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Highlights  

 Multi-modified clay composites show better performance than single-modified clays 

 Clay composites with various modifications exhibit different absorption mechanisms 

 Clay-biochar composites represent an environmentally superior alternative 

Graphical abstract 

 

 

Abstract: Adsorption techniques offer unique advantages owing to the use of synthetic (e.g., nanosized 

metal oxides and polymer-functionalized nanocomposites) and natural (e.g., clay and biochar) materials 

for pollutant removal. Although the most widely used adsorbent is activated carbon, extensive studies 

have highlighted the promising potential of modified clay minerals and biochar for removing heavy metal 

and organic pollutants from industrial, drinking, and eutrophic wastewater, due to their low cost and easy 

accessibility. However, clay modification using acids, calcination, polymers, or surfactants exhibits 

relatively low absorption/regeneration ability towards antibiotics, aromatics, and various dyes. The 

coexistence of numerous contaminants in industrial wastewater inhibited the performance of adsorbents, 
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which accelerated the development of novel modified clay composites such as clay-biochar, organo-

bentonite/sodium alginate beads, and enhanced biochar. This review summarizes recent studies and 

absorption mechanisms concerning clay composites based on various modification methods and 

component materials. The comparison of clay composites used for the removal of organic and inorganic 

contaminants provides valuable insight into real wastewater treatment. Knowledge gaps, uncertainties, 

and future challenges involved in the fabrication and regeneration of modified clay composites are also 

identified. 

Key words: Biochar, clay-based composites, metal, organic pollutants, wastewater remediation 

1. Introduction 

As industrial and anthropogenic activities are posing an unprecedented threat to the natural 

environment [1], the removal and immobilization of contaminants is of crucial importance for the 

safety of ecosystems. Several potential technologies have been developed to remove heavy metals 

and organic pollutants for in situ remediation of industrial or domestic wastewater, including ion 

exchange, membrane separation, absorption, coagulation/flocculation, photocatalytic degradation, 

and biological treatment [2-4]. Among these approaches, adsorption offers unique advantages due 

to the use of synthetic and natural materials to achieve efficient pollutants removal via 

chemisorption and physisorption [5, 6]. The main difference between these two types of adsorption 

is that in the former the removal of pollutants occurs via the formation of chemical bonds through 

electron exchange, whereas the latter involves the adsorption of various pollutants via van der Waals 

forces, hydrophobicity, hydrogen bonding, polarity, as well as static and π-π interactions [3]. 

Current studies show that activated carbon [7], natural or modified biochar [8-10], and clay minerals 

[11, 12] are the main kinds of adsorbents for aqueous solutions and industrial wastewater. Clay 

minerals are considered superior to other commercial adsorbents such as activated carbon (AC), due 

to their low cost, wide availability, and excellent adsorption performance. 

Generally, natural clay minerals contain montmorillonite (MMT), hectorite, sepiolite, laponite, 

saponite, rectorite, vermiculite (VMT), zeolite, kaolinite (KLN), and chlorite [13, 14], which mainly 

exist in the form of hydrous aluminum phyllosilicates along with iron, magnesium, alkali metals, 

and other cations [15]. Although the performance of clay minerals are mostly determined by 

intrinsic properties such as surface area, porosity, pH, and surface modifications, their final 

adsorption efficiency changed with pollutant type. Moreover, the crystal structure and negative 
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charge of natural clays limit their industrial applications. Single modifications of clays through acid 

activation [16], calcination [17], magnetization [18], and surfactant [19] or polymer activation [20] 

have attracted considerable interest. These modifications can contribute to the removal of heavy 

metals, organic pollutants, and cytotoxins owing to their higher surface area, pore volume, and 

content of functional groups (e.g., -NH2, -COOH, -OH) [3, 21-24]. For example, novel inorganic-

organic clays (IOCs) can simultaneously eliminate both inorganic contaminants (heavy metal and 

oxyanions) and organic pollutants (phenolic compounds and polyaromatic hydrocarbons) [25]. 

Nonetheless, single-modified clays hardly meet the requirements of real wastewater treatment 

systems, due to the coexistence of multiple pollutants. The colloidal properties or micro-sized 

particles present great challenges to recover clay particles from suspensions after adsorption process, 

thus limiting their regeneration and reuse in fixed-bed media [26]. These limitations accelerated the 

emergence of granulated clay composites (e.g. activated carbon-clay composites) [27, 28] and 

crosslinked clay beads, such as bentonite-alginate composite and magnetic chitosan/clay beads [29, 

30]. 

More recently, clay composites treated with a combination of modification methods have 

attracted widespread interest [31, 32]. For instance, acid/thermal-modified bentonite (ATA), treated 

with 0.1 M HCl and thermal activation (100 °C), showed larger pore size and surface area than 

single-modified bentonite, resulting in higher adsorption and removal of Congo red (CR) [33]. 

Subsequently, acid/polymer-, acid/surfactant-, anionic/cationic surfactant-, magnetic/polymer-, and 

surfactant/polymer-clay composites displayed a high adsorption ability for dyes, antibiotics, heavy 

metals, phenolic compounds, and inorganic ions (e.g., ammonia) [34-37]. In particular, clay-biochar 

composites incorporate the remarkable features of biochar and clay materials, and exhibit unique 

characteristics deriving from their high carbon content, multiple-pore structure, and compatibility 

[28, 38, 39], which make them also suitable for regeneration and reuse [26, 40, 41]. These combined-

modification clay composites represent a promising class of adsorbent materials for the removal of 

pollutants from drinking water and wastewater [3, 14, 42]. However, recent developments on this 

class of materials have not been discussed in the literature. Hence, this review focuses on the 

synthesis, characteristics, toxicity, and regeneration ability of various types of modified clay 

minerals. Combined with a discussion of their adsorption mechanisms, we provide a critical analysis 

of various clay composites used in the removal of different organic and inorganic pollutants. 
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Furthermore, knowledge gaps, uncertainties, and future challenges involved in the fabrication and 

regeneration of modified clay composites are also identified. 

2. Synthesis and characteristics of clay composites with various modifications 

Clay composites have received particular attention (Fig. 1) because their properties and 

structural performance are superior to those of their individual components [35, 36, 43]. The 

preparation of such composites involves the combination of two or more chemically distinct and 

insoluble phases [44]. According to the type of modification material, the composites can be 

classified into three categories: carbon material-, organo-, and hybrid silicate-clay composites. The 

following sections discuss the preparation procedure and characteristics of clay composites based 

on various combinations of modification methods and component materials. Fig. 2 and Fig. 3 show 

schematic diagrams of combined-modification clay composites. 

2.1 Clay composites modified with carbon materials  

2.1.1 Activated carbon-clay composites 

Activated carbon is an adsorbent extensively used for the removal of pollutants. Due to the 

high cost of AC, its combination with clay minerals may allow to take advantage of their respective 

adsorption characteristics [45]. Activated carbon-zeolite composites synthesized from elutrilithe 

and pitch represent the main type of AC-clay composites. Among the raw materials employed in 

the synthesis, elutrilithe is a kaolinite-rich material composed of aluminosilicates and organic 

carbon [27], whereas pitch acts as binder and produces porous carbon. The synthesis of X-type 

zeolite-activated carbon composites was mainly performed via a three-step route: calcination of 

elutrilithe and pitch at 850 °C for 2 h, CO2 activation of the carbonaceous material at 850 or 900 °C 

for 8–32 h, and hydrothermal conversion in a 3.5–5.0 mol/L NaOH solution [45]. This process 

resulted in the conversion of the carbon, SiO2, and Al2O3 components of elutrilithe into an activated 

carbon-zeolite composite via an ion-exchange process in CaCl2 solution (Fig. 2A). This material 

presented a hierarchical porosity ranging from micropores to mesopores (zeolite), a carbon content 

increased by 30%, and total surface area (SBET) and pore volume of 615.41 m2/g and 0.59 cm3/g, 

respectively [46]. In some cases, the addition of SiO2 facilitates the synthesis of X-type zeolite-

activated carbon composites with high SiO2/Al2O3 ratio (r > 2.5) [27]. Halim et al. developed simple 

methods to prepare activated carbon-zeolite composites by mixing zeolite (45.9%), limestone 

(15.3%), activated carbon (4.4%), rice husk carbon (4.4%), and ordinary Portland cement (OPC, 
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30%) [47]. Similarly, Fig. 2B shows the preparation of calcium alginate (CA)-bentonite-activated 

carbon composite (ABA) beads via a simple fabrication method [28]. Despite the problems 

associated with AC production, such as its energy-intensive nature and high costs, the combination 

with clay and other materials reduces the carbon footprint and increases economic returns. These 

AC-clay composites have promising applications in the treatment of heavy metals, dyes, phenolic 

compounds, and ammonia. 

