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Mg–Al–Fe layered double hydroxides (LDHs) with a constant Mg/(Fe+Al) 

molar ratio but varying Fe/(Al+Fe) molar ratios (RFe) from 0–1 were synthesized by a 

mechanochemical method. Sorption of Cr(VI) on the LDHs in aqueous solution was 

investigated. With increasing Fe content in the LDHs, sorption capacity for Cr(VI) 

increased. The mechanochemical method can be used to synthesize LDH sorbents. 
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Abstract 25 

Mg–Al–Fe layered double hydroxides (LDHs) with a constant Mg2+/(Fe3++Al3+) molar 26 

ratio but varying Fe3+/(Al3++Fe3+) molar ratios (RFe) from 0–1 were synthesized by a 27 

mechanochemical method. Sorption of Cr(VI) on the LDHs in aqueous solutions was 28 

investigated by a batch technique. The sorption process obeyed pseudo-second-order kinetics, 29 

and the sorption equilibrium could be well described with the Freundlich isotherm. The 30 

saturated sorption amount increased with increasing RFe, indicating that the replacement of Al 31 

by Fe in LDHs is favorable for Cr(VI) sorption. The mechanisms of Cr(VI) sorption included 32 

the intercalation of Cr(VI) oxyanions into the LDH gallery, and the surface complexation 33 

between dichromate anions and hydroxyl groups of the LDHs. The driving forces of Cr(VI) 34 

sorption on LDHs included physical binding (or electrostatic attraction) and chemical binding. 35 

The physically sorbed amount of Cr(VI) on the LDHs was almost independent of RFe, while 36 

the chemical sorbed amount obviously increased with increasing RFe. That is, the increase of 37 

RFe causes the chemical activity of surface sorption sites of the LDHs to increase, resulting in 38 

their sorption capacity for Cr(VI) increasing. In addition, the sorption capacity of the LDHs 39 

synthesized by the mechanochemical method is comparable with those of LDHs synthesized 40 

by coprecipitation and hydrothermal methods. Thus, Mg–Fe LDHs are promising sorbents for 41 

treating Cr(VI)-containing wastewater, and the mechanochemical method can be used to 42 

synthesize LDH sorbents. 43 

 44 

Keywords: Layered double hydroxide; Mechanochemical method; Sorption; Cr(VI) 45 

46 

Page 3 of 23 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



3 

 

1. Introduction 47 

The increasing worldwide contamination of freshwater systems with thousands of 48 

industrial and natural chemical compounds has become one of the key environmental 49 

problems facing humanity.1 Hexavalent chromium (Cr(VI)) is a common heavy metal ion 50 

pollutant introduced into natural waters by the discharge of wastewaters from several 51 

industrial processes, such as electroplating, leather tanning, chromite beneficiation, metal 52 

finishing, and pigment manufacture.2 Cr(VI), which exists in most aquatic environments as 53 

water soluble oxyanions (HCrO4
– or CrO4

2–), is highly toxic and harmful to living organisms 54 

because of its carcinogenic and mutagenic properties.3,4 Exposure to Cr(VI) in drinking water 55 

increases the risk of bladder, liver, kidney, and skin cancers.3 According to the World Health 56 

Organization drinking water guidelines, the maximum allowable limit of total chromium is 50 57 

µg/L.2,5 Therefore, the removal of Cr(VI) from waste effluents is becoming environmentally 58 

important. 59 

Several methods have been developed to treat wastewater containing heavy metal ions, 60 

including precipitation, sorption, coagulation, ion exchange, solvent extraction, membrane 61 

separation, reverse osmosis, and electrochemical treatment.2,5 Among these methods, sorption 62 

is popular because of its simplicity and high efficiency.2 Many sorbents have been tested for 63 

heavy metal ion removal from aqueous solutions,2,5,6 such as activated carbon, zeolites, 64 

minerals (clays), biopolymers, and agro-based and industrial wastes. 65 

Recently, a class of anionic clays known as layered double hydroxides (LDHs) or 66 

hydrotalcite-like compounds has attracted considerable attention as a promising sorbent, in 67 

view of both performance and cost.7,8 LDHs can be represented by the general chemical 68 

formula [MII
1−xM

III
x(OH)2]

x+[(An−)x/n·mH2O]x−, where MII and MIII are di- and trivalent metal 69 

cations, respectively, An− is the interlayer anion (or gallery anion) of charge n, x is the molar 70 

