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Abstract: 17 

Due to the constraints associated with diffusion and mixing time, traditional kinetic and 18 

thermodynamic approaches were inadequate for probing the true mechanism of interaction 19 

between chromate and Layered Double Hydroxide (LDH). To circumvent these limitations, 20 

colloidal suspensions of Mg/Al-NO3 LDH, characterized by a positively charged surface 21 

(approximately +50 mV) in ultrapure water and a mean average diameter of 140 nm, allowing 22 

the formation of stable suspensions for days, were swiftly mixed with Cr(VI) suspensions at 23 

both pH = 4 and 9 using a stopped flow technique. This rapid mixing, accomplished in less 24 

than 5 milliseconds, enabled the examination of the initial stages of interaction between the 25 

toxic anion and the host compound. Two distinct steps in the adsorption process were 26 

identified: a very fast step (completed in less than 5 ms), representing up to 80% of the 27 

measured variation, and a slower step lasting up to 100 s. The fast step assumed to be driven 28 

by electrostatic interaction (ζ ~ +50 mV) with the surface, and sites close to the surface are 29 

easily accessible to the chromate anions. The slower step corresponded to a diffusion process 30 

close or inside the particles. Chromate extraction efficiency was investigated through 31 

ultrafiltration tests, varying the LDH and chromate amounts, indicating that 2 nitrate ions are 32 

exchanged for 1 chromate, regardless of the pH considered, and a total exchange can be 33 

fulfilled with 0.1 g L
-1

 of LDH within the explored concentration range. 34 

  35 
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Introduction :  36 

Chromium (Cr) is extensively utilized in various industrial processes, including metallurgy for the 37 

production of stainless steel, ensuring its "stainless" quality (Barnhart, 1997). Additionally, it finds 38 

applications in tanneries, electroplating, wood preservation, and refractory industries (Ukhurebor et 39 

al., 2021). However, these industrial activities often result in the release of Cr into downstream 40 

effluents. In aqueous environments, hexavalent chromium (Cr(VI)), is highly toxic, and carcinogenic 41 

(Islam et al., 2019). The World Health Organization recommendations has set a maximum acceptable 42 

limit for total Cr in drinking water at 50 ppb (Vaiopoulou and Gikas, 2020).  43 

Therefore, efficient removal of Cr(VI) from aqueous effluents is imperative, and various methods are 44 

studied/developed for this purpose, including adsorption (Yuan et al., 2013), membrane processes 45 

(Mantel et al., 2022), ion exchange (Verma and Sarkar, 2020), chemical precipitation (Xie et al., 46 

2017), and flocculation/coagulation (El Gaayda et al., 2023). Among these techniques, adsorption 47 

stands out as a widely recognized and economically favorable method (Lei et al., 2017). The appeal of 48 

adsorption lies in its numerous advantages, including high removal efficiency, straightforward design, 49 

low operational costs, minimal risk of causing secondary pollution, and the ability to separate a 50 

diverse range of pollutants from water media (Qin et al., 2020; Tran et al., 2019). The versatility and 51 

cost-effectiveness of adsorption make it a preferred choice in addressing the challenges associated 52 

with Cr(VI) contamination in aqueous environments. 53 

Layered double hydroxides (LDH) are a class of materials that exhibit significant potential as 54 

inorganic scavengers. One of their notable attributes is their ability to achieve a high anion exchange 55 

capacity (Chubar, 2011; Tran et al., 2019). LDH compounds are layered materials characterized by 56 

their unique chemical formula [M
II

1-xM
III

x(OH)2]
x+

[A
n-

]x/n.yH2O. M
II
 denotes bivalent metal cations and 57 

M
III

 represents trivalent metal cations, both located in layers, binding hydroxide anions arranged in 58 

octahedra units. A
n-

, the interlayer anions, is located in the interlayer space, weakly bonded to the 59 

layers and therefore easily exchangeable. The absence of crosslinking between the octahedral brucite-60 

like layers in LDH is a notable characteristic that allows for the expansion or contraction of the 61 

interlayer spacing to accommodate a wide range of interlayer anions (Goh et al., 2010; Goh and Lim, 62 

2010; Hsu et al., 2007). 63 

The extensive reviews conducted on Cr(VI) adsorption on LDH consistently recommend it as a 64 

potential adsorbent, either in its single or composite forms (Ahmed and Mohamed, 2023; Dong et al., 65 

2022; Feng et al., 2022; Goh et al., 2008; Guan et al., 2022), with co-adsorbents including polymers 66 

(Zhu et al., 2016), activated carbon (Zhang et al., 2022), clay minerals (Jarrah et al., 2020), metal-67 

organic frameworks (Wang and Guo, 2019), and iron oxides (Miao et al., 2021). Recent research 68 

efforts have explored the adsorption mechanisms of hexavalent chromium (Cr(VI)), with Tran et al. 69 

(Tran et al., 2019) identifying three potential mechanisms for LDH in their review on adsorption. 70 
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These proposed mechanisms involve electrostatic attraction between the chromate ion and the 71 

positively charged surface of the particles, anion exchange, and adsorption-coupled reduction of 72 

Cr(VI) to Cr(III) followed by incorporation of the trivalent generated cation onto LDH-based 73 

materials. The temporal aspects and the relative significance of these mechanisms are not adequately 74 

detailed in the literature.  75 

Electrostatic attraction between Cr(VI) and the positively charged LDH surface is considered a crucial 76 

mechanism in the LDH-Cr(VI) interaction. Chao et al. (Chao et al., 2018) reported that these positive 77 

potentials are attributed to the prevalence of hydroxyl groups on the outer surface of the LDH, which 78 

attract H
+
 protons, leading to the formation of positively charged groups known as -OH2

+
. Once 79 

attracted to the surface of the particles, Cr(VI) anions will either be exchanged or stay in the vicinity of 80 

the surface. 81 

The second mechanism, anion exchange, plays a crucial role in capturing Cr(VI) species from aqueous 82 

solutions, as demonstrated in a study conducted by Goh and Lim. They investigated the adsorption of 83 

toxic oxyanions and how the presence of other coexisting anions influenced adsorption efficiency, 84 

particularly in alkaline conditions (pH 8-11.5) (Goh and Lim, 2010). They have shown that this 85 

efficiency was correlated to the ionic potential, a value calculated based on their ionic radius and ionic 86 

charge ranging between 4.67 to 10.81 nm
-1

, the larger the ionic potential, the easier the insertion of the 87 

anion in the structure. With a value of 8.33 nm
-1

, chromate is more likely to be inserted as nitrate (5.00 88 

nm
-1

). However, chromate was still captured in the LDH even with large concentrations of competing 89 

anions with larger ionic potentials such as sulfate (8.70 nm
-1

) and carbonate (10.81 nm
-1

). 90 

The third reported possible mechanism associated with the reduction of Cr(VI) to Cr(III) in LDH-91 

based materials using reducing agents such as the biomass or as Fe(II) (Lv et al., 2019; Wani et al., 92 

