on BMNCs. Pine-wood-derived
nanobiochars (PWNBCs) adsorbed carbamazepine (CBZ) via hydrogen bonding interac-
tion between NH2 functional groups in CBZ and oxygen-containing functional groups of
PWNBCs [182]. The results showed that rotational speeds were an important factor in
CBZ adsorption by PWNBCs. When the rotational speed was raised from 90 to 210 rpm,
the adsorption rate of CBZ increased from 29% to 67%. But the removal rate did not
increase with further increasing the rotational speed. It was probably because the im-
provement in rotational speed could lead to the thinner boundary layer and then enhance
the mass transfer rate. The addition of the surfactant (Tween 80) promoted CBZ onto
PWNBCs because the formation of hydrogen bonding between O and N in the amide
group of CBZ and hydrophilic head of Tween 80 and hydrophobic interaction between
the hydrophobic tail of Tween 80 and graphite-like structure of PWNBCs. In addition, the
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adsorption of galaxolide [183], sulfamethoxazole (SMX) [84,184,185], sulfapyridine [184],
TC [170], ciprofloxacin (CIP) [186] and fluconazole [187] by BM-BCs involving pore filling,
π–π conjugation, complexation, electrostatic interaction, H-bonding interaction, hydropho-
bic effect, or their combined interactions. The co-existence of NaCl, NaNO3, and CaCl2
(0–100 mmol/L) had negligible effects on SMX adsorption on ball milling and magneti-
zation co-modified sludge-derived biochars (BC-SBCs) [185] and BM-PBCs [171], which
was attributed to the weak contribution of salting out enhancement effect and electrostatic
screening inhibition impact or the equivalence of their actions. The coexisting HCO3

– might
increase the pH values of the solution to increase the electrostatic repulsion or compete
for adsorption sites to inhibit SMX adsorption on BC-SBC and BM-PBC. The presence of
HA was insensitive to SMX removal by BC-SBC and BM-PBC, which was assigned to the
weak action of both completion and promotion effects. Li et al. [170] presented that the
increase in NaNO3 slightly decreased TC adsorption on BM-MBCs due to the competition
for available adsorption sites. Tang et al. [186] suggested that both NaNO3 and CaCl2 had
adverse impacts on CIP adsorption by the Fe-Mg-layered double oxides bagasse biochars
(BM-LDOs-BC) resulting from the competition for available adsorption sites and the soluble
complexes between cationic CIP and the inorganic salt. The higher inhibitory intensity of
CaCl2 than NaNO3 was ascribed to the larger ionic strength of CaCl2.
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Zimmerman A.R., Ding C., Tang J., Crittenden J.C. Experimental and modeling investigations of
ball-milled biochar for the removal of aqueous methylene blue, 110–119, Copyright (2018), with
permission from Elsevier.

The acidic and alkaline one-step ball milling of hickory wood without pyrolysis pos-
sessed great carbonization and a large diversity of oxygen-containing functional groups to ef-
fectively remove dyes [53,109]. H2O2 modification could introduce more oxygen-containing
functional groups to biochars to improve cationic MB adsorption [188], while NH3·H2O [90]
and CuO [96] modification were available to graft protonated and positively charged groups
to biochars to enhance anionic reactive red (RR) uptakes. Thiol-modified biochars improved
MeHg uptakes from 19.53 ± 1.03–25.54 ± 4.12 to 39.14 ± 1.46–108.16 ± 3.11 mg/g (satu-
rated adsorption capacity) within equilibrium time reducing from 24 h to 9 h via surface
adsorption, electrostatic attraction, surface complexation and ligand exchange [55]. But
the excessive 3-MPTS decreased MeHg uptakes due to the self-polymerize on the sur-
face of biochars. The zeta potential and the point of zero charge of N-doped biochars
by ball milling biochars with NH3·H2O increased, which was beneficial to anionic RR
removal through electrostatic interaction [90]. The TC adsorption amount increased from
37.8 mg/g to 81.3 mg/g after ball milling biochars with NH3·H2O, and the TC uptakes
further increased to 132.6 mg/g after ball milling N-doped biochars with FeS [10]. The
TC adsorption by BM-FeS@NBCs was endothermic and spontaneous. The TC adsorption
capacity was related to pH values with the maximum adsorption capacity of TC at pH = 4.
The addition of cationic Na(I), K(I), Ca(II), and Mg(II) promoted TC adsorption capacity
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by BM-FeS@NBCs due to the decreasing electrostatic repulsion between BM-FeS@NBCs
and TC.

The CuO embedded on the surface of biochars made adsorption sites positively and
had the ability to remove anionic RR via electrostatic attraction with a short equilibrium
time (3 h) [96]. The pH values of 4–10 did not affect RR adsorption significantly since the
point of zero charge of CuO-biochars was around 10, and electrostatic attraction was the
main adsorption mechanism. The Fe3O4 [174] and FeCl3 [189] loaded on biochars were ben-
eficial to TC removal, which was increased by 71.22% and 82.64%, respectively. The TC ad-
sorption process by both BM-Fe3O4-BC [174] and iron-containing biochars (Fe@MBC) [189]
was spontaneous and endothermic, and TC uptakes increased with increasing temperatures.
The ionic strength had an ignorable effect on the TC adsorption by Fe@MBC because the
electrostatic effect was not the major mechanism [189]. The presence of K(I), NO3

−, Cl−

and SO4
2− favored TC adsorption by Fe@MBC, whereas Cu(II), Na(I), PO4

3− and CO3
2−

unfavored TC uptakes onto Fe@MBC [189]. Qu et al. [174] suggested that the coexisting
Ca(II) could act as a bridge to promote TC removal on BM-Fe3O4-BC. The Fe3O4 on biochars
also improved MB adsorption amount by almost 27-fold compared to BM-BCs, and the
alkaline solution was beneficial to MB removal due to less competition between H+ and
MB [104]. However, Yan et al. [190] found that the loading of magnetic powers blocked
the pores of biochars, resulting in a decreasing adsorption amount of MB, and an extra
ball milling step counteracted the reduction in adsorption invariably caused by magnetite
loading due to the restoration of specific surface area and surface functional groups. The
experimental data were in agreement with Freundlich and pseudo-second-order models.
The thermodynamic study showed that it was a spontaneous and endothermic process
governed by chemical adsorption and π–π and electrostatic interactions were the main
adsorption mechanism for MB on the twice-milled magnetic biochars.

Because CNTs’ ends are closed and aggregated seriously in water, the adsorption
sites on the outer surface decrease significantly and thus have adverse effects on pollutant
removal. CNTs become short and open and have few tangled phenomena after ball
milling, which enhanced aniline and nitrobenzene adsorptive removal with the adsorption
capacity increasing from 14.9 mg/g to 22.2–36.2 mg/g and 19.8 mg/g to 24.4–41.5 mg/g,
respectively [113,191]. The adsorption capacity of aniline and nitrobenzene by ball-milled
CNTs was positive to the ball milling time, and the main adsorption mechanism was the
capillary effect on both short open-ended inner cavities and compressed aggregated pores.
Ball-milled carbon/CNTs were available to remove sodium fluoride via physical adsorption
and ion exchange. The ball-milled carbon/CNTs could adsorb fluoride ions at low pH,
and the experimental data fitted the pseudo-second-order model and Langmuir model
well. The thermodynamic study showed that the adsorption process was endothermic,
spontaneous, and more random. The large specific surface area and ion exchange were
responsible for fluoride ions removal onto ball-milled carbon/CNTs [192].