2.1.2 Clay-biochar composites 

Biochar is a carbon-rich solid product derived by pyrolysis of either plant or animal biomass in 

an oxygen-limited environment [48]. In addition to carbon sequestration and soil remediation [49], 

modified biochar acts as a green adsorbent for different types of pollutants, due to its porous 

structure, corrosion resistance, and abundant functional groups [50]. However, only few systematic 

studies have focused on the development of clay-biochar composites [26, 40, 41, 51]. Yao et al. first 

reported the preparation of six clay-biochar composites based on a simple method in 2014 [26]. 

Three biomass feedstocks, including bamboo (BB), bagasse [52], and hickory chips [53], were 

pretreated by MMT or KLN suspensions and then pyrolyzed at 600 °C in a N2 environment (Fig. 

2C). Owing to the incorporation of biochar, the pore volume and average pore width of the clay 

composites increased by 1.6 and 1.73 times, respectively, compared with those of pristine biochar 

[8]. In particular, several acidic groups (e.g., -COOH, -COO-, and -OH) of the composites crucially 

affected their adsorption capacity and selectivity. Subsequently, a series of studies have explored 

the use of clay-biochar composites for NH4
+, PO4

3−, norfloxacin (NOR), and heavy metal 

immobilization, such as potato stem and natural attapulgite [8], bentonite and cassava peel-based 

biochar [40], bamboo derived montmorillonite-biochar [51], chitosan (CTS)/clay and residual bark 

chips-based biochar [54], wheat straw derived montmorillonite-biochar [41], and kaolinite/jarrah-

based biochar-chicken litter [55]. The adsorption ability of these composites is governed by the 

biomass sources and by treatment conditions such as pyrolysis temperature and activation time. 

Overall, non-toxic and inexpensive clay-biochar composites represent an environmentally superior 

alternative for wastewater treatment. 

2.2 Clay composites modified with organic compounds 

2.2.1 Acid /surfactant-clay composites 

Acid activation (using H2SO4, HNO3, or HCl) allows to partially dissolve Al2O3 and MgO from 
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crystal lattice, resulting in an increase in internal surface area [56, 57]. However, acid-activated 

clays have low affinity towards organic molecules. Surfactant-modified clays can acquire 

hydrophobic and organophilic characteristics via the interlayer exchange between inorganic cations 

(e.g., Ca2+, Na+) and cationic surfactants such as cetyltrimethylammonium bromide (CTAB), 

dimethyl ammonium chloride (EA) and ethoxylated tallow amine (ETA) [6]. Thus, 

H2SO4/surfactant-activated Bent modified with a set of four alkyltrimethylammonium bromides is 

a typical practice of combined modification [37]. The synthesis of this material proceeded as follows: 

raw Bent was pretreated by a low-concentration acid (1 M H2SO4) at 90 °C for 4 h, and the activated 

solid, free of SO4
2– ions, was dried at 80 °C. A 10 g amount of acid-activated Bent (AB) was 

dispersed into a 1 L solution of various surfactant to obtain four derivatives (Fig. 3A), labeled 

ABC12, ABC14, ABC16, and ABC18. The obtained samples were washed several times with 

distilled water to remove the residual bromide ions. Following this procedure, ABC16 was further 

pre-coated using sodium alginate (SA) to form activated organo-bentonite (AOBent)/SA composites 

[35]. After this modification, the basal spacing (d001) of the clay increased from 13.84 Å (AB) to 

21.50 Å (ABC18), revealing a positive correlation between d001 and the length of alkyl chains. 

Although AB generated a more developed porous structure than raw bentonite (RB), the insertion 

of a large molecular surfactant partially occupied the interlayer space of organo-bentonites, resulting 

in a decrease in porosity. The characteristics of this composite thus make it a promising candidate 

for the removal of dyes and aromatic compounds. 

2.2.2 Anionic/cationic surfactants-clay composites 

Unlike cationic surfactants, anionic surfactants are difficult to insert in the interlayer space of 

clay minerals in the absence of ion pairs (H3O+) or Na+ and Ca2+ as counterions. Co-modification 

with anionic and cationic surfactants can effectively overcome this issue [58], resulting in a higher 

organic carbon content compared to that of single-modified clays. In the typical experimental 

procedure, a given amount of cationic surfactant was added into clay suspensions with mechanical 

stirring for 1 h (Fig. 3B). After adding the anionic surfactant, the obtained mixture was continuously 

stirred for 4 h at 70 °C and the final clay composites was separated via centrifugation and ethanol 

washing at 60 °C [59]. This process resulted in clay particles with a 3.44 times higher basal spacing 

compared with that of raw clay (1.54 nm), excellent heat resistance, as well as lower hydrophilicity 

and surface energy. In addition, mixed micelles present in this type of composites exhibited 
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synergistic effects for the removal of organic compounds [60]. Although possible risks caused by 

the potential release of the surfactants into the environment should be evaluated, anionic/cationic 

surfactant-modified clays may offer significant advantages in the adsorption of cationic dyes (e.g., 

methyl orange, MO) and p-nitrophenol (PNP) [34, 61]. 

2.2.3 Acid/polymer-clay composites   

The intrinsic colloidal properties of clay minerals severely affect their regeneration and 

recovery from aqueous solutions. The embedding of pristine clay into natural polymeric materials, 

including chitosan [20], alginate [62], peanut hull [63], and cellulose [36], are considered as an 

effective strategy to address this challenge. Such crosslinked clay beads have been widely used in 

many fields [64, 65]. Acid/polymer-clay composites have recently attracted interest because of their 

biocompatibility and low cost. The corresponding modification method is suitable for almost all 

types of clays, including poly(acrylic acid) [66]/chitosan-vermiculite [67], HCl/SA-bentonite [30], 

wheat bran (WB)/g-PAA-palygorskite (PAL) [68], and H2SO4/Al(OH)3/SA-Malaysia clay [69]. 

Taking H2SO4/chitosan-natural clay as an example, 1 g chitosan and 1 g H2SO4-activated clay were 

dispersed into acetic acid (1 mol/L) and then dried for 3 h to remove air bubbles [70]. The resulting 

solution was syringed dropwise into a neutral solution (15% NaOH and 95% ethanol) for 24 h to 

form composite beads (Fig. 3C). The beads facilitated separation and regeneration in wastewater 

treatment. More importantly, this modification integrated additional functional groups (-NH2 and -

OH) into the raw clay: the FTIR spectrum provided evidence of -OH stretching, COO− stretching, 

CH2 bending, and R-O-R stretching vibrations. While the acid-activated clay was smooth and rigid, 

the surface morphology of the composites showed some porosity. Therefore, we believe that 

acid/polymer-modified clay composites are widely applicable to various substrates. 

2.2.4 Surfactant/polymer-clay composites 

Surfactant-modified clays have been previously shown to possess a much higher affinity for 

humic acid than raw clays. Few studies attempted to utilize a surfactant and a polymer for the co-

modification of clays [36, 71]. Previous studies investigated the use of cetylpyridinium bromide 

(CPB)/chitosan-based clay composites for humic acid remediation [72]. These composites were 

prepared by a two-step procedure involving chitosan-modified zeolite (CSZ) and surfactant-

modified CSZ (SCMZ). Namely, a chitosan solution was dispersed in a zeolite suspension with 

stirring for 1.5 h, and a 2 mol/L NaOH solution was used to adjust the pH of the reaction system. 
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The resulting CSZ was mixed with a CPB solution (25 mmol/L) in a shaker at 40 °C for 48 h. The 

supernatant mixture was then removed by centrifugation and the final SCMZ was washed with 

distilled water until no Br− residue was detected by AgNO3 solution (Fig. 3D). This composite 

exhibited two pronounced adsorption bands, corresponding to the asymmetric and symmetric -CH2 

stretching vibrations. SCMZ showed a lower surface area and pore volume than CSZ; the possible 

reason for this difference is that the surfactant molecules partially blocked the main pore channels 

of CSZ. It is worth noting that all clay minerals treated by surfactants require an additional AgNO3 

test for the real-time monitoring of the surfactant residue before their use. In addition, this 

surfactant/polymer-clay composite was used for the remediation of heavy metals and phenolic 

compounds [20]. 

