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Abstract: The adsorption of toxic metals onto iron oxides is a prevalent geochemical process in natural
environments. Organic acids are known to modify the adsorption features of toxic ions through either
competitive or cooperative effects. Nowadays, the toxic metal adsorption influenced by organic
acids on iron oxides with varying facet exposures is not fully understood. This study explored how
L-Aspartic acid (LA) influences Cr(VI) adsorption on two different exposure facets of lepidocrocite
through batch adsorption experiments, in situ ATR-FTIR spectroscopy, and 2D-COS analysis. The
results reveal that LA competes for available binding sites on lepidocrocite, consequently inhibiting
the adsorption of Cr(VI). Rod-shaped lepidocrocite (R-LEP) owns more (001) facets and shows
stronger Cr(VI) adsorption and LA competition than plate-like lepidocrocite (P-LEP), which mainly
has (010) facets. The data for Cr(VI) uptake on both P-LEP and R-LEP within the effect of LA are well-
fitted by the pseudo-second-order kinetics and the Freundlich isotherm model, suggesting chemical
interaction as the dominant process for Cr(VI) coordination on lepidocrocite. Cr(VI) ions favor
interaction with R-LEP over P-LEP, forming inner-sphere complexes on (001) facets. Concurrently,
LA’s carboxyl groups can compete for the active sites on the lepidocrocite surfaces, engaging in
anion exchange with hydroxyl groups, and forming outer-sphere and inner-sphere structures. This
competitive effect is particularly pronounced in the R-LEP system. The current findings are expected
to broaden insights into how the exposed facets of lepidocrocite influence the fate of Cr(VI) in the
organic acid coexistence environment.
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1. Introduction

Hexavalent chromium (Cr(VI)) is the primary oxidation state of chromium in oxic en-
vironments [1]. Known for its toxicity and carcinogenicity, Cr(VI) poses a substantial threat
to the health of both wildlife and humans [2,3]. Its environmental presence is largely linked
to industrial activities, such as various industrial processes and the weathering of sulfidic
ores and pyrite [4,5]. Cr(VI) is more mobile and bioavailable than trivalent chromium
(Cr(IIl)) in biological systems, thereby amplifying its environmental risks [6]. Iron oxides,
which are abundant in natural soils and sediments, are crucial in controlling the migration
of Cr(VI) through interfacial interactions, such as adsorption, redox, and precipitation [7].
Consequently, elucidating how Cr(VI) interacts with iron oxide is imperative for mitigating
environmental risks.
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Lepidocrocite, with the chemical formula y-FeO(OH), is a relatively unstable Fe-
containing mineral frequently found in redoximorphic environments like sediments and
paddy soils, playing a crucial role in regulating the fate of heavy metals (HMs) [8-10].
Moreover, lepidocrocite is recognized as a typical intermediate in the crystallographic
transformation of precursor Fe oxides (ferrihydrite, Schwertmannite, etc.) [11-13]. This
positioning enables lepidocrocite to serve as a bridging agent in controlling Fe cycling
and trace element partitioning [14]. Therefore, investigating the surface reactivity of
lepidocrocite through its interfacial interactions with heavy metals (HMs) holds significant
environmental implications [8,15]. As well known, naturally formed lepidocrocite mainly
consists of two typical morphologies, including plate- and rod-like shapes, presenting
varying ratios of exposed facets [16-18]. These different morphologies correlate with
differences in surface reactivity, such as adsorption performance, coordination structures,
and interfacial electron transfer capability [8,19-21]. The plate-shaped lepidocrocite is
primarily characterized by its (010) facet termination, which features a high density of
bidentate hydroxyl groups (u-OH), thereby supporting oxyanion adsorption [7,22-24].
Molybdenum(VI), for example, generates protonated binuclear monodentate complexes on
the (010) facet of lepidocrocite [23]. Similarly, Otte et al. [24] identified doubly protonated
MB complexes as the predominant species for As(V) on the same lepidocrocite facet. Rod-
shaped lepidocrocite features a notably high percentage of exposed (001) facets, which
have rich singly-coordinated hydroxyl sites that can form distinct coordination modes
compared to those on the (010) lepidocrocite facet. Li et al. [8] observed that Cr(VI) engages
in protonated monodentate binuclear (MB) coordination on the (010) facet and bidentate
binuclear (BB) coordination on the (001) facet. Moreover, the increased presence of the (001)
facet leads to improved adsorptive capacity for ions. Therefore, the adsorption behavior of
trace elements on lepidocrocite is significantly determined by the exposed facets.

