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The adsorption method is widely used in wastewater treatment because of its advantages of simple operation,
high efficiency, no secondary pollution, and reusability. In the process of adsorption, the recovery of adsorbents
determines their economic feasibility and suitability for large-scale practical applications, so it is of great sig-

r:de]::;t:g; nificance to develop new functional adsorbents with self-floating separation characteristics to replace traditional
A diorption adsorbents. Hollow glass microsphere (HGM) is a kind of hollow closed sphere, which has the advantages of low

density, stable chemical properties, reusable, excellent compression resistance, etc. Due to the unique structure
and chemical properties of HGM, it has extremely high potential value in the field of wastewater treatment, and
is an ideal carrier for preparing adsorbents with self-floating adsorbents. In this paper, the modification of HGM,
the regeneration of adsorbents, the factors affecting the adsorption performance and challenges are reviewed. It
is found that most of the existing modification methods of HGM are surface chemical modification, and the
adsorption effect and regeneration are significant, but the adsorption effect is greatly affected by the change of
pH. This review aims to provide a theoretical basis for the application of HGM in wastewater treatment, and for
relevant researchers to develop adsorbent with HGM as the main body, clarify ideas, and explore the potential of

developing HGM into practice for large-scale wastewater treatment.

1. Introduction

In recent years, the wanton discharge of industrial chemical waste
from the factories which are not treated results in the water being
contaminated, and associated severe damage to the ecological envi-
ronment has aroused widespread concern [1]. Industrial wastewater
contains inorganic and organic pollutants that are difficult to biodegrade
[2]. For example, heavy metals cannot be decomposed in water, and are
harmful to human health because of teratogenic, carcinogenic, and
mutagenesis [3]; antibiotics accumulate in the body and become resis-
tant to disease-causing bacterial [4]; and dye wastewater, which will
lead to changes in water transparency [5] also contain heavy metal ions,
organic pollutants, and other harmful substances to the environment.
Therefore, untreated sewage flowing directly into rivers and lakes can
have harmful effects on aquatic plants, animals, and humans. Due to
these factors, industrial sewage needs to be treated to meet the standards

before discharge. However, traditional water treatment methods have
been unable to meet the needs of social development, and the high-
efficiency water treatment method emerges at a historic moment. For
current emerging water treatment methods, heterogeneous photo-
catalysis [6], membrane technology [7], enzymatic degradation [8],
adsorption [9], etc. have been presented.

Adsorption is widely used in wastewater treatment because of its
high efficiency, simple operation, reusable adsorbents, and no treatment
by-products [10]. Adsorption types can be roughly divided into two
categories: (a) physical adsorption, and (b) chemical adsorption. During
the adsorption process, contaminants are adsorbed to the adsorbents,
which can be removed from the wastewater after the reaction reaches
equilibrium [11]. The environmentally friendly biopolymer adsorbents,
cation exchange resins and anionic hydrogels prepared by Rachid et al.
showed remarkable chemisorption effects on dyes [12-16]. And the
porous MOF-derived carbon prepared by Wang et al. has a significant
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physical adsorption effect on bisphenol A [17]. Commonly used adsor-
bents are carbonaceous materials [18], transition metals oxide adsor-
bents [19], nano-adsorbents [20], metal-organic frameworks [21],
magnetic adsorbents [22], and so on. In the adsorption process, the
separation process of the adsorbent is an important influential part of
the treatment efficiency of the whole process. And the above common
adsorbents at this stage are difficult to achieve efficient and rapid sol-
id-liquid separation, making it difficult to achieve the main treatment
objectives of high efficiency and economy, and posing a great challenge
for practical applications. The three traditional methods of separation
include:(1) Precipitation. Requires regular scraping of the sediment
tank; (2) Filtration. Requires backwashing and consumes filter material;
(3) Magnetic separation. Requires external magnetic field. None of them
are satisfactory for cost-effective separation. Therefore, the immediate
goal is to develop a stable and lightweight self-floating adsorbent that
can be quickly and effectively separated from water. This refers to the
adsorbent that can be enriched on the water surface without external
forces by the natural flow of water after the adsorption process, making
it easy to collect and separate from water.

Hollow glass microspheres (HGM) are small, light white spherical
particles with a diameter of 10-250 pm [23]. As a kind of hollow and
closed spherical material, HGM has many advantages, such as high-
pressure resistance, low heat transfer coefficiency, non-toxic, electrical
insulation, good dispersity, and fluidity. It has been successfully used in
aerospace [24], petroleum exploration [25], and other important in-
dustrial fields due to its stable physical and chemical properties. HGM is
often combined with other compounds to provide superior performance.
Epoxy resin is a good adhesive, but it is brittle, and the compressive
strength of epoxy resin filled with HGM is improved [26]. The composite
foam with low density, high compressive strength, low water absorp-
tion, and good thermal insulation can be obtained by mixing HGM into
the foam matrix. By combining HGM with other materials, the
compressive strength of composites can be improved effectively. In the
study of Yoo et al., it was found that the collapse pressure increased with
the decrease in the size of HGM [27], indicating that the compressive
strength of the microspheres could be changed by controlling the radius
of the microspheres. Photocatalysis is a common method for wastewater
treatment, but its photocatalytic efficiency is often reduced due to its
agglomeration or gravity deposition in an aqueous solution. Using HGM
as a photocatalyst load can often improve this problem. According to
Wang et al., a floating photocatalyst (ZIS@HGM) was prepared by
loading the photocatalyst onto HGM, which significantly improved the
light utilization rate and catalytic efficiency [28], and at the same time
helped to recycle the catalyst and reduce the cost in practical applica-
tion. The example of preparing synthetic foams with different densities
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of low, medium, and high using HGM by Ozkutlu et al. shows that
increasing the density of HGM can improve the mechanical properties of
the composite foam while reducing the density [29]. In other words, this
provides relevant insight into the use of HGM to maintain low weight
while providing greater compressive strength to the polymer as the best
candidate material for self-floating separation adsorption carrier. Fig. 1
shows the application and examples of HGM-related materials. Based on
its modified and abundant applications in various industries and in-
dustries mentioned above, with multidimensional existing studies, ex-
amples of HGM being modified and successfully put into large-scale
practice abound implying that it is quite possible and promising to
modify HGM to prepare ideal self-floating adsorbent and to develop its
large-scale applications for wastewater treatment. An et al. first pro-
posed the concept of self-floating adsorbents and first prepared self-
floating adsorbents for the treatment of dye wastewater in 2019 [30].
Subsequently, a series of functional self-floating adsorbents were pre-
pared by grafting different functional groups onto the surface of HGM,
thus providing specialized adsorption properties to specific pollutants
and making its adsorption highly selective, which is different from
traditional adsorption materials [30-37].

