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Abstract 

An attempt has been made in this review to provide some insights into the possible adsorption 

mechanisms of hexavalent chromium onto layered double hydroxides-based adsorbents by critically 

examining the past and present literature. Layered double hydroxides (LDH) nanomaterials are 

typical dual-electronic adsorbents because they exhibit positively charged external surfaces and 

abundant interlayer anions. A high positive zeta potential value indicates that LDH has a high affinity 

to Cr(VI) anions in solution through electrostatic attraction. The host interlayer anions (i.e., Cl–, NO3
–

, SO4
2–, and CO3

2–) provide a high anion exchange capacity (53–520 meq/100g) which is expected to 

have an excellent exchangeable capacity to Cr(VI) oxyanions in water. Regarding the adsorption-

coupled reduction mechanism, when Cr(VI) anions make contact with the electron-donor groups in 

the LDH, they are partly reduced to Cr(III) cations. The reduced Cr(III) cations are then adsorbed by 

LDH via numerous interactions, such as isomorphic substitution and complexation. Nonetheless, the 

adsorption-coupled reduction mechanism is greatly dependent on: (1) the nature of divalent and 

trivalent salts utilized in LDH preparation, and (2) the types of interlayer anions (i.e., guest 

intercalated organic anions). The low Brunauer–Emmett–Teller specific surface area of LDH (1.80–

179 m2/g) suggests that pore filling played an insignificant role in Cr(VI) adsorption. The Langmuir 

maximum adsorption capacity of LDH (Qo
max) toward Cr(VI) was significantly affected by the used 

inorganic salt natures and synthetic methods of LDH. The Qo
max values range from 16.3 mg/g to 726 

mg/g. Almost all adsorption processes of Cr(VI) by LDH-based adsorbent occur spontaneously (∆G° 

<0) and endothermically (∆H° >0) and increase the randomness (∆S° >0) in the system. Thus LDH 

has much potential as a material that can effectively remove anion pollutants, especially Cr(VI) anions 

in industrial wastewater. 

Keywords: Hexavalent chromium; layered double hydroxides; adsorption-coupled reduction; anion 

exchange; isomorphic substitution; critical review. 

 

1. Introduction 

Increase in the concentration of contaminants in surface water and groundwater due to 

various anthropogenic activities has become a serious issue worldwide. Most contaminants can 

generate an enormous health and public concern apart from adversely affecting aquatic organisms. 

Thus, they have to be removed from the aqueous environment. There are many methods by which 

they can be removed, such as adsorption, membrane process, and chemical precipitation. Among the 

existing method, adsorption has been acknowledged as widely acknowledged the most economically 

favourable technique. This is because adsorption  method possesses several advantageous, such as 

high removal efficiency, simplicity in design, low operation cost, minimal generation of secondary 

by products (i.e., sludge formation) or transformation products, and feasibility for separating a wide 

range of pollutants from water media [1, 2]. Nanomaterials have been indentified as promising 

adsorbents in water and wastewater treatment has been highlighted recently [3, 4]. Similarly, layered 
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double hydroxides (LDH) with their average particle diameters (73–367 nm) are classified as 

colloidal nanoparticles [5]. However, the specific surface area of LDH (1.80–179 m2/g) is often 

significantly lower than that of activated carbon (>1000 m2/g), so pore filling is less significant than 

other processes (i.e., anion exchange and electrostatic attraction) in adsorption. Moreover, such 

biocompatible materials can serve as excellent dual-electronic adsorbents for adsorbing various 

potentially cationic and oxyanionic metal ions [6, 7] as well as organic anionic and cationic dyes [8, 

9]. Furthermore, to easily separate the LDH nanoparticles from water solution, magnetic LDH 

nanosheets have been successfully synthesized [10, 11]. Therefore, LDH-based materials can be 

considered potential and promising adsorbents for removing various kinds of pollutant from the water 

environment.  

In essence, layered double hydroxides are commonly known as hydrotalcite-like minerals or 

synthetic anionic clays. LDH compounds are classified as typically ionic layered materials because 

their structural characterization comprises positively charged brucite-like layers and non-framework 

charge compensating anions in their galleries (Figure 1). In other words, the brucite (magnesium 

hydroxide)-like layers include some divalent metal cations substituted by trivalent metal cations to 

form positively charged sheets [12]. Intercalating anions balance the positive charge in the interlayer 

regions of LDH. Some common interlayer anions (exchangeable or host anions), for example OH−, 

Cl−, ClO4
–

, SO4
2−, CO3

2–, and NO3
–, have been previously documented in other studies (Table S1). 

The general form of LDH can be expressed in terms of the formula 

[M2+
1−xM

3+
x(OH)2]

x+(An−)x/nmH2O; where: M2+ indicates divalent metal cations, M3+ is trivalent 

metal cations, An− represents the interlayer charge-balancing anions of valence n, and x is the 

M3+/(M2+ + M3+) molar ratio (ranges typically from 0.20 to 0.33) [13]. It is worth noting here that 

LDH nanomaterials exhibit versatile properties, in particular the “memory effect” (structure 

amenability) (Figure 1). It is this characteristic that makes them a promising adsorbent with high 

reversibility.  

Figure 1  
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The ubiquitous presence of toxic oxyanions (e.g., arsenate and dichromate) in contaminated 

water sources is of particular concern in the treatment of drinking water. Hexavalent chromium 

Cr(VI)—a strong oxidizing agent—is a highly toxic chemical that can potentially cause dangerous 

health outcomes because of its carcinogenic and mutagenic nature and therefore, Cr(VI) removal from 

water requires urgent attention. As  reported in the litearture, Cr(VI) anion in solution entirely/partly 

reduces to Cr(III) cation when it makes contact with an adsorbent’s surface, for instance: natural 

biomaterial [14], amino-functionalized mesoporous ordered silica adsorbents [15], activated carbon 

[16], biochar [17], and nanoscale zero-valent iron modified with tetraethyl-ortho-silicate and 

hexadecyl-trimethoxy-silane [18]. Such an adsorbent can adsorb the reduced Cr(III) through various 

interactions (i.e., complexation). For this reason, the process they go through is known as 

“adsorption-coupled reduction” [14].  

  Recently, many scholars have applied some advanced techniques to explore the oxidation 

state of chromium bound to LDH. They concluded that the adsorption-coupled reduction mechanism 

is an integral aspect of Cr(VI) adsorption on LDH [10, 19-29]. More detail information on this 

mechanism is discussed in Section 5.2. However, such a mechanism is strongly dependent on the 

nature, property, and preparation method of LDH. Furthermore, the LDH adsorbents are uniquely 

characterized in such a way that they incorporate positively charged sites on their external surface 

(high positively ζ potential value) and abundantly exchangeable anions within their interlayers (high 

anion exchange capacity). Consequently, the role of anion exchange and electrostatic attraction of 

Cr(VI) oxyanions must be thoroughly understood and explicitly considered in the relevant research 

works. The overarching aim of this review is to explore the potential adsorption mechanism between 

toxic Cr(VI) oxyanions and LDH-based adsorbent with a particular focus on the role of anion 

exchange and electrostatic attraction of Cr(VI) oxyanions. A critical analysis of the available 

literature studies is presented with an emphasis on adsorption-coupled reduction process and a future 

perspective. 

