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Abstract:

Due to the constraints associated with diffusion and mixing time, traditional kinetic and
thermodynamic approaches were inadequate for probing the true mechanism of interaction
between chromate and Layered Double Hydroxide (LDH). To circumvent these limitations,
colloidal suspensions of Mg/AlI-NO; LDH, characterized by a positively charged surface
(approximately +50 mV) in ultrapure water and a mean average diameter of 140 nm, allowing
the formation of stable suspensions for days, were swiftly mixed with Cr(VI) suspensions at
both pH = 4 and 9 using a stopped flow technique. This rapid mixing, accomplished in less
than 5 milliseconds, enabled the examination of the initial stages of interaction between the
toxic anion and the host compound. Two distinct steps in the adsorption process were
identified: a very fast step (completed in less than 5 ms), representing up to 80% of the
measured variation, and a slower step lasting up to 100 s. The fast step assumed to be driven
by electrostatic interaction ( ~ +50 mV) with the surface, and sites close to the surface are
easily accessible to the chromate anions. The slower step corresponded to a diffusion process
close or inside the particles. Chromate extraction efficiency was investigated through
ultrafiltration tests, varying the LDH and chromate amounts, indicating that 2 nitrate ions are
exchanged for 1 chromate, regardless of the pH considered, and a total exchange can be

fulfilled with 0.1 g L™ of LDH within the explored concentration range.
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Introduction :

Chromium (Cr) is extensively utilized in various industrial processes, including metallurgy for the
production of stainless steel, ensuring its "stainless" quality (Barnhart, 1997). Additionally, it finds
applications in tanneries, electroplating, wood preservation, and refractory industries (Ukhurebor et
al., 2021). However, these industrial activities often result in the release of Cr into downstream
effluents. In aqueous environments, hexavalent chromium (Cr(V1)), is highly toxic, and carcinogenic
(Islam et al., 2019). The World Health Organization recommendations has set a maximum acceptable
limit for total Cr in drinking water at 50 ppb (Vaiopoulou and Gikas, 2020).

Therefore, efficient removal of Cr(VI) from aqueous effluents is imperative, and various methods are
studied/developed for this purpose, including adsorption (Yuan et al., 2013), membrane processes
(Mantel et al., 2022), ion exchange (Verma and Sarkar, 2020), chemical precipitation (Xie et al.,
2017), and flocculation/coagulation (ElI Gaayda et al., 2023). Among these techniques, adsorption
stands out as a widely recognized and economically favorable method (Lei et al., 2017). The appeal of
adsorption lies in its numerous advantages, including high removal efficiency, straightforward design,
low operational costs, minimal risk of causing secondary pollution, and the ability to separate a
diverse range of pollutants from water media (Qin et al., 2020; Tran et al., 2019). The versatility and
cost-effectiveness of adsorption make it a preferred choice in addressing the challenges associated

with Cr(V1) contamination in aqueous environments.

Layered double hydroxides (LDH) are a class of materials that exhibit significant potential as
inorganic scavengers. One of their notable attributes is their ability to achieve a high anion exchange
capacity (Chubar, 2011; Tran et al., 2019). LDH compounds are layered materials characterized by
their unique chemical formula [M",M"',(OH),]*[A" Jwn.yH-O. M" denotes bivalent metal cations and
M"" represents trivalent metal cations, both located in layers, binding hydroxide anions arranged in
octahedra units. A", the interlayer anions, is located in the interlayer space, weakly bonded to the
layers and therefore easily exchangeable. The absence of crosslinking between the octahedral brucite-
like layers in LDH is a notable characteristic that allows for the expansion or contraction of the
interlayer spacing to accommodate a wide range of interlayer anions (Goh et al., 2010; Goh and Lim,
2010; Hsu et al., 2007).

The extensive reviews conducted on Cr(VI) adsorption on LDH consistently recommend it as a
potential adsorbent, either in its single or composite forms (Ahmed and Mohamed, 2023; Dong et al.,
2022; Feng et al., 2022; Goh et al., 2008; Guan et al., 2022), with co-adsorbents including polymers
(Zhu et al., 2016), activated carbon (Zhang et al., 2022), clay minerals (Jarrah et al., 2020), metal-
organic frameworks (Wang and Guo, 2019), and iron oxides (Miao et al., 2021). Recent research
efforts have explored the adsorption mechanisms of hexavalent chromium (Cr(VI)), with Tran et al.

(Tran et al., 2019) identifying three potential mechanisms for LDH in their review on adsorption.
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These proposed mechanisms involve electrostatic attraction between the chromate ion and the
positively charged surface of the particles, anion exchange, and adsorption-coupled reduction of
Cr(VI1) to Cr(lll) followed by incorporation of the trivalent generated cation onto LDH-based
materials. The temporal aspects and the relative significance of these mechanisms are not adequately

detailed in the literature.

Electrostatic attraction between Cr(VI) and the positively charged LDH surface is considered a crucial
mechanism in the LDH-Cr(VI) interaction. Chao et al. (Chao et al., 2018) reported that these positive
potentials are attributed to the prevalence of hydroxyl groups on the outer surface of the LDH, which
attract H* protons, leading to the formation of positively charged groups known as -OH,". Once
attracted to the surface of the particles, Cr(V1) anions will either be exchanged or stay in the vicinity of

the surface.