2. Scope of the review

Although there are few effective functional groups on the surface of
HGM, the adsorption ability of HGM for specific pollutants, such as
heavy metals, dyes, organic compounds, etc., can be obtained by
modification after grafting with specific functional groups. The purpose
of this review is to critically discuss the research results on self-floating
adsorbents, with particular attention to modification methods, factors
affecting adsorption effects, and regeneration methods for adsorbents.
This is the first review that systematically summarizes the modification
methods of HGM and its application as an adsorbent in wastewater
treatment. In addition, the adsorption mechanisms, adsorption iso-
therms, and adsorption kinetics are also discussed to clarify the
adsorption behavior of pollutants on the self-floating adsorbents based
on HGM. However, the research on modified HGM as adsorbent is in its
infancy, and most of the literature focuses on post-grafting method. By
providing this paper, it offers more theoretical support for using modi-
fied HGM as an adsorbent, as well as providing new ideas for the
development of novel functional adsorbents for researchers. This may
guide the generation of new innovative modification methods, thereby
obtaining self-floating adsorbents that can efficiently adsorb pollutants,
rapidly separate and recover, and are environmentally friendly.

HGM-related materials

+ Biomedical applications
Drug delivery:
PW-HGM[38]

+ Energy storage

Thermal Energy Storage:
PP/HGM/PCM[39]

+ Water treatment
*TiO,-HGMI[40]

+ Aerospace industry
Light-weight and high-strength
materials: PA6/GF/HGM][41]

+ Oil and gas industry
Lightweight cement slurries:
HGM-incorporation[42]

+ Syntactic foams
HGM-APTES-GA[43]

Fig. 1. Applications and examples of HGM-related materials: PW-HGM [38], PP/HGM/PCM [39], xTiO»-HGM [40], PA6/GF/HGM [41], HGM-incorporation [42],

HGM-APTES-GA [43].
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3. Synthetic of self-floating adsorbents

The surface functionalization methods of hollow glass microspheres
include surface grafting, surface coating, surface metallization and
surface zeolization. In existing studies, surface modification of HGMs for
adsorption of pollutants in water are usually carried out by surface
grafting. The modification methods of HGM are summarized and
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approximately 50 mg/g and 25 mg/g respectively, while SFA
reached 428.99 mg/g and 145.62 mg/g, showing a great differ-
ence. Furthermore, Table 1 shows the EDS analysis of HGM,
PHGM, UP-SFA, and SFA: UP-SFA and SFA contain nitrogen,
indicating successful grafting of KH550; And the nitrogen content
of SFA was higher than UP-SFA, indicating that pretreatment
promoted the grafting of KH550 [32].

concluded as follows. (2) Coating of organic binding agent: HGM is difficult to bind directly
to organic compounds because of the incompatibility of inorganic
silica with organic matrices [44]. The coating of organic linker on
3.1. Synthetic steps rough PHGM surface is beneficial to the subsequent grafting re-
action. Most of the existing studies have used silane coupling
According to existing studies, the preparation process of self-floating agents as organic linkers, and a few studies have used polydop-
adsorbent can be roughly divided into three steps, and the overall pro- amine and chitosan. The general structural formula of silica can
cess as shown in Fig. 2. be expressed as Y(CHj),SiX3, in the presence of water, the X
group in silane coupling agent hydrolyzes to form Si-OH, and
(1) Alkali treatment (pretreatment) of HGM: The main component of then condensates with Si-OH on the surface of PHGM to form Si-
HGM is silicon dioxide, when sodium hydroxide reacts with sil- 0-Si, the mechanism is shown in supplemental document Fig. S1
ica, the stable Si-O-Si bond can be broken to form Si-OH, and the [45]. In the studies of Zheng et al., silane coupling agent A-1100
hydrogen atom in Si-OH is easy to bond with the organic linkers. [30-34,46] and A-171 [47] were used as linkers to modify HGM,
This chemical property is facilitative to the subsequent modifi- and a series of self-floating adsorbents were prepared for
cation. According to the study of An et al., HGM reacts with an adsorbing dyes. Polydopamine modification is a simple and
appropriate amount of sodium hydroxide solution at high tem- adaptable method for coating even on solid surfaces with low
perature for several hours, and the surface roughness of HGM surface energy [48]. Messersmith found that when dopamine
increases after alkali treatment [31]. There is a significant dif- (DA) contacts with air under weakly alkaline conditions (pH =
ference in adsorption performance between the unpretreated and 8.5) [49], it polymerizes and forms a polydopamine (PDA) film
pretreated adsorbents: by observing scanning electron micro- on almost any solid surface, which contains large amounts of
scope (SEM) images, the surface of the original HGM (Fig. 3a) amino and hydroxyl groups and is easily functionalized. The
without any treatment can be regarded as smooth; while the formation mechanism of polydopamine is complex. As shown in
surface of PHGM (Fig. 3b) obtained after pretreatment has supplemental document Fig. S2, the covalent oxidative poly-
crumb-like material adhering under the effect of NaOH corrosion merization and physical self-assembly mechanisms proposed by
[32]. This significantly increased the specific surface area and Kim et al are currently relatively comprehensive and widely
surface roughness of PHGM, which means pretreatment facili- accepted [50]. Zheng et al. [51] took advantage of the excellent
tated more surface grafting, providing more possibilities for self-assembly property of dopamine to form a polydopamine
surface modification of HGM. An et al. prepared unpretreated biomass coating on the surface of PHGM, and then introduced
adsorbent (UP-SFA) and pretreated adsorbent (SFA), and their sulfonic acid groups to successfully prepare a self-floating
SEM images are shown in Fig. 3c-d. The unpretreated micro- adsorbent with significant adsorption effect on tetracycline.
spheres have a smooth surface, which is not conducive to the Chitosan is one of the most abundant polysaccharides in nature
subsequent grafting of silane coupling agents, resulting in a huge [52], which can form a stable film on the surface of inorganic
difference in the adsorption performance of SFA and UP-SFA, substances. As shown in supplemental document Fig. S3, chitosan
which is demonstrated by the maximum adsorption capacity of contains a large number of amino and hydroxyl functional groups