2021). 93 

The derived conclusions stem from a comprehensive investigation into the kinetics of interactions 94 

between Cr(VI) and LDH-based materials, involving a thorough literature review spanning the years 95 

2004 to 2022. This scrutiny encompassed an in-depth examination of adsorption kinetics and 96 

isotherms across various time intervals, ranging from 0 to 20 minutes up to 50 hours. Furthermore, 97 

equilibrium times were explored, varying from 5 minutes to 24 hours. These variations were attributed 98 

to the diverse array of composite materials utilized (Tran et al., 2019). A profound understanding of 99 

the interaction mechanism between Cr(VI) and LDH holds the key to develop reusability and 100 

regeneration processes without compromising the physicochemical characteristics of LDH materials 101 

(Mubarak et al., 2018). In addition to a diverse array of macroscopic and spectroscopic 102 

characterization techniques (Hsu et al., 2019), investigations utilizing electrochemical techniques 103 

(Lahkale and Sabbar, 2023) have been crucial in emphasizing the kinetics and mechanisms underlying 104 

the interaction between Cr(VI) and LDH materials. However, these studies are limited as the time 105 
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scale below 2 minutes cannot be explored by conventional approaches, and most of the adsorption 106 

occurs quicker than this time scale. A good understanding of the mechanism is limited by the diversity 107 

of the phenomena occurring at short time scale: homogenization of the solution, diffusion towards 108 

particles, interaction with the particles and diffusion within the particles. 109 

In this study, LDH nanoparticles with a minimal and homogeneous particle sizes were synthesized to 110 

enhance reactivity toward Cr(VI). Nitrate had been chosen as the interlayer anion because it is widely 111 

used as exchangeable anion in the literature (Goh et al., 2009), which will allow us to easily compare 112 

our results on chromate with other anionic exchange mechanisms. The synthesis yielded a colloidal 113 

suspension, facilitating the investigation of the interaction between LDH particles and Cr(VI) up to the 114 

millisecond scale using the stopped-flow technique and limiting the diffusion time scale of the 115 

reactants to the LDH nanoparticles (NPs). This approach enabled the unraveling of sequences involved 116 

in various mechanisms. Furthermore, through the use of the ultrafiltration technique, a thorough 117 

exploration of the equilibrium allowed for the determination of the thermodynamic equilibrium 118 

constant for the anion exchange mechanism. 119 

Materials & Methods : 120 

1-Materials 121 

Aluminum nitrate nonahydrate (Al(NO3)3·9H2O, ≥99%), Magnesium nitrate hexahydrate 122 

(Mg(NO3)2·6H2O, ≥99%), and Nitric acid (HNO3, 65%) were purchased from SIGMA-ALDRICH. 123 

Sodium chromate tetrahydrate (Na2CrO4·4H2O, ≥99.5%) was purchased from LABOSI (Fisher-124 

Scientific). Sodium hydroxide solution (NaOH, 1 mol L
-1

) was purchased from VWR Chemicals. The 125 

standards used for ICP-MS tests were prepared in the laboratory from commercial solutions certified 126 

at 1000 ppm (Merck), and Ultrapure water 18.2 MΩ.cm
-1

 (Elga Water). 127 

2-Synthesis  128 

Mg2Al-NO3 LDH NPs synthesis was adapted from a previous work (Awassa et al., 2022). Ultrapure 129 

water was used to prepare a 20 mL solution containing mixed metal salts of Mg(NO3)2·6H2O and 130 

Al(NO3)3·9H2O with a molar ratio of Mg/Al = 2 and a total concentration of cations of 1 mol L
-1

. The 131 

prepared solution was then added directly to 40 mL of a 1 mol mol L
-1

 NaOH solution under vigorous 132 

stirring and N2(g) purging to minimize carbonate formation in the alkaline reaction medium. After 15 133 

minutes of reaction, the resulting slurry was transferred directly into a 100 mL autoclave made of 134 

stainless steel with a Teflon lining and subjected to a 16-hour hydrothermal treatment at 80°C. 135 

Following the hydrothermal treatment, was washed with centrifugation for 4 times with 50 mL 136 

ultrapure water, and the final solid product of LDH NPs was obtained, which was then dried at 80°C 137 

for 4 hours for further characterization. It was worth mentioning that contrary to what was done with 138 
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Zn2Al-NO3 NPs, the washing step was preceded by the hydrothermal treatment. Indeed, the solubility 139 

of Mg leads to a partial dissolution of the LDH and a subsequent precipitation of undesired Al(OH)3 140 

and a Mg/Al ratio of 3 or 4 in the LDH (see Figure S1 in the Supporting Information (SI)). 141 

3-Characterizations: 142 

Powder x-ray diffraction (PXRD) 143 

The structural investigation of LDH NPs was carried out using a Panalytical X’Pert Pro MPD 144 

diffractometer with a Bragg-Brentano geometry equipped with a copper anticathode that generated 145 

radiation with a wavelength of Cu (Kα1) = 0.15406 nm. The instrument was further enhanced with a 146 

Ge(111) incident-beam monochromator, Soller slits of 0.02 rad, and programmable divergence and 147 

anti-scatter slits. The sample's irradiated area was fixed at 10 × 10 mm², and data collection employed 148 

an X’Celerator detector. To obtain the diffraction pattern, the instrument was set to scan the region 149 

between 5 and 80° at a scanning speed of 1° per minute. To improve resolution and minimize 150 

preferential orientation of LDH crystallites, the holder rotation rate was fixed at 15 rotations per 151 

minute. The lattice parameters of LDH NPs were determined from the analysis of the (003) and (110) 152 

basal reflections.  153 

Inductively coupled plasma mass spectrometry 154 

Inductively coupled plasma mass spectrometry (ICP-MS; Agilent-7800) of isotopes 
26