The ECG presented high adsorptive rates (>90%) toward both cations and anions dyes
within 5–20 min via physical absorption and electrostatic interaction [125]. In addition, a
removal rate of 99.23 ± 0.14% achieved by ECG for the mixture dyes solution suggested
that ECG had remarkable potential for industrial dyes removal. An increase in the number
of active metal sites on the nickel-based metal–organic framework/graphene oxide com-
posites (Ni-MOF-GO) improved congo red (CR) adsorption due to the enhanced acid–base
interaction between active metal sites (Lewis acid) and –NH2 (Lewis base) [131]. The ad-
sorption data, in accordance with the Freundlich model, implied heterogeneous adsorption
surfaces with multilayer adsorption. The thermodynamic study suggested that it was
physisorption with spontaneous, endothermic, and more random. Al–carbon composites
synthesized via NaCl-aided ball milling had the ability to adsorb hexabromocyclododecane
in 1 h with >90% removal rates at a dosage of 4 g/L and initial concentration of 2 mg/L.
The adsorbed hexabromocyclododecane was enriched on the carbon surface of obtained
materials and ready for subsequent degradation [164].
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Table 2. Ball-milled adsorbents’ characterization and their application for organic pollutants adsorptive removal.

Materials Treatment Material Characterization Pollutants
Adsorption Experiment

Ref.Experimental
Condition

Isotherm
Model

Adsorption
Capacity

Kinetic
Model

Equilibrium
Time

Adsorption
Mechanism

Ball-milled ACs-based materials

BM-ACs
BM: ACs (1 g), milling
balls (4 g), RS = 350
rpm, MT = 60 min

S = 496.32 m2/g, Vt =
0.278 cm3/g, Vmicro =
0.203 cm3/g, Vmeso = 0.075
cm3/g, D = 2.248 nm, APS
= 1.57 µm, pHpzc = 6.46
ACs: S = 526.80 m2/g, Vt =
0.293 cm3/g, Vmicro =
0.182 cm3/g, Vmeso = 0.110
cm3/g, D = 2.225 nm, APS
= 5.30 µm

MB T = 25 ◦C,
pH = 10

Langmuir
model

505 mg/g a

Biochars:
227.14 mg/g c

PSO 420 min Electrostatic
interaction [56]

AC-COOH

P, BM: ACs (5 g) +
NaOH (25 g) + DW
(50 mL), RS = 400 rpm,
MT = 6 h
BM: obtained materials
+ chloroacetic acid
(25 g), RS = 400 rpm,
MT = 6 h

C = 79.00%, O = 21.00%,
pHpzc = 6.20

MB
T = 20 ◦C,

pH = 7
Langmuir

model

123.02 mg/g a

PSO 15 min Electrostatic
interaction

[77]

CV 120.3 mg/g a

Magnetic ACs

P, BM: ACs (0.45 g) +
Fe3O4 (1.35 g), agate
balls (Φ = 6 mm, 180
g), RS = 500 rpm, MT
= 12 h

S = 75.4 m2/g, V = 0.05
cm3/g, D = 2.6 nm, APS =
609 nm, C = 47.4%, H =
0.71%, O = 25.0%, N =
0.02%, Fe = 21.6%, pHpzc <
3, MS = 33.8 emu/g
ACs: S = 743.7 m2/g, V =
0.39 cm3/g, D = 2.1 nm,
APS = 0.5–1 mm, C = 70.8%,
H = 2.97%, O = 18.7%, N =
0.05%, Fe = 0.04%, pHpzc < 3
BM-ACs: S = 544.9 m2/g, V
= 0.31 cm3/g, D = 2.3 nm,

MB T = 25 ± 2 ◦C Langmuir
model

304.2 mg/g a

BM-ACs: 298.7
mg/g a ACs:
111.9 mg/g a

PSO 8 h - [104]
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Table 2. Cont.

Materials Treatment Material
Characterization Pollutants

Adsorption Experiment
Ref.Experimental

Condition
Isotherm

Model
Adsorption

Capacity
Kinetic
Model

Equilibrium
Time

Adsorption
Mechanism

APS = 479 nm, C = 72.7%,
H = 2.63%, O = 17.4%, N
= 0.09%, Fe = 0.03%,
pHpzc < 3

Magnetic ACs

P, BM: ACs (2.25 g) +
Fe3O4 (0.75 g), milling
balls (Φ = 5.60 mm,
120 g), RS = 550 rpm,
MT = 2 h, TA = 0.5 h

C = 66.3%, O = 17.4%, Si
= 0.3%, Fe = 16.1%, APS
≈ 1 µm, pHpzc ≈ 6.46,
MS = 24.2 emu/g
ACs: C = 95.5%, O = 3.8%,
Si = 0.7%, Fe = 0.0%, APS
= 48 µm

Potassium
perfluo-
rooctane
sulfonate

T = 28 ◦C
Langmuir

model

1.63 mmol/g a

PFO <2 h
Hydrophobic
interaction

[180]

Perfluoroo-
ctanoic

acid
0.90 mmol/g a

Potassium
perfluoro-

hexane
sulfonate

0.33 mmol/g a

Potassium
perfluo-

robutane
sulfonate

0.21 mmol/g a

Ball-milled biochar-based materials

Graphite-like
biochars

BM: aqueous mixture
of biomass
(newspaper or maize
straw raw), oxidation
and pyrolysis, agate
balls (200 g), RS = 300
rpm, MT = 2 h

S = 871.5–1065 m2/g, V =
1.46–4.45 cm3/g, Vmacro =
0.031–0.145 cm3/g, Vmeso
= 1.13–3.53 cm3/g, Vmicro
= 0.304–0.768 cm3/g, D =
4.9–8.5 nm, C = 68.5 ±
0.16–84.9 ± 0.23%, H = 1.4
± 0.06–1.5 ± 0.14%, O =
4.7 ± 0.17–6.4 ± 0.01%, N
= 0.5 ± 0.07–0.7 ± 0.05%,
(O + N)/C = 1.53–1.65,
H/C = 0.20–0.26

IMI T = 25 ± 1 ◦C,
pH = 8.0–8.7

Freundlich
model

67.8–181.1
(mg/g)/(mg/L)n b

Biochars:
4.74–19.8

(mg/g)/(mg/L)n b

Biochars
derived from

ball-milled
biomass:
13.3–16.2

(mg/g)/(mg/L)n b

- -

Pore filling,
H-bonding,

and
cation/p/π–

π EDA
interactions

[33]
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Table 2. Cont.