ACCEPTED M
ANUSCRIP

T



7 

 

2. Some unique characteristics of layered double hydroxides 

2.1. Morphological property and crystal structure 

The characteristics of an adsorbent play an important role in determining its adsorption 

capacity and mechanism responsible in the removal of the pollutant from the media. In general, LDH 

is a hydrotalcite-like material with a hexagonal platelet-like morphology (Figure 2a); its structural 

property indicates a typically well-crystallized nature. Obviously, the XRD spectrum of LDH (Figure 

2b) shows two characteristic peaks at 2θ = 11.6° and 23.2°, which correspond to the basal spacing 

and interlayer spacing of LDH, respectively [19]. The basal spacing (d003) and an interlayer spacing 

(d006) are primarily calculated based on Bragg’s law. Notably, the existence of host carbonate anions 

in the interlayer region of LDH is commonly identified at a 2θ peak of nearly 30°. Table S1 shows 

that the basal spacing of LDH (without any guest organic anions) strongly depends on the method of 

LDH preparation, used M(II) and M(III) salts, and M(II)/M(III) molar ratios.  

Figure 2 

2.2. Typical functional group 

The presence of major functional groups on the hydrotalcite-like material is illustrated in 

Figure 2c. The LDH material exhibits a poor functionality with some identified peaks. Firstly, an 

extremely broad peak at approximately 3500 cm-1 is ascribed to the overlap of various types of O–H 

bonding vibrations, such as the hydroxyl groups in brucite-like layers, interlayer water molecules, 

and even physically adsorbed water [30]. Some recent analyses indicated that the protonated –OH2
+ 

groups in the brucite-like sheets of LDH could complex with toxic metal cations (inner-

sphere complexation) [19, 20]. Secondly, a well-identified peak at approximately 1650 cm−1 likely 

corresponds to the C=O and/or N=O functional groups formed from the internal anions (CO3
2- and/or 

NO3
-). Also, the C–O and/or N–O stretching vibrations of interlayer CO3

2- or NO3
- anions are 

observed at around 1380 cm-1. Those exchangeable anions in the interlayer galleries can facilitate the 
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removal of toxic oxyanions from the solution through the anion-exchange mechanism. Lastly, a 

pronounced peak at about 680 cm−1 is designated for the lattice modes of O–M–O vibration [31, 32].  

2.3. Zeta potential 

As mentioned previously in Section 1, the LDH material contains brucite (magnesium 

hydroxide)-like layers with positively charged sheets which result from the abundant protonated 

hydroxyl groups (—OH2
+) on its external surface. This means that LDH has a positive zeta potential 

within a wide solution pH range (Figure 2d). Similar to other colloids/adsorbents, LDH is 

characterized by the protonation and deprotonation of external surface functional groups (amphoteric 

feature). However, the zeta potential of LDH often indicates a high positive value, so the pH value of 

the isoelectric point of such material (pHIEP) is often higher than 9.5. This includes, for example, 

Mg/Al-LDH (prepared by the alkoxide sol-gel method), Mg/Al-LDH (hydrothermal precipitation), 

and Mg/Al-LDH (alkoxide-free sol-gel synthesis) [33]. A high IEP value of Mg/Al-LDH probably 

result from the dissociation of mainly Mg(OH)2 and some Al(OH)2
+ sites [34]. A similar finding 

(Table S2) was reported elsewhere [5, 19, 28, 34, 35]. More interestingly, Tran et al. [31] found that 

the pHIEP of LDH (higher than 12) is an insignificant change after intercalating with certain organic 

acid anions, such as citrate and malate anions. Because LDH possesses a high density and positively 

charged surface, it is expected to have a high affinity to anionic pollutants in solution.  

2.4. Anion exchange capacity  

Because LDH materials possess numerous exchangeable anions in their galleries as 

aforementioned, they generally exhibit an excellent anion exchange capacity (AEC). Consequently, 

they can serve as inorganic anion exchangers with a high affinity to various anionic pollutants in 

solution. For instance, Chubar et al. [33] reported that the LDH synthesis method strongly influences 

the ion exchange capacity on LDH. The AEC values of Mg/Al samples decrease in the following 

order: 450 meq/100g for the alkoxide-free sol-gel method > 400 meq/100g for the hydrothermal 

precipitation method > 300 meq/100g for the alkoxide sol-gel method [33]. Similarly, a high ACE of 
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Mg/Al hydrous oxides (450–520 meq/100g) was confirmed by Chubar [36]. In another study, 

Halajnia et al. [37] found that the anion exchange capacities of LDH were also strongly influenced 

by the M2+/M3+ molar ratio, such as 0.89 mmol/g (3/1 Mg/Fe) > 0.88 mmol/g (4/1 Mg/Fe) and 1.93 

mmol/g (3/1 Mg/Al) > 1.61 mmol/g (4/1 Mg/Al). Notably, Ramírez-Llamas et al. [38] pointed out 

that the AEC of Mg/Al-LDH (52.5 meq/100g) increased when the calcination temperature rose from 

350 °C (75.0 meq/100g) to 450 °C (93 meq/100g) and then to 550 °C (127.5 meq/100g). Moreover, 

the AEC of Ni/Mg/Al-LDH material after the 500 °C calcination and H2O expulsion was 210 

meq/100g (or 33 meq/mol) as reported by Châtelet et al. [34]. 

2.5. Textural property  

A typical nitrogen adsorption/desorption isotherm of LDH is presented in Figure 2e. 

According to the IUPAC classification, the isotherm is classed as an IV-type category with an obvious 

H3-type hysteresis loop at high relative pressure (p/p0 > 0.8). The results indicated that the LDH 

possesses mesopores with slit-shaped pores that were formed by stacking the nanosheet building 

blocks [7, 9]. Similar findings have been reported in several other studies [8, 10, 24, 25, 33, 34, 39-

42]. Generally, the LDH adsorbent can be classified as a non-porous material because of its poor 

porosity, implying that LDH often exhibits a low Brunauer–Emmett–Teller (BET) specific surface 

area (SBET) and total pore volume (VTotal). According to the literature, the SBET values of LDH that 

were prepared by different methods and salts ranged from 1.8 m2/g to 179 m2/g (Table S3). As a 

result, the role of pore filling in the adsorption of most contaminants onto LDH seems to be negligible 

[6, 7, 31].  

Some important factors affecting the textural property of LDH include: (1) the M2+/M3+ 

molar ratio of inorganic salts used in the synthesis of LDH, (2) calcination process, and (3) preparation 

method. For the first factor, the M2+/M3+ molar ratio, its effect on the textural properties of LDH has 

been reported in the literature. Ling et al. [43] reported that the SBET and Vtotal values of (NO3)-Co/Fe-

LDH decreased with an increase of Co/Fe molar ratio from 2:1 (168 m2/g and 0.07 cm3/g) to 3:1 (159 
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m2/g and 0.0048 cm3/g), and then to 4:1 (109 m2/g and 0.0047 cm3/g), respectively. This outcome is 

similar to the findings of some authors [25, 26, 37]; however, in contrast to the findings of Peng et al. 

[44]. 

For the second factor, calcination process, the SBET of LDH is generally enhanced during 

calcination under atmospheric air (also known as the dehydration, dehydroxylation and phase 

transition of LDH) [45]. Porosity occurs following calcination due to the decomposition of LDH into 

metal oxides with a periclase-like structure. For example, Ramírez-Llamas et al. [38] have found that 

the SBET (m2/g) and VTotal (cm3/g) values of (SO4)-Mg/Al-LDH (95 m2/g and 0.28 cm3/g) greatly 

increased after being calcined at 350 °C (142 m2/g and 0.42 cm3/g), 450 °C (180 m2/g and 0.64 

cm3/g), and 550 °C (216 m2/g and 1.02 cm3/g). Analogous results (Table S4) have been observed by 

some other researchers [8, 34, 40, 42, 46].  