Contrary to simplified systems with a single toxic metal and mineral, real-world envi-
ronments are more complex and contain multiple minerals, inorganic ions, dissolved organic
matter, etc. [25,26]. Understanding competitive and cooperative interfacial processes with
these coexisting substances is essential for accurately predicting adsorption behavior [7,27,28].
It is well established that organic acids significantly affect the mobility of HMs in natural
environments, as they can compete with HMs for binding sites on iron oxide surfaces or form
ternary complexes [15,29,30]. For example, under acidic conditions, oxalic acid outcompetes
Cr(VI) for the exchangeable groups on lepidocrocite [31]. Furthermore, Li et al. [7] discovered
that oxalic acid more readily reduced Cr(VI) adsorption on rod-shaped lepidocrocite com-
pared to plate-like forms, a difference primarily due to the types of exposed facets. Therefore,
the competitive adsorption behavior of HMs on iron oxide surfaces is also determined by
the exposed facets. As well known, the amino acid-mineral surface interactions are of great
interest to a wide range of geochemical topics and processes [32,33]. Numerous studies
have mainly focused on the polymerization of amino acids (including glutamate, lysine, and
aspartate) on mineral surfaces and their adsorption behavior in the presence of Ca?*, Mg?*,
and PO,2~ [25,34,35]. For example, Yang et al. [25] observed that phosphate competition
substantially diminished aspartate adsorption capacity on the goethite surface. Conversely, as-
partate had a negligible effect on phosphate adsorption, which was predominantly governed
by nonprotonated bidentate, monoprotonated bidentate, and diprotonated monodentate
complexes. However, limited knowledge is available regarding the interfacial interaction
mechanism of Cr(VI) on lepidocrocite in competition with amino acids, especially concerning
the in situ adsorption process.

This study primarily investigates the impacts of L-Aspartic acid (LA) on Cr(VI) adsorp-
tion onto two morphologically distinct forms of lepidocrocite, which expose different ratios
of (001) to (010) facets. The objectives are: (1) to demonstrate Cr(VI) adsorption performance
(including kinetics, isotherm, and pH effects) on these two different lepidocrocite when co-
existing with L-Aspartic acid, (2) to reveal the dynamic interfacial interaction of Cr(VI) and
L-Aspartic acid on the lepidocrocite surface at the molecular level, and (3) to further disclose
the facet-dependent Cr(VI) and L-Aspartic acid co-adsorption mechanism on lepidocrocite.
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The relevant findings are anticipated to shed new light on the roles of the lepidocrocite facet
in controlling the fate of Cr(VI) within the organic acid coexistence environment.

2. Materials and Methods
2.1. Synthesis of Two Morphological Lepidocrocite

Two distinguishable morphologies of lepidocrocite (LEP), plate-shaped (P-LEP) and
rod-shaped (R-LEP), were synthesized following the procedures reported by [8,36]. For
P-LEP synthesis, 3.98 g of unoxidized FeCl,-4H,O (Strem Chemicals, Inc., Newburyport,
MA, USA) crystals (20 mM Fe) were dissolved in 300 mL of deionized water with 0.2 M
NaCl (Macklin Biochemical Co., Ltd., Shanghai, China) and stirred. The solution’s pH was
adjusted to 6.3 with 1 M NaOH (Macklin Biochemical Co., Ltd., Shanghai, China), and the
air was supplied at 200 mL-min~!. The oxidation and hydrolysis of Fe ions proceeded until
pH stabilization was achieved without further NaOH supplementation. For R-LEP, the
synthesis procedure was similar but used 60 mM Fe(II) and 0.75 M NaCl. The mixture’s pH
was maintained at 6.7, and air was bubbled through at approximately 100 mL-min~!. Both
end-products underwent centrifugation, multiple washes with pure water, and 24 hours of
freeze-drying. The obtained solids were then ground and passed through 200 meshes.

2.2. Macroscopic Adsorption Experiments

The simultaneous adsorption of L-Aspartic acid (LA, Macklin Biochemical Co., Ltd.,
Shanghai, China) and Cr(VI) (K,CrOy4, Aladdin Biochemical Technology Co., Ltd., Shanghai,
China) was investigated through macroscopic adsorption experiments. In these exper-
iments, 0.02 g of lepidocrocite was suspended in 20 mL of a 0.01 mM NacCl solution
containing Cr(VI) and LA at varying concentrations. The reactions were carried out in
30 mL brown bottles under oxic conditions, which were sealed and shaken vigorously at
180 rpm and 25 °C in an orbital shaker to ensure thorough mixing.