The second mechanism, anion exchange, plays a crucial role in capturing Cr(VI) species from aqueous
solutions, as demonstrated in a study conducted by Goh and Lim. They investigated the adsorption of
toxic oxyanions and how the presence of other coexisting anions influenced adsorption efficiency,
particularly in alkaline conditions (pH 8-11.5) (Goh and Lim, 2010). They have shown that this
efficiency was correlated to the ionic potential, a value calculated based on their ionic radius and ionic
charge ranging between 4.67 to 10.81 nm™, the larger the ionic potential, the easier the insertion of the
anion in the structure. With a value of 8.33 nm™, chromate is more likely to be inserted as nitrate (5.00
nm™). However, chromate was still captured in the LDH even with large concentrations of competing

anions with larger ionic potentials such as sulfate (8.70 nm™) and carbonate (10.81 nm™).

The third reported possible mechanism associated with the reduction of Cr(VI) to Cr(lll) in LDH-
based materials using reducing agents such as the biomass or as Fe(ll) (Lv et al., 2019; Wani et al.,
2021).

The derived conclusions stem from a comprehensive investigation into the kinetics of interactions
between Cr(VI1) and LDH-based materials, involving a thorough literature review spanning the years
2004 to 2022. This scrutiny encompassed an in-depth examination of adsorption kinetics and
isotherms across various time intervals, ranging from 0 to 20 minutes up to 50 hours. Furthermore,
equilibrium times were explored, varying from 5 minutes to 24 hours. These variations were attributed
to the diverse array of composite materials utilized (Tran et al., 2019). A profound understanding of
the interaction mechanism between Cr(VI) and LDH holds the key to develop reusability and
regeneration processes without compromising the physicochemical characteristics of LDH materials
(Mubarak et al., 2018). In addition to a diverse array of macroscopic and spectroscopic
characterization techniques (Hsu et al., 2019), investigations utilizing electrochemical techniques
(Lahkale and Sabbar, 2023) have been crucial in emphasizing the kinetics and mechanisms underlying

the interaction between Cr(VI) and LDH materials. However, these studies are limited as the time
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scale below 2 minutes cannot be explored by conventional approaches, and most of the adsorption
occurs quicker than this time scale. A good understanding of the mechanism is limited by the diversity
of the phenomena occurring at short time scale: homogenization of the solution, diffusion towards

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

In this study, LDH nanoparticles with a minimal and homogeneous particle sizes were synthesized to
enhance reactivity toward Cr(V1). Nitrate had been chosen as the interlayer anion because it is widely
used as exchangeable anion in the literature (Goh et al., 2009), which will allow us to easily compare
our results on chromate with other anionic exchange mechanisms. The synthesis yielded a colloidal
suspension, facilitating the investigation of the interaction between LDH particles and Cr(VI) up to the
millisecond scale using the stopped-flow technique and limiting the diffusion time scale of the
reactants to the LDH nanoparticles (NPs). This approach enabled the unraveling of sequences involved
in various mechanisms. Furthermore, through the use of the ultrafiltration technique, a thorough
exploration of the equilibrium allowed for the determination of the thermodynamic equilibrium

constant for the anion exchange mechanism.
Materials & Methods :
1-Materials

Aluminum nitrate nonahydrate (AI(NOs);-9H,0, >99%), Magnesium nitrate hexahydrate
(Mg(NOs3),-6H,0, >99%), and Nitric acid (HNO3, 65%) were purchased from SIGMA-ALDRICH.
Sodium chromate tetrahydrate (Na,CrO,4-4H,0, >99.5%) was purchased from LABOSI (Fisher-
Scientific). Sodium hydroxide solution (NaOH, 1 mol L™) was purchased from VWR Chemicals. The
standards used for ICP-MS tests were prepared in the laboratory from commercial solutions certified
at 1000 ppm (Merck), and Ultrapure water 18.2 MQ.cm™ (Elga Water).

2-Synthesis

Mg,AI-NO; LDH NPs synthesis was adapted from a previous work (Awassa et al., 2022). Ultrapure
water was used to prepare a 20 mL solution containing mixed metal salts of Mg(NOs),-6H,0O and
Al(NO3);-9H,0 with a molar ratio of Mg/Al = 2 and a total concentration of cations of 1 mol L™. The
prepared solution was then added directly to 40 mL of a 1 mol mol L™ NaOH solution under vigorous
stirring and Ny purging to minimize carbonate formation in the alkaline reaction medium. After 15
minutes of reaction, the resulting slurry was transferred directly into a 100 mL autoclave made of
stainless steel with a Teflon lining and subjected to a 16-hour hydrothermal treatment at 80°C.
Following the hydrothermal treatment, was washed with centrifugation for 4 times with 50 mL
ultrapure water, and the final solid product of LDH NPs was obtained, which was then dried at 80°C

for 4 hours for further characterization. It was worth mentioning that contrary to what was done with
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Zn2Al-NO3 NPs, the washing step was preceded by the hydrothermal treatment. Indeed, the solubility
of Mg leads to a partial dissolution of the LDH and a subsequent precipitation of undesired AI(OH);
and a Mg/Al ratio of 3 or 4 in the LDH (see Figure S1 in the Supporting Information (SI)).

3-Characterizations:

Powder x-ray diffraction (PXRD)

The structural investigation of LDH NPs was carried out using a Panalytical X’Pert Pro MPD
diffractometer with a Bragg-Brentano geometry equipped with a copper anticathode that generated
radiation with a wavelength of Cu (K,;) = 0.15406 nm. The instrument was further enhanced with a
Ge(111) incident-beam monochromator, Soller slits of 0.02 rad, and programmable divergence and
anti-scatter slits. The sample's irradiated area was fixed at 10 x 10 mm2, and data collection employed
an X’Celerator detector. To obtain the diffraction pattern, the instrument was set to scan the region
between 5 and 80° at a scanning speed of 1° per minute. To improve resolution and minimize
preferential orientation of LDH crystallites, the holder rotation rate was fixed at 15 rotations per
minute. The lattice parameters of LDH NPs were determined from the analysis of the (003) and (110)
basal reflections.