ratio of MIII/(MII+MIII), and m is the molar amount of the co-intercalated water per formula 71 
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weight of the compound. The structure of LDHs is based on positively charged brucite-like 72 

sheets, and the structural positive charges are compensated by exchangeable anions in the 73 

interlayer spaces. Owing to the features of high structural positive charge density, large 74 

surface area, high anion-exchange capacity, and flexible interlayer space, LDHs exhibit 75 

excellent ability to capture organic and inorganic anions. A lot of work has been carried out on 76 

the use of LDHs and their calcined products (LDOs) in the removal of various water 77 

contaminants.7-10 Among the previous work, Al-based LDHs such as Mg–Al and Zn–Al are 78 

the most widely used,11-18 owing to the fact that the presence of Al commonly makes LDHs a 79 

highly crystalline phase that has high sorption performance for some pollutants.13,19-22 80 

However, the presence of Al may have serious consequences when using these materials in 81 

drinking water treatment. Al exposure is believed to be a potential risk factor for the 82 

development or acceleration of Alzheimer’s disease in human beings.11,12 Therefore, Fe-based 83 

LDHs or LDHs with complete or partial Fe substitution for Al, such as Mg–Fe or Mg–Al–Fe, 84 

have been widely studied as promising candidates for drinking water treatment.11,12,19-24 The 85 

influence of the substitution of Fe for Al in LDHs on their removal performance for pollutants 86 

has been investigated.19-22,25,26 It was found that Al-enriched LDHs exhibit higher removal 87 

efficiencies than Fe-enriched LDHs for phosphate,19 borate,20 and (4-chloro-2-methylphenoxy) 88 

acetic acid contaminants21 from aqueous solution. In contrast, for the removal of phosphate25 89 

and NO3
−26 from seawater, Al-enriched LDHs have been found to have lower efficiencies than 90 

Fe-enriched LDHs. Triantafyllidis et al.22 investigated the effect of Fe content in Mg–Al–Fe 91 

LDHs and LDOs on the sorption capacity for phosphate from aqueous solution. They found 92 

that an increase in Fe content led to a decrease in the sorption efficiency of LDHs, while the 93 

opposite result was observed for LDOs. Xiao et al.10 investigated the removal of Cr(VI) by 94 

Mg–Al and Mg–Al–Fe LDOs from aqueous solution, and found that the substitution of Fe for 95 

Al in the LDOs was favorable for Cr(VI) sorption. These previous reports have revealed that 96 
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the nature of the precursor metals in LDHs can significantly influence the sorption of guest 97 

oxyanions. However, the influence of the Fe content of Mg–Al–Fe LDHs on their removal 98 

efficiency of Cr(VI) has not been reported. In addition, the influence mechanism of Fe content 99 

in LDHs on their removal performance for pollutants is not clear.10 
100 

The most common method to synthesize LDHs is coprecipitation from a mixed metal 101 

salt solution.7,27 However, a significant disadvantage of this conventional method is the 102 

production of large amounts of waste.28,29 A facile and environmentally friendly method to 103 

synthesize LDHs is of great practical interest. The mechanochemical method has attracted 104 

considerable attention owing to its simplicity and solvent-free feature, and various LDHs have 105 

been synthesized using the mechanochemical route.28,30-34 However, the sorption performance 106 

of the resulting LDHs for pollutants from wastewater has not been investigated. 107 

In this study, Mg–Al–Fe LDHs with a constant Mg2+/(Fe3++Al3+) molar ratio but varying 108 

Fe3+/Al3+ molar ratios were prepared using the mechanochemical method, and the removal 109 

efficiency of the prepared LDHs for Cr(VI) from aqueous solution was investigated. The 110 

objectives of this work were (i) to investigate the influence of the Fe content of LDHs on the 111 

Cr(VI) removal efficiency, and (ii) to evaluate the technical feasibility of using the 112 

mechanochemical method to synthesize LDH sorbents. 113 

 114 

2. Experimental 115 

2.1. Sorbents 116 

Five Mg–Al–Fe LDH samples were used as sorbents in this study. These LDHs had the 117 

same Mg2+/(Al3++Fe3+) molar ratio of 3/1, but different Fe3+/(Al3++Fe3+) molar ratios (RFe) of 118 

0, 1/3, 1/2, 2/3, or 1. The LDH samples were synthesized using the mechanochemical method 119 

via a two-step milling process. Details of the synthetic tests have been described in our 120 

previous work.35,36 In a typical procedure, a mixture of 5.80 g (0.100 mol) Mg(OH)2 and 1.30 121 
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g (0.017 mol) Al(OH)3 was milled for 1 h under ambient conditions, and then milled with 122 