Materials Treatment Material Characterization Pollutants
Adsorption Experiment

Ref.Experimental
Condition

Isotherm
Model

Adsorption
Capacity

Kinetic
Model

Equilibrium
Time

Adsorption
Mechanism

Graphite-like
biochars

BM: aqueous mixture
of biomass
(newspaper or maize
straw raw), oxidation
and pyrolysis, agate
balls (200 g), RS = 300
rpm, MT = 2 h

Biochars derived from
biomass: S = 144.8–545.8
m2/g, V = 1.52–1.89
cm3/g, Vmacro =
0.015–0.034 cm3/g, Vmeso
= 1.25–1.52 cm3/g, Vmicro
= 0.257–0.330 cm3/g, D =
7.8–11.4 nm, C = 72.0 ±
0.10–85.5 ± 0.17%, H = 1.8
± 0.01–1.9 ± 0.10%, O =
2.6 ± 0.60–4.3 ± 0.35%, N
= 0.7 ± 0.02–1.3 ± 0.07%,
(O + N)/C = 1.66–1.68,
H/C = 0.25–0.32
Biochars derived from
ball-milled biomass: S =
277.0–407.5 m2/g, V =
0.78–1.11 cm3/g, Vmacro =
0.025–0.028 cm3/g, Vmeso
= 0.57–0.89 cm3/g, Vmicro
= 0.179–0.195 cm3/g, D =
7.0–9.6 nm, C = 71.8 ±
0.18–85.3 ± 0.25%, H = 1.8
± 0.01–1.9 ± 0.03%, O =
2.6 ± 0.29–4.2 ± 0.61%, N
= 0.7 ± 0.02–1.4 ± 0.08%,
(O + N)/C = 1.68–1.69,
H/C = 0.25–0.32

SUL T = 25 ± 1 ◦C,
pH = 8.0–8.7

Freundlich
model

40.2–43.1
(mg/g)/(mg/L)n b

Biochars
derived from

biomass:
8.41–12.6

(mg/g)/(mg/L)n b

Biochars
derived from

ball-milled
biomass:
10.8–16.0

(mg/g)/(mg/L)n b

- -

Pore filling,
H-bonding,
cation/p/π–

π EDA
interactions,

and
electrostatic
interactions

[33]

BCs-CBM

P, BM: cellulose+
montmorillonite,
pyrolysis, RS = 1000
r/min, MT = 4 h

S = 95.472 m2/g, V = 0.123
cm3/g, D = 2.2–4.2 nm

MB T = 25 ◦C Freundlich
model

11.489 ± 1.516
(mg/g)/(mg/L)n b PSO 8 h Cation

exchange [82]
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Table 2. Cont.

Materials Treatment Material Characterization Pollutants
Adsorption Experiment

Ref.Experimental
Condition

Isotherm
Model

Adsorption
Capacity

Kinetic
Model

Equilibrium
Time

Adsorption
Mechanism

Acidic
ball-milled

biochars

P, BM: hickory chips
(1 g) + H2SO4 (20 mL,
9.2 mol/L, pH =
1.265) + DW (20 mL),
agate balls (Φ = 6 mm,
100 g) RS = 300 rpm,
MT = 12 h, RT = 3 h,
ambient air

S = 5.619 m2/g, V = 0.012
cm3/g, APS = 0.3–4 µm

TY T = 25 ◦C Freundlich
model 182.3 mg/g a PSO 12 h

Ion
exchange

and
electrostatic
interaction

[109]

Biosorbents
derived from

acidic and
alkaline

one-step ball
milling of

hickory wood

P, BM: hickory wood
(1 g) + H2SO4 (20 mL,
9.2 mol/L)/NaOH
(20 mL, 3.75 mol/L),
agate balls (Φ = 6 mm,
100 g), RS = 300 rpm,
MT = 24 h, RT = 3 h

S = 5.191–5.619 m2/g, V =
0.023–0.030 cm3/g

CR

T = 25 ◦C Freundlich
model

0.68 ±
0.20–311.01 ±

2.13
(mg/g)/(mg/L)n b

PSO

>8 h

Surface com-
plexation [53]

CV
149.02 ± 4.62

(mg/g)/(mg/L)n b >3 h

BM-BCs
BM: biochars (10 g),
ZrO2 balls, RS = 1600
rpm, MT = 60 s, T = 30

S = 74.39 m2/g, V = 0.1540
cm3/g, D = 8.3741 nm, C =
54.36%, N = 2.80%, O =
30.65%, pHpzc = 2.3
Biochars: S = 46.20 m2/g,
V = 0.1274 cm3/g, D =
10.9337 nm, C = 63.22%, N
= 3.19%, O = 23.94%

MB T = 298–308 K Langmuir
model

408.79–419.11
mg/g a PSO 120 min - [167]

BM-BCs

P, BM: biochars (1.8 g),
agate balls (Φ = 6 mm,
180 g), RS = 300 rpm,
MT = 12 h, TA = 3 h

S = 331 m2/g, V = 0.099
cm3/g, APS = 170nm,
AFGs = 1.35 mmol/g,
-COOH = 0.45 mmol/g,
lactonic groups = 0.05
mmol/g, –OH = 0.85
mmol/g, pHpzc = 2.7

MB
T = 20 ± 2 ◦C,
pH = 4.5 and

7.5

Dual
Langmuir

model

213 ± 19–354
± 20 mg/g a

Biochars: 14.4
± 1.3–17.2 ±
3.5 mg/g a

PSO
8 h

Biochars: 16
h

pH = 4.5:
π–π

interaction
pH = 7.5:

π–π
interaction

and
electrostatic

effect

[181]
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Table 2. Cont.

Materials Treatment Material Characterization Pollutants
Adsorption Experiment

Ref.Experimental
Condition

Isotherm
Model

Adsorption
Capacity

Kinetic
Model

Equilibrium
Time

Adsorption
Mechanism

Biochars: S = 51 m2/g, V =
0.008 cm3/g, APS = 0.5–1
nm, AFGs = 0.30 mmol/g,
lactonic groups = 0.08
mmol/g, –OH = 0.23
mmol/g, pHpzc = 4.2

BM-BCs

P, BM: biochars (1.8 g),
steel balls (Φ = 5 mm,
180 g), RS = 300 rpm,
MT = 24 h, TA = 3 h,
N2/vacuum
environment

S = 300–452 m2/g, D =
140–223 nm, C =
77.3–82.8%, O =
15.2–19.9%, Si =
1.50–3.00%, O/C =
0.184–0.257, –C–O =
13.6–15.9%, –C=O =
1.61–4.09%, pHpzc < 2.2
Biochars: S = 2.60–343
m2/g, C = 86.5–92.8%, O =
6.70–12.5%, Si = 0.0–0.90%,
O/C = 0.072–0.145, –C–O
= 6.37–10.9%, –C=O =
1.33–1.56%, pHpzc ≈ 2.2

RR T = 25 ± 2 ◦C,
pH = 6± 0.1

Langmuir
model

9.2–34.8 mg/g
a

Before:
1.70–3.60
mg/g a

PSO 120 min Electrostatic
adsorption [87]

PWNBCs

P, BM: biochars,
stainless steel balls (Φ
= 2.4 mm, 45 g), RS =
575 rpm. MT = 100
min, ambient
conditions

S = 47.25 m2/g, APS = 60
± 20 nm, C = 83.1%, H =
3.5%, N < 1%, CEF = 14.8
± 1.2 meq/100, zeta
potential (6.61) = −31.3
mV

CBZ T = 25 ± 1 ◦C,
pH = 6.0

Freundlich
model

0.068
(ng/mg)(L/ng)1/n b PSO 2 d Hydrogen

bonding [182]
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Table 2. Cont.