Mg, 
27

Al, and 155 

50
Cr was used to determine the molar ratio of Mg

2+
/Al

3+
 in LDH NPs after dissolution in 5% HNO3 156 

and appropriated dilutions. To construct the calibration curves, a selection of 8 concentration points 157 

was chosen. Subsequently, the Cr concentration in the collected permeate samples was determined 158 

after suitable dilution in 1% HNO3. The analysis of the permeate was carried out 2 times with 3 159 

repeated measurements each time. The errors bar given in the results were taken as 3 times the 160 

standard deviation of the yield efficiency calculated on the basis of the 6 ICP-MS measurements.   161 

Elementary analysis (CHNS analysis) 162 

The analysis of carbon and nitrogen elements fractions in the solid was conducted using a Thermo 163 

Fisher Flashsmart elementary analyzer. 164 

Raman spectroscopy 165 

A Renishaw inViaTM Qontor microspectrometer with an optical microscope in confocal mode, 166 

equipped with a long-frontal Olympus X50 objective with a numerical aperture of 0.55 and a slit 167 

opening aperture of 0.65 µm was used on the sample, the laser's ( = 532 nm) power was about 10 168 

mW. The spectra were acquired in 20 acquisitions of 5 seconds each with a spectral resolution of 3 cm
-169 

1
. 170 

Fourier transform infrared spectroscopy (FT-IR) 171 
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The mid-infrared range infrared spectra were obtained using a Bruker Vertex 70v spectrometer, 172 

equipped with a KBr beam-splitter and a deuterated triglycine sulfate (DTGS) detector. To acquire the 173 

spectra of the LDH NPs powder, an attenuated total reflection (ATR) accessory with a single reflection 174 

diamond crystal (Platinum ATR, Bruker) was utilized under vacuum conditions (<1 hPa). The spectral 175 

resolution was adjusted to 4 cm
-1

, and each individual spectrum was acquired by collecting data for 1 176 

minute (equivalent to 100 scans) within the wavenumber range of 4000 - 400 cm
-1

. 177 

Scanning electron microscopy 178 

In our work, scanning electron microscopy (SEM) was devoted to analyzing the morphology of LDH 179 

NPs via a JEOL JSM-IT500HR instrument with an electron beam voltage of 10 kV, performing in high 180 

vacuum conditions. Two small drops of a diluted suspension of  LDH NPs in ultrapure water were 181 

then placed on a copper film and allowed to air dry overnight. The average particle size of the NPs 182 

was determined using the ImageJ software by analyzing 100 individual LDH NPs from their SEM 183 

images. 184 

Atomic force microscopy 185 

In this study, LDH NPs were photographed in the air utilizing SNL-C tips (Bruker Corporation) in 186 

peak-force tapping mode. After being dispersed in an ethanol solution and sonicated for thirty minutes, 187 

LDH NPs were applied to clean silicon substrates and allowed to dry overnight at room temperature. 188 

Dynamic light scattering (DLS) and Zeta-potential (ZP) 189 

Zeta-potential and particle size measurements were conducted using a Zetasizer nano-ZS (Malvern 190 

Instruments, Malvern, UK) at a temperature of 25°C. Disposable zeta cells were used. For the 191 

experiments, a LDH suspension with a concentration of 40 mg L
-1

 was prepared, and its pH was 192 

adjusted to different values using small droplets of HNO3 (0.1 mol L
-1

) and NaOH (0.1 mol L
-1

) 193 

solutions. Each NPs suspension was then placed in optical quartz cuvette with a path length of 10 mm, 194 

and measurements were recorded over time to determine the volume median diameter (Dv50) and 195 

volume diameter of 90% (Dv90) of the NPs. 196 

4-Reactivity of NPs 197 

For all the tests of reactivity, the pH was adjusted to using HNO3 (0.1 mol L
-1

) and NaOH (0.1 mol L
-1

) 198 

solutions to weather adjust Cr(VI) solutions or the LDH NPs suspensions. 199 

Ultraviolet-visible spectroscopy 200 

Ultraviolet-visible (UV-Vis) absorption spectroscopy experiments were carried out using a Cary 60 201 

UV-Vis spectrometer (Agilent Technologies). Extinction coefficients and speciation of Cr(VI) in both 202 

alkaline and acidic media were determined by constructing calibration curves within the concentration 203 
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range of 5 - 25 mg L
-1

. This method was also applied in the preliminary study of the interaction 204 

between Cr(VI) and LDH NPs under both conditions. 205 

Stopped flow technique 206 

The NPs reactivity towards Cr(VI) were studied using a stopped-flow device, Bio-Logic SFM20, with 207 

an optical path length of 1 cm. Biokine software (Bio-Logic) was used to coordinate the data 208 

collecting and experimental fitting. After preparing the NPs suspension with the proper concentration 209 

and pH values, all experiments were carried out at a constant temperature of 25°C. The kinetic traces 210 

were collected with a thousand data points optical detector, which was chosen to optimize the signal-211 

to-noise ratio. The dead time of the instrument was determined to be 4.3 ms (Tonomura et al., 1978). 212 

The absorbances were monitored at 375 nm, which is one of the characteristic absorption wavelengths 213 

of Cr(VI). Each stopped-flow kinetic curve reported represents the mean value obtained through 214 

multiple acquisitions (5-10). This approach was adopted to minimize noise and enhance the signal-to-215 

noise ratio, ensuring the reliability and accuracy of the presented kinetic data. The error bars of the 216 

obtained fitted kinetic constants (kobs) were taken as three time the standard deviation of the adjusted 217 

parameter coming from the fitting procedure. 218 

Ultrafiltration tests 219 

The ultrafiltration system Amicon 8010 (Millipore) equipped with regenerated cellulose membranes 220 

(PLGC, 10 kDa, Millipore) was utilized. It took approximately 7 minutes to collect 5 mL of permeate 221 

in all experiments. The ultrafiltration membrane having pores typically of around 2.5 nm diameter, the 222 

LDH particles in suspension were retained and only the “free” Cr(VI) species in solution and could 223 

pass through the ultrafilter. The resulting permeates were obtained through duplicated ICP-MS 224 

analyses. The thermodynamic constants underwent a calculation process using Monte Carlo 225 

propagation of uncertainty. This process involved calculating different K-constants by systematically 226 

eliminating one data point at a time from the residue calculation. Subsequently, an ensemble of K-227 

values was obtained, and the standard deviation of the K-constant was determined using this ensemble. 228 

Solid characterization:  229 

LDH NPs were saturated with a Cr(VI) solution at both pH values. The initial chromium concentration 230 

was 500 mg L
-1

, with a solid concentration of 3.33 g L
-1

. After saturation, the solid was centrifuged, 231 

and its structural stability after the exchange was characterized using PXRD technique. 232 