the adsorbent for AO7 and Amaranth, UP-SFA only showed
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Fig. 2. Overall preparation process of the self-floating adsorbent.
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Fig. 3. SEM images of HGM (a), PHGM (b), UP-SFA (c), and SFA (d) [32].

Table 1

Comparison of main elements content of HGM, PHGM, UP-SFA, and SFA [32].
Microparticles HGM PHGM UP-SFA SFA
Content of C (Wt. %) 11.42 10.37 12.08 14.83
Content of N (Wt. %) — — 0.83 4.71
Content of O (Wt. %) 31.72 33.52 31.47 29.50
Content of Si (Wt. %) 41.91 41.19 40.81 38.78
Others (Wt. %) 14.95 14.92 14.81 12.18

[53], it has strong bonding effect on various pollutants, so chi-
tosan is often impregnated on the surface of the carrier as
adsorption sites. In the study of Zhao et al. [54], chitosan was
coated on the surface of HGM as an intermediate layer, which
improved the modifiability of HGM and prepared pH-
independent adsorbent for anionic dyes. Compared with silane
coupling agents, polydopamine and chitosan have the advantages
of non-toxicity and are environment-friendly. In follow-up
studies, non-toxic and harmless reagents with significant adhe-
sion effect should be considered as organic coatings for PHGM.

(3) The grafting of different functional groups: The surface of PHGM
coated with organic linkers contains a large number of functional
groups, such as hydroxyl and amino groups, which not only in-
crease the adsorption active sites, but also provide reaction sites
for subsequent functional groups grafting. In most existing
studies, modification of HGM is usually achieved by ammonifi-
cation or acidification. The effects of different group-
functionalized HGM on the adsorption of pollutants in waste-
water are summarized below.

3.2. Modification with different functional groups

The low content of functional groups on the surface of raw HGM
limits its application as floating adsorbents. Some researchers have done
a series of studies on the modification of HGM, and the modified ad-
sorbents have high adsorption capacity for anionic dyes, cationic dyes,
heavy metals and antibiotics, and also can achieve self-floating

separation. The following is a summary of different functional groups
modified HGM.

An et al. aminated HGM and prepared several self-floating adsor-
bents for the treatment of dye wastewater. According to their studies
[32,34], the aminosilane coupling agent y-Aminopropyl triethoxysilane
(KH550) was grafted on the surface of alkali-treated HGM to obtain
amination HGM. The adsorption effect of KH550 functionalized HGM on
anionic dyes was greatly affected by pH, when the pH ranged from 2.1 to
2.4, the adsorption capacity suddenly decreased (Fig. 4a) [33]. This is
due to -NH; being more likely to protonate under a strongly acidic
environment, lone paired electrons of nitrogen atoms combined with
protons to form a positive charge -NH3, which adsorbed anionic dyes
through electrostatic interaction. And then they co-grafted KH550 and
methacryloxyethyl trimethyl ammonium chloride (DMC) to the surface
of HGM to prepare polymer-grafted DFA. The surface area of DFA was
40.146 m?/g, and the specific surface area of AFA was 10.904 m?/g,
which was mainly caused by multilayer grafting of DMC. The results
showed that AFA had better adsorption capacity, while DFA had
stronger pH and temperature adaptability (Fig. 4a). In the follow-up
study of An et al. [35], KH550 and ethylenediaminetetraacetic acid
(EDTA) were co-grafted to the surface of HGM (A-E@HGM) to selec-
tively and efficiently adsorb Co?*/Ni** in the cathodic leachate of
lithium batteries, reducing the loss of lithium to 1 %, providing a new
strategy for lithium recovery of waste lithium batteries. The carboxyl
groups in EDTA and the amino groups in APTES are dehydrated and
condensed to form amide groups, which can chelate with Co?*/Ni%*; In
addition, the carboxyl groups in EDTA are deprotonated with the in-
crease of pH to form an electrostatic attraction between —COO~ and
Co?*/Ni%*. The above studies indicate that amino functionalized self-
floating adsorbents can be successfully prepared by single grafting
amino-silane coupling agent or co-grafting amino-silane coupling agent
and other nitrogen-containing reagents on HGM surface, but this
modification method is greatly affected by pH, and its application in
practical wastewater treatment is hindered. Zhao et al. grafted the
cationic monomer methacryloyloxy ethyl dimethylammonium chloride
with aromatic groups on the surface of chitosan-coated HGM to prepare
the adsorbent BDSA, and the removal rate of AG25 was more than 90 %
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Fig. 4. Effect of pH on adsorption performance (a: [33]; b: [54]; c: [30]; d: [47]).

in the pH range of 2-10 [54]. The AG25 removal rate and pH adapt-
ability of MDSA grafted with traditional cationic monomer ethyl acry-
late trimethylammonium chloride without aromatic groups were much
lower than that of BDSA (Fig. 4b). The introduction of aromatic groups
makes the n-n stacking effect between the adsorbent and the aromatic
ring in the AG25, enhances the adsorption effect, solves the problem that
anionic dyes can only be adsorbed under strong acidic conditions, and
provides theoretical support for the application of HGM in a wider range
of pH.