Materials Treatment Material Characterization Pollutants
Adsorption Experiment

Ref.Experimental
Condition

Isotherm
Model

Adsorption
Capacity

Kinetic
Model

Equilibrium
Time

Adsorption
Mechanism

BM-BCs

P, BM: biochars, agate
balls (Φ = 5 mm), MM
= 1:100, RS = 300 rpm,
MT = 24 h TA = 3 h

S = 10.8–401 m2/g, V =
0.043–0.076 cm3/g, D =
15.1–48.1 nm, C =
58.1–62.7%, H =
1.50–6.80%, O =
30.8–34.6%, N =
<0.01–0.50%, O/C =
0.46–0.60, H/C = 0.02–0.12,
(O + N)/C = 0.59–0.75,
total organic carbon =
541–666 mg/g
Biochars: S = 1.25–328
m2/g, V = 0.002–0.031
cm3/g, D = 3.42–23.0 nm,
C = 61.0–70.0%, H =
0.64–4.61%, O =
29.4–33.9%, N =
<0.01–0.52%, O/C =
0.42–0.56, H/C = 0.01–0.08,
(O + N)/C = 0.42–0.56,
total organic carbon =
553–565 mg/g

Galaxolide T = 20 ± 2 ◦C Freundlich
model

588 ± 31.2f
1955 ± 157

(mg/kg)/(mg/L)n b

Biochars: 247
± 3.78- 579 ±

43
(mg/kg)/(mg/L)n b

- 48 h

Hydrophobic
effect, π–π
interaction,

and
micropore

filling

[183]

BM-BCs

P, BM: biochars,
milling balls, MM =
1:100, RS = 300 rpm,
MT = 24 h, TA = 3 h

S = 13.5–139.89 m2/g, V =
0.0706–0.3366 cm3/g,
Vmeso = 0.0706–0.3366
cm3/g, D = 2.27–4.03 nm,
AFGs = 0.48–1.62 mmol/g
Biochars: S = 3.9–211.56
m2/g, V = 0.0174–0.1370
cm3/g, Vmeso =
0.0172–0.0473 cm3/g, D =
2.28–4.84 nm, AFGs =
0.01–1.48 mmol/g

TC T = 25◦C,
pH = 7.0

Langmuir
model

51.04–96.69
mg/g a

Biochars:
17.19–21.29

mg/g a

PSO 60 h

Surface
adsorption
and pore

filling

[83]
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Table 2. Cont.

Materials Treatment Material Characterization Pollutants
Adsorption Experiment

Ref.Experimental
Condition

Isotherm
Model

Adsorption
Capacity

Kinetic
Model

Equilibrium
Time

Adsorption
Mechanism

BM-BCs

P, BM: biochars,
milling balls (Φ = 6
mm, 180 g), MM =
1:100, RS = 300 rpm,
MT = 12 h, RT = 3 h

S = 309.0 m2/g, zeta
potential (pH = 3.5–8.5) =
−36–43 mV
Biochars: S = 9.8 m2/g

SMX
T = 25 ± 0.5
◦C, pH = 6.0

Langmuir
model

100.30 mg/g a

Elovich
model

8–12 h

Hydrophobic
interaction,

π–π
interaction,
hydrogen

bonding, and
electrostatic
interaction

[184]

Sulfapyridine 57.90 mg/g a 12 h

BM-BCs

P, BM: MBC (1 g),
agate balls (Φ = 5 mm,
100 g), MT = 12 h, TA
= 20 min, RP = 10 min

S = 296.3 m2/g, V = 0.091
cm3/g, C = 47.98%, H =
0.88%, O = 27.89%, N =
0.53%, Fe = 12.32%, Na =
0.13%, Mg = 0.61%, Si =
0.13%, Ca = 2.13%, P =
0.12%, K = 0.88%, pHzpc =
4.43, MS = 15.39 emu/g
Magnetic biochars: S = 198.6
m2/g, V = 0.006 cm3/g, C =
57.82%, H = 2.48%, O =
21.98%, N = 0.87%, Fe =
1.25%, Na = 0.12%, Mg =
0.58%, Si = 0.11%, Ca =
2.10%, P = 0.11%, K = 0.81,
MS = 10.76 emu/g

TC T = 24 ± 2 ◦C Langmuir
model 268.3 mg/g a PSO 12 h

Electrostatic
interactions,

hydrogen
bonds, and

π–π
interaction

[170]

BM-BCs

BM: MBC (1 g),
stainless steel balls (Φ
= 6 and 10 mm, 100 g,
MR = 2: 8), RS = 400
rpm, MT = 24 h, RT =
6 h

S = 124.96 m2/g, C =
28.22%, H = 1.656%, O =
21.69%, N = 0.76%, O/C =
0.58, H/C = 0.70, (N + O)/C
= 0.60, MS = 55.15 emu/g
Magnetic biochars: S =
211.18 m2/g, C = 31.33%, H
= 0.892%, O = 11.06%, N =
0.79%, O/C = 0.26, H/C =
0.34, (N + O)/C = 0.29

Fuconazole T = 293–313 K,
pH = 5.6

Langmuir
model

12.19–15.90
mg/g a

Magnetic
biochars:
2.21–3.30
mg/g a

Elovich
model 6 h

π–π
interactions,

hydrogen
bonding,

and surface
complexa-

tion

[187]
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Table 2. Cont.

Materials Treatment Material Characterization Pollutants
Adsorption Experiment

Ref.Experimental
Condition

Isotherm
Model

Adsorption
Capacity

Kinetic
Model

Equilibrium
Time

Adsorption
Mechanism

BC-SBCs P, BM: MBC, RS = 500
rpm, MT = 60 min

S = 73.4 m2/g, V = 0.186
cm3/g, D = 10.1 nm, C =
11.42%, O = 26.71%, Si =
11.66%, Fe = 50.22%, pHpzc
= 3.75, MS = 12.9 emu/mg

SMX T = 25 ◦C Freundlich
model

851
(ug/g)/(ug/L)n b PSO 200 min

π–π
conjugation,
pore filling,
H-bonding,
Fe–O com-
plexation,

and
electrostatic
interaction

[185]

BM-PBCs

P, BM: potassium
ferrate-activated
biochars, agate balls
(MR of large, medium,
and small balls =
2:18:15), RS = 300 rpm,
T = 12 h

S = 284.17–282.47 m2/g, D
= 11.62–12.10 nm, pHpzc =
3.2–4.9, MS = 18.94–20.33
emu/g

TC
T = 15, 25,

35 ◦C,
pH = 4.2

Langmuir
model

56.35–90.31
mg/g a

Avrami
fractional-

order
model

80–150 min

Hydrogen
bonding

force, com-
plexation,

pore filling,
and π–π
stacking

[171]

BM-LDOs-BC

P, BM: Fe-Mg-LDOs
biochar, MM = 1:100,
RS = 700 rpm, MT =
2 h

S = 155.90 m2/g, V =
0.0513 cm3/g, D = 1.316
nm, C = 56.73%, O =
27.95%, Mg = 6.60%, Fe =
8.72%, pHpzc < 3.
Biochars: S = 67.676 m2/g,
V = 0.000852 cm3/g, D =
0.050 nm, C = 84.81%, O =
14.55%, Mg = 0.17%, Fe =
0.47%
LDOs-BC: S = 464.89
m2/g, V = 0.156 cm3/g, D
= 1.342 nm, C = 65.86%, O
= 19.81%, Mg = 6.78%, Fe
= 7.56%

CIP T = 298 K Freundlich
model

56.80 (mg/g
mg/L)−1/n b PSO 720 min

Pore filling,
electrostatic
interaction,
H-bonding,
complexa-
tion, and

π–π
conjugation

[186]
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Table 2. Cont.