Results and discussion :  233 

1. Characterization of the LDH-NPs 234 

a. Structure and Purity 235 
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PXRD was utilized to evaluate the crystalline nature of the resulting LDH, as shown in Figure 1a. The 236 

PXRD plot clearly demonstrated a distinct presence of crystalline structure along the c-direction, 237 

evidenced by the (003) and (006) reflections and no significant presence of other crystalline structure. 238 

Moreover, the a-direction exhibited a well-defined crystalline structure, notably highlighted by the 239 

(110) reflection. Lattice parameters had been determined and are presented in Table 1. For Mg/Al-NO3 240 

LDH NPs, the lattice parameters (a, c) measured at 3.04 Å and 26.53 Å, respectively. These values 241 

closely align with those reported in existing literature for larger Mg/Al-NO3 LDH particles with a 2:1 242 

ratio, Marappa et al. (Marappa et al., 2013) reported a lattice parameter c of 26.40 Å, and similarly, Xu 243 

et al. (Xu and Zeng, 2001) found c = 26.83 Å and a = 3.04 Å, confirming the consistency of the 244 

findings. 245 

The Raman spectra is illustrated in Figure 1b shows the key bands at 1056 cm
-1

 ν1(NO 
-
) and 717 cm

-1
 246 

ν4(NO 
-
), affirming the intercalation of only NO 

-
 anions into the LDH layers (Frost and Musumeci, 247 

2006) because carbonate anions have a close but distinct vibration frequency at 1062-1068 cm
-1

. 248 

Moreover, bands at 556 cm
-1

 (A1g(T)) and 478 cm
-1

 (Eu(T)) indicated the presence of octahedral brucite-249 

like layer hydroxyl groups. In alignment with previous research by Di Bitetto (Bitetto, 2017), the 250 

investigation of three distinct ratios (ranging from 2 to 4) of nitrated LDH was conducted using Raman 251 

spectroscopy, with a specific focus on the intense ν1(NO 
-
) band at 1056 cm

-1
. Showing that, as the 252 

molar ratio Mg/Al approaches 3, an additional band emerged at a lower wavenumber, approximately 253 

1046 cm
-1

. The absence of this additional band in our results indicates an approximate Mg/Al ratio of 2 254 

within the LDH structure. 255 

In the FT-IR spectrum is illustrated in Figure 1c. The broad band, centered around 3386 cm
-1

, 256 

corresponded to the stretching vibration mode of the OH bond of both the hydroxide group within the 257 

brucite-like layer and the crystalline water molecules within the interlayer space. The presence of the 258 

latter is was supported by the band at 1643 cm
-1

, which attributed to the bending vibration mode of 259 

water molecules residing in the interlayer region. Additionally, a distinct band at 1344 cm
-1

 linked to 260 

the antisymmetric stretching vibration ν2(NO 
-
) of the interlayer anion NO 

-  
(Kloprogge et al., 2002). 261 

Moving to the lower frequency range, the heightened bands at 613 cm
-1

 clearly indicates of the 262 

existence of metal-oxygen bonds within the octahedral brucite-like layer. These bands can be 263 

particularly attributed to the bending vibrations of both O-Mg-O and O-Al-O bonds. These two 264 

vibrational techniques provided valuable insights into LDH composition and structures features, 265 

confirming the successful incorporation of NO 
-
 anions and the effectiveness of the synthesis method. 266 

In addition to the structural study, an elemental analysis of the LDH NPs, once dissolved into nitric 267 

acid, has been performed. The chemical analysis results are presented in Table 1 reveal a Mg/Al ratio 268 

of 2.01, determined through the ICP-MS technique confirming the achievement of the desired fixed 269 
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ratio, and attesting to the success of the synthesis conditions and corroborating the ratio observed with 270 

the nitrate band in Raman analysis. Furthermore, the elemental analysis of light elements, performed 271 

using CHNS analysis, indicates the successful production of fully nitrated LDH a nitrogen content of 272 

4.1 mmol.g
-1

 of N which was very close to the theoretical value at 3.9 mmol.g
-1

 without the presence 273 

of carbon atom and therefore validating the absence of carbonate ions in the solid. The crystallinity 274 

and the purity of the solid were therefore attested by the combination of those 5 techniques. 275 

Table 1. Chemical composition and lattice parameters of Mg2Al-NO3 LDH NPs. 276 

Chemical composition Lattice parameters 

Molar ratio Mg/AlICP  C (wt. %) H (wt. %) N (wt. %) a (Å) c (Å) 

2.01 <0.05 3.2 5.7 3.04 26.62 

 277 
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 278 

Figure 1: Structural characterization of LDH : (a) PXRD pattern of Mg2Al-NO3 NPs. (b) Raman spectra of 279 
Mg2Al-NO3 NPs. (c) FT-IR spectra of Mg2Al-NO3 NPs. 280 
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b. Particles dimensions 281 

To be able to understand the interactions between Cr(VI) and the LDH, small particles with a narrow 282 

size distribution were needed to get uniform and quick interactions. 283 

The analysis of particle size distribution by DLS as shown in Figure 2a unveiled a relatively narrow 284 

monomodal distribution of hydrodynamic diameter particles. The polydispersity index (PI), calculated 285 

as      
 ( )

 

  
   , was serving as a measure of sample heterogeneity using the mean size ( ) and the standard 286 

deviation of the size  ( ) (Mudalige et al., 2019). In the case of LDH NPs, it exhibited a notably low 287 

value of approximately 0.13, reflecting a uniform and well-defined particle size distribution. 288 

Additionally, specific percentiles, namely Dv10, Dv50, and Dv90, corresponded to the diameters below 289 

10%, 50%, and 90% of the particles population. The median diameter, Dv50, measured at 185 ± 25 nm 290 

and the Dv90 was at 327 ± 13 nm. On the other hand, considering the 2D feature of LDH materials, 291 

while DLS assumed a spherical particle, the equation established by Lotya et al. (Lotya et al., 2013) 292 

suggested that the Dv50 was 176 ± 8 nm. 293 

SEM was employed to investigate the morphological characteristics, real-average diameter, and 294 

overall uniformity of the LDH NPs (Wani et al., 2021). As depicted in Figure 2b, SEM analysis 295 

confirmed the overall homogeneity of the NPs, even in their dry state. Specifically, the median 296 

diameter D50 measured at 133 ± 39 nm, while the diameter D90 found to be 183 ± 19 nm. Considering 297 

that the SEM give results on the number of dried particles and DLS results were given by the diffusion 298 

volume of hydrated particles and therefore a larger size, we assume that these results were in very 299 

good consistency. 300 

AFM analysis employed to assess the height of the LDH NPs (Figure 2d) (Awassa et al., 2022). The 301 

resulting height profile unveiled a consistent and uniform average thickness of 22 nm (Figure 2e), 302 

specifically for Mg2Al-NO3 LDH NPs. This agreed with what was observed in SEM with some 303 

particles oriented with the layers perpendicular to the surface. This uniformity strongly indicated the 304 

multilamellar nature of the synthesized NPs, comprising approximately 25 layers in their structural 305 

composition.  306 

The median size in the dimensions parallel to the layers was approximately 140 nm, as confirmed by 307 

both DLS and SEM. Moreover, the height (z-dimension) of the particles was consistently below 100 308 

nm. The nomenclature "NPs" (colloidal Nano-Particles) aptly captures their size. 309 
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 310 