Experiments for adsorption isotherms were performed with Cr(VI) concentrations
varying between 20 to 200 uM, and LA at levels of 10 and 50 uM, while keeping the
system pH constant at 5.0. To determine how pH influences adsorption, we investigated
pH-dependent adsorption curves at pH values ranging from 4.0 to 8.0, each with a fixed
100 uM Cr(VI) and two different LA concentrations (10 and 50 pM). Additionally, the
kinetics of adsorption were explored with initial Cr(VI) concentrations set at 100 uM and
LA concentrations at 10 uM and 50 uM, under a pH of 5.0. Sampling intervals were
predetermined, covering a duration from 0 to 2 h. Upon reaching equilibrium or at
designated time intervals. The suspension (2 mL) was passed through a 0.22 um filter to
isolate the aqueous phase for subsequent measurement. The remaining suspension was
poured into 50 mL brown bottles and spun at 8000 rpm for 10 min. The leftover solid
was then cleaned with deionized water and vacuum freeze-dried. After drying, the solid
particles were sieved through a 200-mesh screen and kept for subsequent measurements.

2.3. In Situ ATR-FTIR Experiments

The real-time ATR-FTIR studies were conducted on a Nicolet iS10 spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA), featuring a multi-bounce horizontal ATR
unit and a flow cell system. The OMNIC software package, version 8.2, was used for
managing data collection and analysis [37]. A ZnSe ATR crystal, oriented horizontally, was
hidden beneath a lepidocrocite layer by evaporating a suspension containing 2.4 mg of
lepidocrocite at a concentration of 2.0 g-L 1. The pH level of the solution was adjusted
by introducing 0.1 M HCl or 0.1 M NaOH with a peristaltic pump set at a flow rate of
500 uL-min~!. ATR-FTIR spectra were captured at 25°C, scanning from 4000 to 600 cm !
ata 4 cm ! resolution with 125 scans.

Before conducting the adsorption studies, the lepidocrocite sample was equilibrated
with a 0.01 M NacCl solution, and its spectrum was recorded to serve as the reference
background. For the ATR-FTIR experiments, concentrations of 50 uM LA and 100 uM
Cr(VI) were used, with pH values set at 8.0, 7.0, 6.0, 5.0, and 4.0. Spectra collection continued
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until successive scans showed no notable differences. Furthermore, it was verified that
the lepidocrocite film remained intact throughout the adsorption experiments [38]. The
ATR-FTIR spectra data were baseline-corrected before analysis [37].

2.4. Analytical Methods

X-ray powder diffraction (XRD, Bruker D8 Advance, Bremen, Germany) was used to
confirm the synthesized lepidocrocite and the components of reacted solid samples. The
measurements spanned from 10 to 80° in 20, with steps of 0.02°. SEM images (Merlin,
ZEISS, Oberkochen, Germany) were applied to assess the morphologies of the two lepi-
docrocites. The specific surface areas of the two synthesized lepidocrocites were obtained
from our previous study [8], which were determined using an AUTOSORB IQ analyzer
from Quantchrome (Boynton Beach, FL, USA). The Cr(VI) concentrations were assessed by
the 1,5-diphenylcarbazide (DPC) technique [39].

After baseline correction and smoothing, the ATR-FTIR data were further analyzed
using Two-Dimensional Correlation Spectroscopy (2D-COS) with the 2D Shige software
(version 1.3) [40]. For the synchronous map, the auto-peak is indicative of the variations in
the intensity of a peak over time, whereas the cross-peak signifies the correlated response
to temporal perturbations observed at two distinct bands. The positive cross-peak indicates
a simultaneous increase or decrease in the intensities of the two bands, while a negative
cross-peak shows that the intensities of the bands change in opposite directions. In the
asynchronous spectra, the absence of auto-peaks indicates that there are no self-correlated
signals. The asynchronous cross-peak indicates the presence of two uncorrelated bands,
suggesting they stem from distinct surface complexes or varied molecular settings within a
single complex [41].

3. Results and Discussions
3.1. Characterization of the Solid Samples

The XRD patterns’ diffraction peaks were all successfully matched to the lepidocrocite
(AMCSD 0020687) (Figure 1a,b) [7,8,42], confirming that the prepared solids corresponded
to the crystalline phases of lepidocrocite and were free from any additional impurity phases.
In addition, the co-adsorption of LA and Cr(VI) on the two lepidocrocite samples was
further analyzed using XRD. As displayed in Figure S1, the diffraction peaks of the reacted
samples were identical to those of pure lepidocrocite, suggesting that the presence of
adsorbed LA and Cr(VI) did not cause any phase changes under the specified conditions.
Therefore, the surface adsorption reaction of LA and Cr(VI) on LEP was the predominant
interfacial process. Our previous investigation also showed that oxalic acid can inhibit
Cr(VI) adsorption on lepidocrocite by competing for binding sites, with almost no effect on
driving dissolution and recrystallization reactions [7].