6.87 g (0.017 mol) Fe(NO3)3·9H2O for a further 5 h, gaining the LDH1/2 sample. It is needed 123 

to note that a special case is the synthesis of the LDH0 and LDH1 samples. For LDH0 sample, 124 

Mg(NO3)2·6H2O instead of Fe(NO3)3·9H2O was used in the second milling step. For LDH1 125 

sample, Mg(OH)2 instead of Al(OH)3 was used in the first milling step. The mill used was a 126 

planetary ball mill (QM3STC, Nanjing Nanda Instrument Plant, Nanjing, China) with four 127 

stainless-steel mill pots (500 cm3 inner volume) and 10 mm diameter steel-balls. The mill 128 

speed was constant at 450 rpm with a ball/mixture mass ratio of approximately 49.  129 

The LDH samples with RFe values of 0, 1/3, 1/2, 2/3 and 1 (Table S1 in the ESI) are 130 

denoted as LDH0, LDH1/3, LDH1/2, LDH2/3 and LDH1, respectively. These LDH samples 131 

showed irregular aggregate particles,36 similar to the reported literature.31 The specific surface 132 

area (As), average pore size (Dp) and pore volume (Vp) of these sorbents were determined 133 

using the N2 adsorption method (Fig. S1 in the ESI), and the results are summarized in Table 134 

1.  135 

Table 1 Specific surface area, average pore size and pore volume of LDHs  136 

Samples As (m
2 g-1) Dp (nm) Vp (cm3 g-1) 

LDH0 6.41 2.19 0.024 

LDH1/3 6.48 3.84 0.017 

LDH1/2 6.61 2.19 0.034 

LDH2/3 5.34 2.74 0.012 

LDH1 6.20 2.46 0.018 

 137 

2.2 Characterization  138 

Powder X-ray diffraction (XRD) patterns of the samples were recorded on a D/max-rA 139 

diffractometer (Bruker AXS, Co., Ltd, Germany) with CuKα radiation (λ = 1.5418 Å) at 40 kV 140 

and 40 mA in the 2θ range 10–70° with a scanning rate of 10 °/min. Fourier transform infrared 141 
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(FT-IR) spectra of the samples were collected using KBr pellets on a Vector-22 FT-IR 142 

spectrometer (Bruker AXS, Co., Ltd, Germany) in reflectance mode in the range 400–4000 143 

cm−1 with a resolution of 2 cm−1. The X-ray photoelectron spectroscopy (XPS) measurements 144 

were performed on a Phi 5300 ESCA system (Perkin-Elmer, USA). The spectra were excited 145 

by Mg Kα (1253.6 eV) radiation (operated at 200 W) of a twin anode in constant analyzer 146 

energy mode with a pass energy of 30 eV. All of the binding energies were referenced to the C 147 

1s peak at 284.8 eV of the surface adventitious carbon. 148 

2.3 Sorption experiments 149 

The sorption experiments were performed by a batch technique at pH 5.0 and 150 

25.0±0.5 °C. Solutions of Cr(VI) with various concentrations (0–1500 mg·L−1) were prepared 151 

by dissolving K2Cr2O7 in aqueous solutions containing 0.010 mol·L−1 NaNO3. The pH values 152 

of the solutions were adjusted to 5.0 with 6 mol·L−1 HCl and 1 mol·L−1 NaOH. Known 153 

masses (0.100 g) of the LDHs were mixed with 100 mL of the Cr(VI) solutions in 154 

polyethylene centrifuge tubes. The centrifuge tubes were shaken by a thermostatic water bath 155 

shaker (Jiangsu Medical Instrument Factory, China) for a given contact time (t) at 156 

25.0±0.5 °C. During this period, the pH values of the systems were adjusted to keep them 157 

constant. The suspensions were then filtered through a 0.45 µm membrane, and the Cr(VI) 158 

concentrations remaining in the filtrates were determined at 540 nm using a SP-1105 UV-vis 159 

spectrometer (Shanghai Spectrum Instruments Co., Ltd, China). The sorption amount (Γt) was 160 

determined by the difference between the initial and the residual concentrations of Cr(VI): 161 

Γt = (C0 – Ct)/Cs                                       (1) 162 

where Γt (mg·g−1) is the sorption amount at time t, C0 (mg·L−1) and Ct (mg·L−1) are the initial 163 

and the remaining concentrations at time t, respectively, and Cs (g/L) is the sorbent dosage. 164 