Figure 2: Morphological characterization of LDH : (a) DLS distribution analysis of Mg2Al-NO3 NPs. (b) SEM 311 
image of Mg2Al-NO3 NPs. (c) with its particle’s size distribution. (d) AFM image of  Mg2Al-NO3 NPs along 312 

with the height profile (e) of the disaggregated particle with dashed line. 313 

c. Surface properties 314 

The zeta potential had been measured and are shown on Figure 3 as a function of pH in the 315 

surrounding environment. Within the pH range of 4 to 8, these NPs demonstrated a constant zeta 316 

potential, maintaining a high positive value of approximately +50 mV. This relatively high 317 

electrophoretic potential explains the good stability of the colloidal suspension of the LDH NPs within 318 

this pH range. However, there was a decline in zeta potential between pH = 4 and pH = 2. This 319 

decrease in electrophoretic mobility can be attributed to partial neutralization of the hydroxide 320 
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constituting the solid, potentially leading to the dissolution of the LDH structure under these acidic 321 

conditions. Furthermore, beyond a pH of 9, there was another noteworthy trend: a gradual decrease in 322 

zeta potential. This decrease suggested the initiation of particle aggregation, which can negatively 323 

impact the stability of the colloidal system. The isoelectric point almost attained when the pH reaches 324 

12. These results based on zeta potential analysis of the LDH NPs, conform to the reported surface 325 

characteristic of the LDH materials, where its surface was positively charged (Kumar et al., 2017; Li et 326 

al., 2009; Ouyang et al., 2021). 327 

 328 

Figure 3: Zeta potential of Mg2Al-NO3 LDH NPs as a function of pH. cLDH = 40 mg L
-1

 in ultrapure water. pH 329 
adjusted by NaOH and HNO3. 330 

2. Reactivity of the LDH towards Cr(VI):  331 

a. UV-Vis spectrophotometry 332 

The speciation of Cr(VI) was analyzed using UV-Vis spectrophotometry to determine the absorption 333 

coefficient for each ionic form. In Figure S2, the absorbance difference of Cr(VI) at both pH 334 

conditions revealed distinct forms: at pH = 4, the maximum absorption band at 350 nm indicates 335 

hydrogen chromate ion ( CrO 
-
), while at pH = 9, a shift to 375 nm corresponds to the basic form of 336 

Cr(VI), chromate ion (CrO 
 -

) (Szabó et al., 2018). Figure S3 displays the recorded absorption at the 337 

highest band absorptivity for each Cr(VI) form. The absorption coefficient at pH = 4 found to be 3.0 × 338 

10
-2

 L.cm
-1

.mg
-1

, whereas at pH = 9, it was higher at 8.8 × 10
-2

 L.cm
-1

.mg
-1

. At low concentrations 339 

(under 100 mg L
-1

), with a pKa of 6.5 (Tandon et al., 1984),  CrO 
-
 is predominant in acidic 340 

conditions (around pH = 4), while CrO 
 -

 is predominant in alkaline conditions (pH = 9), resulting in 341 

different extinction behaviors.  342 
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The preliminary investigation involved comparing the half of the sum of the optical densities of the 343 

Cr(VI) solution and LDH suspension (The zero-time absorbance (A0) spectrum) with the mixture of 344 

these solutions once equilibrated. At pH=9 (Figure S4a), there was an increase in optical density with a 345 

slight shift in wavelength. At pH=4 (Figure S4b), the increase and the wavelength shift were more 346 

pronounced than at pH=9. Interestingly, it revealed that the final absorbance of the mixture was almost 347 

the same at both pH. In the following paragraph, we described the stopped-flow study conducted to 348 

explore the interaction of Cr(VI) as a function of time. 349 

b. Kinetic study using stopped-flow 350 

The stopped-flow technique utilized to examine the interaction dynamics between LDH NPs and 351 

Cr(VI) at both pH = 4 and pH = 9. Based on the findings from a spectrophotometric preliminary study, 352 

a wavelength of 375 nm selected for the stopped-flow investigation. In a standard stopped-flow 353 

experiment, equal volumes of Cr(VI) solution with a specified concentration and an LDH suspension 354 

(0.25 g L
-1

) were mixed, both with their pH adjusted to either 4 or 9. The zero-time absorbance (A0) 355 

readily determined as the average of the initial absorbances of the two solutions. This is illustrated in 356 

Figure S5, providing an example at pH = 4. If there were no reaction, the absorbance would remained 357 

constant at this value. 358 

In Figure S5 (for the first 50 ms) and 4 (lasting 50 s), the absorbance variations resulting from the 359 

combination of  CrO 
-
 and LDH NPs under acidic conditions (pH = 4) are visually depicted. This 360 

graph confirms the substantial absorbance changes noted in the previous section through standard UV-361 

Vis analysis. Notably, the primary observation was that a significant portion of the absorbance 362 

modification occurred within the stopped-flow mixing time, specifically below 5 milliseconds. and 363 

therefore, cannot be characterized using this technique. Following this rapid phase, all curves 364 

exhibited a consistent shape across different concentrations of  CrO 
-
. Similarly, the curves for various 365 

Cr(VI) concentrations share a resemblance, showing that the final absorbance variation after 366 

interaction was proportional to the initial Cr(VI) concentration. After the burst, the observed 367 

absorbance variation during the following 50 seconds had been analyzed by fitting the data to a range 368 

of classical kinetic models, including the Pseudo First Order, Pseudo Second Order, Vermeulen model, 369 

and an adapted shrinking core model proposed in a preceding work, as illustrated in Figure S6. The 370 

model that exhibited the most accurate fit to the data was one we previously developed and adapted for 371 

our study, which is a mathematical solution to the equation proposed by Helffrich, describing the 372 

shrinking core model of ionic species through a solid system (Helfferich et al., 1985) but without 373 

keeping constant the concentration in the solution. Specifically tailored to elucidate ion exchange 374 

kinetics on microparticles of ion exchange resins (Hébrant, 2007), the Eq. 1 representing this model 375 

when absorbance is measured as a function of time is stated as follows: 376 
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     ( )   ( 1   e) exp(  
obs