Materials Treatment Material Characterization Pollutants
Adsorption Experiment

Ref.Experimental
Condition

Isotherm
Model

Adsorption
Capacity

Kinetic
Model

Equilibrium
Time

Adsorption
Mechanism

Ball-milling
iron-loaded

biochars

BM: iron-loaded
biochars (1.8 g), agate
balls (180 g), RS = 300
rpm, MT = 12 h, RT =
3 h, air atmosphere

S = Sexternal = 48.3 m2/g, C
= 40.4%, O = 32.8%, Fe =
11.3%, Cl = 15.5%, pHpzc =
9.19–9.48.
Iron-loaded biochars: S =
24.9 m2/g, Sexternal = 24.1
m2/g, Sinternal = 0.774
m2/g, C = 60.8%, O =
22.0%, Fe = 6.50%, Cl =
10.7%, pHpzc < 2.3

RR T = 25 ± 2 ◦C,
pH = 3 and 7.5

Freundlich
model

39.2–53.8
mg1−n Ln

g−1 b

Iron-loaded
biochars:
18.1–20.2
mg1−n Ln

g−1 b

Elovich
model 1000 min

Surface
adsorption

and
electrostatic
interaction

[193]

BP-SBCs

BM: phosphoric
acid-modified
biochars, stainless
steel balls, MM = 1:25,
RS = 500 rpm, MT =
60 min

S = 146 m2/g, V = 0.327
cm3/g, D = 8.95 nm, CEC
= 41.5 cmol/kg, C = 40.5%,
H = 0.089%, O = 48.3%,
N = 1.3%
Biochars: S = 39.2 m2/g,
V = 0.147 cm3/g, D = 15
nm, CEC = 7.6 cmol/kg,
C = 45.3%, H = 0.084%,
O = 42.5%, N = 1.4%

SMZ T = 25 ◦C Langmuir
model

46.1 mg/g a

Biochars: 7.32
mg/g a

PSO 720 min

Pore filling,
π–π

conjugation,
H-bonding,

and P–O
complexa-

tion

[84]

Mg/Al-BCs:

P, BM: Fe-Al
bimetallic oxides
functionalized
biochars, MM = 1:100,
RS = 700 rpm, MT =
2 h

S = 91.357 m2/g, V = 0.105
cm3/g, D = 4.579 nm,
pHzpc = 3.0,
MS = 4.36 emu/g
Biochars: S = 23.159 m2/g,
V = 0.031 cm3/g,
D = 5.327 nm
Fe-Al bimetallic oxides
functionalized biochars: S
= 191.85 m2/g, V = 0.206
cm3/g, D = 4.289 nm,
pHzpc ≈ 6.5

TC T = 298 K Langmuir
model 116.59 mg/g a Elovich

model 1440 min

π–π
interaction,
hydrogen
bonding,

complexa-
tion, and

pore filling

[194]
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Table 2. Cont.

Materials Treatment Material Characterization Pollutants
Adsorption Experiment

Ref.Experimental
Condition

Isotherm
Model

Adsorption
Capacity

Kinetic
Model

Equilibrium
Time

Adsorption
Mechanism

H2O2-
modified

ball-milled
biochars

P, BM: biochars (1.8 g),
modification by H2O2,
agate balls (Φ = 6 mm,
180 g) RS = 300 rpm,
MT = 12 h, RT = 3 h

S = 9.2 m2/g, C = 77.1%, O
= 21.4%, N = 1.4%
Biochars: S = 3.8 m2/g

MB - Langmuir
model

310.115 mg/g
a

Biochars: 6.780
mg/g a

PSO 6 h

Electrostatic
interaction

and
ion

exchange

[188]

N-doped
biochars

P, BM: biochars (1.8 g)
+ NH3·H2O (18 mL),
agate balls (Φ = 6 mm,
180 g), RS = 300 rpm,
MT = 12 h, RT = 3 h

S = 441–548 m2/g, V =
0.302–0.415 cm3/g, Vmicro
= 0.171–0.215 cm3/g, D =
2.55–3.34 nm, C =
89.2–94.6%, O =
4.51–9.10%, N =
0.87–1.68%

RR T = 25 ± 2 ◦C - 22.0–37.4
mg/g c - - Electrostatic

interaction [90]

Thiol-
modified
biochars

BM: biochars (2 g) +
3-trimethoxysilyl-
propanethiol (1.6 mL
with strong nitrogen
purging) + water (2.4
mL) + ethanol (76 mL)
+ NH4O, agate balls
(Φ = 3, 5, 15mm, 200
g, MR = 3:5:2), RS =
400 rpm, MT = 30 h,
TA = 6 h

S = 56.05–458.94 m2/g, V
= 0.271–0.635 cm3/g, D =
5.53–19.34 nm, C =
59.15–71.24%, O =
18.45–27.95%, N = 0–2.25%,
S = 2.98–5.63%, Si =
7.03–10.77%, O/C =
0.259–0.473, pHpzc < 2.
BM-BCs: S = 3.78–385.80
m2/g, V = 0.0163–0.182
cm3/g; D = 2.59–17.22 nm,
C = 73.12–87.49%, O =
12.51–25.88%, Si = 1–1.00%,
O/C = 0.143–0.354,
pHpzc < 2

MeHg T = 25 ◦C,
pH = 7.0 ± 0.2

Langmuir
model

39.14 ±
1.46–108.16 ±
3.11 mg/g a

BM-BCs: 19.53
± 1.03–25.54
± 4.12 mg/g a

PSO
24 h

Ball-milled
biochar: 9 h

Surface
adsorption,
electrostatic
attraction,

surface com-
plexation,
and ligand
exchange

[55]
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Table 2. Cont.

Materials Treatment Material Characterization Pollutants
Adsorption Experiment

Ref.Experimental
Condition

Isotherm
Model

Adsorption
Capacity

Kinetic
Model

Equilibrium
Time

Adsorption
Mechanism

BM-
FeS@NBCs

BM: biochars (1 g) +
NH3·H2O (15 g),
agate balls (Φ = 15, 10,
6 mm, 45 g, MR =
2:20:22), RS = 300 rpm,
MT = 12 h, TA = 3 h,
N2 purging for 30 min
BM: N-biochars (1 g) +
FeS (0.5 g), agate balls
(Φ = 15, 10, 6 mm, 27
g, MR = 1:10:11), RS =
300 rpm, MT = 12 h,
TA = 3 h, N2 purging
for 30 min

pHpzc = 3.9 TC T = 15–25 ◦C Langmuir
model

174.82–371.29
mg/g a

Avrami
fractional-

order
model

350 min

Pore filling,
hydrogen
bonding,
and π–π
stacking

interactions

[10]

MBCs

P, BM: biochars (0.45
g) + Fe3O4 (1.35 g),
agate balls (Φ = 6 mm,
180 g), RS = 500 rpm,
MT = 12 h

S = 362.4 m2/g, V = 0.09
cm3/g, D = 3.82 nm, APS
= 482 nm, C = 49.5%, H =
1.29%, O = 19.7%, N =
0.04%, Fe = 20.3%, pHpzc <
3, MS = 34.9 emu/g
Biochars: S = 227.4 m2/g,
V = 0.14 cm3/g, D = 2.09
nm, APS = 0.5–1 mm, C =
83.5%, H = 2.73%, O =
4.9%, N = 0.27%, Fe =
0.02%, pHpzc < 3.
BM-BCs: S = 319.1 m2/g,
V = 0.23 cm3/g, D = 2.82
nm, APS = 335 nm, C =
73.7%, H = 3.38%, O =
14.0%, N = 0.18%, Fe =
0.03%, pHpzc < 3

MB T = 25 ± 2 ◦C Langmuir
model 500.5 mg/g a PSO 8 h

π electronic
interaction,
electrostatic
attraction,

and/or ion
exchange

[104]
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Table 2. Cont.