Inductively coupled plasma mass spectrometry

Inductively coupled plasma mass spectrometry (ICP-MS; Agilent-7800) of isotopes Mg, #Al, and
Cr was used to determine the molar ratio of Mg*/AI** in LDH NPs after dissolution in 5% HNO;
and appropriated dilutions. To construct the calibration curves, a selection of 8 concentration points
was chosen. Subsequently, the Cr concentration in the collected permeate samples was determined
after suitable dilution in 1% HNOj;. The analysis of the permeate was carried out 2 times with 3
repeated measurements each time. The errors bar given in the results were taken as 3 times the

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

Elementary analysis (CHNS analysis)

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

Fisher Flashsmart elementary analyzer.

Raman spectroscopy

A Renishaw inViaTM Qontor microspectrometer with an optical microscope in confocal mode,
equipped with a long-frontal Olympus X50 objective with a numerical aperture of 0.55 and a slit
opening aperture of 0.65 pm was used on the sample, the laser's (A = 532 nm) power was about 10

mW. The spectra were acquired in 20 acquisitions of 5 seconds each with a spectral resolution of 3 cm’
1

Fourier transform infrared spectroscopy (FT-IR)
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The mid-infrared range infrared spectra were obtained using a Bruker Vertex 70v spectrometer,
equipped with a KBr beam-splitter and a deuterated triglycine sulfate (DTGS) detector. To acquire the
spectra of the LDH NPs powder, an attenuated total reflection (ATR) accessory with a single reflection
diamond crystal (Platinum ATR, Bruker) was utilized under vacuum conditions (<1 hPa). The spectral
resolution was adjusted to 4 cm™, and each individual spectrum was acquired by collecting data for 1

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

Scanning electron microscopy

In our work, scanning electron microscopy (SEM) was devoted to analyzing the morphology of LDH
NPs via a JEOL JSM-IT500HR instrument with an electron beam voltage of 10 kV, performing in high
vacuum conditions. Two small drops of a diluted suspension of LDH NPs in ultrapure water were
then placed on a copper film and allowed to air dry overnight. The average particle size of the NPs
was determined using the ImageJ software by analyzing 100 individual LDH NPs from their SEM

images.
Atomic force microscopy

In this study, LDH NPs were photographed in the air utilizing SNL-C tips (Bruker Corporation) in
peak-force tapping mode. After being dispersed in an ethanol solution and sonicated for thirty minutes,

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

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

Zeta-potential and particle size measurements were conducted using a Zetasizer nano-ZS (Malvern
Instruments, Malvern, UK) at a temperature of 25°C. Disposable zeta cells were used. For the
experiments, a LDH suspension with a concentration of 40 mg L™ was prepared, and its pH was
adjusted to different values using small droplets of HNO; (0.1 mol L™) and NaOH (0.1 mol L™
solutions. Each NPs suspension was then placed in optical quartz cuvette with a path length of 10 mm,
and measurements were recorded over time to determine the volume median diameter (Dyso) and
volume diameter of 90% (D,q) Of the NPs.

4-Reactivity of NPs
For all the tests of reactivity, the pH was adjusted to using HNO3 (0.1 mol L™) and NaOH (0.1 mol L™)

solutions to weather adjust Cr(V1) solutions or the LDH NPs suspensions.

Ultraviolet-visible spectroscopy
Ultraviolet-visible (UV-Vis) absorption spectroscopy experiments were carried out using a Cary 60
UV-Vis spectrometer (Agilent Technologies). Extinction coefficients and speciation of Cr(V1) in both

alkaline and acidic media were determined by constructing calibration curves within the concentration
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range of 5 - 25 mg L™. This method was also applied in the preliminary study of the interaction
between Cr(VI1) and LDH NPs under both conditions.

Stopped flow technique

The NPs reactivity towards Cr(V1) were studied using a stopped-flow device, Bio-Logic SFM20, with
an optical path length of 1 cm. Biokine software (Bio-Logic) was used to coordinate the data
collecting and experimental fitting. After preparing the NPs suspension with the proper concentration
and pH values, all experiments were carried out at a constant temperature of 25°C. The kinetic traces
were collected with a thousand data points optical detector, which was chosen to optimize the signal-
to-noise ratio. The dead time of the instrument was determined to be 4.3 ms (Tonomura et al., 1978).
The absorbances were monitored at 375 nm, which is one of the characteristic absorption wavelengths
of Cr(VI). Each stopped-flow kinetic curve reported represents the mean value obtained through
multiple acquisitions (5-10). This approach was adopted to minimize noise and enhance the signal-to-
noise ratio, ensuring the reliability and accuracy of the presented kinetic data. The error bars of the
obtained fitted Kinetic constants (kq,s) were taken as three time the standard deviation of the adjusted

parameter coming from the fitting procedure.