 0.5) +    (1) 

The specific time-dependent dependence of absorbance, Abs (t), was attributed to a rate-limiting step 377 

governed by diffusion either in the aqueous layer surrounding the solid or within the solid itself. In this 378 

context, A1 is the zero-time absorbance of the stopped-flow analysis, "A1  Ae" represents the 379 

amplitude of the change in absorbance, "kobs" corresponds to the observed rate constant of the reaction, 380 

and "Ae" denotes the equilibrium absorbance. 381 

The very first result of this kinetic study was that the adsorption, which is an ion exchange reaction, 382 

occurs in two steps. The very fast initial phase, occurring within the first milliseconds, in which a 383 

quick jump of the optical density representing up to 80% of the total variation. This phase was too 384 

quick to be analyzed by the stopped-flow technique, given that the reaction order may reach 10
6
 s

-1
 385 

(Gomez-Hens and Perez-Bendito, 1991; Kobayashi et al., 1982), followed by a slower process which 386 

can be described by the Eq. 1. The variations cannot be attributed to a pH change, as the pH of both 387 

solutions is adjusted just before mixing and the pH of the remaining liquid, analyzed after mixing, is 388 

still 4. Our hypothesis posits that the initial change in absorbance was attributed to two simultaneous 389 

modifications. The First was the deprotonation of the  CrO 
-
 ion which occurs in the vicinity of the 390 

particles, likely at a higher pH than the surrounding bulk solution, thereby altering the absorption 391 

properties of this species. The second was the attenuation coefficient of chromate which undergoes 392 

modification upon adsorption to the surface due to the strong electrostatic attraction between Cr(VI) 393 

anions and the positively charged surface. This interaction involved approximately 10% of the active 394 

sites, a calculation based on the available Al atoms (Hsu et al., 2019), with a specific emphasis on the 395 

external active sites. Although this percentage may seem relatively low, it implies that electrostatic 396 

attraction and anion exchange operate simultaneously, collectively contributing to 80% of the total 397 

variation observed. This phenomenon has a low barrier energy of adsorption. After this fast initial 398 

phase, the subsequent change, as described by Eq. 1, was linked to the diffusion of species within the 399 

aqueous layer surrounding the LDH NPs or the intraparticle diffusion of Cr(VI) into the LDH 400 

interlayer space. This correlation was supported by the fact that the Intraparticle Diffusion model 401 

aligns well with the observed variation. 402 
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 403 

Figure 4: The stopped-flow plots at pH = 4 at different Cr(VI) concentrations (a): 2.5 mg L
-1

, (b): 5.0 mg L
-1

, (c): 404 
7.5 mg L

-1
, (d): 10.0 mg L

-1
, (e): 12.5 mg L

-1
. [LDH]0 = 0.25 g L

-1
. 405 

A very similar trend observed in alkaline media (Figure S7). As the concentration of Cr(VI) increased, 406 

there was a gradual rise in the relative variation under both conditions. Interestingly, the final 407 

    ( ) values were nearly identical in both pH. In this scenario, the deprotonation of the  CrO 
-
 ion 408 

cannot account for the rapid change in absorbance. The initial rapid step represents a lower proportion 409 

of the total absorbance variation at pH = 9 than at pH = 4. Instead, the rapid initial change was 410 

attributed to electrostatic adsorption to the surface, while the subsequent slower step involved 411 

diffusion towards and within the particle. These two mechanisms contribute to the observed variation. 412 

The parameters obtained from the fitting procedure are compiled in Table S2a and S2b and are 413 

presented in Figure 5. In absolute value the (    e) absorbance was proportional to the Cr(VI) 414 

concentration (Figure 5a). In contrast, the kobs, which is the rate constant of the reaction occurring 415 
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during the interaction with the LDH surface, showed relatively constant values, regardless of the 416 

Cr(VI) concentration in the range explored here and the pH conditions with an average kobs of 417 

approximately 0.25 s
-0.5 

(Figure 5b), which implies an unchanged nature of the interaction 418 

phenomenon with LDH NPs at both pH and various concentrations. Notably, this value closely aligns 419 

with the value of 1 s
-0.5

 found during investigations into simple ion exchange on synthetic resins 420 

(Hébrant, 2007). Finally, the final absorbance state, represented by Ae, was equal for the same initial 421 

Cr(VI) concentration in both pH conditions (Figure 5c). This suggested that the concluding state of 422 

Cr(VI) after interaction with the LDH surface remains unaltered regardless of pH conditions. Despite 423 

the pH disparity and the resulting difference in charge, there was no significant distinction in the 424 

kinetic results. The independence of the slow part of the ion exchange process from pH, coupled with 425 

its relatively moderate speed within the same timeframe as ion exchange on synthetic commercial 426 

resins, challenges the likelihood of a dissolution/reformation mechanism that was observed for 427 

phosphate incorporation (Kim et al., 2020). 428 
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 429 

Figure 5: Fitted parameters values as a function of Cr(VI) concentrations at both pH conditions. 430 
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c. Thermodynamics using ultrafiltration 431 

Figure 6 a and b indicate the extraction yield was defined on the basis of Cr elemental ICP-MS 432 

analysis of the permeate. This yield was calculated as:  433 

   (%)   100   
    0              

    0
  (2) 

With [Cr]0 indicating the initial concentration and [Cr]permeate the concentration in the permeate. 434 

We acquired two sets of data : Figure 6a in which the adsorbent concentration varied within the range 435 

of 0.05 to 0.5 g L
-1

, while maintaining a constant Cr(VI) concentration of 7.5 mg L
-1

. This variation 436 

allowed for the assessment of the NPs' extraction efficiency. In the second set of experiments Figure 437 

6b, adsorption isotherms had been established by subjecting an LDH NPs suspension with a fixed 438 

concentration of 0.25 g L
-1

 to various Cr(VI) solutions ranging from 2.5 to 100 mg L
-1

.   439 

For a fixed Cr(VI) concentration (Figure 6a), at both pH levels, the extraction efficiency reached a 440 

plateau at around 0.10 - 0.15 g L
-1

 of LDH, indicating up to 99.9% extraction of chromium from the 441 

solution. This suggested an approximate capacity to fix approximately 225.1 mg.g
-1

 of chromate, 442 

highlighting the highly favorable nature of anion exchange for chromate, this indicated that a residue 443 

of less than 10 ppb was achieved with this system, meeting the WHO standard of 50 ppb for total Cr. 444 