Furthermore, the reconstruction of the original Mg/Al-LDH structure is often known as the 

“memory effect” term. The gas-phase and liquid-phase rehydrations of calcined LDH also exert 

positive or negative effects on the textural properties of LDH (Table S4). Lastly, the effect of the last 

factor (the preparation method) on the textual properties of LDH is summarized in Table S3. 

3. Distribution of Cr(VI) species in solution  

Aqueous hexavalent chromium often exists in the form of different species (H2CrO4, HCrO4
–

, CrO4
2–, Cr2O7

2–, and HCr2O7
–) as a function of solution pH levels and total chromium concentrations 

(Figure 3). For example, a potent oxidizing agent (chromic acid; H2CrO4) is primarily found in 

solution at a pH level below 1.0, while hydrogen chromate (HCrO4
–) anion is the dominant anionic 

chromium species in a solution within the 1.0 to 6.0 pH range. In addition, Cr(VI) exists mainly as 

the anionic species of chromate (CrO4
2–) when solution pH >6.0 [14, 47]. Remarkably, as initially 

reported by Sengupta and Clifford [48] in Figure 3b, dichromate (Cr2O7
2–) anion, which is a dimer 

of HCrO4
–, is commonly formed when the chromium concentration exceeds approximately 1000 

mg/L. This accords with what previous studies have reported elsewhere [49, 50].  
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Figure 3 

4. Possible adsorption mechanism  

4.1. Anion exchange  

Anion exchange between host anions in the interlayer region of LDH and certain pollutant 

anions in solution has been acknowledged as the primary adsorption mechanism. As noted in Section 

1 and Table S1, the existence of anionic types in the interlayer position of LDH is strongly dependent 

on the kinds of bivalent and trivalent salts used in LDH synthesis. A typical example was taken by 

Lazaridis et al. [51] for the preparation of (CO3)-Mg/Al-LDH from Mg(NO3)26H2O and 

Al(NO3)39H2O through the traditional co-precipitation method. They proposed the anion-exchange 

mechanism for Cr(VI) adsorption by (CO3)-Mg/Al-LDH can be described by the following equations: 

Mg6All2(OH)16CO34H2O + 2HCrO4
– ⇌ Mg6Al2(OH)16(HCrO4)2xH2O + CO3

2– (1) 

Mg6All2(OH)16CO34H2O + CrO4
2– ⇌ Mg6Al2(OH)16CrO4yH2O + CO3

2– (2) 

According to the XRD data, Cocheci et al. [30] found that the interlayer carbonate anions in 

calcinated (CO3)-Zn/Al–LDH were not replaced by Cr(VI) anions during the adsorption process, 

suggesting that the anion exchange might be not mainly responsible for Cr(VI) adsorption in aqueous 

solution. The Langmuir maximum adsorption capacity (Qo
max) of LDH declined according to the 

calcination temperatures as follows: 0 °C > 250 °C > 300 °C > 500 °C. The highest adsorption 

capacity of (CO3)-Zn/Al–LDH was caused by the significant contribution of anion-exchange 

mechanism, which was confirmed by the peak disappearing at nearly 30° in the XRD spectrum of 

laden-LDH. A similar adsorption tendency was reported by Khitous et al.  [46], however elsewhere, 

the result was in stark contrast to those reported by several others researchers [8, 42, 52]. The varying 

adsorption trends might be due to these studies’ unique LDH property or preferred primary adsorption 

mechanism. For example, Lei et al. [8] successfully synthesized the hierarchical hollow Ni/Mg/Al-

layered double hydroxides (NMA-LDH) microspheres and (600 °C)-calcinated NMA-LDH (also 
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known as Ni/Mg/Al-layered double oxides; NMA-LDO). The Langmuir maximum adsorption 

capacity of NMA-LDO was approximately twice higher than that of the NMA-LDH. Unlike the 

conventional morphology of LDH (a hexagonal platelet-like morphology) [30], the NMA-LDH and 

NMA-LDO materials exhibited the morphology of hierarchical flower-like hollow microspheres. The 

dissimilar morphology can cause the different adsorption tendency between pristine and calcinated 

LDH samples. 

Moreover, the (NO3)-Co/Fe-LDH adsorbent, which was successfully prepared by co-

precipitating the mixed metal solutions of Co(NO3)2•6H2O and Fe(NO3)3•9H2O, exhibited an 

outstanding anion exchange capacity to Cr(VI) in solution [43]. The XRD data of (NO3)-Co/Fe-LDH 

indicated that the peak corresponding to the presence of CO3
2– anions in the interlayer region of LDH 

was not detected, implying that the existence of interlayer CO3
2– anions was negligible. Also, the 

basal spacing of (NO3)-Co/Fe-LDH increased from 0.804 to 0.900 nm after adsorption, which is later 

confirmed by other findings reported in Table S1. The results suggested that the interlayer NO3
− 

anions (the 0.20-nm radius) were primarily exchanged by Cr2O7
2– oxyanions (0.24 nm) in solution. 

A similar performance of anion exchange is reported by Deng et al. [11] using magnetic CoFe2O4-

Mg/Al-LDH composite and Koilraj and Sasaki [21] using (NO3)-Mg/Al-LDH, (NO3)-Co/Al-LDH, 

and (NO3)-Zn/Al-LDH.  

Notably, Khitous et al. [46] compared the removal efficacy of Cr(VI) from aqueous solution 

by three Mg/Al-LDH samples (NO3-LDH, SO4-LDH, and Cl-LDH) containing different interlayer 

NO3
−, SO4

2−, and Cl− anions, respectively. Their Langmuir maximum adsorption capacities decreased 

in the following order: 71.9 mg/g (NO3-LDH) > 58.8 mg/g (Cl-LDH) > 55.6 mg/g (SO4-LDH). An 

analogous tendency was observed by Hongo et al. [53] for Cr(VI) adsorption onto Mg/Al-LDH 

samples with different interlayer anions: NO3
– > Cl– > SO4

2–. The result suggested that the interlayer 

NO3
– anions exhibited a superior exchangeable capacity to Cr(VI) anions in the solution than the 

interlayer Cl– and SO4
2– anions did. In other words, the host divalent anions more strongly interacted 

in the interlayer region of LDH than the host monovalent anions. Moreover, the anion-
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exchange mechanism between the guest Cr(VI) anions and the host Cl− anions in the interlayer region 

of LDH has been highlighted by many scholars  [25, 32, 54]. 

To sum up, the anion exchange mechanism is strongly dependent on the preparation of LDH 

and the salt used. For example, if the LDH sample is synthesized by the coprecipitation method of 

two metal salts (i.e., MgSO4 and Al2(SO4)3) using nitrogen gas to minimize the presence of CO3
2- 

anions in the solution, the anion exchange mechanism between Cr(VI) in solution and the interlayer 

anions of LDH will be negligible. This is because (1) the presence of exchangeable CO3
2- anions in 

the interlayer anions of LDH is limited, and (2) interlayer SO4
2- anions are difficult to exchange with 

Cr(VI) anions in solution. 