Sorption kinetic tests showed that t = 10 h was required to reach equilibrium. To ensure 165 

sorption equilibrium, t = 24 h was selected in the equilibrium sorption tests. The equilibrium 166 
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sorption amount (Γe) was determined from the difference between the initial concentration (C0) 167 

and the equilibrium concentration (Ce). Each test run was performed in triplicate, and the final 168 

values were the average of the three measurements. The relative error was less than 6%. 169 

 170 

3. Results and discussion 171 

3.1. Sorption kinetics 172 

Fig. 1 shows the effect of contact time on Cr(VI) sorption on the LDHs with C0 = 100 173 

mg/L. The Γt significantly increased within the first 2 h. There was then a slow increase in 174 

sorption until equilibrium was reached. The necessary time to reach equilibrium was about 10 175 

h. A contact time of 24 h was chosen to determine Γe to ensure sorption equilibrium.  176 

It is well known that the sorption kinetics at solid–liquid interfaces is usually described 177 

by pseudo-first-order or pseudo-second-order kinetic models. The two kinetic models can be 178 

expressed, respectively, as 179 

1
t e (1 )k teΓ Γ

−
= −                                       (2) 180 

2
e 2

t
e 21

k t

k t

Γ
Γ

Γ
=

+
                                          (3) 181 

where k1 (1/h) and k2 (g/(mg·h)) are the rate constants of pseudo-first-order and 182 

pseudo-second-order kinetics, respectively. We used the two kinetic models to analyze the 183 

experimental data by a nonlinear regression method (Fig. 1, and Fig. S2 in the ESI), and the 184 

best-fit parameters, k1, k2, and correlation coefficient (R2) are summarized in Table 2. The R2 185 

values obtained from the pseudo-second-order model fitting for various LDHs were 186 

significantly higher than those obtained from the pseudo-first-order model fitting, indicating 187 

the sorption processes are better described by the pseudo-second-order model than the 188 

pseudo-first-order model. Similar results have been reported for Cr(VI) removal in the 189 

literature.4,7,18 Furthermore, with increasing RFe, k2 initially increased and then decreased, with 190 
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a maximum value at RFe = 1/2 (LDH1/2). In addition, the Γe values obtained at C0 = 100 mg/L 191 

increased with increasing RFe, indicating that replacement of Al by Fe in the LDHs favors 192 

sorption of Cr(VI), which was further confirmed by the sorption isotherm results. 193 
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 194 

Fig. 1 Kinetics of Cr(VI) sorption on the Mg–Al–Fe LDH samples at C0 = 100 195 

mg/L. The dots represent the experimental data and the lines represent the 196 

pseudo-second-order kinetic model fits. 197 

 198 

Table 2 Kinetic model parameters for Cr(VI) adsorption onto Mg-Al-Fe 199 

LDHs at C0 = 100 mg/L 200 

Sample Γe (mg/g) 
Pseudo-first-order 

 
Pseudo-second-order 

k1 (h
-1) R

2 k2 (g/(mg·h)) R
2 

LDH0 24.92 1.707 0.6014  0.088 0.9646 

LDH1/3 26.27 3.586 0.1588  0.170 0.9985 

LDH1/2 29.32 7.709 0.3985  0.404 0.9817 

LDH2/3 31.18 6.313 0.3496  0.246 0.9668 

LDH1 32.72 5.279 0.2969  0.153 0.9491 

3.2. Sorption isotherms 201 

The sorption isotherms of Cr(VI) on the various LDHs are shown in Fig. 2. All of the 202 

isotherms were L-type,15,20 which is consistent with previous studies.4,13,15,18 L-type isotherms 203 

are commonly described using the Langmuir and Freundlich isotherms. The Langmuir model 204 
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was developed based on thermodynamic equilibrium theory, while the Freundlich model was 205 

originally an empirical equation. However, it was found that the Freundlich equation could be 206 

thermodynamically derived assuming that:37 (i) the sorption sites of the sorbent have different 207 

sorption energies and (ii) sorption of the sorbate on sites with the same energy level obeys the 208 

Langmuir equation. That is, the Freundlich isotherm is a thermodynamic model for 209 

heterogeneous sorption surfaces.18 
210 
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 211 

Fig. 2 Sorption isotherms of Cr(VI) on Mg–Al–Fe LDHs. The dots represent the 212 

experimental data and the lines represent the Freundlich model fits. 213 

 214 

Table 3 Isotherm parameters for Cr(VI) sorption on Mg-Al-Fe LDHs. 215 

Sample 

Langmuir isotherm 

 