In addition to introducing nitrogen-containing functional groups to
aminate HGM, sulphonated HGM can also be obtained by introducing
sulfur-containing functional groups on the surface of HGM. An et al. [36]
introduced trimethoxysilyl propanethiol to the surface of pretreated
HGM, and then oxidized it to obtain sulfonated HGM(SO3H-HGM),
which has good adsorption properties to ciprofloxacin (CIP) and nickel
ions, and has a broad pH adaptability. Zheng et al. [30] grafted silane
coupling agent A-1100 on the surface of PHGM, and then introduced
AMPS to prepare adsorbent AFA. As shown in Fig. 4c, AFA is negative
charged in the pH range of 2-9, and has a good adsorption capacity for
cationic dyes in a wide pH. Tang et al. [47] co-grafted silane coupling
agents KH550 and A-171 on the surface of HGM (APHGS), and then
introduced 2-acrylamide-2-methylpropane sulfonic acid (AMPS) to
prepare the self-floating adsorbent APGS-G-P. It can be seen from Fig. 4d
that APGS-G-P has adsorption effect on methylene blue and Pb (II) in a
wide pH range. Compared with APHGS, the adsorption effect of APHGS-
G-P is significantly improved, because the introduction of sulfonic acid
groups attracts cationic methylene blue through electrostatic attraction
and chelating with metal ions. The above studies show that the intro-
duction of sulfonic acid groups can improve the adsorption capacity of
the self-floating adsorbents on cationic dyes to a certain extent, because
the sulfonic acid groups can be completely ionized in the pH range of
2-10, resulting in a decrease in the zeta potential of the adsorbents and
enhanced the electrostatic attraction between the self-floating

adsorbents and the cationic dyes. In the subsequent study of Zheng et al.
[46], a floating-magnetically responsive adsorbent (FMSA) was pre-
pared by embedding Fe3O4 and grafting organic monomer sodium
propylene sulfonate, which achieved high adsorption capacity of
cationic dyes (Basic Blue 7: 1632.55 mg g~ '; Crystal Violet: 1587.23 mg
g’l) and a more efficient and rapid separation. In the same way, the
introduction of negatively charged functional groups on the HGM sur-
face can have a good adsorption effect on cationic dyes. Wang et al. [55]
combined HGM with a new composite material of tetrafluoroterepthalic
acid-crosslinked cyclodextrin polymer, and the obtained self-floating
adsorbent FTFCD had a removal rate of malachite green (MG) above
95 % in the pH range of 1-10. Because the surface of the adsorbent
contains phenolic acid groups, cationic dyes can be adsorbed by elec-
trostatic action. In addition, the hydrophobic cavity structure of cyclo-
dextrin is also the main reason for the removal of MG.

The above studies show that the amination modification of HGM can
remove anionic pollutants at the appropriate pH, while the acidified
HGM can adsorb cationic pollutants significantly. These adsorption
processes are mainly dependent on electrostatic interactions.

Based on these, amination and acidification modification can be
applied to HGM at the same time to achieve multi-functional adsorption
performance. An et al. [31] grafted KH550 on the surface of HGM and
subsequently co-grafted m-phenylenediamine (MPD) and sodium allyl
sulfonate (ALS) on the surface (Fig. 5a) to obtain the self-floating
adsorbent HGM@MPD-ALS. The surface of HGM@MPD-ALS contains
aromatic rings, amino and sulfonic acid groups, which can attract both
anion green 25 and cationic basic fuchsin. The adsorption mechanisms
involved mainly include electrostatic attraction, hydrogen bonding and
n-n stacking (Fig. 5b). It is possible to introduce different functional
groups with opposite charges on the HGM surface to obtain the self-
floating adsorbents which can adsorb both anionic and cationic
pollutants.

In addition to using silane coupling agents as the intermediate layer,
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the surface of HGM can also be coated with polydopamine to achieve
subsequent modification. An et al. [37] grafted polydopamine and
methacryloyloxyethyl trimethyl ammonium chloride (DMC) onto HGM
to prepare an enhanced functional adsorbent (EPDA-SA). The graft of
DMC not only increased the molecular weight of the polymer but also
made its surface carry a positive charge, which caused an excellent
adsorption effect on alizarin anthocyanin green F. In consideration of
environmental friendliness, HGM can be modified with natural sub-
stances. Taurine is an amino acid that is converted from sulfur-
containing amino acids. Taurine is widely distributed in various tis-
sues and organs in the body, and is mainly present in the interstitial fluid
and intracellular fluid in a free state [56], and was first found in the bile
of bulls. Hu et al. [51] coated the surface of HGM with polydopamine
and grafted taurine to prepare an eco-friendly self-floating adsorbent
(HGM@PDA-SO3H) with a theoretical saturated adsorption capacity of
333.70 mg g~ ! for tetracycline. The existence of polydopamine can
improve the hydrophilicity and biocompatibility of the substance, and at
the same time, polydopamine can have zn-n interaction and hydrogen
bonding between PDA and tetracycline molecules. However, these
forces are weak, and it is necessary to introduce sulfonic acid groups to
improve the adsorption effect.

In summary, the above are the latest studies on modification of HGM
as an adsorbent, and the adsorption properties of self-floating adsor-
bents modified with different functional groups are summarized in
Table 2. As can be seen from Table 2, the current self-floating adsorbents

modified by HGM are mainly used for the adsorption of dyes, mainly
relying on the electrostatic attraction between adsorbents and dye
molecules. Hagio [57] deposited silicalite-1 and TiO5 layer by layer on
the surface of HGM to prepare a tri-layer floating photocatalyst/adsor-
bent with both adsorption and catalytic functions, which carried out
thorough mineralization of pollutants while adsorbing them, and
fundamentally eliminated the impact of pollutants on the environment.
Using HGM as the substrate to load photocatalytic nanoparticles can not
only achieve rapid separation, but also improve the efficiency of light
utilization. According to the latest retrieval data on Web of Science, the
adsorption of emerging pollutants (such as perfluorinated compounds
and endocrine disruptors, etc.) has become a hotspot. Basheer [58]
reviewed the new nano adsorbents for the removal of emerging pollut-
ants. In the later research, HGM can be used as a carrier to prepare self-
floating adsorbent through post-grafting modification, and can also be
loaded with photocatalytic materials to enable them to have both pho-
tocatalytic and adsorption functions, which can effectively treat
emerging pollutants.