Ultrafiltration tests

The ultrafiltration system Amicon 8010 (Millipore) equipped with regenerated cellulose membranes
(PLGC, 10 kDa, Millipore) was utilized. It took approximately 7 minutes to collect 5 mL of permeate
in all experiments. The ultrafiltration membrane having pores typically of around 2.5 nm diameter, the
LDH particles in suspension were retained and only the “free” Cr(VI) species in solution and could
pass through the ultrafilter. The resulting permeates were obtained through duplicated ICP-MS
analyses. The thermodynamic constants underwent a calculation process using Monte Carlo
propagation of uncertainty. This process involved calculating different K-constants by systematically
eliminating one data point at a time from the residue calculation. Subsequently, an ensemble of K-

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

LDH NPs were saturated with a Cr(V1) solution at both pH values. The initial chromium concentration
was 500 mg L™, with a solid concentration of 3.33 g L. After saturation, the solid was centrifuged,

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

Results and discussion :
1. Characterization of the LDH-NPs

a. Structure and Purity
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PXRD was utilized to evaluate the crystalline nature of the resulting LDH, as shown in Figure 1a. The
PXRD plot clearly demonstrated a distinct presence of crystalline structure along the c-direction,
evidenced by the (003) and (006) reflections and no significant presence of other crystalline structure.
Moreover, the a-direction exhibited a well-defined crystalline structure, notably highlighted by the
(110) reflection. Lattice parameters had been determined and are presented in Table 1. For Mg/Al-NO3
LDH NPs, the lattice parameters (a, ¢) measured at 3.04 A and 26.53 A, respectively. These values
closely align with those reported in existing literature for larger Mg/Al-NO; LDH particles with a 2:1
ratio, Marappa et al. (Marappa et al., 2013) reported a lattice parameter ¢ of 26.40 A, and similarly, Xu
et al. (Xu and Zeng, 2001) found ¢ = 26.83 A and a = 3.04 A, confirming the consistency of the
findings.

The Raman spectra is illustrated in Figure 1b shows the key bands at 1056 cm™ v1(NO;3) and 717 cm’

v4(NOy), affirming the intercalation of only NO5 anions into the LDH layers (Frost and Musumeci,
2006) because carbonate anions have a close but distinct vibration frequency at 1062-1068 cm™.
Moreover, bands at 556 cm™ (A(T)) and 478 cm™ (E,m) indicated the presence of octahedral brucite-
like layer hydroxyl groups. In alignment with previous research by Di Bitetto (Bitetto, 2017), the

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

spectroscopy, with a specific focus on the intense v;(NO3) band at 1056 cm™. Showing that, as the
molar ratio Mg/Al approaches 3, an additional band emerged at a lower wavenumber, approximately
1046 cm™. The absence of this additional band in our results indicates an approximate Mg/Al ratio of 2
within the LDH structure.

In the FT-IR spectrum is illustrated in Figure 1c. The broad band, centered around 3386 cm™,
corresponded to the stretching vibration mode of the OH bond of both the hydroxide group within the
brucite-like layer and the crystalline water molecules within the interlayer space. The presence of the
latter is was supported by the band at 1643 cm™, which attributed to the bending vibration mode of

water molecules residing in the interlayer region. Additionally, a distinct band at 1344 cm™ linked to

the antisymmetric stretching vibration v,(NO;) of the interlayer anion NO; (Kloprogge et al., 2002).
Moving to the lower frequency range, the heightened bands at 613 cm™ clearly indicates of the
existence of metal-oxygen bonds within the octahedral brucite-like layer. These bands can be
particularly attributed to the bending vibrations of both O-Mg-O and O-Al-O bonds. These two

vibrational techniques provided valuable insights into LDH composition and structures features,
confirming the successful incorporation of NO; anions and the effectiveness of the synthesis method.
In addition to the structural study, an elemental analysis of the LDH NPs, once dissolved into nitric

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

of 2.01, determined through the ICP-MS technique confirming the achievement of the desired fixed
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ratio, and attesting to the success of the synthesis conditions and corroborating the ratio observed with
the nitrate band in Raman analysis. Furthermore, the elemental analysis of light elements, performed
using CHNS analysis, indicates the successful production of fully nitrated LDH a nitrogen content of
4.1 mmol.g™ of N which was very close to the theoretical value at 3.9 mmol.g™ without the presence
of carbon atom and therefore validating the absence of carbonate ions in the solid. The crystallinity

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

Table 1. Chemical composition and lattice parameters of Mg,Al-NOz; LDH NPs.

Chemical composition Lattice parameters
Molar ratio Mg/AI'®  C(wt. %) H (wt. %) N (wt. %) a(A) c(A)
2.01 <0.05 3.2 5.7 3.04 26.62
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b. Particles dimensions

To be able to understand the interactions between Cr(V1) and the LDH, small particles with a narrow

size distribution were needed to get uniform and quick interactions.

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

monomaodal distribution of hydrodynamic diameter particles. The polydispersity index (PI), calculated
2
as PI= G% was serving as a measure of sample heterogeneity using the mean size () and the standard

deviation of the size o(/) (Mudalige et al., 2019). In the case of LDH NPs, it exhibited a notably low
value of approximately 0.13, reflecting a uniform and well-defined particle size distribution.
Additionally, specific percentiles, namely Dy, Dyso, and Dyg, COrresponded to the diameters below
10%, 50%, and 90% of the particles population. The median diameter, D,so, measured at 185 + 25 nm
and the Dygo was at 327 £ 13 nm. On the other hand, considering the 2D feature of LDH materials,
while DLS assumed a spherical particle, the equation established by Lotya et al. (Lotya et al., 2013)
suggested that the D5 was 176 + 8 nm.