Freundlich isotherm 

Γm 
KL 

(L·g-1) 
R

2
 

KF 

( F FL mgn n− ) 
nF R

2
 

(mg·g-1) (mg·m-2) 

LDH0 56.02 8.74 0.0043 0.9488 

 

1.404 0.496 0.9644 

LDH1/3 58.45 9.02 0.0064 0.9440 3.327 0.385 0.9809 

LDH1/2 66.18 10.01 0.0062 0.9668 3.486 0.402 0.9899 

LDH2/3 73.91 13.84 0.0066 0.9562 3.644 0.408 0.9806 

LDH1 89.29 14.40 0.0049 0.9246 3.683 0.431 0.9784 

 216 
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The Langmuir and Freundlich isotherms can be expressed, respectively, as 217 

L m e
e

L e1

K C

K C

Γ
Γ =

+
                                          (4)

 
218 

F
e F e

n
K CΓ =                                             (5)

 
219 

where Γm (mg/g) is the monolayer saturated sorption amount, KL (L/mg) is the Langmuir 220 

equilibrium constant, and KF ( F FL mgn n− ) and nF are the Freundlich constants. The sorption 221 

data for the LDHs were analyzed with the Langmuir and Freundlich isotherms by a nonlinear 222 

regression method (Fig. 2, and Fig. S3 in the ESI). The best-fit values of the model 223 

parameters (Γm, KL, KF, and nF), as well as R2, are listed in Table 3. All of the model plots had 224 

high R2 values, suggesting that both the Langmuir and Freundlich isotherms can be used to 225 

describe the sorption isotherms of Cr(VI) on the LDHs. Owing to the R2 values obtained from 226 

the Freundlich isotherm fitting for various LDHs were higher than those obtained from the 227 

Langmuir isotherm fitting, the sorption equilibriums are better described by the Freundlich 228 

isotherm than the Langmuir isotherm. With increasing Fe content of the LDHs, the Γm value 229 

significantly increased, which is consistent with previous reports on the removal of 230 

phosphate25 and NO3
−26 from seawater. This result suggests that the substitution of Fe for Al 231 

in the LDHs can increase the affinity of the resulting LDHs for Cr(VI) oxyanions. The reason 232 

for this is not clear, although it may be related to the higher electronegativity of Fe (1.83) than 233 

Al (1.61). It should be noted that, in contrast to our result, a decrease in sorption with 234 

increasing Fe content has been observed in previous work, which included phosphate,19-22 235 

borate,20 and (4-chloro-2-methylphenoxy) acetic acid sorbates.21 In fact, the effects of As and 236 

Dp of sorbents on sorption should be considered when studying the effect of LDH precursor 237 

metals. This is because the sorption capacity of a sorbent is simultaneously determined by 238 

many factors, such as the nature of its constituents, crystal structure, and morphology, as well 239 

as As and Dp. In our case, the As and Dp values of the LDH samples are very similar. Thus, the 240 
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result that the substitution of Fe for Al influences Cr(VI) sorption can be attributed to the 241 

difference in the nature of Fe and Al. Based on the experimental data of Triantafyllidis et al.22, 242 

the sorption of phosphate on LDHs per unit area (mg/m2) increases with increasing Fe content 243 

when considering the effect of As of the sorbents on the sorption, which agrees with our result. 244 

Xiao et al.10 reported the substitution of Fe for Al in LDO was favorable for Cr(VI) sorption, 245 

but they did not provide the As data of their samples.  246 

Furthermore, the Γm values of the five LDHs studied in this work are in the range 247 

56.0–89.3 mg/g (8.74–14.40 mg/m2), which are comparable with previously reported results 248 

(about 17–112 mg/g) for LDHs (excluding commercial products) synthesized using 249 

coprecipitation or hydrothermal methods4,7,13,15 when considering the different experimental 250 

conditions and different solution matrices being tested in the different studies. These results 251 

indicate that the mechanochemical method can be used to synthesize LDH sorbents. 252 

3.3. Sorption mechanism 253 

There are two possible mechanisms for Cr(VI) sorption on LDHs:4,13,16 (i) anion 254 

exchange between Cr(VI) oxyanions and interlayer anions of LDHs (or intercalation of Cr(VI) 255 

oxyanions into LDH gallery via anion exchange), and (ii) surface complexation between 256 

Cr(VI) oxyanions and hydroxyl groups of LDH (inner and outer) surfaces. The intercalation 257 