3.3. Self-floating separation ability

The rapid separation of adsorbents from wastewater is important in
the entire adsorption process. In past studies, magnetizing the adsorbent
is the main method for rapid separation, but this method involves the
design of the magnetic separation device [59]. In recent years, hollow
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Table 2
The adsorption performances of the adsorbents are modified by different functional groups.
Adsorbent Target pollutant Sper (m2/g)  Adsorption Qe(mg/g) Kinetics/isotherms model Ref.
mechanism
Am-SA AO7-CV 32.73 electrostatic — PSO/Langmuir [34]
SFA AO7 9.56 electrostatic 428.99 PSO/Langmuir [32]
amaranth 145.62
DFA AO7 40.15 electrostatic 77.52 PSO/Langmuir [33]
A-E@HGM Co*"/Ni?* 9.12 electrostatic, 94.23/ 62.41 The kinetic model changes with the adsorption stage; Langmuir [35]
chelation,
ion exchange
MDSA AG25 5.36 electrostatic 260.98 PSO/Both Langmuir and Freundlich can fit well. [54]
BDSA AG25 3.16 electrostatic, 326.92 PSO/Both Langmuir and Freundlich can fit well. [54]
n-1 stacking
SO3H-HGM CIP 14.95 electrostatic, 464.78 PSO/Langmuir [36]
Ni%* hydrogen bonding, 19.65
hydrophobic,
surface complexation
AFA MB 8.89 electrostatic 436.8 PSO/Langmuir [30]
MG 637.6
BF 457.8
Ccv 399.4
APGS-G-P MB 33.36 electrostatic, 249.33 PSO/Langmuir [47]
Pb (ID) chelation, 345.93
hydrogen bonding,
cation exchange
FMSA BB-7 58.85 electrostatic, 1632.55 PSO/Langmuir [46]
(4% cation exchange 1587.23
FTFCD MG 105.36 electrostatic, 1390.26 PSO/Langmuir [55]
hydrophobic
HGM@MPD-ALS AG25 9.30 electrostatic, 454.55 PSO/Langmuir [31]
BF n-1 stacking, 588.24
hydrogen bonding
EPDA-SA alizarin cyanine green F 21.87 electrostatic, 63.40 PSO/Langmuir [37]
n-1 stacking
HGM@PDA- TC 74.99 electrostatic, 333.70 PSO/Langmuir [51]
SOsH hydrogen bonding,

n-1 stacking

glass microspheres have attracted more and more attention because of
their green and stable characteristics, and the floating adsorbent using
HGM as the carrier came into being. To evaluate the floating perfor-
mance of a series self-floating adsorbents, a certain amount of adsorbent
powder was mixed with an appropriate amount of ultrapure water and
placed in a measuring cylinder, and the turbidity of the suspension was
measured at a certain time interval. In the series studies of the func-
tionalized HGM, the adsorbents all had the desired uplift rate, and the
experimental data are shown in Table 3. The density of the prepared
microspheres is lower than that of water, thus they can float in most
liquids. It indicates that the self-floating ability of HGM modified by
various functional groups is not damaged, and the upward floating speed
of microspheres is fast at first and then becomes slow. According to
Stokes equation (Eq. (1)), the floating speed is proportionate to the
square of the radius of the microsphere. The microspheres with a larger
radius float to the surface of the water first, while the remaining mi-
crospheres with a smaller radius need more time to float. In addition, the
self-floating speed of these adsorbents is moderate, which not only
avoids insufficient contact between the adsorbent and the adsorbate but

Table 3
The self-floating ability of modified HGM.

Adsorbent Density Average diameter Self-floating Ref.
(g:em™3) (um) rate

EPDA-SA 0.4762 13.55 98.5% 3 h [37]

HGM@MPD- 0.52 15.82 95.7 % 12 min [31]
ALS

FMSA 0.20 28.04 95 % 40 min [46]

SFA 0.42 13.46 97.5% 3 h [32]

AFA 0.302 13.26 97.5% 3 h [30]

HGM@PDA- — — 90 % 60 min [51]
SO3H

also does not make the self-floating separation time too long.

,_ 20 —o)ga® o)
u

where v is the self-floating equilibrium velocity; p and ¢ are the densities
of the adsorbent and the medium, respectively; p is the viscosity of the
medium.

3.4. Regeneration

Considering the economic feasibility of the practical application, the
reusability of adsorbents plays an important role. The regeneration of
adsorbents not only reduces the cost of the adsorption process but also
can recycle some pollutants (such as dye concentration and recovery of
precious metals). Adsorbents regeneration technologies include chemi-
cal regeneration, thermal regeneration, microwave regeneration, bio-
logical regeneration [60], and so on. Many factors of the regeneration
process of adsorbents need to be considered, such as pH, temperature,
and contact time [61].