SEM was employed to investigate the morphological characteristics, real-average diameter, and
overall uniformity of the LDH NPs (Wani et al., 2021). As depicted in Figure 2b, SEM analysis
confirmed the overall homogeneity of the NPs, even in their dry state. Specifically, the median
diameter Dsy measured at 133 = 39 nm, while the diameter Dy, found to be 183 £ 19 nm. Considering
that the SEM give results on the number of dried particles and DLS results were given by the diffusion
volume of hydrated particles and therefore a larger size, we assume that these results were in very

good consistency.

AFM analysis employed to assess the height of the LDH NPs (Figure 2d) (Awassa et al., 2022). The
resulting height profile unveiled a consistent and uniform average thickness of 22 nm (Figure 2e),
specifically for Mg,Al-NO; LDH NPs. This agreed with what was observed in SEM with some
particles oriented with the layers perpendicular to the surface. This uniformity strongly indicated the
multilamellar nature of the synthesized NPs, comprising approximately 25 layers in their structural

composition.

The median size in the dimensions parallel to the layers was approximately 140 nm, as confirmed by
both DLS and SEM. Moreover, the height (z-dimension) of the particles was consistently below 100

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

11
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Figure 2: Morphological characterization of LDH : (a) DLS distribution analysis of Mg,AI-NO3; NPs. (b) SEM
image of Mg,AI-NO3 NPs. (c¢) with its particle’s size distribution. (d) AFM image of Mg,Al-NO3; NPs along
with the height profile (e) of the disaggregated particle with dashed line.

c. Surface properties

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

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

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

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

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

decrease in electrophoretic mobility can be attributed to partial neutralization of the hydroxide

12
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constituting the solid, potentially leading to the dissolution of the LDH structure under these acidic
conditions. Furthermore, beyond a pH of 9, there was another noteworthy trend: a gradual decrease in
zeta potential. This decrease suggested the initiation of particle aggregation, which can negatively
impact the stability of the colloidal system. The isoelectric point almost attained when the pH reaches
12. These results based on zeta potential analysis of the LDH NPs, conform to the reported surface
characteristic of the LDH materials, where its surface was positively charged (Kumar et al., 2017; Li et
al., 2009; Ouyang et al., 2021).

Zeta potential (mV)
2

Figure 3: Zeta potential of Mg,AI-NO; LDH NPs as a function of pH. ¢, py = 40 mg L™ in ultrapure water. pH
adjusted by NaOH and HNO:s.

2. Reactivity of the LDH towards Cr(V1):
a. UV-Vis spectrophotometry

The speciation of Cr(VI) was analyzed using UV-Vis spectrophotometry to determine the absorption
coefficient for each ionic form. In Figure S2, the absorbance difference of Cr(VI) at both pH

conditions revealed distinct forms: at pH = 4, the maximum absorption band at 350 nm indicates
hydrogen chromate ion (HCrO,), while at pH =9, a shift to 375 nm corresponds to the basic form of

Cr(VI), chromate ion (Croﬁ') (Szabo et al., 2018). Figure S3 displays the recorded absorption at the
highest band absorptivity for each Cr(\V1) form. The absorption coefficient at pH = 4 found to be 3.0 x

102 L.cm™mg™, whereas at pH = 9, it was higher at 8.8 x 10? L.cm™.mg™. At low concentrations
(under 100 mg L™), with a pKa of 6.5 (Tandon et al., 1984), HCrO, is predominant in acidic

conditions (around pH = 4), while Croﬁ' is predominant in alkaline conditions (pH = 9), resulting in

different extinction behaviors.
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The preliminary investigation involved comparing the half of the sum of the optical densities of the
Cr(V1) solution and LDH suspension (The zero-time absorbance (Ay) spectrum) with the mixture of
these solutions once equilibrated. At pH=9 (Figure S4a), there was an increase in optical density with a
slight shift in wavelength. At pH=4 (Figure S4b), the increase and the wavelength shift were more
pronounced than at pH=9. Interestingly, it revealed that the final absorbance of the mixture was almost
the same at both pH. In the following paragraph, we described the stopped-flow study conducted to

explore the interaction of Cr(V1) as a function of time.
b. Kinetic study using stopped-flow

The stopped-flow technique utilized to examine the interaction dynamics between LDH NPs and
Cr(VI) at both pH = 4 and pH = 9. Based on the findings from a spectrophotometric preliminary study,
a wavelength of 375 nm selected for the stopped-flow investigation. In a standard stopped-flow
experiment, equal volumes of Cr(VI1) solution with a specified concentration and an LDH suspension
(0.25 g L™) were mixed, both with their pH adjusted to either 4 or 9. The zero-time absorbance (Ao)
readily determined as the average of the initial absorbances of the two solutions. This is illustrated in
Figure S5, providing an example at pH = 4. If there were no reaction, the absorbance would remained

constant at this value.

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

combination of HCrO, and LDH NPs under acidic conditions (pH = 4) are visually depicted. This
graph confirms the substantial absorbance changes noted in the previous section through standard UV-
Vis analysis. Notably, the primary observation was that a significant portion of the absorbance
modification occurred within the stopped-flow mixing time, specifically below 5 milliseconds. and

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

exhibited a consistent shape across different concentrations of HCrO,. Similarly, the curves for various
Cr(VI) concentrations share a resemblance, showing that the final absorbance variation after
interaction was proportional to the initial Cr(VI) concentration. After the burst, the observed
absorbance variation during the following 50 seconds had been analyzed by fitting the data to a range
of classical kinetic models, including the Pseudo First Order, Pseudo Second Order, Vermeulen model,
and an adapted shrinking core model proposed in a preceding work, as illustrated in Figure S6. The
model that exhibited the most accurate fit to the data was one we previously developed and adapted for
our study, which is a mathematical solution to the equation proposed by Helffrich, describing the
shrinking core model of ionic species through a solid system (Helfferich et al., 1985) but without
keeping constant the concentration in the solution. Specifically tailored to elucidate ion exchange
kinetics on microparticles of ion exchange resins (Hébrant, 2007), the Eq. 1 representing this model

when absorbance is measured as a function of time is stated as follows:
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Abs ()= (A, — 4,) exp( — kobst°'5) + A4 (1)