4.2. Adsorption-coupled reduction  

When Cr(VI) oxyanions in solution come into contact with certain organic substances or 

reducing agents (especially in acidic environments), the Cr(VI) species are easily 

transformed/reduced to Cr(III) species according to a redox mechanism. This reason is that Cr(VI) 

has a high redox (oxidation/reduction) potential value (usually higher than +1.35 V) under standard 

conditions [55]. As reported in the literature, when Cr(VI) oxyanions make contact with the electron-

donor groups of adsorbent (i.e., the hydroxyl group), Cr(VI) is spontaneously reduced to Cr(III). LDH 

can adsorb the reduced Cr(III) cations through isomorphic substitution and complexation. X-ray 

photoelectron spectroscopy (XPS), X-ray absorption spectroscopy (XAS), and extended X-ray 

absorption fine structure (EXAFS) are three useful advanced techniques to ascertain the oxidation 

state of the chromium bound on the adsorbent. These methods can be used to identify whether: firstly, 

Cr(VI) is totally or partially reduced to Cr(III) during Cr(VI) adsorption; and secondly, reduced 

Cr(III) is adsorbed onto adsorbent or not. 

Figure 4a provides the results for XPS analysis of standard Cr(III) chemical (CrCl36H2O 

and Cr2O3) and standard Cr(VI) chemical (K2Cr2O7) that were adapted from literature reports [16, 17, 

23, 56, 57]. The standard chemicals were measured by XPS as blank samples without the presence of 
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adsorbent. Hexavalent chromium is always characterized by the peaks located at the higher binding 

energies than those of trivalent chromium. This is because hexavalent chromium is more electrophilic 

[56, 58]. Notably, the XPS analysis of the standard Cr(III) and Cr(VI) chemicals plays a key role in 

comparing the chromium states present on the adsorbent. The incorrect identification of Cr(III) and 

Cr(VI) binding energies in the Cr 2p XPS spectra of laden adsorbent will lead to incorrect conclusion. 

This problem has been recently identified and thoroughly discussed by Tran [58] and Tran et al. [59] 

Figure 4 

4.2.1. Layered double hydroxides without guest organic/inorganic anions or iron composition 

Chen et al. [20] prepared the LDH modified by biomass-derived porous carbons (Ni/Al-

LDH@PAB) to remove Cr(VI) anions from aqueous solution. The XPS narrow-spectrum of Cr 2p of 

Cr(VI)-laden Ni/Al-LDH@PAB confirmed that Cr(VI) and Cr(III) coexist on the surface and/or the 

interlayer region of Ni/Al-LDH@PAB. The authors demonstrated that some Cr(VI) anions were 

reduced to Cr(III) cations. During the reduction process, the large amount of hydroxyl groups on the 

surface of activated carbon and Ni/Al-LDH was responsible for donor electrons. The dominant 

presence of reduced Cr(III) on Ni/Al-LDH@PAB was due to two adsorption mechanisms, i.e. 

isomorphic substitution and complexation. Isomorphic substitution can be generated in the LDH 

structure because Cr3+ (0.052 nm) and Al3+ (0.054 nm) have a similar radius; consequently, the 

presence of Al3+ ions in the supernatant solution was detected around 0.84 mg/L after Cr(VI) 

adsorption. The complexation of the formed Cr(III) with oxygen-containing groups was another 

interaction. An analogous result was reported by Zhang et al. [60] for Cr(VI) adsorption onto (Cl)-

Ca/Al-LDH.  

Recently, Chao et al. [19] developed a novel method to remove toxic Cr(VI) from 

groundwater (containing soil) by CO3-Mg/Al-LDH using characteristics of in-situ synthesis. The in-

situ LDH can directly remove hexavalent chromium from solution through primary anion exchange 

with host interlayer anions (mainly CO3
2–) and adsorption-coupled reduction mechanism. Three LDH 
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samples were synthesized at different concentrations of Mg(NO3)26H2O and Al(NO3)39H2O (the 

molar ratio of Mg/Al is 3:1). The XRD data of three LDH samples indicated that the peak 

corresponding to interlayer CO3
2– anions was not detected, suggesting that anion exchange in 

adsorption mechanism is important. The XPS data (the O 1s and N 1s spectra) confirmed that anion 

exchange was unfavorable between interlayer NO3
– anions and guest Cr(VI) anions in solution. 

Furthermore, they also indicated that some Cr(VI) oxyanions (approximately 20%) are reduced to 

Cr(III) cations at a high solution pH of 12 by the –OH groups in LDH or organic matter in silty clay. 

The coexistence of Cr(III) and Cr(VI) in LDH was confirmed by the Cr 2p spectrum (Figure 4b) at 

587.9 eV and 579.1 eV for Cr(VI) and at 585.1 eV and 576.5 eV for Cr(III). The mechanism of 

isomorphic substitution between reduced Cr(III) and Al(III) was supported by a remarkable decline 

of the Mg/Al ratios (ranging from 1.40 to 1.82; determined by XPS).  

4.2.2. Layered double hydroxides intercalated with organic/inorganic anions 

Koilraj and Sasaki [21] investigated the adsorption behavior of Cr(VI) onto three different 

amino acid-intercalated LDH samples (i.e., Co/Al-LDH and Mg/Al-LDH) utilizing the XPS 

technique (Figure 4c). The existence of Cr(VI) and Cr(III) on the LDH samples was identified in the 

Cr 2p region at 578.3 eV and 587.4 eV for Mg/Al-LDH and at 578.8 eV and 588.0 eV for Co/Al-

LDH. Meanwhile, that of Cr(III) was at 575.8 eV and 575.8 eV (Mg/Al-LDH) and at 576.5 eV and 

585.5 eV (Co/Al-LDH), respectively. The Cr(III) present in Mg/Al-LDH and Co/Al-LDH was 44% 

and 19%, respectively, implying the partial detoxification of Cr(VI) by reduction to Cr(III) on the 

surface of the LDH samples. During the reduction process, the electron donating amine groups in 

amino acid can be oxidized to the –NH(OH) hydroxylamine derivation (Equation 3). The converted 

Cr(III) is unstable and precipitated in the CrOOH formation that was immobilized on the surface of 

LDH. More interestingly, after chromium-laden Mg/Al-LDH was desorbed by 0.01 M Na2CO3, two 

(Cr 2p3/2 and Cr 2p1/2) peaks corresponding to Cr(VI) disappeared in the Cr 2p spectrum. It is 

suggested here that anion exchange has played a determining role in adsorbing Cr(VI).  
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CrO4
2− + 8H+ + 3e– (–NH2) ⇌ Cr3+ + –NH(OH) + H2O (3) 

Moreover, Zhang et al. [22] prepared the lactate acid-intercalated Mg/Al LDH 

nanocomposite (LDHNS) through the following three-stage process: (1) traditional co-precipitation 

method of Mg(NO3)26H2O and Al(NO3)39H2O to prepare NO3-Mg/Al-LDH; (2) anion exchange 

between NO3
- and lactate acid; and (3) exfoliation process. The XPS spectrum of LDHNS after 

adsorption of 100 mg/L of Cr(VI) for 10 min at pH 6.0 revealed some peaks at 576.3 eV [Cr(III)], 

577.9 eV [Cr(VI)], and 587.2 eV [Cr(VI)], suggesting that Cr(III) was derived from Cr(VI) reduction. 