2.2.5 Magnetic/polymer-clay composites  

   The separation of adsorbents from the aqueous solution is the main challenge that limits their 

broader industrial application. Aside from flotation as for fine particle separation technique [73, 74], 

magnetic treatment is also alternative solution to this issue. Magnetic composites have been widely 

synthesized by pretreating a clay using iron or chemical co-precipitation of iron oxides (Fe3O4 or γ-

Fe2O3) [18]. In this section, we focus on the encapsulation of γ-Fe2O3-modified MMT in cross-

linked chitosan beads [29]. Briefly, a certain amount of ferrofluid was mixed under stirring with an 

acetic acid solution containing chitosan, and the resulting mixture was dropped into an alkaline 

epichlorohydrin solution to form beads. The beads were then washed with ethanol to remove 

residual chloride ions (Fig. 3E). Through these procedures, magnetic adsorbents can provide active 

sites with good affinity for organic and/or inorganic compounds [75]. Considering the different 

charges of their components, including chitosan (bearing a positive charge in acid medium), clay 

(bearing a permanent negative charge), and magnetic nanoparticles (with a pH-dependent charge), 

the present composites maintained a high removal efficiency in a broad pH range (3–12). Once the 

pollutants were adsorbed on the surface of the magnetic clay materials, a magnetic field could easily 

separate the composite without affecting the turbidity of water. Owing to its high stability and 

reusability, the magnetic clay composites can be employed as multifunctional adsorbents for the 

removal of both cationic and anionic pollutants, either separately or together. 

2.3 Clay composites modified with hybrid silicates 

The preparation of inorganic-inorganic hybrids, especially hybrid silicate-clay composites [39], 
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is considered a promising strategy to create new materials, owing to their excellent stability, non-

toxicity, and compatibility. These composites were synthesized by a one-step hydrothermal route 

(Fig. 2D). Briefly, a homogeneous suspension containing Na2SiO3 and PAL was mixed with MgSO4 

or ZnSO4 solution to form white solid and then reacted in Teflon Tank at 180 °C for 8 or 24 h [76, 

77]. Furthermore, the presence of monochloroacetic acid [78] in hybrid silicate-clay composites 

contributed to the growth of PAL nanorods and formed -Si(M)O– groups [76]. This process resulted 

in the appearance of some amorphous or plate-shaped particles due to the transformation from Si-

O-Si bonds to -Si-O groups, which contributed to reduce the surface potential of PAL. Upon 

increasing the Si/Mg ratio, the total pore volume reached the maximum value at Si/Mg ration of 1:2. 

Furthermore, the presence of wide hysteresis loops revealed that multilayer adsorption occurred in 

the mesopores and macropores of the adsorbents. These non-toxic hybrid adsorbents composites, 

resulting from natural clay minerals and environment-compatible elements (e.g., Si, Mg, Na), could 

be considered perfect candidates for the removal of dyes and heavy metal ions. 

3. Application of modified clay composites in aquatic environments 

Water pollution is one of the most critical environmental issues causing serious problems to 

living organisms [79, 80]: approximately 2.3 billion people in the world suffer from diseases related 

to water pollution, over 95% lives in developing countries (e.g. India, Pakistan). In China, 70% of 

the population feels threatened by water pollution and over 60,000 people die from a range of other 

diseases and injuries associated with water pollution each year [81]. The ubiquity of various 

contaminants has accelerated the development of microorganism resistance, with increasing risks 

for the human health associated with opportunistic pathogens [78, 82]. Raw or modified clay 

materials have a promising potential for the removal or immobilization of inorganic (heavy metals, 

ammonia, phosphate) and organic (dyes, antibiotics, aromatic compounds) pollutants, as well as 

cytotoxins. However, the integration of an adsorbent with other materials via impregnation, 

chelation, and crosslinking leads to better adsorption properties compared with the individual 

components [10]. Thus, in the following we critically analyze the performance and adsorption 

mechanism of combined-modification clay composites, single-modified clays, and raw clays. 

3.1 Removal of dyes from wastewater  

Dye effluents are among of the most important water pollution sources associated with textile, 

paper, food processing, and dye manufacturing industries [83]. According to incomplete statistics, 
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over 35,000 metric tons of dyes are released into the hydrosphere worldwide, with a total annual 

production of 10,000 different dyes [84]. Typical cationic and anionic dyes such as methylene blue 

(MB) and methylene orange (MO) are considered common pollutants due to their carcinogenic, 

mutagenic, and high coloring effects on the entire ecosystem [85]. Although commercial activated 

carbon (CAC) shows the highest MB removal of 980.3 mg/g [86], the price of available clays (e.g., 

vermiculite, with 0.04–0.12 USD/kg) is about 20-fold lower than that of activated carbon. Rafatullah 

et al. presented a detailed analysis of the MB adsorption capacities of different AC and raw clay 

minerals [87]; coal-derived AC (400–588 mg/g) showed a much higher MB adsorption capacity 

compared to raw clays (6.3–289.2 mg/g) [88, 89]. This large difference is related to the layered 

structure of the pristine clays, which results in different adsorption mechanisms. In fact, adsorption 

is a complicated process that depends on particle size and electrostatic or hydrophobic interactions 

[90]. 

Various studies have attempted to improve the MB removal capabilities of single-modified 

clays via acid [57], thermal [91], surfactant, and polymer activation [92]. For instance, low acid 

concentrations (≤ 1 M) caused an increase in the surface area and pore volume of attapulgite owing 

to decarbonation processes, while the crystal structure was preserved [56]. Natural Moroccan clay 

modified by thermal (300 °C for 2 h) and acid activation (0.5 mol/dm3 HNO3) showed adsorption 

capacities up to 500 mg/g [17], 1.43 times higher than that of the pristine clay. Dodecyl sulfobetaine-

modified MMT (SB12-modified MMT) exhibited a clearly enhanced MB removal capacity (254.0 

mg/g) [93]. The role of low-cost adsorbents in the removal of MB from a solution has been discussed 

in a recent review [87], which provided a comparative analysis of the costs and adsorption ability 

of AC and clays. 

Recently, there has been increasing interest in the use of combined-modification clay composites 

for the simultaneous uptake of different dyes [70]. For example, the introduction of H2SO4/CTAB-

activated bentonite (AOBent) [37] into SA had no impact on the basal spacing of clays [35], 

indicating that SA is only adsorbed on the positively charged side surfaces of bentonite. With 

increasing pH, the -OH and -COOH groups of the beads are gradually deprotonated, enhancing the 

electrostatic interaction between MB and AOBent/SA. The qe of this novel AOBent/SA adsorbent 

for MB reached 769 mg/g within 200 min, which is four times higher than the corresponding value 

of AOBent. Conversely, the encapsulation of AOBent strongly inhibited the MO removal because 
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of weak hydrophobic interactions. To improve the MO removal efficiency, anion-cationic 

composites by integrating the  cationic  surfactants cetyltrimethylammonium bromide (CTMAB) 

and anionic surfactants sodium stearate (SSTA) into MMT [34], which has a higher organic carbon 

content and is a highly effective partition medium. Intriguingly, the MO adsorption capacity of 

CTMAB/SSTA-MMT (CTMAB/SSTA ratio =1:10) was 149.25 mg/g after 40 min, and increased 

by 16.4% for CTMAB-MMT and 249% for SSTA-MMT. This stronger adsorption is closely related 

to the cation exchange capacity [94], and the d001 of this composites decreases with an increase in 

CEC [95]. Compared with acid/surfactant-clay composites such as AOBent/SA [35], 

anionic/cationic-clay composites exhibit improved MO adsorption. 