The two morphological lepidocrocite samples were subsequently monitored through
SEM images. As depicted in Figure 1c,d, the samples exhibited two distinct morphologies:
plate- and rod-shaped particles denoted as P-LEP and R-LEP. As noted in previous studies,
the R-LEP samples exhibited a notably higher abundance of the (001) facet in comparison
to the P-LEP samples [8]. In contrast, P-LEP is chiefly distinguished by its (010) facet,
with a minimal presence of the (001) facet [43]. Subsequently, the increased thickness of
R-LEP suggests a higher proportion of (001) facets relative to (010) facets exposed on the
lepidocrocite surface [16]. Furthermore, the reactivity on the lepidocrocite surface is affected
by the distribution and density of the reactive sites it contains. On the perfect (010) facet of
lepidocrocite, only surface bidentate hydroxyl groups are found, which are not effective
for substitution with oxalic acid [9]. In contrast, the (001) facet of lepidocrocite consists of
monodentate and bidentate hydroxyl groups [8,18], and the former groups serve as active
sites and are favorable for the adsorption of organic acids [7,9]. Consequently, lepidocrocite
variants with distinct exposed facets may display unique co-adsorption characteristics at
the interface. Our previous study has shown that Cr(VI) adsorption on lepidocrocite (LEP)
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is highly facet-dependent [8]. Consequently, we deduce that the adsorption of Cr(VI) on
R-LEP and P-LEP exhibits different patterns when LA is also present.

(a) P-LEP (b) R-LEP
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Figure 1. XRD patterns of P-LEP (a) and R-LEP (b), and their corresponding SEM images (c,d).

3.2. Cr(VI) Adsorption Kinetics in the Presence of LA

To elucidate the disparities in adsorption dynamics, the temporal progression of Cr(VI)
uptake by R-LEP and P-LEP in the presence of LA was studied. The Cr(VI) uptake amounts
were determined by normalizing the values concerning the specific surface area (P-LEP:
177 m?.g~1, R-LEP: 61 m?-g~ 1) [8]. As depicted in Figure 2a, at an initial LA concentration of
10 uM, the inhibitory effect on Cr(VI) adsorption was almost complete for both P-LEP and
R-LEP. For the P-LEP system, the amount of Cr(VI) adsorbed declined from 0.029 mg‘m_2
(5.15 mg-g~1) to 0.028 mg-m~? (4.90 mg-g~!) with an increase in LA concentration from 10 to
50 uM, once equilibrium was reached. These values were significantly lower than the control
group’s value (0.065 mg-m~2) reported in our previous study [7]. This finding suggests that a
competitive process takes place among these two anions on the P-LEP surface.
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Figure 2. Time-dependent adsorption curves (a) and their kinetics plots (b) for Cr(VI) on P-LEP and
R-LEP under the effects of LA.

In addition, R-LEP demonstrated superior adsorptive efficiency compared to P-LEP.
As shown in Figure 2a, the saturation adsorption amount of Cr(VI) reached 0.065 mg-m 2
(3.97 mg-g~!) and 0.062 mg-m~2 (3.78 mg-g~!) under the influence of 10 uM and 50 uM
LA, respectively. These values were considerably higher than those observed for P-LEP.
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However, they were significantly lower than the control group’s value (0.137 mg-m~?2)
reported in our previous study [7,8], also confirming that a strong competition occurred
between LA and Cr(VI) on the R-LEP surface. The decreased amplitude of Cr(VI) adsorption
on R-LEP under the impact of 10 pM LA compared to the CK was lower than that on P-
LEP; this could be attributed to the greater exposure of the (001) facet on R-LEP, which
provided rich binding sites for LA adsorption and reduced the inhibition effects on Cr(VI)
adsorption. Interestingly, as the LA concentration continued to increase, the decrease
in Cr(VI) adsorption amount on R-LEP was more pronounced compared to P-LEP. This
enhanced sensitivity could be due to the greater involvement of LA in competing with
Cr(VI) for the binding groups on the (001) facet. According to prior research [9], oxalate
acid interacts with the (001) facet through an inner-sphere complex, in contrast to the
outer-sphere complex it forms with the (010) facet. Consequently, it more readily competes
with Cr(VI) for the binding groups on the (001) facet. Moreover, the adsorption data were
effectively described by the pseudo-second-order kinetic model (Text S1) [44], which is
illustrated in Figure 2b and Table S1. This suggests that the adsorption of Cr(VI) onto the
two LEP surfaces under the effects of LA was primarily driven by chemical bonding [45].