The intercalated lactate molecules (mainly –OH groups) within the galleries of LDHNS can serve as 

a potential reducer for partial reduction of Cr(VI) to Cr(III). The generated Cr(III) ions were adsorbed 

by the —COO– groups of the lactate. Moreover, Zhang et al. [22] concluded “the hydrogen bonding 

between the Cr(VI)/Cr(III) species and the hydroxyl groups of the LDHNS.” This means that the 

hydrogen bonding are responsible for the adsorption of Cr(VI) and/or Cr(III) onto LDHNS. However, 

this very controversial conclusion was withdrawn without any supporting experiment data. 

Similarly, Deng et al. [10] fabricated the NiFe2O4/Zn-Al layered double hydroxides 

intercalated with ethylenediamine tetra-acetic acid (EDTA). After Cr(VI) adsorption, the XPS data 

indicated the coexistence of Cr(VI) and Cr(III) on the fabricated LDH (Figure 4d). The authors 

concluded that the C–H and C=O groups (the strongest reducing groups) were mainly responsible for 

the reduction of Cr(VI) to Cr(III) as depicted in Equations 4–5. The generated Cr(III) cations in 

solution possibly interacted with the negatively charged EDTA in the internal region of LDH to form 

a stable complex. After such adsorbing sites had become exhausted, the reduced Cr(III) cations were 

released into the solution because of the electronic repulsion between the reduced Cr(III) cations and 

the positively charged groups (—OH2
+) on the surface of LDH. 

–C–H + Cr(VI) + H2O ⇌ –C–OH + Cr(III) + H+ (4) 

–C=O + Cr(VI) + H2O ⇌ –COOH + Cr(III) + H+ (5) 
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Furthermore, Ma et al. [23] synthesized the Mg/Al-LDH intercalated with inorganic MoS4
2– 

anions (MoS4-LDH) and applied the XPS technique to investigate the primary adsorption mechanism. 

The preparation of MoS4-LDH comprised the following stages. Firstly, highly crystallized CO3-

Mg/Al-LDH was prepared through the traditional co-precipitation method. Secondly, the NO3-LDH 

sample was then prepared by the decarbonization of CO3-Mg/Al-LDH via a salt-acid mixed solution 

treatment. Thirdly and lastly, the Mg/Al-LDH intercalated with MoS4
2– anions (MoS4-LDH) was 

obtained through an anion exchange process between MoS4
2– anions and interlayer NO3

- anions in 

NO3-LDH. The XPS result of MoS4-LDH after Cr(VI) adsorption of 50 mg/L concentration indicated 

the Cr 2p2/3 and Cr 2p1/2 binding energies at 577.2 eV and 586.9 eV, corresponding to Cr(III). This 

means that during the Cr(VI) adsorption process, Cr(VI) was reduced to Cr(III) by a heterogeneous 

redox process. The reduced Cr(III)—a softer Lewis acid—might combine with the interlayer MoS4
2− 

anions through the Cr−S coordination bonding. Furthermore, Ma et al. [23] discovered that the partial 

oxidation of S2− to SO4
2− anions simultaneously resulted in the reduction of Cr(VI) to Cr(III). This 

oxidation was confirmed by a well-indentified peak at 168.0 eV, involving the S 2p binding energy 

for SO4
2−. 

4.2.3. Layered double hydroxides modified with polymer 

A polyaniline-modified Mg/Al-LDH, which was synthesized and applied to adsorb Cr(VI), 

was studied by Zhu et al. [24]. The Cr 2p XPS spectrum of Cr-loaded LDH indicated that the oxidation 

state of Cr(III) existed along with Cr(VI), implying that reduction occurred during Cr(VI) adsorption. 

The dominant reaction between acid chromate (HCrO4
−) anions and polyaniline polymer is presented 

as Equation 6. The reduced Cr(III) species might be attached to the LDH surface by chelating with 

the amine groups of polyaniline (Equations 7–9). An identical result was reported by Deng and Ting 

[61] for Cr(VI) adsorption onto polyethyleneimine-modified fungal biomass and Olad and Nabavi 

[62] for polyaniline (PANI) application in the reduction of highly toxic Cr(VI) to less toxic Cr(III) 

ions in aqueous media. 
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2HCrO4
− + 14H+ + 3PANI0 ⇌ 2Cr3+ + 3PANI2+ + 8H2O (6) 

—NH2 + Cr3+ ⇌ —NH2Cr3+ (7) 

—NH2 + Cr(OH)2+  ⇌  —NH2Cr(OH)2+ (8) 

—NH2 + Cr(OH)+  ⇌  —NH2Cr(OH)+ (9) 

4.2.4. Layered double hydroxides containing an iron component 

The Fe/Al layered double hydroxides were successfully synthesized by He et al. [25] through 

the hydrothermal synthesis method using FeCl24H2O and AlCl36H2O. The XPS spectra of Fe/Al-

LDH before and after adsorption indicated that Fe2+ ions in the LDH structure were simultaneously 

oxidized to Fe3+ ions. This action promoted the transformation of Cr(VI) into Cr(III). Furthermore, 

the concentration of Cr(III) cations in the solution during Cr(VI) adsorption was detected, suggesting 

that some reduced Cr(III) was released from the LDH sample during the adsorption process. 

Similarly, Kameda et al. [63] prepared the (Cl)-Mg/Al-LDH doped with Fe2+ (LDH-Fe), in which 

Fe2+ served as the strong reducing agent. They found that during the Cr(VI) adsorption process, the 

Fe2+ in the LDH-Fe host layer was oxidized into Fe3+; this oxidation process can provide the electrons 

for simulating the reduction of Cr(VI) into Cr(III). A similar phenomenon was repeated by Alidokht 

et al.  [26] for removing chromate from aqueous media by reduction with nanoscale (Cl)-Fe/Al-LDH. 

Fe2+ ⇌ Fe3+ + e− (10) 

Cr2O7
2− + 14H+ + 6e− ⇌ 2Cr3+ + 7H2O (11) 

In another study, Wang et al. [27] successfully synthesized Mg/Al/Fe-LDH from Mg(NO3)2, 

Al(NO3)3, and FeSO4. The XPS data indicated that the oxidation of Fe(II) to Fe(III) occurred during Cr(VI) 

adsorption. They found that the laminate Fe(II) in Mg/Al/Fe-LDH promoted the transformation of Cr(VI) 

into Cr(III). The reduced Cr(III) was removed through the formation of Cr(OH)3. The hypothesis was 
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consistent with the Cr 2p spectrum in that Cr(VI) and Cr(III) coexist in Mg/Al/ Fe-LDH. The results 

suggested that the mechanism of Cr(VI) removal by Mg/Al/ Fe-LDH was regarded as a combination 

of adsorption–reduction processes. 

Furthermore, Sheng et al. [28] synthesized the nanoscale zero-valent iron (NZVI) supported 

on Mg/Al-LDH (NZVI/LDH) and applied them (NZVI, LDH, and NZVI/LDH) to remove Cr(VI) in 

the liquid phase. The adsorption mechanism was proposed based on X-ray absorption fine structure 

(XAFS; Figure 5a) and extended X-ray absorption fine structure (EXAFS; Figure 5b) techniques. 