At very low LDH content and pH = 9, the extraction efficiency started at 57.5%, higher than in acidic 445 

conditions, decreases before re-increasing. A similar trend, albeit at a smaller scale, was observed at 446 

pH = 4. This counterintuitive phenomenon, where a larger adsorption occurs with a smaller quantity of 447 

LDH, may be attributed to the Donnan membrane effect (Hébrant, 2009; Tounissou et al., 1996). The 448 

slightly negatively charged membrane groups repels chromate ions, particularly at very low LDH 449 

concentrations, owing to the low ionic force in the solution (the only salt in solution was the chromate 450 

at 0.15 mmol L
-1

). We intentionally avoided adjusting or buffering the ionic strength to prevent any 451 

interference in the anion exchange process. 452 

In Figure 6b, the variation in Cr concentration at a constant LDH concentration revealed a consistently 453 

high extraction efficiency, averaging up to 99.9%, for Cr concentrations below 15 mg L
-1

 at both tested 454 

pH values. However, as the Cr concentration increased, the LDH exchange capacity was overpassed, 455 

and the extraction logically gradually decreased to approximately 36% at pH = 4 and 43.3% at pH = 9 456 

when the concentration reaches 60 mg L
-1

. Beyond this concentration, the extraction continued to 457 

decrease slowly, indicating that the LDH material was fully saturated. Included on both Figure 6, the 458 

points A and B represented the same experiment.  459 

Since  CrO 
-
 predominates at pH = 4 and CrO 

 -
 at pH = 9, if the ion exchange reaction is governed by 460 

a stochiometric process on the electric charges of the implied ions, one nitrate can be released when 461 
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one  CrO 
-
 is fixed and 2 nitrate ions can be exchanged for one CrO 

 -
. This led us to a priori consider 462 

two different reactions :  463 

 NO 
-

LD 
 +  CrO 

-

 
 = NO 

-

 
 +  CrO 

-

LD 
 (3) 

 464 

At pH = 4, and 465 

 2NO 
-

LD 
 + CrO 

 -

 
= 2NO 

-

 
 + CrO 

 -

LD 
 (4) 

 466 

At pH = 9, "W" indicates that the ion is in solution, and "LDH" indicates that it is within the LDH. 467 

Reaction Eq. 4 was associated with the corresponding equilibrium constant : 468 

 

 9  
( NO 

   )
 
 CrO 

   
LD 

( NO 
  LD )

 
 CrO 

   
 

 (5) 

In our case, as seen in the previous section, the final status seemed  to be similar at pH = 4 and pH = 9. 469 

Indeed, the ion exchanger is a layered double hydroxide, and the exchanger core is basic by nature 470 

whatever the pH in the surrounding aqueous phase. Instead of reaction Eq. 3 we thus considered that 471 

 CrO 
-

  deprotonates at the proximity of the LDH: 472 

 2NO 
-

LD 
 +  CrO 

-

 
= 2NO 

-

 
+ CrO 

 -

LD 
 +  +

  (6) 

With its constant :  473 

     
( NO 

   )
 
 CrO 

   
LD  

  + 
 
 

( NO 
  LD )

 
 CrO 

   
 

 (7) 

As for the stopped-flow, we observed experimentally that the pH was not varying significantly during 474 

the reaction : the pH of both reactants, adjusted at the same value by nitric acid initially, changes by 475 

less of 0.1 unit during the reaction. This did not indicate that no proton was released during the 476 

exchange but that the LDH particles were buffering the pH.  477 

      assumed to be determined by the permeate concentration and     LD  obtained by the mass 478 

balance equation. The number of moles of LDH dispersed in the suspension is given by the mass of 479 

LD  divided by its “molar mass” assuming an initial stoichiometry Mg2Al(OH)6NO3.1H2O. The pH 480 

being adjusted by adding nitric acid, the initial nitrate concentration in the surrounding solution was 481 

calculated as  NO 
-
 
 0

   10-p . Although the LDH constitutes a separate phase we expressed the 482 

concentrations of all species as their numbers of moles divided by the overall volume whatever the 483 



   

 

21 

 

phase in which they stand, The concentrations were low enough to be considered negligible in our 484 

calculations for the activity coefficients.  9 may be then expressed as: 485 

  9  

  NO 
  0 +      0   

     
100

   

 

     0   
 (%)
100

   

      0       0   
 (%)
100

   

 

     0  1 
 (%)
100

  

 (8) 

Using a nonlinear least square fitting procedure (see SI for details), using this Eq. 7 we were able to fit 486 

Y (%) variation as a function of      0 or     0 variation.  487 

On Figure 6, an additional dashed red line was introduced to illustrate the hypothetical scenario if 488 

NO 
-
 were completely exchanged with  CrO 

-
 in the solution, following a 1:1 exchange as described in 489 

Eq. 3. Conversely, the dashed green curve represented a 2:1 exchange, where two nitrate ions were 490 

exchanged for one chromate, as per Eq. 6.  491 

To derive the equation characterizing the exchange and equilibrium constant at pH = 4, two equations 492 

are used to fit with varying K constants as adjustable parameters. The obtained best fitting results in 493 

coefficients of determination (R
2
) of 0.99 and 0.98 for LDH variation and Cr(VI) variation, 494 

respectively. This fitting corresponded to an exchange reaction of 2:1 LDH:Cr(VI) illustrated by Eq. 5, 495 

with the determined    value being 7.07× 10
-3 

± 0.69 × 10
-3

. Conversely, at pH = 9, the R
2
 for LDH 496 

variation was slightly lower than that in acidic conditions, measuring at 0.95 due to the emergence of 497 

the membrane effect. However, the R² for Cr(VI) variation remains approximately the same at 0.98. 498 

The equilibrium constant under alkaline conditions found to be higher than that under acidic 499 

conditions,  9 determined to be 35.5 ± 2.7. However, this was linked to the introduction of the 500 

protonic concentration in Eq. 7, but the overall extractions were similar. 501 

As outlined previously, our methodology for determining equilibrium constants differs slightly from 502 

conventional formulas such as the one proposed by Gaines and Thomas (Gaines and Thomas, 2004). 503 