(or anion exchange) process may be schematically represented as 258 

LDHx+(NO3
-, CO3

2-) + −O–{Cr(VI)}–O− → LDHx+(–O–{Cr(VI)}–O−) + NO3
- + CO3

2- 259 

The surface complexation may occur though the chemical and physical complex between 260 

Cr(VI) anions and protonated hydroxyl groups of the LDH surfaces, which can be represented, 261 

respectively, as 262 

Sur–OH2
+ + −O–{Cr(VI)}–O− ⇌ Sur–O–{Cr(VI)}–O− + H2O 263 

Sur–OH2
+ + −O–{Cr(VI)}–O− ⇌ Sur–OH2

+···−O–{Cr(VI)}–O− 264 

In the above expressions, −O–{Cr(VI)}–O− represents the Cr(VI) oxyanions, Sur–OH2
+ 265 
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represents the protonated hydroxyl groups of the LDH surfaces, and “···” represents 266 

electrostatic binding. It is no doubt that the intercalation and the surface complexation should 267 

simultaneously occur in the Cr(VI) sorption.4,13,16 Unfortunately, we cannot distinguish the 268 

relative ratio of Cr(VI) sorption amounts between the intercalation and the surface 269 

complexation according to our information available. 270 
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 271 

Fig. 3 XRD patterns of LDH1/2 and LDH1/2-Cr samples. 272 

 273 

To check the existence of the intercalation (or anion exchange) process, the XRD 274 

patterns of LDH1/2 before and after Cr(VI) sorption were determined, as shown in Fig. 3. The 275 

Cr(VI)-loaded LDH1/2 (LDH1/2-Cr) sample was prepared at C0 = 500 mg/L. The pristine 276 

LDH1/2 sample exhibited the characteristic diffraction peaks of hydrotalcite (JCPDS card No. 277 

51-1528), indicating that it has the hydrotalcite structure. The d003 value is the interlayer 278 

spacing (d-spacing) of the layered materials. The d-spacing of LDH1/2 was 0.79 nm, which is 279 

lower than the d003 value (0.89 nm) of NO3-LDHs,16 but close to that reported in the literature 280 

for CO3-LDHs.20 This result indicates that the interlayer anions of the LDH1/2 sample are 281 

mainly CO3
2−, resulting from CO2 sorption from the atmosphere. The LDH1/2-Cr sample also 282 

clearly showed the (003) diffraction peak, indicating that it remains the hydrocalcite structure. 283 

However, the difference in crystallinity between pristine LDH1/2 and LDH1/2-Cr is significant. 284 
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The relatively fine and intense peaks of the pristine LDH1/2 sample indicate its good 285 

crystalline character, while the wide and ill-defined peaks of the LDH1/2-Cr sample indicates a 286 

poorly crystalline structure. The lower crystallinity of LDH1/2-Cr is probably related to the 287 

surface complexation of Cr(VI) on LDHs.4 Importantly, compared with pristine LDH1/2, the 288 

(003) basal reflection pattern of LDH1/2-Cr obviously shifted to a lower angle, indicating that 289 

the d-spacing increased. This indicates that Cr(VI) oxyanions were intercalated into the LDH 290 

gallery via anion exchange, which is consistent with previous studies.4,13,16 The d-spacing of 291 

the LDH1/2-Cr sample was 1.12 nm, which is close to the reported value in the literature.13,16 It 292 

is worth noting that a lower d003 values (about 0.81–0.86) of Cr(VI)-loaded LDHs have been 293 

reported in the literature.4,13 This difference in the reported d003 values results from the 294 

different forms of Cr(VI) oxyanions existing in the LDH gallery. The CrO4
2− form usually 295 

results in a relatively low d003 value, while the Cr2O7
2− form usually results in a relatively high 296 

d003 value. In the case of the prepared Cr-LDH1/2 sample (C0 = 500 mg/L and pH = 5), Cr(VI) 297 

oxyanions mainly exist as Cr2O7
2− in solution.4 As a result, a higher d003 value for LDH1/2-Cr 298 

was observed in this work than in previous studies. As the thickness of a brucite-like layer is 299 

about 0.48 nm, the gallery height of LDH1/2-Cr is calculated to be 0.64 nm. The length, width, 300 

and thickness of Cr2O7
2− are about 0.55, 0.25, and 0.21 nm, respectively. According to the size 301 

of Cr2O7
2− and the gallery height of LDH1/2-Cr, a possible orientation of Cr2O7

2− anions in the 302 

LDHs gallery is proposed in Fig. 4. The Cr2O7
2− anions are arranged as a monolayer with 303 

their long axis approximately perpendicular to the brucite-like layer, where Cr2O7
2− anions 304 

interact with the surface of the LDH layer via electrostatic attraction and hydrogen bonds. 305 
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 306 