In chemical regeneration, the selection of a desorption agent is
contrary to the principle of the adsorption process. For example, the
desorption agent should be acidic if the best adsorption is achieved
under strongly alkaline conditions [62]. In the study of Hu et al., SOsH-
HGM adsorbed with cationic contaminants (ciprofloxacin and nickel
ions) was desorbed using 0.1 M HCl as an eluent [36]. Hydrogen ions in
HCI have a stronger affinity to the active adsorption sites on SOsH-HGM
and can replace ciprofloxacin and nickel ions for desorption. Addition-
ally, HCI can protonate the functional groups on the surface of the ad-
sorbents and weaken the interaction with the adsorbed molecules. The
charge on the surface of the adsorbent can be changed by varying the pH
value of the solution. In the study of An et al. [37], NaOH was used as the
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eluent for the desorption of EPDA-SA. With the increase of pH, the
surface of EPDA-SA turned from a positive charge to a negative charge,
which generated repulsion with the anionic dye Alizarin Cyanine green
F adsorbed on its surface, and thus the desorption was achieved. In the
desorption process, the adsorption capacity of the adsorbent will be
reduced, and other chemical agents can be used to restore it to its
original state. The EPDA-SA desorbed by sodium hydroxide had a large
amount of negative charge, which was not conducive to the reuse of
anionic dye adsorption, so it was soaked in hydrochloric acid to restore
the positive charge on its surface for the next cycle.

Moreover, temperature also plays an important role in the regener-
ation of adsorbents. Most adsorbents can be regenerated by desorbing
the adsorbate by heating. Different adsorption processes require
different temperatures, the stronger the adsorption is, the higher the

(a)
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Cationic attraction
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desorption temperature is required. Per- and polyfluoroalkyl substances
can be desorbed and volatilized at about 175 °C, but mineralization
occurs when the temperature is too high [63]. The temperature during
desorption can be selected according to the characteristics of the pol-
lutants. The adsorption/desorption of P-GO for norfloxacin and
bisphenol A was as follows [64]: norfloxacin was adsorbed at 15 °C and
desorbed at 35 °C; bisphenol A was adsorbed at 35 °C and desorbed at
15 °C. This is because the hydrophilicity of norfloxacin and bisphenol A
is different: when the temperature was 35 °C, PNNPAM grafted on P-GO
was hydrophobic, which inhibited the adsorption of norfloxacin; while
when the temperature was 15 °C, PNNPAM grafted on P-GO was hy-
drophilic and inhibited the adsorption of hydrophobic bisphenol A
molecules.

The economics of the recovery methods used in the above-mentioned

1. Pore-filling

® e, 2. Hydrophobic effect

Hydrophobic
surface

o Cationic attraction
&-o-e
_p-o+e 3. Electrostatic attraction

o
'f?‘\.
\H?“‘. i .
Anionic attraction

Graphitic
surface

Uncarbonized
area

4. Hydrogen bonds

5. Partition onto
uncarbonized

4. Co-precipitation

Heavy metals

e Organic

M

area

Organic contaminants

contaminants

Metal ions

@ Mineral components (CO3, POY)

Max

(b)

Adsorbate

Active sites

Exchangeable metal ions

Mass transfer steps

1: External diffusion

2: Internal diffusion
-

3: Adsorption on active sites

Adsorbent

Fig. 6. (a) Schematic diagram showing some mechanisms involved in the appli
steps [69].

cation of biochar for the removal of pollutants [68]; (b) Adsorption mass transfer
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literature could be improved, as the regeneration step uses many acids
and bases and partly high-temperature conditions, which are not
considered to be very economical. Future research could incorporate the
emerging approaches of environmentally friendly with economical
desorption and auxiliary adsorbent regeneration that have been pro-
posed: biological and microbial assisted desorption, magnetic separa-
tion, thermal desorption, etc., to develop more cost-effective and
environmentally friendly regeneration methods for HGM-related ad-
sorbents. The recycling of adsorbents not only enables the reuse of ad-
sorbents but also enriches and concentrates the desorbed pollutants in
order to realize resource reuse of precious metals, dyes, etc., and sub-
sequent harmless treatment of toxic and harmful substances.

4. Adsorption mechanism and factors affecting adsorption effect

The main adsorption mechanisms include electrostatic interaction,
hydrogen bond, n-n bond interaction, chelation, ion exchange, pore-
filling and others. Electrostatic interaction refers to the interaction be-
tween charged groups on the surface of the adsorbents and groups with
opposite charges in the pollutant [65]. The adsorption effect based on
electrostatic interaction usually depends on the pH value of the solution
and the Zeta potential of the adsorbent. Hydrogen bonds are formed
between two atoms of H of “X-H” and “Y” (X-H---Y), where X and Y are
both electronegative atoms. Some functional groups can act as both
hydrogen-bond acceptors and hydrogen-bond donors, which is
depending on their protonated state [66]. n-n stacking is a kind of weak
interaction between aromatic rings and usually occurs between rela-
tively electron-rich and electron-deficient molecules, which is a non-
covalent bond interaction [67]. As shown in Fig. 6a, Wang et al. sum-
marized the adsorption mechanism of pollutants on biochar [68] to help
readers understand the adsorption process more clearly.

4.1. Effect of dosage and temperature

It is essential to explore the influence of adsorbent dosage and
temperature on the removal effect and determining the optimal dosage
and reaction temperature is the basis of exploring the subsequent
influencing factors.

In the case of a certain concentration of pollutants, the removal ef-
ficiency will increase with the increase of adsorbent dosage, but when it
achieves a certain extent, the removal rate will not improve. The
determination of the optimal dosage should consider the relationship
between removal rate and cost, which facilitates the application of
practical wastewater treatment. The effect of temperature on the
adsorption performance is also very significant. In general, adsorption is
exothermic, and when adsorption reaches equilibrium, increasing the
temperature causes the adsorption capacity to decrease. While some
adsorption is an endothermic process, with the rise of temperature, the
amount of adsorption capacity will increase. The adsorption capacity of
AFA for MB, MG, BF, and CV dyes increased in the same direction of
temperature [30], which indicated that the adsorption process was
endothermic and that the increase in temperature would accelerate the
thermal movement rate of molecules.

4.2. Effect of initial pH

In the adsorption process, pH value has a significant influence on the
adsorbate state and the surface properties of the adsorbent, so it is
necessary to explore the influence of pH value on the adsorption effi-
ciency. The influence of pH value on the adsorption effect is usually
realized by electrostatic interaction.