Materials Treatment Material Characterization Pollutants
Adsorption Experiment

Ref.Experimental
Condition

Isotherm
Model

Adsorption
Capacity

Kinetic
Model

Equilibrium
Time

Adsorption
Mechanism

BM-Fe3O4-BC

P, BM: biochars +
Fe3O4 (MS = 1:100),
agate balls (Φ = 6, 10,
and 15 mm), MM =
1:2, RS = 500 rpm, MT
= 12 h, TA = 3 h

S = 10.1178 m2/g, V =
0.0015 cm3/g, pHpzc = 5.3,
MS = 5.29 emu/g
Biochars: S = 82.10 m2/g

TC T = 10–50 ◦C Langmuir
model

102.91–237.51
mg/g a

Avrami
fractional-

order
model

100 min

Pore filling,
hydrogen
bonding,
and π–π
stacking

[174]

Fe@MBC

V, BM: biochars +
FeCl3, MM = 1: 9, RS
= 400 rpm, MT = 130
min, RT = 60 min RP
= 10 min, T = 3, air
atmosphere

S = 17.19 m2/g, V = 0.13
cm3/g, D = 28.91 nm
Biochars: S = 166.95 m2/g,
V = 0.07 cm3/g, D = 1.63
nm
BM-BCs: S = 219.24 m2/g,
V = 0.30 cm3/g, D = 5.26
nm

TC T = 25 ◦C

Freundlich
Model

BM-BCs:
Langmuir

model

24.58
mg1–1/n·L1/n·g–1 b

BM-BCs: 41.08
mg/g a

PSO 24 h

Ion
exchange,

π–π stacking,
van der

Waals forces,
electrostatic
interactions,

and
hydrogen
bonding

[189]

CuO-biochars

P, BM: biochars (1.8 g)
+ CuO (0.018 g), agate
balls (90 g), RS = 400
rpm, MT = 9 h, RT =
1.5 h, air atmosphere

S = 296.5 m2/g, V = 0.111
cm3/g, CuO size = 11.4
nm, C = 80.96%, O =
13.25%, Ca = 0.91%, K =
0.29%, Cu = 4.60%, pHzp
≈ 3.0

RR T= 25 ◦C Freundlich
model

4.01 mg(1–n)

Ln g–1 b PSO 3 h Electrostatic
attraction [96]

Twice-milled
magnetic
biochars

BM: biomass
BM: MBC (1.0 g), RS =
400 rpm, MT = 1 h

S = 139.1 m2/g, AFGs =
0.582 mmol/g, carboxyl =
0.194 mmol/g, lactonic
groups = 0.028 mmol/g,
phenolic hydroxyl = 0.360
mmol/g, pHpzc≈3.9

MB T = 25 ± 1 ◦C Freundlich
model

78.96
(mg/g)(L/mg)1/n b PSO 24 h

π–π and
electrostatic
interactions

[190]



Water 2024, 16, 1639 47 of 60

Table 2. Cont.

Materials Treatment Material Characterization Pollutants
Adsorption Experiment

Ref.Experimental
Condition

Isotherm
Model

Adsorption
Capacity

Kinetic
Model

Equilibrium
Time

Adsorption
Mechanism

Ball-milled CNTs-based materials

Ball-milled
CNTs

P, BM: CNTs (1–2 g),
agate balls (Φ = 18, 12,
and 6 mm, MR =
1:10:25), RS = 160 rpm,
MT = 12–50 h

S = 213–220 m2/g, mean
length = 100–800 nm, open
end, none, and few
tangled phenomena
CNTs: S = 198 m2/g, mean
length > µm, closed-end,
serious tangled
phenomena

Aniline - -

22.2–36.2
mg/g c

CNTs: 14.9
mg/g c

- - Capillary
adsorption [191]

Ball-milled
CNTs

P, BM: CNTs, milling
balls, RS = 140 rpm, T
= 6–30 h

Even length = 100–200 nm
tens of micron, open tube
tips, clearly reduced
tangled phenomena, D =
9–15 nm
CNTs: even length = tens
of microns, closed tube
tips, serious tangled
phenomena, D = 30 nm

Nitrobenzene - -

24.4–41.5
mg/g c

CNTs: 19.8
mg/g c

- 24 h Capillary
adsorption [113]

Ball-milled
carbon/CNTs

P, BM: carbon/CNTs,
stainless steel balls (Φ
= 3 mm), MM = 1:12,
MT = 3 h

S = 358 m2/g, APS = ~500
nm
CNTs: S = 78 m2/g

Sodium
fluoride

T = 323 K,
pH = 2

Langmuir
model 0.36 mg/g a PSO 3.5 h

Physical
adsorption

and ion
exchange

[192]

Ball-milled graphene-based materials

ECG

P, BM: graphite,
stainless steel balls (Φ
= 10 mm), MM = 1:7,
RS = 600 rpm, MT = 4
and 8 h

S = 316.47–387.69 m2/g, V
= 0.46–0.55 cm3/g, APS =
95 ± 5.27–164 ± 8.67 nm,
O = 9.37–25.17%, pHpzc <
4.0
Graphite: S = 7.84 m2/g, V
= 0.03 cm3/g

MB
RB
MO
CV

T = 27.6 ◦C,
pH = 4–10 - 97.7 ± 2–99.7

± 0.2% c - 20 min

Physical
absorption

and
electrostatic
interaction

[125]
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Table 2. Cont.

Materials Treatment Material Characterization Pollutants
Adsorption Experiment

Ref.Experimental
Condition

Isotherm
Model

Adsorption
Capacity

Kinetic
Model

Equilibrium
Time

Adsorption
Mechanism

Ni-MOF-GO

BM: GO + nickel
acetate +
1,3,5-trimesic acid,
stainless steel balls
(560 g), RS = 235 rpm,
MT = 30 min

S = 69.36 m2/g CR T = 298–318 K,
pH = 4–10

Freundlich
model

211.55–385.65
mg/g(L/mg)1/n b PSO -

Lewis
acid–base
interaction

and ion
exchange

[131]

Al–carbon
composites

P, BM: ZVAls (5 g) +
NaCl (0.1 g) + ACs
(0.05–0.5 g), ZrO2
balls (Φ = 5, 8 and 10
mm, 300 g, MR = 6:
3:1), RS = 300 rpm,
MT = 1 h

S = 10.400 m2/g, Al =
44.05%, O = 10.42%, C =
44.49%, Na = 0.49%, Cl =
0.56%
ZVAl: S = 3.099 m2/g, Al
= 66.03%, O = 4.21%, C =
29.75%

Hexabromo-
cyclodode-

cane

T = 25 ± 1 ◦C,
pH = 6.2 - >90% c - 1 h - [164]