The XANES and EXAFS spectra of Cr-laden LDH are nearly identical to those of standard Cr(VI) 

chemical (K2Cr2O7), suggesting that Cr(VI) does not reduce to Cr(III) during the Cr(VI) adsorption 

process onto Mg/Al-LDH. In contrast, the Cr-laden NZVI/LDH sample exhibited similar XANES 

and EXAFS patterns to the standard Cr(III) chemical, suggesting that Cr(VI) anions in solution were 

completely reduced to Cr(III) in the NZVI/LDH system. The reduction process occurred very rapidly 

within 15 min of contact. As part of their study, Sheng et al. [28] also found that Cr(VI) anions were 

only partly reduced to Cr(III) in the NZVI system. Notably, the reduction of Cr(VI) to Cr(III) by the 

nanoscale zero-valent iron (NZVI)-based adsorbent has been observed in the literature, such as 

activated carbon fiber supported-NZVI [64] and NZVI modified with tetraethyl orthosilicate and 

hexadecyl-trimethoxy-silane [18]. The NZVI reductant is known to be an excellent electron donor 

because of its great ability to lose electrons. According to [18, 64], the reduction of Cr(VI) to Cr(III) 

induced by NZVI can be summarized as follows: 

3Fe0 + 2HCrO4
- + 14H+ ⇌ 3Fe2+ + 2Cr3+ + 8H2O (11) 

3Fe2+ + HCrO4
- + 7H+⇌ 3Fe3+ + Cr3+ + 4H2O (12) 

Fe0 ⇌ Fe2+ + 2e– (13) 

Fe0 + 2Fe3+ ⇌ 3Fe2+  (14) 
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3Fe0 + 2CrO4
2– + 8H2O ⇌ 3Fe2+ + 2Cr3+ + 16OH– (15) 

3Fe2+ + CrO4
2– + 4H2O ⇌ 3Fe3+ + Cr3+ + 8OH– (16) 

Figure 5 

Notably, Laipan et al. [29] attempted to convert Orange II dye-laden (NO3)-Cu/Fe-LDH into 

Cr(VI) reductant. According to the Cr 2p XPS data, these researchers concluded that approximately 

71.4%–83.3% of Cr(III) presented in the Cr(VI)-laden LDH, suggesting that the adsorption-coupled 

reduction played a dominant role in this case. In addition, the Fe0, Fe2+, Cu0, and Cu+ species made a 

great contribution to reducing Cr(VI) to Cr(III) during the Cr(VI) adsorption process (based on the 

XPS analysis). The process of Cr(VI) reduction, which resulted from the reactions between Cr(VI) 

and such species, can be summarized as follows: 

Cr2O7
2− + 14H+ + 3(2)Fe0 ⇌ 2Cr3+ + 7H2O + 3Fe2+(2Fe3+) (17) 

Cr2O7
2− + 14H+ + 6Fe2+ ⇌ 2Cr3+ + 7H2O + 6Fe3+ (18) 

Cr2O7
2− + 14H+ + 3(6)Cu0 ⇌ 2Cr3+ + 7H2O + 3Cu2+(6Cu+) (19) 

Cr2O7
2− + 14H+ + 6Cu+ ⇌ 2Cr3+ + 7H2O + 6Cu2+ (20) 

However, using the XPS data after Cr(VI) adsorption, some authors detected that Cr(VI) did 

not reduce to Cr(III) during the adsorption process. For example, Yuan et al. [65] prepared a calcined 

graphene/Mg/Al-LDH nanocomposite. Their XPS spectrum for Cr 2p only presented one peak at 

280 eV, meaning that the process of Cr(VI) removal by the prepared LDH nanocomposite did not 

involve the adsorption-coupled reduction. A similar conclusion was reached by Lei et al. [8] for the 

hierarchical calcined Ni/Mg/Al-LDH, Deng et al. [11] for the magnetic CoFe2O4/Mg/Al-LDH 

composite, and Wang et al. [66] for the polyvinylpyrrolidone- and polyacrylamide-intercalated LDH 

samples. 
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4.3. Electrostatic attraction  

As discussed in Section 1, the LDH samples exhibited a positively charged surface that 

mainly resulted from the OH2
+ groups present on its structure. Therefore, the electrostatic attraction 

between the OH2
+ groups and Cr(VI) anions in solution was expected to occur naturally (Figure 6c). 

Such a mechanism has been confirmed by many investigators for the following: NiFe2O4-Zn/Al-LDH 

intercalated with EDTA [10], in-situ Mg/Al-LDH [19], (NO3)-Mg/Al–LDH [46], (CO3)-Mg/Al–LDH 

[28], magnetic CoFe2O4/MgAl-LDH [11], (NO3)-Mg/Al–LDH and (500 °C)-calcinated Mg/Al–LDH 

[52], (Cl)-Zn/Al-LDH [35], and polyvinylpyrrolidone-intercalated LDH and polyacrylamide-

intercalated LDH [66]. Although electrostatic attraction plays an integral role in adsorbing Cr(VI) 

anions in solution, its contribution might be not significant compared to anion exchange and 

adsorption coupled with reduction. The potential mechanisms of Cr(VI) adsorption onto LDH-based 

materials are summarized in Figure 7. 

Figure 6 

5. Discussion on the method for determining chromium 

Following the Cr(VI) adsorption process, hexavalent and trivalent chromium can coexist in 

the solution and on the adsorbent if the reduction of Cr(VI) to Cr(III) occurs during the adsorption 

process. Many scholars [58, 59, 67-71] have discussed on the mistakes in analyzing chromium species 

in water environment (liquid phase) and on the laden adsorbent (solid phase) after the process of 

Cr(VI) adsorption. This mistake caused the incorrect explanation of mechanism adsorption. To 

prevent the proliferation of such mistakes in the future literature, this review recommends the accurate 

determination methods to verify their coexistence in both liquid and solid phases that are summarized 

in Figure 7.  

Figure 7 
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Essentially, total (trivalent and hexavalent) chromium in solution is commonly determined 

using two techniques, specifically, inductively coupled plasma-atomic emission spectroscopy (ICP-

AES), and atomic absorption spectroscopy (AAS). However, these methods cannot differentiate 

Cr(VI) from total chromium. The standard colorimetric method has been widely applied to measure 

the chromium concentration of its different species [Cr(VI) and total Cr concentrations] in solution. 

For example, to separate Cr(VI) and Cr(III) in a solution, sole Cr(VI) in solution is complexed with 

1,5-diphenyl-carbazide, and the UV-visible spectroscopy technique is then used to detect the violet 

colored complex at the maximum absorption wavelength of 540 nm. For measuring total chromium, 

it is necessary to completely convert Cr(III) in solution into Cr(VI) at a high temperature (130–

140 °C) by adding an oxidation treatment with KMnO4. As a result of this oxidation treatment, the 

total concentration of hexavalent chromium consists of both the converted Cr(VI) oxyanions and the 

previously existing Cr(VI) oxyanions. Furthermore, the Cr(VI) oxyanions are complexed with 1,5-

diphenyl-carbazide, and this complex is spectrophotometrically determined at 540 nm. Notably, the 

Cr(III) concentration is commonly calculated from the difference between the total Cr and Cr(VI) 

concentrations [15, 72-74].  

According to the literature, the oxidation state and coordination environment of chromium 

bound to adsorbent is accurately confirmed by some advanced techniques, such as X-ray 

photoelectron spectroscopy (XPS) [10, 16, 17, 21, 56, 58, 75] and X-ray absorption fine structure 

(XAFS) [28, 76, 77]. If Cr(III) cations are not detected in solution and on laden adsorbent after Cr(VI) 

adsorption, Cr(VI) would not reduce to Cr(III). In contrast, it is also able to assume that the Cr(VI) 

reduces to Cr(III) during Cr(VI) adsorption. We analyze two possible cases where this can occur. 