By considering Eq. 4, which characterizes the reaction in question, we can derive the apparent 504 

equilibrium reaction constant  
NO 

-

CrO 
 -

as follows: 505 

  NO 
 

CrO 
  

  
 
CrO 

   CrO 
   

 
( NO 

 )
 

( NO 
 )
  NO 

  LD  CrO 
  

 (9) 

Here, γ(CrO 
 -

) and γ(NO 
-
) represent the solution-phase activity coefficients, while N(NO 

-
) and 506 

N(CrO 
 -

) denote the LDH-phase activity in terms of mole fraction. The ion exchange constant (   ) 507 

can then be calculated from the apparent equilibrium constant based on  
NO 

-

CrO 
 -

: 508 
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 509 

           
 

 

 NO 
 

CrO 
   
       (10) 

Indeed, they considered the activity coefficients of species in both the solid and solution phases, while 510 

In our analysis, we assumed that the activity coefficient ratios of nitrate and chromate ions remain 511 

constant at each stage and thus compensate for any fluctuations. Additionally, the concentrations were 512 

sufficiently low to be considered as such in our calculations. The study by Miyata (Miyata, 1983) 513 

involved the determination of ion exchange constants using Gaines and Thomas approach for various 514 

series of anions using nitrated Mg/Al LDH. The Kex in their study ranged from 0.3 to 26.3 for 515 

monovalent anions (O -, F-, Cl
-
, Br-, and I-) and was found to be 24.5 and 69.2 for bivalent anions 516 

(SO 
 -

 and CO 
 -

). In a related context, Goh et al. (Goh et al., 2009) utilized nitrated Mg/Al LDH for 517 

arsenic removal, and their method of directly determining nitrate release contrasts with our indirect 518 

approach. In our study, nitrate release was inferred through the determination of the concentration of 519 

non-adsorbed Cr, yielding results similar to theirs with a Kex value of 30.6. The convergence of these 520 

findings underscores the reliability of our results, particularly considering the similarity of the systems 521 

studied, such as chromate. 522 
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a) 523 

 524 

b) 525 

 526 

Figure 6: Yield of Cr ion extraction versus [LDH]0 with fitted lines and experimental data points at both pH 527 
conditions, along with the theoretical curve at the 2:1 and 1:1 of LDH:Cr(VI) ratios (a). Yield of Cr ion 528 

extraction versus [Cr]0 with fitted lines and experimental data points at both pH conditions, along with the 529 
theoretical curve at the 2:1 and 1:1 Cr(VI):LDH ratios (b). 530 
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Table 3: Thermodynamic reaction constants determined with mathematical fitting at both pH conditions. 531 

pH 
Concentration 

variation 
R

2
 K  σ(K) 

4 
LDH 0.993 

7.07× 10
-3

 0.69 × 10
-3

 
Cr 0.982 

9 
LDH 0.956 

35.5 2.7 
Cr 0.984 

To assess the structural changes resulting from the interaction with Cr(VI), PXRD analysis was 532 

employed, as depicted in Figure 7. The PXRD plot compared the crystallinity of LDH before and after 533 

interaction with Cr(VI). Interestingly, the LDH structure of the layers remains unchanged during the 534 

exchange at both pH levels, as evidenced by the unchanged (110) peak. However, there was a subtle 535 

shift observed in the (003) and (006) peaks. Notably, this shift corresponded  to a reduction in the c, 536 

decreasing from 26.62 Å in unreacted LDH to 25.52 Å at pH = 4.0 and further to 24.85 Å at pH = 9.0, 537 

as detailed in Table 4. Additionally, the crystallite size, determined by the Full Width at Half 538 

Maximum (FWHM) of the peaks for LDH post-Cr(VI) interaction, exhibited a significant decrease. 539 

This was particularly evident in the reduced intensity and widening of the (003) and (006) reflections, 540 

indicating a substantial impact on the crystallinity factor of the final product. The crystallite size was 541 

reduced from 19.5 nm in the LDH reference, in agreement with the AFM measurement (Figure 2d) to 542 

approximately 10.5 nm at pH = 4 and 8.6 nm at pH = 9, further emphasizing the structural changes 543 

induced by the interaction with Cr(VI) and the diminished crystallinity domain in the c direction, 544 

while the crystallinity of the layers in the a and b directions remained unchanged, demonstrating once 545 

again the absence of a dissolution-recrystallisation path. 546 
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 547 

Figure 7: PXRD of LDH reference before adsorption, After adsorption at pH = 4, and after adsorption at pH = 9. 548 

  549 
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Table 4: Lattice parameters of LDH reference before adsorption, After adsorption at pH=9, and after adsorption at pH = 4. 550 

Sample d(003) (Å) a (Å) c (Å) 
Crystallite Size 

(nm) 

Reference sample 8.87 3.04 26.62 19.5 

pH = 4.0 8.51 3.04 25.54 10.5 

pH = 9.0 8.28 3.04 24.85 8.6 

Conclusion. 551 

This work provided a comprehensive investigation into the synthesis and characterization of the nitrate 552 

form of Mg/Al LDH NPs, covering their reproducible synthesis, structural properties, and colloidal 553 

behavior. The study delved into the reactivity of these LDH NPs towards Cr(VI) in colloidal state. 554 

Through the combination of colloidal state analysis and stopped-flow techniques, CrO 
 -

 was the only 555 

anion incorporated into the LDH interlayer, with this process being pH-independent. The Cr(VI) 556 

adsorption process was elucidated into two distinct stages: rapid surface adsorption and deprotonation 557 

followed by interlayer diffusion, with the former occurring in less than 5 ms and the entire exchange 558 

process completed in 100 seconds. This was significantly faster than reported in existing literature in 559 

which mixing time and diffusion towards the particle were limiting the pace of the interaction. 560 

Interestingly, despite differing thermodynamic constants, the chromium extraction efficiency remains 561 

nearly identical at both pH values (4 and 9) considered in this study at equilibrium. The Mg/Al LDH 562 

NPs demonstrated the capacity to fix approximately 225.1 mg.g
-1

 of chromate if considering the full 563 

exchange achieved in ultrafiltration tests. Nitrate strongly favors the exchange process, with up to 99.9 564 

% of initially present nitrate ions shown to be exchangeable. Additionally, despite a reduction in 565 

crystallite size, the fundamental LDH structure remains unchanged during the exchange process. This 566 

research lays the foundation for future investigations into the application of LDH NPs in column 567 

conditioning for chromium extraction from dilute effluents containing other anions. The determination 568 

of anion exchange constants and the kinetic description presented herein will be vital parameters for 569 

further exploration in this direction. 570 
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