Notes: P: planetary ball mills; V: ultrafine vibration ball mills; DW: deionized water; Φ: ball diameter; MR: mass ratio; MM: ratios of materials to balls; RS: rotate speed; MT: milling time;
TA: time of alteration rotation direction; RP: a rest period; T: times; S: surface area; V: pore volume; APS: average particle size; D: average pore diameter; AFGs: acidic functional groups;
OFGs: oxygen functional groups; CEC: cation exchange capacity; TAG: total acidic group; pHpzc: point of zero charge; MS: values of saturation magnetization; a: maximum adsorption
amounts obtained from adsorption isotherm parameters; b: values obtained from Freundlich model; c: adsorption amounts/adsorption rates at equilibrium; PFO: pseudo-first-order
mode; PSO: pseudo-second-order mode.
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5. Regeneration

Adsorbent regenerations provide realistic feasibility for sustainable adsorption re-
moval of pollutants. The effectiveness of adsorbents is demonstrated by their capability
for reuse and recycling in commercial and industrial applications, leading to a substantial
reduction in manufacturing costs [195]. Therefore, regeneration performance is an im-
portant indicator for evaluating the economics of an ideal adsorbent [196]. The selection
of appropriate regeneration techniques is essential to improve the desorption efficiency
of contaminants. Table 3 summarizes the regeneration methods of ball-milled adsor-
bents. The regeneration methods are mainly categorized into ball milling and thermal and
solvent regeneration.

Table 3. Regeneration study of eluents by different adsorbents.

Materials Pollutants Regeneration Method Reusability Ref.

BM-SnZVI@BC Phosphorus Ball milling
regeneration

Ball milling
adsorbents again

The removal rate of phosphate was
91.6% by ball milling adsorbents
again, and the removal rate still
reached 80.4% after five cycles.

[106]

Mechanically
activated ZVAl

particles
Cr(VI) Ball milling

adsorbents again
The Cr(VI) removal was restored to
100% by ball milling ZVAls again. [162]

ZVAls/NiFe2O4 Cr(VI)

Ball milling
adsorbents again
with additional

amount of
NiFe2O4

The Cr(VI) removal was restored to
100% after the second ball milling of
materials.

[161]

ZVAls/Fe3O4 Cr(VI)

Ball milling
adsorbents again
with additional

amount of
magnetic
powders.

The removal efficiency of Cr(VI) was
restored by ball milling ZVAl/Fe3O4
with magnetic powders again.

[34]

ZVIs/AC Cr(VI)

Ball milling
adsorbents again
with additional
amount of ACs.

The efficiency of Cr(VI) removal
could almost be recovered completely
by ball milling ZVI/AC with a small
amount of ACs.

[8]

Graphite-like
biochars

IMI
SUL

Thermal
regeneration

Pyrolysis at
500 ◦C for 2 h

under N2
atmosphere

The adsorption capacities of IMI and
SUL decreased to 85.6–88.3% and
86.7–89.7% of the initial adsorption
capacities, respectively, after the fifth
cycle.

[33]

HGO Cr(VI)

Thermal
regeneration

combined with
solvents

1.0 M NaOH and
calcination at
400 ◦C for 1 h

There was 100% retention of its initial
performance in further adsorption
studies.

[127]

HACs Cr(VI) Solvent
regeneration 0.1 M H2SO4

The removal efficiency of Cr(VI)
increased from 92.2% to 96.3% after
acid regeneration.

[9]

PFBCs U(VI)

0.6 M HCl
The adsorption capacity of U(VI)
decreased by about 33.25% within six
cycles.

[89]

0.1 M Na2CO3

The adsorption capacity of U(VI)
decreased by about 21.6%,
respectively, within six cycles.
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Table 3. Cont.

Materials Pollutants Regeneration Method Reusability Ref.

Fe/Mn-BCs Cd(II) 0.1 M HCl
The adsorption capacity maintained
41–70% of the first adsorption
capacity after five cycles.

[175]

BM-Fe3O4-BC

Pb(II) 0.5 M NaOH The adsorption capacity decreased by
only 21.14% after three cycles.

[174]

TC Anhydrous
ethanol

The desorption rate was still above
45.41% after three cycles.

MgO-biochars Ni(II) 0.01 M EDTA-2Na
The adsorption capacity remained at
∼80% in the 4th cycle and remained
stable after that.

[172]

Fe@MBC TC 0.1 M NaOH The adsorption rate decreased from
84.56% to 78.43% after the third cycle. [189]

Mg/Al-BCs TC 0.1 M NaOH

The adsorption amount was 54.5
mg/g after the fifth cycle, which was
91.4% of the original adsorption
capacity.

[194]

BM-LDOs-BC CIP NaOH

The adsorption capacity was still
about 50 mg/g after five cycles,
which accounted for 83% of the
original adsorption capacity.

[186]

Ball-milling
iron-loaded

biochars
RR 1.0 M NaOH

The adsorption capacities were 47.9
and 54.6 mg/g at pH of 3 and 7.5,
respectively, after the third cycle.

[193]

BM-PASBCs SMX 0.1 M NaOH
The adsorption capacities were 95.3%
of the initial adsorption capacities
after five cycles.

[84]

BC-SBCs SMX 0.1M NaOH
The adsorption ability could reach
98.5% of the original amount after
five cycles.

[185]

BM-PBCs Cr(VI)
TC 1.0 M NaOH

The desorption efficiencies for Cr (VI)
and TC were above 72.6–73.5% and
58.8–65.0% after four cycles.

[171]

BM-BCs TC
Hg(II)

0.2 M NaOH
0.5 M Na2S

The adsorption amounts of TC and
Hg(II) were approximately 90.55 and
87.36 mg/g, respectively, after five
cycles.

[170]

BM-BCs
Pb(II) 0.1 M HNO3 The adsorption efficiency of Pb(II)

and MB remained about 85% after
five cycles.

[167]MB 0.1 M HCl

AC-COOH MB
CV

1.0 M HCl, 1.0 M
NaOH, and water

(1/1/1, v/v/v)

The adsorption capabilities of MB
and CV decreased after each cycle. [77]

Magnetic ACs PFCs Methanol

In the first three adsorption cycles,
the adsorption amount decreased
slightly (from 0.66 mmol/g to 0.53
mmol/g) and then remained stable.

[180]

MBCs MB Anhydrous
ethanol

The adsorption rates were 90.1%,
86.7%, 84.8%, 82.3%, and 81.9%,
respectively, in the five cycles.

[104]

Twice-milled
magnetic
biochars

MB Ethanol There was only a slight drop in the
adsorption capacity after four cycles. [190]
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Ball milling is one of the useful methods of regeneration, which destroys the oxide
layer on the surface and exposes the adsorption sites of materials. The depletion of ZVls,
the formation of Fe-oxides, and the precipitation of FePO4 inhibited adsorption. Ball milling
could break the oxide shell on the iron particles, expose fresh ZVls, and improve the removal
rate of phosphorus [106]. The removal rates of Cr(VI) by ZVAls and ZVAls/NiFe2O4 could
be restored after ball milling of materials again [161,162], while the Cr(VI) uptakes by
ZVAls/Fe3O4 and ZVIs/AC could be recovered by ball milling target materials with
magnetic powders and ACs, respectively [8,34].