Firstly, the reduced Cr(III) and Cr(VI) are detected in the solution. This means that the reduced Cr(III) 

cations are released to solution: (1) without adsorption onto adsorbent (invisible Cr(III) peak in XPS); 

or (2) with adsorption onto adsorbent (visible Cr(III) peak in XPS). In the second possibility, the 

adsorption however does not completely occur because of the limited adsorption capability of 

absorbent (insufficient reaction). Secondly, only Cr(VI) anions are detected in the solution. If the 
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XPS can determine the presence of Cr(III) on the laden adsorbent, this means that all reduced Cr(III) 

is adsorbed onto the adsorbent (sufficient reaction) [17, 58, 68, 77]. More information on such helpful 

techniques is previoulsy presented in Section 4.2.  

6. Adsorption study 

The study of equilibrium adsorption plays a significant role in estimating the maximum 

adsorption capacity of adsorbent under optional operation conditions [78, 79]. When the adsorption 

process reaches true equilibrium adsorption in the adsorption isotherm, the Langmuir model 

(Equation 21) is widely applied to calculate the maximum adsorption capacity of an adsorbent [70, 

80]. Another equation (Equation 22) is commonly used to calculate the amount of Cr(VI) adsorbed 

onto adsorbent at equilibrium (qe; mg/g).  
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where Qo
max (mg/g) is the Langmuir maximum saturated adsorption capacity of LDH; KL (L/mg) is 

the Langmuir constant related to the affinity between LDH and dichromate; Co and Ce are the Cr(VI) 

concentration in the solutions at the beginning and equilibrium, respectively; m (g) is a used mass of 

LDH; and V (L) is the volume of the Cr(VI) solution. 

Table 1 summarizes the Langmuir maximum adsorption capacity (Qo
max; mg/g) of different 

kinds of LDH adsorbent. The Qo
max values of LDH-based materials range from 16.3 mg/g to 726 

mg/g, which are comparable to some commercial anion exchangers, such as Lewatit M-62 (86.5 

mg/g) [81], Lewatit MP-610 (88.5 mg/g) [81], and Amberlite IRA-900 (150 mg/g) [82]. 

Table 1 
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 More interestingly, the thermodynamic parameters for Cr(VI) adsorption onto LDH presented 

in Table 2 demonstrated that almost every adsorption process occurred spontaneously (∆G° <0) and 

endothermically (∆H° >0) within the reported experiment conditions. This means that the equilibrium 

constant of adsorption increased when the solution temperature also increased. As well, the positive 

∆S° value in most observation cases indicates that the organization of chromium at the solid/solution 

interface during the adsorption process becomes more random.  

Table 2 

7. Conclusions  

On the basis of the above discussions, we put forward the following vital conclusions and 

future perspectives: 

 Among the existing preparation methods of layered double hydroxides, co-precipitation 

is the most common one because of its simplicity in creating LDH with a high crystalline structure.  

 Layered double hydroxides are a non-porous material with a low specific surface area 

(1.80–179 m2/g); therefore, the pore filling’s contribution to the chromium adsorption mechanism is 

insignificant. 

 Layered double hydroxides can be classified as a dual-electronic adsorbent. They have 

positively charged external surfaces (pHIEP >9.0) and high anionic exchange capacity (53–520 

meq/100g). A high density of positive charges contributes to adsorbing Cr(VI) anions through the 

electrostatic attraction. Meanwhile, the host interlayer anions (Cl–, NO3
–, SO4

2–, and CO3
2–) plays a 

key role in the adsorption mechanism of hexavalent chromium anions in solution through the anion 

exchange.  

 Adsorption-coupled reduction also plays an integral role in the adsorption mechanism. 

LDH adsorbs the reduced Cr(III) cations through the processes as isomorphic substitution or/and 

complexation. 

ACCEPTED M
ANUSCRIP

T



25 

 

  The Langmuir maximum adsorption capacity of LDH-based materials is obtained within 

the range between 16.3 mg/g and 726 mg/g. 

 Most the adsorption processes of Cr(VI) by LDH-based adsorbent occur spontaneously 

(∆G° <0) and endothermically (∆H° >0) and increase the randomness (∆S° >0) in the system. 

It can therefore be concluded that LDH-based materials have much potential as an adsorbent 

with a high affinity to toxic chromium in water and wastewater. Future studies should involve in the 

application of applying these materials to remove Cr(VI) from water, and attempts should be made 

to explore the states of chromium oxidation on the chromium-laden material. 
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Figure 1. A typical crystal structure of LDH, dehydration of LDH by calcination, and rehydration 

of calcined LDH 
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Figure 2. Some typical properties of layered double hydroxides characterized by: (a) SEM image 

of CO3-Mg/Al-LDH [31], (b) XRD pattern of CO3-Mg/Al-LDH [19], (c) FTIR of CO3-Mg/Al-

LDH [31], (d) zeta potential of Cl-Mg/Al-LDH [28], CO3-Mg/Al-LDH, citrate anion-intercalated 

Mg/Al-LDH, malate anion-intercalated Mg/Al-LDH [31], and in-situ-LDH [19], and (e) nitrogen 

adsorption/desorption isotherm of CO3-Mg/Al-LDH (an insert figure representing its pore size 

distribution) [7] 
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Figure 3. (a) h–pH diagram for chromium [50], and (b) relative distribution of Cr(VI) species in 

water as a function of pH and Cr(VI) concentration [48] 
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Figure 4. (a) Corresponding binding energies of the Cr(VI) and Cr(III) standards [16, 17, 23, 56, 

57]; a typical Cr 2p spectrum after Cr(VI) adsorption of (b) in-situ-Mg/AL-LDH [19], (c) amino 

acid-intercalated Co/Al-LDH and amino acid-intercalated Mg/Al-LDH [21]; and (d) NiFe2O4-

Zn/Al-LDH [10]. 

  ACCEPTED M
ANUSCRIP

T

file:///D:/1.%20LDH%20mechanims%20(review)%20Cr%20adsorption/2.%20Revised/1.-main-document%20-%20Revised.docx%23_ENREF_16
file:///D:/1.%20LDH%20mechanims%20(review)%20Cr%20adsorption/2.%20Revised/1.-main-document%20-%20Revised.docx%23_ENREF_17
file:///D:/1.%20LDH%20mechanims%20(review)%20Cr%20adsorption/2.%20Revised/1.-main-document%20-%20Revised.docx%23_ENREF_23
file:///D:/1.%20LDH%20mechanims%20(review)%20Cr%20adsorption/2.%20Revised/1.-main-document%20-%20Revised.docx%23_ENREF_56
file:///D:/1.%20LDH%20mechanims%20(review)%20Cr%20adsorption/2.%20Revised/1.-main-document%20-%20Revised.docx%23_ENREF_57
file:///D:/1.%20LDH%20mechanims%20(review)%20Cr%20adsorption/2.%20Revised/1.-main-document%20-%20Revised.docx%23_ENREF_19
file:///D:/1.%20LDH%20mechanims%20(review)%20Cr%20adsorption/2.%20Revised/1.-main-document%20-%20Revised.docx%23_ENREF_21
file:///D:/1.%20LDH%20mechanims%20(review)%20Cr%20adsorption/2.%20Revised/1.-main-document%20-%20Revised.docx%23_ENREF_10