Moreover, novel ABA beads showed the highest MB adsorption capacity, reaching 994.06 

mg/g at 50 °C. These composites presented a higher number of bulges on their surface compared 

with bentonite/alginate (BA) and activated carbon/alginate (AA) beads [28]. Furthermore, this 

composite showed 75% MB removal efficiency after six regeneration cycles. In another study of 

acid/polymer composites (CTS-g-PAA/VMT), the introduction of 10 wt.% VMT into the chitosan-

g-poly (acrylic acid) polymeric network resulted in the highest uptake ability (1,685.56 mg/g) for 

MB after 60 min (Table 1, Fig. 4A) [67]. Although high pH, contact times, and initial dye 

concentrations facilitated the MB adsorption, increasing ionic strength and sodium dodecyl sulfate 

(SDS) concentration reduced its performance. The adsorption equilibrium of MB onto these 

composites follows the Langmuir isotherm model; the electrostatic attraction between -COOH 

groups and MB represents the main adsorption process in these systems. However, clay-biochar 

composites showed exceptional performance for the adsorption of MB (Fig. 4A) [26]. For example, 

a bagasse derived clay-biochar composite (BG-MMT) did show a five-fold enhancement in MB 

adsorption compared to three pristine biochars (i.e., bamboo, bagasse, and hickory chips), but it 

could only remove approximately 11.94 mg/g MB. Similarly, γ-Fe2O3-modified MMT/chitosan 

beads exhibited favorable MB removal performance in the 3–12 pH range, with a maximum 

adsorption activity of 82 mg/g at R = 1.3 (where R is the clay/chitosan weight ratio) [29], as well as 

90% MB removal after 1.7 h. The dye removal performances of clay composites are shown in Table 

1. 

The marked differences in the adsorption properties of clay composites can be attributed to the 

types of clay (Fig. 5A) and to the biochar/clay ratio [96]. The most critical aspect is that clay 
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composites subjected to different modification processes exhibit different adsorption mechanisms 

(Fig. 6). Benhouria et al. showed that multiple adsorption mechanisms (electrostatic interactions, 

organic partitioning, and hydrogen bonding) controlled the ABA adsorption process, while film 

diffusion controlled the adsorption rate under the tested conditions [28]. Apparently, the presence 

of biochar in clay-biochar composites provides a porous texture and results in a high surface area. 

In fact, no direct correlation was found between adsorption ability and surface area. The clay 

modification with biochar can’t alter its native ion-exchange ability, resulting in a relatively low 

MB adsorption capacity. Regardless of the qe parameter, the regeneration of clay-biochar 

composites is similar to that observed in ABA; the composites still delivered 70% MB removal after 

six regeneration cycles (Fig. 5B), which denotes a higher removal rate compared with activated 

carbon (40%–60% after three cycles) [97]. The regeneration of the adsorbent is a crucial economic 

factor for industrial applications; clay-biochar composites have advantages such as simple 

manufacturing processes, low hydrolysis temperature, and reduced cost, along with the use of 

various recycled waste materials (Table 1, Fig. 2C). Following encapsulation of clay minerals by 

sodium or calcium alginate, the SA content in the composites makes a greater contribution to their 

performance [35] (Fig. 5C). This process can explain the high adsorption ability of ABA, which in 

turn illustrates how the coating process using SA may effectively improve the performance of clay-

biochar composites. Clearly, other biochar modification methods can also be employed for the 

fabrication of clay-biochar composites [98, 99]. Although adsorbents such as CTS-g-PAA/VMT 

exhibit the highest MB adsorption ability, the carcinogenicity of PAA severely hinders their 

application. 

3.2 Removal of aromatic compounds from wastewater 

Aromatic pollutants contain one or more fused benzene rings of natural or anthropogenic origin 

[100]. Phenolic compounds, such as phenol, p-nitrophenol, and polychlorinated biphenyls (PCBs), 

are among the most prevalent aromatic pollutants, due to their low solubility and degradation 

resistance [101]. Alginate/MMT beads can remove 95% of tri-, tetra-, penta-, and 

hexachlorobiphenyls [43]. In a flow-through reactor system, the single modification of palygorskite 

with dioctadecyl dimethylammonium bromide (DODMA) produced a positive surface charge and 

enabled the modified composite to adsorb 42 mg/g of the anionic p-nitrophenol (PNP) contaminant 

via electrostatic attraction [102]. However, alginate-MMT beads exhibited a lower PNP adsorption 
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ability than raw MMT [103], which is consistent with the results obtained by the Ely group [65]. 

The only difference is that the later study provided further insights into the Cu2+/ PNP competition 

isotherms. The addition of PNP in solution had no influence on the Cu2+ removal ability of ZS26 

Mauritanian clay/alginate and activated carbon/alginate beads. On the other hand, the removal of 

PNP from all types of clay beads was greatly affected by the presence of Cu2+, presumably because 

Cu2+ alters the steric interactions of the clay or increases the phenol acidity to inhibit adsorption of 

PNP [65]. 

The PNP removal properties of anion-cation organo-bentonite were first reported by the Zhu 

group in 2000 [58]. In a series of anion-cation modified palygorskites [61], the 

hexadecyltrimethylammonium bromide (HDTMAB)/SDS-PAL (in 1:4 or 3:10 mass ratio) 

composite achieved the best PNP removal performance (137.74 mg/g) at 313 K within 60 min 

(Table 2), which is superior to that of DODMA-modified PAL [102]. This spontaneous adsorption 

of HDTMAB/SDS-PAL followed a pseudo second-order kinetic model with a rate constant of 

0.0045 mg/min. Recent research focused on understanding how the anionic and cationic surfactants 

intercalate into the interlayer space of MMT [59], revealed that the sequential addition of 

cetyltrimethylammonium chloride (CTAC) and SDS influences the d001-value and thermal stability 

of CTAC/SDS-MMT. By taking advantage of combined H2SO4/surfactant treatments, organo-

bentonite treated with octadecyl trimethylammonium bromide (ABC18) adsorbed 200.6 mg/g of 

2,4,5-trichlorophenol (TCP) after 10 min via the Langmuir model [37]; this adsorption capacity is 

almost an order of magnitude higher than that of poly-4-vinylpyridine-co-styrene (PVPcoS)-

modified MMT [104]. This can be explained by the fact that the adsorption mechanism of ABC18 

is dominated by surface adsorption and intra-particle diffusion, whereas electrostatic attraction 

controls the adsorption on PVPcoS-modified MMT. In addition, acid-activated bentonites (AB) 

with higher porosity still show an inferior TCP adsorption performance in comparison to ABC18.  

There are no available studies on the application of clay-biochar composites in the removal of 

phenol compounds. However, zeolite X/activated carbon (X/AC) composites effectively removed 

40.31 mg/g of phenol [105]; this capacity is orders of magnitude higher than that of HDTMA/SA-

modified MMT composites (Table 2, Fig. 4B) [71]. The Redlich-Peterson and Freundlich equations 

provided the best fitting to the phenol removal process of the X/AC composite, indicating the 

presence of various functional groups on its surface. On the other hand, electron donor-acceptor 
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complexes, π- π dispersion interactions, and solvent effects dominate the process of phenol 

adsorption on activated carbon (Fig. 6). Overall, acid/surfactant- and anionic/cationic surfactant-

clay composites exhibit better properties for the removal of aromatic pollutants [37]. On the other 

hand, many surfactants used in clay composites, such as dodecyl-, tetradecyl-, hexadecyl-, and 

octadecyl- trimethyl ammonium bromides (DTAB, TTAB, HTAB, OTAB), pose possible risks to 

human health; therefore, an additional AgNO3 test to detect the residual surfactants is required 

before using these composites. 

3.3 Removal of antibiotics from wastewater 

The overuse of antibiotics in stockbreeding and aquaculture is a cause of public concern 

because these synthetic chemicals (e.g., fluoroquinolone antibiotics) are not easily biodegradable. 