Fig. 4 Proposed structural model of the LDH1/2-Cr sample. 307 
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 309 

Fig. 5 FT-IR spectra of LDH1/2 and LDH1/2-Cr. 310 

 311 

Fig. 5 shows the FT-IR spectra of the pristine LDH1/2 and LDH1/2-Cr samples. The FT-IR 312 

spectrum of the pristine LDH1/2 sample shows all of the characteristic adsorption bands of 313 

LDHs materials. The strong and broad band centered at around 3465 cm−1 is attributed to the 314 

stretching of the hydroxyl groups in the brucite-like layers and interlayer water molecules. 315 

The band at 1637 cm−1 is the bending vibration of water. The two bands at 1383 and 829 cm−1 316 
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are the ν3 and ν2 modes of the interlayer NO3
−,20 respectively. The absorption peak at 1355 317 

cm−1 is the ν3 mode of CO3
2−.20 The presence of both the NO3

− mode at 1383 cm−1 and the 318 

CO3
2− mode at 1355 cm−1 indicates that NO3

− and CO3
2− coexist in the LDH gallery. In 319 

addition, the CO3
2− content is higher than the NO3

− content because the intensity of the CO3
2− 320 

mode is higher than that of the NO3
− mode, which is consistent with the XRD result (Fig. 3). 321 

The other peaks from ~1000 to 400 cm−1 can be attributed to the stretching and bending 322 

vibrations of M–O and M–OH.38 After sorption of Cr(VI), the resulting LDH1/2-Cr sample 323 

shows the characteristic band of chromate at 884 cm−1,4,15,16 which is in agreement with the 324 

reported Cr–O stretching mode at 890 cm−1 for free chromate ions.4 The shift of the 325 

characteristic band toward a lower frequency (from 890 to 884 cm−1) indicates that the Cr–O 326 

bond in the LDH1/2-Cr sample is weaker than in free chromate ions, which possibly arises 327 

from (i) the hydrogen bonding between Cr2O7
2− and interlayer water molecules or layer 328 

hydroxyl groups, and (ii) the electrostatic interaction between Cr2O7
2− and the LDH layers.16 329 

The hydrogen bonding between the Cr2O7
2− ions and interlayer water is confirmed by the 330 

downshift of the water bending mode before and after Cr(VI) sorption from 1637 to 1629 331 

cm−1. Furthermore, the characteristic peaks of both NO3
− and CO3

2− almost disappeared in the 332 

spectrum of the LDH1/2-Cr sample, indicating that these interlayer anions were completely 333 

replaced by Cr2O7
2− ions in solution. This exchangeability of CO3

2- by other anions such as 334 

NO3
− and Cl- under acidic conditions previously reported.39,40 

335 

 336 
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 337 

Fig. 6 (a) Survey XPS spectra of LDH1/2 and LDH1/2-Cr and (b) HR-XPS spectrum 338 

of Cr 2p. 339 

 340 

Investigation on sorption driving force is helpful to understand the mechanism of 341 

sorption. The driving force of Cr(VI) sorption on LDHs possibly includes physical binding (or 342 

electrostatic attraction) and chemical binding. To investigate the binding mechanism of Cr(VI) 343 

on the LDHs, the XPS spectra of the LDHs before and after Cr(VI) sorption were analyzed. 344 

Fig. 6 shows the XPS spectra of the pristine LDH1/2 and LDH1/2-Cr samples. In the survey 345 

XPS spectrum of the pristine LDH1/2 sample, the peaks of Fe 2p, O 1s, Al 2p, and Mg 2p are 346 

clearly observed at binding energies (EB) of 713.5, 532.2, 74.5, and 50.4 eV, respectively, and 347 

no Cr 2p peak is present. In the survey XPS spectrum of the LDH1/2-Cr sample, the peak of Cr 348 

2p is clearly observed at 579.4 eV, indicating that the Cr(VI) anions are sorbed on the 349 