The specific time-dependent dependence of absorbance, Abs (t), was attributed to a rate-limiting step
governed by diffusion either in the aqueous layer surrounding the solid or within the solid itself. In this
context, A; is the zero-time absorbance of the stopped-flow analysis, "A; — A" represents the
amplitude of the change in absorbance, "kqps" corresponds to the observed rate constant of the reaction,

and "A." denotes the equilibrium absorbance.

The very first result of this kinetic study was that the adsorption, which is an ion exchange reaction,
occurs in two steps. The very fast initial phase, occurring within the first milliseconds, in which a
quick jump of the optical density representing up to 80% of the total variation. This phase was too
quick to be analyzed by the stopped-flow technique, given that the reaction order may reach 10° s™
(Gomez-Hens and Perez-Bendito, 1991; Kobayashi et al., 1982), followed by a slower process which
can be described by the Eg. 1. The variations cannot be attributed to a pH change, as the pH of both
solutions is adjusted just before mixing and the pH of the remaining liquid, analyzed after mixing, is

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

modifications. The First was the deprotonation of the HCrO, ion which occurs in the vicinity of the
particles, likely at a higher pH than the surrounding bulk solution, thereby altering the absorption
properties of this species. The second was the attenuation coefficient of chromate which undergoes
modification upon adsorption to the surface due to the strong electrostatic attraction between Cr(VI)
anions and the positively charged surface. This interaction involved approximately 10% of the active
sites, a calculation based on the available Al atoms (Hsu et al., 2019), with a specific emphasis on the
external active sites. Although this percentage may seem relatively low, it implies that electrostatic
attraction and anion exchange operate simultaneously, collectively contributing to 80% of the total
variation observed. This phenomenon has a low barrier energy of adsorption. After this fast initial
phase, the subsequent change, as described by Eqg. 1, was linked to the diffusion of species within the
aqueous layer surrounding the LDH NPs or the intraparticle diffusion of Cr(VI) into the LDH
interlayer space. This correlation was supported by the fact that the Intraparticle Diffusion model

aligns well with the observed variation.
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Figure 4: The stopped-flow plots at pH = 4 at different Cr(V1) concentrations (a): 2.5 mg L?, (b): 5.0 mg L™, (c):
75mg L7 (d): 10.0mg LY, (e): 125 mg L™ [LDH], = 0.25¢g L™
A very similar trend observed in alkaline media (Figure S7). As the concentration of Cr(V1) increased,

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

Abs (1) values were nearly identical in both pH. In this scenario, the deprotonation of the HCrO, ion
cannot account for the rapid change in absorbance. The initial rapid step represents a lower proportion
of the total absorbance variation at pH = 9 than at pH = 4. Instead, the rapid initial change was
attributed to electrostatic adsorption to the surface, while the subsequent slower step involved

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

The parameters obtained from the fitting procedure are compiled in Table S2a and S2b and are
presented in Figure 5. In absolute value the (4; — A.) absorbance was proportional to the Cr(VI)

concentration (Figure 5a). In contrast, the kqps, Which is the rate constant of the reaction occurring
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during the interaction with the LDH surface, showed relatively constant values, regardless of the
Cr(VI) concentration in the range explored here and the pH conditions with an average Kgps Of
approximately 0.25 s®° (Figure 5b), which implies an unchanged nature of the interaction
phenomenon with LDH NPs at both pH and various concentrations. Notably, this value closely aligns
with the value of 1 s°° found during investigations into simple ion exchange on synthetic resins
(Hébrant, 2007). Finally, the final absorbance state, represented by A., was equal for the same initial
Cr(V1) concentration in both pH conditions (Figure 5c). This suggested that the concluding state of
Cr(VI) after interaction with the LDH surface remains unaltered regardless of pH conditions. Despite
the pH disparity and the resulting difference in charge, there was no significant distinction in the
kinetic results. The independence of the slow part of the ion exchange process from pH, coupled with
its relatively moderate speed within the same timeframe as ion exchange on synthetic commercial
resins, challenges the likelihood of a dissolution/reformation mechanism that was observed for

phosphate incorporation (Kim et al., 2020).
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Figure 5: Fitted parameters values as a function of Cr(\VI) concentrations at both pH conditions.
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c. Thermodynamics using ultrafiltration

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

analysis of the permeate. This yield was calculated as:

(2)

% (%) =100 x <[Cr]0 - [Cr]Permeate)

[Crlo

With [Cr], indicating the initial concentration and [Cr]pemeate the concentration in the permeate.

We acquired two sets of data : Figure 6a in which the adsorbent concentration varied within the range
of 0.05 to 0.5 g L™, while maintaining a constant Cr(VI) concentration of 7.5 mg L™. This variation
allowed for the assessment of the NPs' extraction efficiency. In the second set of experiments Figure
6b, adsorption isotherms had been established by subjecting an LDH NPs suspension with a fixed

concentration of 0.25 g L™ to various Cr(V1) solutions ranging from 2.5 to 100 mg L™.