If the functional groups on the surface of the adsorbent contain lone
pair electrons, it is easy to protonate to obtain H' under acidic condi-
tions. The protonated adsorbent surface is positively charged, which will
produce electrostatic repulsion to cations and electrostatic attraction to
anions that is conducive to the removal of anionic pollutants. In the
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study of An et al., it was found that the removal rate of ACGF by PDA-SA
decreased with the increase of pH value in the low range because the
amino groups on the surface of PDA-SA were more prone to protonation
under strongly acidic conditions and had an electrostatic attraction to
anionic dye ACGF [37]. The results show that the charge on the adsor-
bent surface is related to the pH value. Within a certain pH range, the
adsorbent surface has a positive/negative charge, which is conducive to
the adsorption of anions/cations. The change in pH will not only affect
the charge of functional groups but also the form of the presence of
pollutants. For example, phosphoric acid in an aqueous solution can
exist in the form of H3PO4, HoPO3 and HPO?{ depending on the pH [70];
when the solution pH is less than 2, phosphoric acid exists mainly in the
form of H3POy4, which is electrically neutral and does not interact elec-
trostatically with the adsorbent surface; but when the pH is higher than
2, phosphoric acid exists in the form of H,PO3 and HPO?{, both of which
are electronegative ions and are conducive to removal by adsorption
through electrostatic interaction. Under acidic conditions, many
hydrogen ions in the solution will occupy the effective adsorption sites
on the adsorbent surface and produce competitive adsorption of cationic
pollutants such as heavy metal ions and cationic dyes. But as the pH
increases, the hydrogen ions adsorbed on the adsorbent surface gradu-
ally decrease, and the competitive adsorption is weakened, making the
adsorption of cationic pollutants more likely to occur. After modification
of HGM, the optimal pH for the removal of various pollutants is shown in
Table 4 (All the experiments were repeated three times and the standard
deviations were within 5 %). From the data in Table 4, the adsorption
effect of the adsorbent on the pollutants is more desirable only within a
certain pH range. This is since the surface charge of the adsorbent and
the dissociation state of the pollutant change with the pH value of the
solution. However, the pH value of wastewater is unpredictable, and it is
not economical to maintain the wastewater in the optimal pH range at
all times by consuming a large amount of acid-based solution in practical
application. To further improve the economic utility of self-floating
adsorbents, adsorbents with broader pH range adaptability need to be
developed in future research.

4.3. Effect of ion concentration

Ion concentration has a non-negligible influence on the adsorption
effect, so it is necessary to explore the ion concentration. The interfer-
ence ions in the solution will produce competitive adsorption with the
pollutants, resulting in the reduction of the adsorption capacity. When
the NaCl concentration was 600.0 mmol-L ™}, the adsorption capacity of
APGS-G-P for MB decreased by 78.27 %, which was because the high
concentration of Nat occupied the negative charge on the surface of the
adsorbent [47], reflecting from the side that electrostatic attraction was
the key factor of adsorption. Interference ions affect the adsorption
performance to some extent, but the anti-interference ability of modified
HGM is good, and the adsorption effect does not decrease significantly.

4.4. Adsorption kinetics and isotherms

To better explore the adsorption process, it is usually necessary to
study adsorption isotherms and adsorption kinetic models.

4.4.1. Adsorption kinetics

The adsorption kinetic model is conducive to measuring the
adsorption equilibrium time, adsorption rate and studying the mass
transfer mechanism. The adsorption process consists of three steps [69],
(external diffusion; internal diffusion; adsorption on active sites.) as
shown in Fig. 6b.

Pseudo-first-order kinetic model (PFO) and pseudo-second-order
kinetic model (PSO) are commonly used to describe adsorption ki-
netics. The differential equations of PFO and PSO are shown in Equa-
tions (2) and (3) respectively.
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Table 4
Optimal pH of different modified HGM for the removal of various pollutants.

Adsorbent Pollutant Charge conditions at Ref.

different pH

Optimum
pH

SO3H-HGM Ciprofloxacin [36]

(zwitter-ion)

pH < 2.8, silanol
groups on the
microsphere surface
are positively charged;
many H' in the
solution will compete
for negative charge
adsorption sites.pH >
7, CIP exists mainly as
an anion.

Under strongly acidic
conditions, quaternary
amino groups on DMC
have stronger cationic
properties.Under
alkaline conditions, the
anions in the solution
consume part of the
cationic quaternary
amino groups.

PH < 3, protonation of 2
—NH; and -NH- in

MPD.

The sulfonic acid 7
groups in ALS become
more electronegative
as the pH increases.
pH < 3, the silanol
groups on the surface
of FMSA are positively
charged, and the large
amount of H' in the
solution competes with
pollutants;pH > 3,
negatively charged
sulfonic acid groups
can adsorb cationic
dye;With the increase
of pH, the Zeta
potential of FMSA
decreased gradually
Under strongly acidic 2 [32]
conditions, the -NH,
groups are easy to
protonate, so the SFA
has a positive charge.
The grafted sulfonate
groups provide a large
negative charge.With
the increase in pH, the
deprotonation of
sulfonic acid groups is
enhanced.pH > 7, the
negative harges on the
AFAsurface no longer
increases significantly
The zeta potential of
BDSA decreased
slightly with the
increase in pH, but it
was still positive.

3<pH<7

EPDA-SA Alizarin Cyanine [371
Green F (Anionic

dye)

2<pH<3

Acid Green 25
(Anionic dye)

HGM@MPD- [31]

ALS
Basic Fuchsin [31]
(Cationic dye)

HGM@MPD-
ALS

FMSA Basic Blue 7 and 10
Crystal Violet

(Cationic dye)

[46]

SFA Acid Orange 7

(Anionic dye)

AFA Methylene Blue

(Cationic dye)

7<pH<8  [30]

BDSA Acid Green 25

(Anionic dye)

2<pH<
10

g, _

dr @

kl (qe - qt)

d
Et _ ky(qe — q.)?

dt &)

Due to the simplicity of the method, the linear regression equation is
most used to fit the kinetics data. The linear expressions of PFO and PSO
are shown in Equations (4) and (5) respectively. However, the linear
transformation of nonlinear models may lead to errors in the results. To
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eliminate this error, the experimental data is usually fitted into a line-
arized model, which becomes nonlinear regression, and the best-fitting
data is selected by comparing the regression coefficients [71].