Their ubiquity in aquatic environments leads to toxic effects on biota and changes in the antibiotic-

resistant microorganism populations [106]. Biomass-based activated carbon is the preferred 

adsorbent for the removal of norfloxacin [107, 108]. In order to reduce the cost of activated carbon 

or biochar, Li et al. evaluated the possible use of a clay-biochar composite (APB) derived from the 

pyrolysis of potato stem and natural attapulgite, which greatly improved the NOR removal from 

aqueous solutions [8]. The qe values for NOR adsorption of APB composites and pristine biochar 

[109] are 5.24 and 3.12 mg/g, respectively. APB composites may be more effective than PB for 

NOR removal from three different types of water (distilled, tap, and river water). The functional 

groups and SiO2 particles of this composite control its NOR adsorption process, which further 

explains the enhanced NOR adsorption ability of biochar. However, a wheat straw-derived MMT-

biochar composite (MT-BC) presented a higher qe value (25.53 mg/g) than APB, because of its 

higher surface area (112.6 m2/g) and total pore volume (0.604 cm3/g) [41]. Upon addition of Cu2+ 

and dissolved humic acid (DHA), the NOR adsorption capacity of the MT-BC composite was 

significantly reduced due to the competitive adsorption processes. Intriguingly, Cu2+ led to a smaller 

decrease in NOR adsorption compared with DHA; it has been speculated that NOR-Cu2+ complexes 

slightly offset this inhibitory action. Overall, these two types of clay-biochar composites maintained 

85% of the NOR removal efficiency after five regeneration cycles. The main interactions involved 

in the NOR adsorption mechanisms of biochar-clay composites are electrostatic attraction, hydrogen 

bonding, pore-filling, π-π electron donor-acceptor (EDA), hydrophobic interactions, and others (Fig. 

6). 
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Antibiotics such as chlortetracycline (CTC), oxytetracycline (OTC), aureomycin (AMC), and 

tetracycline (TC) are commonly used for human therapy and farming [110, 111]. NaSiO3/ZnSO4 

hybrid palygorskite exhibited increased average pore volumes (10.62–11.50 nm) and a negative 

surface charge (-42.54 mV) due to the formation of -Si(M)O– groups [77]. This simple 

hydrothermal-activated silicate (Si/Zn ratio = 3:1) removed 384 mg/g AMC and 337 mg/g TC after 

6 h (Table 2), which far exceeded the performance of raw KAL and PAL [112]. The introduction of 

MCA resulted in the dispersion of large amounts of -COOH groups in hybrid silicate clay adsorbents 

[76]. Thus, relatively high removal efficiencies of CTC (329.84 mg/g) and OTC (207.47 mg/g) were 

obtained for Si/Zn/MCA hybrid PAL. The adsorption kinetics was fitted well by a pseudo second-

order model, revealing that electrostatic, hydrogen bonding, and pore adsorption are the main 

driving forces for the adsorption process [76]. Although the evaluation of the clay performance 

cannot exclude the influence of the composite type or adsorbates, hybrid silicate clays could 

represent the best adsorbents to remove antibiotics (Fig. 4B), due to their high adsorption ability 

and non-toxicity [77]. In addition, the colloidal properties of hybrid silicate-clay need to be 

improved via natural polymer (e.g. chitosan and SA) modification in order to further facilitate their 

regeneration and reuse.  

3.4 Removal of heavy metals from wastewater 

Non-biodegradable and soluble heavy metals or metalloid ions have attracted considerable 

interest due to the associated risks to ecosystems and human health [113], which create a high 

demand for effective removal treatments of heavy metals. Batch adsorption experiments provided 

some insight into the removal of Pb2+, Cu2+, Co2+, Cd2+, and Zn2+ species by Na-MMT and Ca-MMT 

via ion exchange [114]. Addy et al. showed that a single-modified clay, obtained by treatment with 

SiO2 or Fe2O3 and grafting with a chelating ligand (N-[(3-trimethoxysilyl)propyl]ethylenediamine 

triacetic acid, TMS-EDTA), exhibited excellent performance in model wastewater containing either 

individual or mixed heavy metal ions [115]. Activated carbon-clay composites such as AC/zeolite 

have been used for Ni2+, Cu2+, Cd2+, Pb2+, and Cr2O7
2- removal since 2006 [116]. Nevertheless, a 

novel chitosan/clay/biochar (MTCB) nanobiocomposite showed similar performances in the 

simultaneous immobilization of Cu, Pb, and Zn metal ions [54]. Among these ions, MTCB has 

highest affinity towards Pb2+ (336 mg/g). The adsorption isotherm of Pb2+ fitted Temkin model, 

while the isotherms of Cu2+ and Zn2+ were best represented by a Freundlich model. Although certain 
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functional group (e.g., -NH2) in this composite are mainly involved in the immobilization of metals, 

its performance dramatically exceeded that of epichlorohydrin/chitosan-modified Bent [117]. 

Si/Mg-modified PAL is another low-cost and efficient adsorbent, with a Cu2+ adsorption capacity 

of 210.64 mg/g [39]. A Si/Mg dosage ratio of 2:1 and alkaline conditions contribute to the whole 

adsorption process. These silicate materials exhibit an ideal surface charge distribution and higher 

BET surface areas (407.3 m2/g), which enable them to separate various heavy metals or dyes from 

contaminated water [118]. As a result, these hybrid silicate-clay composites exhibited a better 

capacity in the adsorption of Cu2+ than biochar-clay [54] and organo-clay [119] composites (Table 

2, Fig. 4A). The possible reason is that the -Si(M)O- groups of hybrid silicate-clay composites play 

a key role in pollutant adsorption via electrostatic attraction, ion exchange, and chemical adsorption. 

Hexavalent chromium (CrO4
2-, Cr2O7

2-) is considered as one of the most harmful metallic species 

because of its carcinogenicity. The hydroxyl groups of the cellulose macromolecule play a vital role 

in the adsorption of metal ions, thus enabling the use of cellulose/CTAB-activated MMT composites 

as adsorbents of Cr2O7
2- ions [36]. This material presented a maximum adsorption capacity of 22.2 

mg/g and a 99% recovery within 10 cycles. Another quaternary ammonium-activated 

MMT/chitosan composite (CNC) exhibited a Cr2O7
2- uptake of 128.43 mg/g over 50 min, which is 

six times higher than that of chitosan [20]. This material also retained about 70% of its removal 

efficiency after five regeneration cycles. As a whole, the performance of CNC is superior to that of 

single-modified bentonite with alkyl ammonium surfactants (8.51–14.64 mg/g) [120] and of zeolite 

X/activated carbon composites [121], indicating that CNC provides a larger number of cationic 

adsorption sites for chromate via ion-exchange forces, electrostatic attraction, and chelation. The 

organo-clays discussed in this section may also be used for the removal of other contaminants such 

as arsenate, selenate, antimonate, molybdate, nitrate, phosphate, and anionic dyes.  

The removal of radioactive elements such as Cs+ and Sr2+ has caused great attention since a 

total of approximately 3.3×1016 Bq Cs was released into environment after Fukushima Daiichi 

Nuclear Power Plant Disaster [122, 123]. Various efforts have been made to desorb Cs from 

contaminated clays via polymeric cation-exchange agent [124] or flotation [125]. In aqueous 

condition, novel organo-MMT composites containing potassium copper hexacyanoferrate 

(KCuHCF) showed a superior Cs+ adsorption capacity (206 mg/g), twice that of the pristine clay. 

Such enhanced performance led to two orders of magnitude greater Cs+ selectivity than the pristine 
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MMT. More importantly, recovery efficiencies of the Cs-loaded composite particles of up to 90% 

via flotation [74]. Poly (acrylamide-acrylic acid)/kaolin composite (P(AM-AA)/K) showed high 

adsorption capacity for Co2+ and Cs+ [126]. A simple synthesis of montmorillonite-prussian blue 

(MMT-PB) hybrid adsorbents showed the maximum adsorption capacity of 57.47 mg/g [127], and 

it still sustained high selectivity toward Cs+ adsorption in the presence of competing cations such as 

Na+, K+, Mg2+. 