For a fixed Cr(VI) concentration (Figure 6a), at both pH levels, the extraction efficiency reached a
plateau at around 0.10 - 0.15 g L™ of LDH, indicating up to 99.9% extraction of chromium from the
solution. This suggested an approximate capacity to fix approximately 225.1 mg.g™ of chromate,
highlighting the highly favorable nature of anion exchange for chromate, this indicated that a residue
of less than 10 ppb was achieved with this system, meeting the WHO standard of 50 ppb for total Cr.
At very low LDH content and pH = 9, the extraction efficiency started at 57.5%, higher than in acidic
conditions, decreases before re-increasing. A similar trend, albeit at a smaller scale, was observed at
pH = 4. This counterintuitive phenomenon, where a larger adsorption occurs with a smaller quantity of
LDH, may be attributed to the Donnan membrane effect (Hébrant, 2009; Tounissou et al., 1996). The
slightly negatively charged membrane groups repels chromate ions, particularly at very low LDH
concentrations, owing to the low ionic force in the solution (the only salt in solution was the chromate
at 0.15 mmol L™). We intentionally avoided adjusting or buffering the ionic strength to prevent any

interference in the anion exchange process.

In Figure 6b, the variation in Cr concentration at a constant LDH concentration revealed a consistently
high extraction efficiency, averaging up to 99.9%, for Cr concentrations below 15 mg L™ at both tested
pH values. However, as the Cr concentration increased, the LDH exchange capacity was overpassed,
and the extraction logically gradually decreased to approximately 36% at pH = 4 and 43.3% at pH = 9
when the concentration reaches 60 mg L™. Beyond this concentration, the extraction continued to
decrease slowly, indicating that the LDH material was fully saturated. Included on both Figure 6, the

points A and B represented the same experiment.

Since HCrO, predominates at pH = 4 and CrOﬁ' at pH = 9, if the ion exchange reaction is governed by

a stochiometric process on the electric charges of the implied ions, one nitrate can be released when
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one HCrO, is fixed and 2 nitrate ions can be exchanged for one CrOi'. This led us to a priori consider

two different reactions :

NOj, ., + HCrOy, =NOj + HCrO (3)

AtpH =4, and

2NOj .+ CrOy = 2NO5 + CrOy | (4)

At pH =9, "W" indicates that the ion is in solution, and "LDH" indicates that it is within the LDH.
Reaction Eqg. 4 was associated with the corresponding equilibrium constant :
132 2-
([NO3]w) [Cr04]

Ko= LDH (5)
" (N0 o)’ [CroF ],

In our case, as seen in the previous section, the final status seemed to be similar at pH =4 and pH = 9.
Indeed, the ion exchanger is a layered double hydroxide, and the exchanger core is basic by nature
whatever the pH in the surrounding aqueous phase. Instead of reaction Eq. 3 we thus considered that

HCrOQ‘W deprotonates at the proximity of the LDH:

2NOj, . + HCrO, = 2NO + CrOy | o + H'y, (6)

With its constant :

- DO [y U
(INO3]Lpn)”[CrO7 ],

As for the stopped-flow, we observed experimentally that the pH was not varying significantly during
the reaction : the pH of both reactants, adjusted at the same value by nitric acid initially, changes by
less of 0.1 unit during the reaction. This did not indicate that no proton was released during the

exchange but that the LDH particles were buffering the pH.

[Cr]w assumed to be determined by the permeate concentration and [Cr]; py Obtained by the mass
balance equation. The number of moles of LDH dispersed in the suspension is given by the mass of
LDH divided by its “molar mass” assuming an initial stoichiometry Mg,Al(OH)sNO3.1H,0. The pH

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

calculated as [No;]w =10P", Although the LDH constitutes a separate phase we expressed the
0

concentrations of all species as their numbers of moles divided by the overall volume whatever the
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phase in which they stand, The concentrations were low enough to be considered negligible in our

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

2
([Noé]o +2[Cr]y ( Y?())/(())) )) [[Cr]o ( Yl((){())) )]
Ko= (8)

2
<[LDH]0 —2[Cr]y ( % )) [[Cr]o (1 — %)]

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

Y (%) variation as a function of [LDH], or [Cr], variation.

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

NOj; were completely exchanged with HCrO, in the solution, following a 1:1 exchange as described in
Eq. 3. Conversely, the dashed green curve represented a 2:1 exchange, where two nitrate ions were

exchanged for one chromate, as per Eq. 6.

To derive the equation characterizing the exchange and equilibrium constant at pH = 4, two equations
are used to fit with varying K constants as adjustable parameters. The obtained best fitting results in
coefficients of determination (R? of 0.99 and 0.98 for LDH variation and Cr(VI) variation,
respectively. This fitting corresponded to an exchange reaction of 2:1 LDH:Cr(V1) illustrated by Eq. 5,
with the determined K, value being 7.07x 10 + 0.69 x 10°°. Conversely, at pH = 9, the R? for LDH
variation was slightly lower than that in acidic conditions, measuring at 0.95 due to the emergence of
the membrane effect. However, the R2 for Cr(VI) variation remains approximately the same at 0.98.
The equilibrium constant under alkaline conditions found to be higher than that under acidic
conditions, Ko determined to be 35.5 + 2.7. However, this was linked to the introduction of the

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

As outlined previously, our methodology for determining equilibrium constants differs slightly from
conventional formulas such as the one proposed by Gaines and Thomas (Gaines and Thomas, 2004).