38 

 

 

Figure 5. (a–b) Cr K-edge XANES spectra of the Cr(VI) and Cr(III) standards, Cr(VI)-adsorbed 

Mg/Al-LDH, Cr(VI)-adsorbed nanoscale zero-valent iron (NZVI), and Cr(VI)-adsorbed 

NZVI/LDH; and (c–d) K-edge EXAFS spectra of the Cr(VI) and Cr(III) standards, Cr(VI)-

adsorbed Mg/Al-LDH, Cr(VI)-adsorbed nanoscale zero-valent iron (NZVI), and Cr(VI)-adsorbed 

NZVI/LDH [28]  
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Figure 6. Possible adsorption mechanism of Cr(VI) onto a typical Mg/Al-LDH (excluding the 

case of intercalation with organic or inorganic anions, modification with polymer, or presence of 

iron component) 
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Figure 7. Determination of the presence of different species of chromium in solid and liquid 

phases   
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Table 1. The Langmuir maximum adsorption capacity (Qo
max) of Cr(VI) from water environment  

LDH Interlayer anion Treatment  

Adsorption condition 
Qo

max 

(mg/g) 
Ref. m/V 

(g/L) 
pH 

T 

(°C) 

t 

(h) 

Co 

(mg/L) 

Laboratory synthetic water         

Mg/Al/Fe NO3
–, SO4

2– 400 °C 4.0 9.0 NA — 50–6000 726 [27] 

Mg/Al Cl– Fe2+ 10 NA 30 24 5–1000 649 [63] 

Mg/Al NO3
– Polyaniline 0.2  3.0 30 24 5–120 435 [24] 

Mg/Al CO3
2– — 2.0 12 25 24 100–900 339 [19] 

Mg/Al CO3
2– — 2.0 5.0 25 24 100–900 246 [19] 

Ni/Al NO3
–  bAC 0.2 2.0 30 — 20–250  236 [20] 

Mg/Al NO3
– 400 °C 4.0 9.0 NA — 50–6000 199 [27] 

Mg/Al NO3
– Graphene 1.0 NA NA 24 50–250 184 [65] 

Zn/Al Cl– — 0.8 5.0 25 12 50–350 172 [35] 

Mg/Fe — 400 °C 1.0 NA 25 0.3 10–300 137 [42] 

Mg/Al MoS4
2– — 1.0 NA RT 24 10–400 130 [23] 

Mg/Fe — — 1.0 NA 25 0.3 10–300 129 [42] 

Mg/Al Cl– — 2.0 4.0 30 2.5 5–200 110 [5] 

Ni–Al Cl– — 10 NA 30 24 
260–

1300 
104 [54] 

Ni/Mg/Al SO4
– a600 °C 0.5 NA 30 24 20–100 103 [8] 

Co–Al Cl– — 10 NA 30 24 
260–

1300 
98.8 [54] 

Mg/Al Arginine — 1.0 8.0 25 3.0 25–510 84.2 [21] 

Co/Al Arginine — 1.0 8.0 25 3.0 25–510 77.8 [21] 

Mg/Al NO3
– — 2.0 6.0 20 2.0 5–200 71.9 [46] 

Zn/Al NO3
– — 0.2 6.5 25 24 30–55 68.1 [39] 

Zn/Al cEDTA NiFe2O4 2.0 6.0 25 2.0 10–1000 66.1 [10] 

Mg/Al NO3
– CoFe2O4 3.0 2.0 30 24 55–250 65.7 [11] 

Mg/Al Cl– — 2.0 6.0 20 2.0 5–200 58.8 [46] 

Mg/Al NO3
– — 0.2  3.0 15 24 5–120 58.8 [24] 

Ni/Al NO3
– — 0.2 6.5 25 24 30–55 57.5 [39] 

Zn/Al Arginine — 1.0 8.0 25 3.0 25–510 55.9 [21] 

Mg/Al SO4
2– — 2.0 6.0 20 2.0 5–200 55.6 [46] 

Ni/Mg/Al SO4
– — 0.5 NA 30 24 20–100 49.6 [8] 

Ni/Al NO3
– — 0.2 2.0 30 NA 20–250 34.1 [20] 

Mg/Al NO3
– — 0.2 6.5 25 24 30–55 30.3 [39] 

Co/Fe CO3
2- — 0.2 7.5 25 2.0 2–25 27.6 [43] 

Ni/Fe NO3
– — 0.2 NA RT 4.0 4–20 26.8 [9] 

Mg/Al  CO3
2– — 1.0 6.0 30 4.0 5–100 17.0 [51] 

Real wastewater        

Finishing wastewater         

Mg/Al CO3
2– a600 °C 2.0 1.2 RT 24 57–448 128 [52] 

Mg/Al CO3
2– — 2.0 1.2 RT 1.0 11–57 16.3 [52] 

Plating wastewater         

Ca/Al Cl– — 4.0 NA RT NA 10–420 62.3 [60] 

Note: aCalcinated temperature, bAC (activated carbon derived from oil-tea shells), cEDTA 

(ethylenediaminetetraacetic acid), RT (room temperature), and NA (not reported).  
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Table 2. Thermodynamic parameters for Cr(VI) adsorption process onto various kinds of LDH 

 Treatment  
T 

(K) 

∆G° 

(kJ/mol) 

∆H° 

(kJ/mol) 

∆S° 

(kJ/mol×K) 
Ref. 

Ni/Mg/Al — 293 −6.26 17.7 0.085 [5] 

  303 −8.21    

  313 −8.96    

Ni/Mg/Al — 293 8.35 22.1 0.047 [8] 

  303 7.88    

  313 7.41    

Ni/Mg/Al 600 °C 293 4.07 21.7 0.060 [8] 

  303 3.47    

  313 2.87    

Ni/Al PAB 293 −3.98 60.6 0.115 [20] 

  303 −4.63    

  313 −5.18    

Zn/Al  — 298 −11.7 46.5 0.171 [35] 

  308 −14.2    

  318 −17.0    

NiFe2O4/Zn-

Al 
— 298 −4.72 2.91 0.026 [10] 

  308 −5.06    

  318 −5.23    

Mg/Al Polyaniline 288 −11.8 18.4 0.095 [24] 

  303 −13.2    

  318 −15.1    

Mg/Al — 293 −24.4 4.990 0.100 [46] 

  303 −25.5    

  313 −26.4    

Mg/Al — 288 −6.49 46.3 0.183 [22] 

  298 −8.04    

  308 −10.2    

Mg/Al Graphene 293 −4.17 16.9 0.072 [65] 

  303 −4.51    

  313 −5.64    

Mg/Al CoFe2O4 283 −1.14 −7.18 −0.021 [11] 

  303 −0.71    

  233 −0.28    
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Note: The Gibbs energy change (ΔG°) can be directly calculated from the equation of ΔG° = –RT 

× lnKC. Meanwhile, the enthalpy change (ΔH°) and the entropy change (ΔS°) are calculated from the 

slope and intercept of the well-known van't Hoff equation of lnKC = (–ΔH°/R)1/T + ΔS°/R; where KC 

is the equilibrium constant, R is the gas constant (8.314 J/mol × K), and T is temperature in Kelvin. 
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