In(qe — q:) = Inq. — kat 4

t_ 1.t
a kaq? qe

)

where q. and q; are the equilibrium adsorption capacity and the
adsorption capacity at time t respectively; k; and ky are rate constants of
the pseudo-first-order model and pseudo-second-order model
respectively.

The PFO model is suitable to describe adsorbents with few active
sites; while the PSO model is suitable to describe adsorbents with many
active sites. The adsorption process conforming to the PFO model may
be dominated by physical adsorption, while the adsorption process
conforming to the PSO model may be dominated by chemical
adsorption.

4.4.2. Adsorption isotherms

Adsorption isotherms are used to reflect the concentration of ad-
sorbates in the two phases at a certain temperature when adsorption
reaches equilibrium. The study of adsorption isotherms is helpful to
understand the adsorption mechanisms and calculate the maximum
adsorption capacity of adsorbents. Adsorption is the phenomenon that
one or more components of the fluid accumulate on the solid surface
when the fluid meets the porous solid [72]. Adsorption is mainly divided
into two categories: one is chemical adsorption by forming chemical
bonds and a single molecule adsorption layer; the other is physical
adsorption by van der Waals forces which can adsorb a variety of ad-
sorbates and form a multi-molecular adsorption layer. Langmuir and
Freundlich have commonly used adsorption isotherms, and their
nonlinear equations are shown in Equations (6) and (7) respectively.
Langmuir isotherm indicates that the adsorbent forms a monomolecular
adsorption layer on the surface of the homogeneous adsorbent, usually
belonging to chemisorption [73]. Freundlich isotherm shows that the
adsorption of adsorbents on heterogeneous surfaces is multilayered and
usually belongs to physical adsorption [74].

_ quLCe
& =TrKC, ©)
1
qe. = KFCe" (7)

where gy, is the maximum adsorption capacity; C, is the concentration of
adsorbates in solution at equilibrium time; K, is the constant of Lang-
muir isotherm; Kg and n are constants of the Freundlich isotherm.

As shown in Table 2, most of the self-floating adsorbents conform to
the PSO model and Langmuir model, indicating that the adsorption
process of modified HGM is usually a chemisorption on the surface of the
adsorbent. Although the existing chemical modification methods can
adsorb pollutants efficiently, the effect of chemical adsorption is greatly
affected by the pH of the solution, which is not conducive to the treat-
ment of actual wastewater. Furthermore, it can be seen from Table 2 that
the specific surface area of the self-floating adsorbents obtained by the
existing modification methods are small, so physical adsorption relying
on pores is not the main adsorption mechanism. In the later study, it can
be considered to load microporous and mesoporous materials on the
surface of HGM, increase the specific surface area and pore volume, and
expect pollutants to be adsorbed inside the pores through intra-particle
diffusion, so as to obtain a self-floating adsorbent with high pH
adaptability.

5. Conclusions, current status, and prospects

In this paper, the chemical modification methods of HGM such as
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amination and acidification are sorted out, and the reasons for the
improvement of adsorption properties after modification are discussed.
The modified HGM has remarkable adsorption effect on dyes, heavy
metal ions and antibiotics, and the adsorption mechanisms involve
electrostatic interaction, n-n interaction, hydrogen bonding, ion ex-
change and surface complexation. At the same time, the removal effi-
ciency of pollutants depends on the dosage of adsorbents, reaction
temperature, contact time, initial pH of the solution, concentration of
interfering ions and other factors. However, the removal efficiency of
existing modification methods on pollutants depends on the change of
pH, which is not conducive to the actual wastewater treatment. Future
research should focus on the pH adaptability of adsorbents. For example,
it is possible to try to load porous materials (metal-organic framework,
mesoporous silica materials, etc.) onto the surface of HGM to prepare
self-floating adsorbents with high specific surface area. It is expected
that various modification methods can be applied to HGM to obtain self-
floating adsorbents with good adsorption capacity for different pollut-
ants under various conditions. Additionally, the design of the adsorbents
should also be considered, and the adsorbents should be as stable as
possible to avoid the collapse of the structure in the actual process of
treatment.

In the battle against environmental pollution, wastewater treatment
plays a pivotal role. China has the largest wastewater industry and water
market in the world, and the corresponding water pollution treatment is
one of the most urgent challenges faced by China. Although the devel-
opment history of wastewater treatment in China is short over the past
40 years, the development speed is rapid, with the world’s leading
innovation and treatment capacity. However, the existence of low sus-
tainability of the treatment process, high energy consumption, high cost,
and lack of consideration of nature still need to be given high priority.
For China and the world, the more common wastewater treatment plants
mainly use AAO and oxidation ditch technologies currently, and
wastewater treatment has been regarded as a high energy consuming
and high-cost industry for municipal wastewater treatment. The
extremely high operating costs, personnel costs, equipment deprecia-
tion, and chemical consumption of wastewater treatment plants have
been pending. The development of self-floating adsorbent by modified
hollow glass microspheres for wastewater treatment can theoretically
solve the above problems, and the low density and low weight of HGM
can reduce transportation and personnel costs. Based on its stable
chemical properties, HGM can be recycled and reused under a wide
range of chemical conditions, which ensures sustainability and solves
the cost problem, and ensures the harmonious relationship between
human beings and nature. In other words, HGM can theoretically solve
the biggest challenges faced by the wastewater treatment industry in
China and even the world and has great development prospects and
potential.

Modifying to obtain low-cost, high selectivity, high capacity and
high pH adaptability, and exploring the possibility of putting them into
the large-scale wastewater treatment industry will be the key goal of
researchers’ future work. Making the regeneration process more
economical and environmentally friendly and to further improving the
economic efficiency of the recycling method is the direction of future
research.
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