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

2-
A . Cro
equilibrium reaction constant K~ * as follows:
NO;

2- 2
KCrc_)i': Yok [CrO; ]W(NNOé) ©)
NO3 (Yno3) INO3]1pg Neor

Here, y(CrOﬁ') and y(NO;) represent the solution-phase activity coefficients, while N(NO;) and

N(CrOi') denote the LDH-phase activity in terms of mole fraction. The ion exchange constant (K,,)

2-
can then be calculated from the apparent equilibrium constant based on K Cr(_)“ :
NO;
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Koy = f In Ko d(LDH) (10)
0

Indeed, they considered the activity coefficients of species in both the solid and solution phases, while
In our analysis, we assumed that the activity coefficient ratios of nitrate and chromate ions remain
constant at each stage and thus compensate for any fluctuations. Additionally, the concentrations were
sufficiently low to be considered as such in our calculations. The study by Miyata (Miyata, 1983)
involved the determination of ion exchange constants using Gaines and Thomas approach for various

series of anions using nitrated Mg/Al LDH. The K in their study ranged from 0.3 to 26.3 for
monovalent anions (OH', F~, CI', Br’, and I') and was found to be 24.5 and 69.2 for bivalent anions

(SOi' and CO%'). In a related context, Goh et al. (Goh et al., 2009) utilized nitrated Mg/Al LDH for
arsenic removal, and their method of directly determining nitrate release contrasts with our indirect
approach. In our study, nitrate release was inferred through the determination of the concentration of
non-adsorbed Cr, yielding results similar to theirs with a K¢ value of 30.6. The convergence of these
findings underscores the reliability of our results, particularly considering the similarity of the systems

studied, such as chromate.
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Figure 6: Yield of Cr ion extraction versus [LDH], with fitted lines and experimental data points at both pH
conditions, along with the theoretical curve at the 2:1 and 1:1 of LDH:Cr(VI) ratios (a). Yield of Cr ion
extraction versus [Cr], with fitted lines and experimental data points at both pH conditions, along with the
theoretical curve at the 2:1 and 1:1 Cr(V1):LDH ratios (b).
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Table 3: Thermodynamic reaction constants determined with mathematical fitting at both pH conditions.

Concentration

pH L R? K o(K)
variation
LDH 0.993
4 7.07x 10° 0.69 x 107
Cr 0.982
LDH 0.956
9 35.5 2.7
Cr 0.984

To assess the structural changes resulting from the interaction with Cr(VI), PXRD analysis was
employed, as depicted in Figure 7. The PXRD plot compared the crystallinity of LDH before and after
interaction with Cr(V1). Interestingly, the LDH structure of the layers remains unchanged during the
exchange at both pH levels, as evidenced by the unchanged (110) peak. However, there was a subtle
shift observed in the (003) and (006) peaks. Notably, this shift corresponded to a reduction in the c,
decreasing from 26.62 A in unreacted LDH to 25.52 A at pH = 4.0 and further to 24.85 A at pH = 9.0,
as detailed in Table 4. Additionally, the crystallite size, determined by the Full Width at Half
Maximum (FWHM) of the peaks for LDH post-Cr(VI) interaction, exhibited a significant decrease.
This was particularly evident in the reduced intensity and widening of the (003) and (006) reflections,
indicating a substantial impact on the crystallinity factor of the final product. The crystallite size was
reduced from 19.5 nm in the LDH reference, in agreement with the AFM measurement (Figure 2d) to
approximately 10.5 nm at pH = 4 and 8.6 nm at pH = 9, further emphasizing the structural changes
induced by the interaction with Cr(VI) and the diminished crystallinity domain in the c direction,
while the crystallinity of the layers in the a and b directions remained unchanged, demonstrating once

again the absence of a dissolution-recrystallisation path.
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Figure 7: PXRD of LDH reference before adsorption, After adsorption at pH = 4, and after adsorption at pH = 9.

25



550

551

552
553
554

555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570

571

572
573
574
575
576
577
578

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

Crystallite Size

Sample doz) (A) a(A) c(A)
(nm)
Reference sample 8.87 3.04 26.62 195
pH=4.0 8.51 3.04 25.54 105
pH=9.0 8.28 3.04 24.85 8.6
Conclusion.

This work provided a comprehensive investigation into the synthesis and characterization of the nitrate
form of Mg/Al LDH NPs, covering their reproducible synthesis, structural properties, and colloidal

behavior. The study delved into the reactivity of these LDH NPs towards Cr(V1) in colloidal state.

Through the combination of colloidal state analysis and stopped-flow techniques, CrOﬁ' was the only
anion incorporated into the LDH interlayer, with this process being pH-independent. The Cr(VI)
adsorption process was elucidated into two distinct stages: rapid surface adsorption and deprotonation
followed by interlayer diffusion, with the former occurring in less than 5 ms and the entire exchange
process completed in 100 seconds. This was significantly faster than reported in existing literature in
which mixing time and diffusion towards the particle were limiting the pace of the interaction.
Interestingly, despite differing thermodynamic constants, the chromium extraction efficiency remains
nearly identical at both pH values (4 and 9) considered in this study at equilibrium. The Mg/Al LDH
NPs demonstrated the capacity to fix approximately 225.1 mg.g™ of chromate if considering the full
exchange achieved in ultrafiltration tests. Nitrate strongly favors the exchange process, with up to 99.9
% of initially present nitrate ions shown to be exchangeable. Additionally, despite a reduction in
crystallite size, the fundamental LDH structure remains unchanged during the exchange process. This
research lays the foundation for future investigations into the application of LDH NPs in column
conditioning for chromium extraction from dilute effluents containing other anions. The determination
of anion exchange constants and the kinetic description presented herein will be vital parameters for

further exploration in this direction.
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