Thermal regeneration is applied to degrade absorbed pollutants at high temperatures
to restore materials’ adsorption performance. Zhang et al. [33] implied that the adsorption
capacities of IMI and SUL by graphite-like biochars maintained 85.6–88.3% and 86.7–89.7%
of the initial adsorption capacities, respectively, after the fifth cycle. Solvent and calcination
were combined to regenerate HGO [127]. HGO was firstly washed with NaOH solution
and then pyrolyzated at 400 ◦C for 1 h. There was almost 100% retention of its initial
performance in further adsorption studies.

Solvent regeneration disrupts the equilibrium relationship among adsorbents, solvents,
and adsorbates, facilitating the desorption of adsorbates from adsorbents. The commonly
used solvents in regeneration studies include acid solution, alkaline solution, and organic
solvents. The Cr(OH)3(s) on the pores and surface of highly surface-activated carbon could
be removed by H2SO4 solution, which slightly enhanced the adsorption performance by
creating free paths for diffusion and further Cr(VI) adsorption [9]. HCl (0.6 M) and Na2CO3
(0.1M) solution could desorb enriched U(VI) on PFBCs effectively, and the adsorption
capacity of U(VI) decreased by about 33.25% and 21.6%, respectively, after six cycles [89].
The alkaline solution, organic solvents, and their mixture could desorb target pollutants
from ball-milled adsorbents for reuse. NaOH solution is the commonly used alkaline
solvent and successfully regenerated BM-Fe3O4-BC [174], Mg/Al-BCs [194], BM-LDOs-
BCs [186], ball-milling iron-loaded biochars [193], BM-PASBCs [84], BC-SBCs [185], BM-
PBCs [171], and BM-BCs [170], respectively. These results showed that there was no
significant variation or a decrease in adsorptive removal rates after several adsorption–
desorption cycles, which was associated with the loss and non-renewable of adsorption
sites in the regeneration cycle. When ethanol was used as a regenerating solvent, there
was only a slight decrease for several adsorption–desorption cycles reported on the PFCs
and MB removal by magnetic ACs [180], MBCs [104], twice-milled magnetic biochars [190],
respectively, indicating that these adsorbents were reusable.

In conclusion, all ball milling, thermal, and solvent methods can regenerate adsorbents,
although a loss of adsorption sites during solvent regeneration may result in a slight
reduction in the uptake of some organic pollutants. Most adsorbents had suitable recycling
performances over 3–5 cycles, demonstrating significant potential for practical applications.

6. Conclusions and Future Prospects

This review summarized the latest development on ball-milled materials and their ap-
plication for aqueous pollutants adsorptive removal. It is concluded that ball milling is able
to change the specific surface area and pore volumes of materials, reduce particle sizes even
to nanoscales, introduce functional groups to the surface of materials, and expose more
active sites. The adsorption amounts of inorganic and organic pollutants were improved by
ball-milled materials, and some studies implied that equilibrium time was shortened. The
majority of experimental data for pollutant adsorption agreed with the Langmuir model
and pseudo-second-order model. The governing mechanisms for inorganic pollutants
adsorption by ball-milled materials were physical adsorption, electrostatic interaction, com-
plexation, ion exchange, precipitation, cation–π interaction, ligand exchange, coordination,
or their combined effects. The physical adsorption, electrostatic interaction, H-bonding,
cation interaction, π–π effect, hydrophobic interaction, Lewis acid–base interaction, ion
exchange, or their combined effects contributed to organic pollutants removal on ball-
milled materials. Ball milling, thermal, and solvent methods were employed to regenerate
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ball-milled adsorbents. Despite the above significant progress, substantial efforts are still
needed for the further development of ball-milled materials and their application in water
purification. It is critical to carry out further investigation on the correlations between the
synthesis parameters of ball milling and the physicochemical properties of materials since
it is the foundation of ball-milled materials’ customized conception for selective removal of
aqueous contaminants. Although the ecological risk assessment of ball-milled materials is
seldom involved in current research, it is urgent to ensure the safety of ball-milled materials
before their practical use, considering stability, toxicity, and functional group leaching. The
current ball-milled materials are prepared in the laboratory-scale investigation. Large-scale
production and even industrial production need to be considered, as well as the balance
between economic costs and technical applications for sustainable development. The ad-
sorption experiments about pollutant captures are carried out at the “mg/L” level, which
is higher than that in an actual water environment. Therefore, the adsorption performance
of pollutants by ball-milled materials in real-life applications needs to be investigated.
Furthermore, more emphasis should be placed on a sound life-cycle analysis and risk
assessment system of ball-milled materials and their application to pollutant adsorption.
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Abbreviations

ACs: Activated carbons; CNTs: Carbon nanotubes; ZVIs: Zero-valent irons; ZVAls: Zero-valent
aluminums; BM-ACs: Ball-milled activated carbons; AC-COOH: Carboxylic groups-modified ACs;
ZVIs-ACs: Ball-milled iron-carbon composites; HACs: Highly surface ACs; MBCs: Magnetic biochars;
BM-SnZVI@BC: Sulfur-doped nano zero-valent iron–biochar composites; BM-FeS@NBCs: N-doped
biochars loaded with ferrous sulfide; LDHs: Layered double hydroxides; Mg/Al-BCs: Mg/Al
hydroxides-modified biochars; BM-LDH-BCs: Ball-milled layered double hydroxides biochar com-
posites; ZVIs-BCs: Iron–biochar composites; SWCNTs: Single-walled carbon nanotubes; MWCNTs:
Multi-walled carbon nanotubes; HA-MWCNTs: Humic acid-coated MWCNTs; CeO2-CNTs: Ceria
nanoparticles supported on aligned carbon nanotubes; ECG: Edge-carboxylate graphenes; HGO: A
novel holey graphene architecture; PGO: Phosphonic graphene derivatives; BM-BCs: Ball-milled
biochars; BM-NBBCs: Ball-milled nitrogenous bone biochars; BM-PBCs: Ball milling potassium
ferrate-activated biochars; BM-PASBCs: Phosphoric acid hydrothermally co-functionalized sludge
biochars; 3-MPTS: 3-trimethoxysilylpropanethiol; BM-MBC: Ball-milled magnetic biochars; BM-Fe-
BCs: Ball-milled biochar/iron oxide composites; BM-Fe3O4-BC: Ball-milled Fe3O4-modified biochars;
FeS2-BCs: FeS2-modified biochars; Fe/Mn-BCs: Fe/Mn oxide–biochar nanocomposites; PFBCs:
Phosphorous-functionalized biochars; LS-ZVIs: Lignosulfonate-modified zero-valent irons; MB:
Methylene blue; CV: Crystal violet; PFCs: Perfluorinated compounds; IMI: imidacloprid; SUL:
sulfadiazine; BCs-CBM: biochars derived from cellulosic biomass and montmorillonite; TC: Tetra-
cycline hydrochloride; PWNBCs: Pine-wood-derived nanobiochars; CBZ: Carbamazepine; SMX:
Sulfamethoxazole; CIP: Ciprofloxacin; BC-SBCs: Ball milling and magnetization co-modified sludge-
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derived biochars; BM-LDOs-BCs: Fe-Mg-layered double oxides bagasse biochars; RR: Reactive red;
Fe@MBC: Iron-containing biochars; Ni-MOF-GO: Nickel-based metal–organic framework/graphene
oxide composites; CR: Congo red; TY: Titan yellow; RB: Rhodamine B; MO: Methyl orange.
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