3.5 Removal of other pollutants from wastewater 

Humic acid (HA) dissolved in drinking water can cause color, taste, and odor problems. As 

early as 2004, H2SO4-activated natural clay/chitosan composites were found to exhibit maximum 

adsorption capacities of HA (232 mg/g) and tannic acid (1,395 mg/g), respectively [70]; these values 

are much higher than those obtained for the raw clay (138 and 26.4 mg/g, respectively). It was 

initially reported that the adsorption capacities of clay composites for TA, HA, and the RR222 dye 

are comparable to those of chitosan beads. A surfactant/chitosan-modified zeolite (SMCSZ) showed 

a maximum monolayer HA adsorption of 164 mg/g [72], but its performance was poorer than that 

of acid/polymer-clay composites and single-modified clays (CSZ). Three coupling mechanisms 

(electrostatic interaction, organic partitioning, and hydrogen bonding) control the HA adsorption 

process of SMCSZ, while only electrostatic and hydrophobic interactions are involved in the 

adsorption of CSZ on HA. The different adsorption mechanisms further illustrate the advantages of 

these surfactant/polymer-clay composites. 

While current studies focus on the benefits associated with available chitosan/alginate-clay 

composites for pollutant removal [62, 128], there is increasing interest in the use of natural 

agricultural byproducts (e.g., WB) to prepare eco-friendly WB-g-PAA/clay superabsorbent 

composites [68]. Among these materials, WB-g-PAA/laterite exhibited the maximum urea loading 

capacity (694 g/g), which fitted Schott's second-order kinetic model. After six cycles, all clay 

composites only retained about 50% of their initial water absorbency. This study thus suggests a 

new strategy for utilizing WB and laterite, especially in agricultural and horticultural applications. 

Additionally, AC/zeolite composites have been used for the adsorption of ammonia [47], COD, 

and N-nitrosamines [129]. Ammonia was preferentially adsorbed on AC/zeolite composites rather 

than on zeolite and activated carbon [47], which is consistent with the results obtained for cassava 

peel derived bentonite-hydrochar composites [40]. The ammonia adsorption capacity measured in 
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the latter study decreased in the order bentonite-hydrochar (23.67 mg/g) > bentonite (12.37 mg/g) > 

biochar (9.49 mg/g) [40]. Despites the small increase observed in AC-clay composites, all 

composites showed a synergistic enhancement of the ammonium removal capacity, whereas 

antagonistic effects of AC/zeolite composites hindered COD removal [130]. A possible explanation 

for this finding is that the high proportion of activated carbon and biochar in the composites 

contributes to COD removal [38, 129]. Chen et al. investigated the resultant NH4
+- and PO4

3−-laden 

MBC (bamboo-derived MMT-biochar) samples can be used as an effective slow-release fertilizer 

of nitrogen and phosphorus[51]. According to the Langmuir model, the qe of MBC samples for 

NH4
+ and PO4

3− were 12.52 and 105.28 mg/g, respectively. While electrostatic attraction or ionic 

bonding controlled the adsorption of PO4
3− onto the MBC sample, the adsorption capacity of NH4

+ 

was determined by surface adsorption. 

3.6 Comparative analysis of activated carbon, raw clays, and clay composites 

In addition to natural biomass, coal is the most commonly used precursor for CAC production. 

This carbonaceous material has high porosity, physicochemical stability, adsorption capacity, and 

mechanical strength, as well as a huge surface area (124.3–1390 m2/g) [131]. The surface of 

activated carbon exposes protonated (C-OH2+), neutral (COH), and ionized (CO−) groups, resulting 

in high affinity for organic pollutants. For example, the MB removal capacity of coal-derived AC 

ranges from 230 to 588 mg/g, depending on the precursor types and the activation treatment [87]. 

Similarly, PNP is preferentially adsorbed onto activated carbon; the adsorption capacity decreases 

in the order AC > AC/SA > Na-MMT > Na-MMT/SA. By contrast, clays are hydrous 

aluminosilicates and their surface contain many exchangeable ions suitable for pollutant removal, 

such as Ca2+, Mg2+, H+, K+, NH4
+, Na+, SO4

2−, Cl−, PO4
3−, NO3

−, and others [87]. Among all raw 

clays, the MB adsorption capacity on kaolin, palygorskite, and pyrophyllite is less than 70 mg/g; 

this low adsorption efficiency accelerates the development of modified clays. When heavy metals 

such as Cu2+ were employed as model pollutants, the Cu2+ adsorption efficiency varied in the 

following order: SA > composite microbeads > clays and activated carbon [103]. The different 

adsorption efficiency of AC and clays can be attributed to their different adsorption mechanisms. 

Surface complexation, hydrophobic, and π-electron donor-acceptor interactions participate in the 

adsorption on AC, whereas the adsorption mechanism of the clay involves ion exchange, hydrogen 

bonding, partition adsorption, and electrostatic attraction.  
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In addition, many factors control the cost of the different adsorbents, such as availability, 

source, synthesis method, recycle, and stability. Generally, the price of biochar (0.35–1.2 USD/kg) 

is lower than activated carbon (PAC, 1.8–2.1 USD/kg) [132]. However, natural clays 

(montmorillonite, bentonite, etc.) have a low average price of 0.04 USD/kg, which represents an 

obvious advantage compared to AC. Other adsorbents (e.g., chitin and chitosan) are approximately 

12 times more expensive than natural adsorbents such as clay, ash, and peat [131, 133]. Therefore, 

clay composites modified using biochar or natural polymers can be considered low-cost adsorbents. 

Regeneration is another crucial parameter to enable the rapid recycling or recovery of adsorbents 

using inexpensive methods. Momina et al. described a series of regeneration methods, including 

thermal, steam, pressure, vacuum, and chemical regeneration [133], which depend on the nature and 

type of adsorbates/adsorbents. The most common method used for clay composites is chemical 

regeneration using methanol, H2O, H2SO4, or NaOH solutions, which maintains a 23%–85% 

removal rate after five cycles (Tables 1–3). On the other hand, the performance of AC obtained by 

thermal or electrochemical regeneration depends on the temperature and current, respectively, with 

80%–90% regeneration rates [134-136]. In most cases, combined regeneration methods may also 

represent an effective alternative for the recovery of tested adsorbents. 

4. Future directions in the development of multi-modified clay composites 

There has been a huge increase in the demand of modified clay composites for the removal of 

various organic or inorganic pollutants [68, 85]. We provide a comprehensive understanding of 

organo-clay composites, clay-biochar composites, activated carbon-clay composites and silicate 

modified clay (Fig. 7). Inexpensive and eco-friendly clay composites modified using biochar or 

silicate can’t alter the colloidal nature of raw clay, thus using flotation or encapsulation of these 

composites in micro-gels facilitates the regeneration and reuse. Among organo-clay composites, 

polymer-modified clay composites are more eco-friendly and less expensive for the removal of 

various pollutants, due to the use of natural polymers such as alginate, cellulose, and chitosan. In 

contrast, surfactant-modified clay composites should further evaluate potential toxicity of   

surfactant to environment, resulting in more comprehensive fabrication and detection procedures. 

Magnetic clay composites and crosslinked polymer-clay beads facilitate their separation from the 

medium with 42%–99% regeneration ability. Unlike the excellent adsorption ability of organo-clay 
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composites and hybrid silicate-clay composites, the only drawback of clay-biochar composites is 

their poor adsorption ability. Therefore, clay-biochar composites derived from hybrid silicate clays 

and biomass-based biochar may be promising candidates to enable the application of these materials. 

The study of an enhanced biochar, composed by 30% kaolinite, 30% Jarrah-based biochar, and 30% 

chicken litter, supplemented with rock phosphate, basalt dust, calcium carbonate, and ilmenite, has 

highlighted the promising potential of clay composites based on multiple materials [55]. 

Furthermore, the unique structural properties of composites combining two clay minerals, such as 

bentonite/zeolite and struvite/attapulgite (MAP/APT), may also open up new interesting 

possibilities [31, 32].  