LDHs.3,18 In addition, the peaks of Fe 2p, O 1s, Al 2p, and Mg 2p for the LDH1/2-Cr sample 350 

were observed at 711.8, 532.3, 74.2, and 56.2 eV, respectively. Comparing with LDH1/2, the 351 

adsorption of Cr(VI) led to a decrease in the EB values of Fe 2p and O 1s by 1.7 and 0.9 eV, a 352 

significant increase in the EB value of Mg 2p by 5.8 eV, and no obvious change in the EB 353 

value of Al 2p (a decrease of only 0.3 eV). The dramatic change in the EB values of Fe 2p and 354 

Mg 2p before and after Cr(VI) sorption suggests that some Cr(VI) anions are chemically 355 

bonded to O atoms bonded to the metal atoms. The different changes in the EB values of the 356 
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different metal elements induced by Cr(VI) sorption can be attributed to their different 357 

electronegativities. The electronegativity of Cr (1.66) is lower than those of Fe (1.83) and O 358 

(3.44), higher than that of Mg (1.31), and close to that of Al (1.61). The high-resolution XPS 359 

(HR-XPS) spectrum of Cr 2p in the LDH1/2-Cr sample (Fig. 6b) can provide more information 360 

about the binding mechanism. The dominant peak observed at 579.4 eV is attributed to Cr 361 

2p3/2, and the Cr 2p1/2 peak appeared at 588.1 eV.41 The peaks of Cr 2p3/2 and Cr 2p1/2 in 362 

K2Cr2O7 were observed at 579.4 and 588.8 eV, respectively (Fig. S4 in the ESI). The close EB 363 

values of the Cr 2p peaks in LDH1/2-Cr and K2Cr2O7 suggests the existence of a Cr(VI) 364 

physical binding. That is, the dominant peak at 579.4 eV can be assigned to physically sorbed 365 

Cr(VI). Moreover, another peak at 576.8 eV was observed in the HR-XPS spectrum of Cr 2p 366 

in the LDH1/2-Cr sample (Fig. 6b), which can be attributed to the formation of (Mg, Fe, or 367 

Al)–O–Cr (chemical complex). That is, the peak can be assigned to chemically sorbed Cr(VI).  368 

Similar results were obtained for the other LDH and LDH-Cr samples (Fig. S5 in the 369 

ESI), and the XPS data are summarized in Table 4. All of the LDH-Cr samples were prepared 370 

at C0 = 500 mg/L. With an increase in the Fe content in the LDHs, there was an increasing 371 

trend in the EB values of O 1s, Al 2p, and Mg 2p, which is because the electronegativity of Fe 372 

(1.83) is higher than that of Al (1.61). Moreover, from the HR-XPS spectra of Cr 2p for 373 

various LDH-Cr samples (Fig. S6 in the ESI), the area ratios of the peak at 576.8 eV to the 374 

peak at 579.4 eV for LDH0-Cr, LDH1/3-Cr, LDH1/2-Cr, LDH2/3-Cr, and LDH1-Cr were 12:88, 375 

17:83, 31:69, 37:63, and 40:60, respectively, which shows that the percentage of chemical 376 

bonding content in the Cr(VI)-loaded samples increased with increasing RFe. Moreover, from 377 

the relative percentage data of the chemical and physical bonding contents in the 378 

Cr(VI)-loaded samples, we can obtained that, under the saturated sorption states, the physical 379 

bonding amounts for various samples are very close, being 48.72 mg·g-1 with an maximum 380 

relative error of < 10%, while the chemical bonding amount dramatically increases from 6.72 381 
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mg·g-1 to 35.72 mg·g-1 with increasing RFe from 0 to 1. This result suggests that the increase 382 

of Fe content leads to enhanced activity of the surface sorption sites. This may be a possible 383 

reason of increasing Fe content increasing Cr(VI) sorption.  384 

 385 

4. Conclusion 386 

The sorption of Cr(VI) on Mg–Al–Fe LDHs synthesized by the mechanochemical 387 

method with varying RFe was investigated. With increasing RFe, Γm increased, indicating that 388 

the substitution of Fe for Al is favorable for Cr(VI) sorption. The sorption process is best 389 

described by pseudo-second-order kinetics, and the sorption equilibrium can be well 390 

described with the Freundlich isotherm. The Cr(VI) sorption arises from physical binding (or 391 

electrostatic attraction) and chemical binding. The increase of RFe causes the chemical activity 392 

of surface sorption sites of the LDHs to increase, resulting in their sorption capacity for Cr(VI) 393 

increasing. Mg–Fe LDHs are promising sorbents for treating Cr(VI)-containing wastewater, 394 

and the facile and environmentally friendly mechanochemical method can be used to 395 

synthesize the LDH sorbents. 396 

 397 
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