The MB removal ability of combined-modification clay composites varies in a wide range 

(Table 1 and Table 2), partial composites show lower adsorption capacities than raw clays or single-

modified clay composites [36, 37, 68], which indicates that the source and type of raw clays play a 

crucial role in the composite performance. Hence, standardized manufacturing processes are a 

prerequisite for industrial development. Many parameters (e.g., pH, temperature, contact time, 

initial concentration of contaminants, adsorbent dose) and inorganic salts (e.g., sodium salts) 

influence the adsorption behavior of clay composites [137]. In particular, the presence of one type 

of pollutant suppresses the adsorption of another pollutant. For example, the maximum adsorption 

abilities of SB12-modified MMT in pure Cu2+ or MB solutions were 10.2 and 254.2 mg/g, 

respectively [93]; in binary systems, a high concentration (>150 mg/L) of MB dramatically inhibited 

the Cu2+ removal (Fig. 8A-8B). However, MB adsorption slightly decreased (by 20%) with 

increasing Cu2+ concentration. This indicates that SB12-modified MMT provides similar active 

sites for Cu2+ and MB adsorption, but with a higher affinity for MB. A similar competitive 

adsorption [41] was observed for the removal of NOR in the presence of DHA and Cu2+ (Fig. 8C–

8D). Thus, further research is needed on competitive adsorption effects in combined-modification 

clay composites used in real wastewater systems [93, 138], as well as on improving the selectivity 

of clay composites in the adsorption of targeted pollutants. Moreover, the fabrication of a novel 

poly(methyl methacrylate) plastic-based fluidized bed reactor (FBR) system facilitated the removal 

of  nitrate (10–15%), COD (20–40%) and phosphate (100%) from municipal primary effluent 

samples [139]. Another future research direction may involve the exploration of new approaches 

for the synthesis of the composites. For example, rapid microwave heating has been used fabricating 
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an HCl-activated bentonite-alginate composite [30]. This irradiation method contributed to the 

formation of adsorbent pores, thus favoring the permeation of the dye solution. 

Besides various types of industrial wastewater, eutrophic lakes or rivers severely disrupt the 

microbial community structure of aquatic ecosystems and the potential water use because of the 

release of toxic metabolites (cytotoxins) from cyanobacteria [140]. Several studies found that 

chitosan-modified local soil and octadecyltrimethyl ammonium (ODTMA)-bentonite complex can 

simultaneously eliminated cyanobacteria and cyanotoxins from an aquatic environment [24, 141]. 

However, it is crucial to obtain dynamic information on the release of ODTMA from the granulated 

micelle-clay complex owing to the biocidal effect of ODTMA on cyanobacteria and on other 

bacteria [142], thus it is essential to examine the impact of clay composites on the indigenous 

microbial community structure. On the other hand, more researches focus on the removal of Cs+ 

and Sr2+ via raw clay or single-modified clay composites such as (P(AM-AA)/K and MMT-PB [126, 

127, 143], multi-modified clay composites may have promising application in the remediation of 

radionuclide contaminated soils.  

5. Conclusions 

Vast amounts of industrial, agricultural, and domestic wastewater need to be treated before 

being discharged into the hydrosphere. Combined-modification clay composites exhibited 

significant advantages over single-modified clays, due to their high adsorption ability and low cost. 

Among organo-clay composites, anionic-cationic modified clay composites are more suitable for 

removing anionic dyes and phenolic compounds, whereas polymer-modified clay composites 

remain the adsorbents of choice for heavy metal and cationic dye removal. Furthermore, non-toxic 

and environmentally compatible hybrid silicate-clay and clay-biochar composites represent a 

superior alternative for Cu2+ and antibiotics remediation. The specificity and selectivity of clay 

composites for tested pollutants mainly depends on the corresponding adsorption mechanism, which 

in turn is determined by the modification method employed. Ion exchange, electrostatic attraction, 

hydrogen bonding, and pore-filling are the predominant mechanisms controlling the adsorption of 

targeted pollutants. Overall, combined-modification clay composites represent promising 

candidates for the removal of heavy metals, antibiotics, phenolic compounds, and dyes from various 

types of industrial wastewater. 
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Figure legend 

 

Fig.1 Core areas of published research on multi-modified clay composites treated by carbon materials, 

organics and hybrid silicates published between 2010 and 2018. B, Cumulative number of published papers 

on clay composites between 2010 and 2018. 

 

Fig.2 Schematic diagrams of synthesizing activated carbon/clay composites (A,B), clay-biochar composites(C) 

and hybrid silicate-clay composites (D) 
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Fig.3 Schematic diagrams of synthesizing various organo-clay composites based on combined modification. 
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Fig. 4 A, Comparative analysis of various clay composites for the removal of MB [26, 29, 35, 39, 67, 69, 70, 93] 

and Cu2+ [39, 54, 93, 119]; B. The adsorption ability of various clay composites on phenol [71, 105] and 

antibiotics [8, 41, 76, 77]. 
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Fig.5 A, Maximum MB adsorption capacity from various types of raw materials[28, 87]; B. MB removal 

efficiency of regenerated activated carbon-clay composites (ABA and Z-AC) and biochar-clay composites 

(BG-MMT) [26, 28, 46]; C, The proportion of clay and SA in organo-clay composites changes their 

performance [35]. 

 

Fig.6  Adsorption mechanisms of combined modification clay composites for various pollutants 
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Fig. 7 Venn diagram (A) and heat map (B) of biochar modified clay (BC-clay), activated carbon modified clay 

(AC-clay), organic modified clay (Organo clay) and silicate modified clay from the prospective of adsorption 

ability, regeneration, toxicity, cost and preparation condition. 

 

 

Fig.8  Competitive adsorption in pure solution and binary system. A, B The MB (A) or Cu2+ (B) adsorption 

capacity of MMT-SB12 in the presence of Cu2+and MB, respectively [93]. C, D, Effects of DHA and Cu(II) on 

the adsorption of NOR on BC (A) and MTP-BC composite (B) [41]. 
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Table1  Removal of Dye from various clay composites 

Raw clay Modification 

Basal 

space 

(nm) 

Surface 

area 

(m2/g) 

Pore 

size 

(nm) 

Adsorbents 

dose 

Initial 

pollutants 

concentration 

Contact  

time 

pH Temperature 

(℃) 

Regeneration 

Solution and 

recovery 

Targeted 

pollutants 

 

qe (mg/g) References 

Bentonite, 
Calcium alginate, 

hydrodarco C 

 

- 185.3 5.97 1 g/L 25-500 mg/L 30 h 3-11 30-50 

 Methanol, 

75% recovery 

after 6 cycles 

MB 
 

756.97-994.06 [28] 

Kaolinite 
oil palm ash, 

aluminum oxide 

 

- 615 .4 3.05 1 g/L 25-400 mg/L 29 h 3-13 30-50 

acidic ethanol, 

80% recovery 

after 4 cycles 

MB 
 

143.47-285.71 [46] 

MMT 

Kaolinite 
Bamboo, bagasse, 

hickory chips 

 

- 224-408 - 2 g/L 20 mg/L 48 h 5.7 22 

ddH2O/KCl, 

70% recovery 

after 4 cycles 

MB 
 

11.94 [26] 

Attapulgite Bagasse 
 

- 63.9-178 3-4 1 g/L 40-200 mg/L 24 h 6-7 25 

Methanol, 

85% recovery 

after 5 cycles 

Brilliant 

red X-3B. 

 

65.1-72.2 [96] 

Bentonites H2SO4/HTAB/SA 
1.84 - - 0.4 g/L 50-2000 mg/L 

50-800 mg/L 

12-15h- 2-11 23 - MB 

MO 
 414-769 

28.7-116.3 
[35] 

Bentonites H2SO4/HTAB 1.84 - - 0.4 g/L 
50-2000 mg/L 

50-800 mg/L 
12-15h- 2-11 23 - 

MB 

MO 

   183 

141 
[35] 

MMT 
CTMAB /SSTA 

CTMAB 

SSTA 

4.76-4.8 

2.01 

4.80 

 

- 

 

- 2 g/L 120 mg/L 2 h 3-10 30-60 

 

- MO 
 149.25 

128.21 

42.73 

[34] 
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-  1.29 24 

Natural clay H2SO4 /chitosan - - - 1 g/L 
600 mg/L 

900 mg/L 
10 h 

7.14 

6.47 
30 - 

MB 

RR222 
 330 

1912 
[70] 

Ball clay 
H2SO4 /chitosan 

H2SO4 
    - - - 1 g/L 30-300 mg/L 100 min 4-12 30 

ddH2O, 

50% recovery 

after 5 cycles 

MB 
 

142 

140 
[144] 

Malaysia cla

y 
H2SO4/ 

Al(OH)3/SA 

 

19.32 2.2 2 g/L 30-300 mg/L 12 h 3-12 30 

ddH2O, 

33% recovery 

after 3 cycles 

MB 
 

223.19 [69] 

Vermiculite PAA/chitosan - - - 0.5 g/L 
700-1200 

mg/L 
10 h 2-9 30-50      - MB 

 
1685.56 [67] 

activated 

MMT 

Fe3O4 1.54 147.9 47.4 2.5 g/L 100-250 mg/L - 3-11 30 Magnetics, 

84% recovery 

after 5 cycles 

 

MB  106.38 [75] 

- 1.23 187.3 46.4 2.5 g/L 100-250 mg/L - 3-11     MB 

 

64.43 [75] 

MMT γ-Fe2O3/chitosan - - - 5 g/L 100 mg/L 1.7 
3.7-

9.4 
20 - MB 

 
52-82 [29] 

Palygorskite 
MgSO4, NaSiO3 

- 

- 

- 

- 

- 

3.4- 

3.7 
1 g/L 

100-1500 

mg/L 
2 h 7 30 - MB  

11.94 

 

212.77 

[39] 

Bentonite 

- 

Thermal 

HCl 

HCl/ Thermal 

- 

25.7 

34.6 

75.5 

84.6 

5.02 

5.16 

5.38 

5.61 

1 g/L 
100-1000 

mg/L 
24 h 7.0 25 - 

Congo 

red 
 

     - 

54.64 

69.44 

74.5 

[33] 

Moroccan 

clay  

Thermal 

HNO3 
- - - 2 g/L 

100-1200 

mg/L 
2 h 5.6 30 - MB  

500 

500 
[17] 
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- 350 

MMT 

 - 

dodecyl 

sulfobetaine 

1.55 

 

1.73 

- - 1 g/L 

120mg/L 

 

120mg/L 

2 h 5.0 18-35 - MB  

150.2 

 

254 

[93] 

MMT CoFe2O4 - - - 2 g/L 
40-200 

mg/L 
40 min 3-9 25-45 - MB  97.5 [145] 

MMT clay - - 62 9.16 2 g/L 
200-1500 

mg/L 
4 h 

5.5-

7.5 
45-60 - MB  289-300 [88] 

Kaolin - - 21.3 15 0.5 g/L 80-250 mg/L 3 h 2-10 25 

dH2O, 

23% recovery 

after 5 cycles 

MB  52.76 [146] 

qe (mg/g) is the amount of targted pollutants adsorbed at Langmuir equilibrium 
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Table2  Removal of organic pollutants from various clay composites 

Raw clay Modification 

Basal 

space 

(nm) 

Surface 

area 

(m2/g) 

Pore 

size 

(nm) 

Adsorbents 

dose 

Initial 

pollutants 

concentration 

Contact  

time 
pH 

Temperat

ure 

(℃) 

Regeneration 

Solution and 

recovery 

Targeted 

pollutants 

qe 

(mg/g) 

Reference

s 

Elutrilithe Activated carbon - 872 0.59 6 g/L 103-552 mg/L 20 h 6.5 25-55 - Phenol 37.9-40.3 [105] 

Bentonites 
H2SO4/(DTAB,TTA

B,HTAB, OTAB) 

1.42- 

2.15 
1.1-161 4.6-7.4 

0.4 g/L 10-250 mg/L 2 h 4 24 - 
trichloropheno

l 

85-201 [37] 

Bentonites H2SO4 1.38 282 4.6 0 [37] 

Bentonites - 1.33 45 6.2 - [37] 

Palygorskite 

HTAB/SDS, 

HDTMAB/SDS, 

DDMAB/SDS 

- - - 1 g/L 200 mg/L 1 h 
5.7-

13.6 
20-40 - p-nitrophenol 137.74 [61] 

MMT HDTMA/SA 

- - - 

10 g/L 10 mg/L 24 h 

- 25 - Phenol 

4-

chlorophenol 

0.334 

0.118 
[71] 

Attapulgite, 
potato stem 

- 

- 

- 

90.40 

99.43 

5.42 

3.12 
4 g/L 10 mg/L 0.2-36 h 2-11 15-35 

Methanol,  

82% recovery 

after 5 cycles 

Norfloxacin 
4.99-5.24 

2.18-3.12 
[8] 

MMT wheat straw-biochar - 112.6 21.7 2.5 g/L 0.4-15 mg/L 48 h 3-11 25 

Methanol,  

82% recovery 

after 5 cycles 

Norfloxacin 25.53 [41] 

Red 

Palygorskite 

ZnSO4, NaSiO3 

- 

 157 

43 

11.5 

8.95 
0.5 g/L 200 mg/L 4 h 3.5 30 - 

Aureomycin 

tetracycline 

384 

337 
[77] 

Palygorskite, 

 

MgSO4, NaSiO3, 

monochloroacetic 
- 410.61  15-30 1 g/L 50-800 mg/L 25 h 2-10 25 - 

chlortetracycli

ne 

329.8 

207.5 
[76] 
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acid oxytetracyclin

e 

Zeolite 
CPB/chiotosan 

Chiotosan 

 

- 

- 

5.56 

9.82 

- 

- 
0.4-2 g/L 

80 mg/L 

50 mg/L 
24 h 4-12 18-30 

NaOH, 

66% recovery 

After 

desorption 

Humic acid 164 [72] 

Natural clay H2SO4 /chitosan - - - 1 g/L 
500 g/L 

100 g/L 

6 h 

6 h 

4.62 

7.86 
30 - 

tannic acid 

humic acid 

1395 

232 
[70] 
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Table3  Removal of heavy metal from various clay composites 

Raw clay Modification 

Surface 

area 

(m2/g) 

Pore 

size 

(nm) 

Adsorbents 

doseq 

Initial 

pollutants 

concentration 

Contact 

time 
pH 

Temperature 

(℃) 

Regeneration 

Solution and 

recovery 

Targeted  

pollutants 

qe 

 (mg/g) 
References 

Kaolinite HNO3/polyvinyl 

alcohol 

- - 20 g 300 mg/L 20 h 5.5 25 HCl Cd2+ 21.11 [11] 

MMT CTAB/cellulose 87.09 1.8 20 g/L 20 mg/L 50 min 3.8-5.5 25 - Cr2O7
2- 22.2 [36] 

MMT Quaternary 

ammonium /chitosan - - 0.2-3 g/L 0.2-6 mM/L 135 min 1-7 

 

30 

H2SO4, 

66% recovery 

after 5 cycles 

Cr2O7
2- 128.43 [20] 

Clay bark chips/ chitosan 272.49 1.98 1 g/L 0.5-51 mM/L 24 h 5.0 25-60 - 

Cu2+ 

Pb2+ 

Zn2+ 

121.5 

336 

134.6 

[54] 

Activated 

carbon-zeolite 

composite  

 

coal fly ash - - 2 g/L 

500 ppm 

500 ppm 

500 ppm 

1000 ppm 

24 h 7.0 25 - 

Ni2+ 

Cu2+ 

Cd2+ 

Pb2+ 

70.43 

161.87 

109.30 

549.08 

[119] 

Palygorskite MgSO4, NaSiO3 39.8 3.47 1 g/L 50-200 mg/L  5.0 30 - Cu2+ 313.38 [39] 
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Table4  Removal of ammonia and phosphate from various clay composites 

Raw clay Modification 

Surface 

area 

(m2/g) 

Pore 

volume 

(cm3/g) 

Adsorbents 

dose 

Initial 

pollutants 

concentration 

Contact 

time 
pH 

Temperature 

(℃) 

Targeted 

pollutants 

qe 

(mg/g) 
References 

Zeolite Coconut shell 

activated carbon,  

limestone, rice 

husk carbon 

60.94 - 1-5 g/L 

1010-2740 

mg/L 

1478-3540 

mg/L 

105 min 8.1-8.7 25 
Ammonia 

COD 

24.39 

22.99 
[47] 

Bentonite, cassava peel 152.3 0.23 1-10 g/L 200 mg/L 6 h 6.0 30 ammonia 23.67 [40] 

Montmorillonite bamboo powder - - 20 g/L 200 mg/L 40 h 7.0 30 ammonium 

phosphate 

12.52 

105.28 
[51] 
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