3.3. Cr(VI) Adsorption Isotherms

The inherent Cr(VI) adsorption capacity on the two different morphological lepidocrocites at
varying LA concentrations was explored using isotherm equations (Supplementary Section S2).
Figure 3 indicates that the experimental data fit the Freundlich isotherm equations more closely
than the Langmuir isotherm, suggesting a favorable scenario for multi-layer adsorption and
chemical adsorption processes [46]. Regarding Cr(VI) maximum adsorption amount on R-LEP,
it was 0.068 mg'm 2 (4.15 mg-g~!) and 0.065 mg-m~2 (3.97 mg-g~!) with the addition of 10
and 50 puM LA, respectively (Table S2). These values were significantly lower than those in
the LA-free system (0.137 mg-m~?2) [7], while being 2.24 and 2.25 times higher than those of
P-LEP. The K values for the 10LA /P-LEP and 10LA /R-LEP systems were higher than those for
50LA/P-LEP and 50LA /R-LEP, confirming that Cr(VI) could be more readily adsorbed onto the
LEP under the low concentration of LA. In our previous study, we estimated the proportions
of the (010) and (001) facets on LEP to be 89.5% and 8.1% for P-LEP, and 67.6% and 30% for
R-LEP, respectively [8]. This result also confirmed that competitive adsorption is facet-dependent.
Furthermore, the adsorption of organic acids on the (010) facet predominantly occurs through
outer-sphere complexes [7,9]. This process is primarily linked to the competitive adsorption that
takes place on R-LEP, which has a higher concentration of (001) facet, as opposed to P-LEP, which
is characterized by a predominance of (010) facet [8].

3.4. pH-Dependent Cr(VI) Adsorption onto LEP in the Presence of LA

Fluctuations in pH levels within the adsorption system can modify the adsorbent’s
surface charge and the forms of toxic metals and organic acids, resulting in varied adsorp-
tion behaviors for metals [47]. As depicted in Figure 4, there was a marked reduction in
Cr(VI) adsorption capacity with increasing pH and LA levels, which implies that Cr(VI)
adsorption is influenced by pH and is compromised by LA competition. Furthermore, the
inhibitory effect for Cr(VI) uptake was more pronounced on R-LEP compared to P-LEP.
The consequences are likely due to differences in the distribution of surface binding sites
on the lepidocrocite. As noted in earlier studies, the bidentate u-OH sites present on the
(010) facet have a lower adsorption affinity for oxalate acid [9]. Nevertheless, such a facet is
more conducive to the adsorption of oxyanions like chromate, molybdenum, and arsenate,
forming monodentate structures [8,23,24]. In this study, it can be found that the inhibitory
effects of LA on Cr(VI) adsorption exhibited a trend that first increased and then decreased
as the pH continued to rise. These phenomena could be ascribed to the following reasons:
(1) the speciation of LA around pH 4.0 primarily exists as a zwitterion with protonated
NH;* and y-COOH [25]. At this condition, the Cr(VI) ions mainly existed as HCrO;~,
which showed a high affinity to the Fe-OH active sites [34], behaving strongly competing
with the protonated speciation of the LA for the surface sites. (2) Concurrently, the partial



Processes 2024, 12, 2598

70f13

deprotonation of y-COOH of LA occurred as pH increases and may benefit from its inter-
facial interactions with the Fe-OH active sites, then exhibited a more significant effect in
inhibiting the Cr(VI) adsorption. (3) As the pH continued to increase, the deprotonation
of Fe-OH active sites at alkaline conditions could also diminish the chemical adsorption
of LA onto the surface [7]. Meanwhile, the majority of the y-COOH groups occurred
deprotonation, leading to a more negative charge and resulting in the interfacial structures
transformation from chemical bonding structures (inner-sphere y-COOH complexation) to
the physical adsorption speciation (outer-sphere NH; complexation) [25]. Under the pH
range from 6.0 to 8.0, partial Cr(VI) ions could also interact with the iron oxide surface via
the inner-sphere complexes at the pH range from 6.0 to 8.0 [1,44]. Therefore, the variations
in the speciation of aqueous LA with pH increasing also determined the adsorption of
Cr(VI) on LEP.
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Figure 3. Isotherm analysis for Cr(VI) adsorption on P-LEP and R-LEP with Langmuir and Freundlich
models at 10 uM (a,c) and 50 uM LA concentrations (b,d).
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Figure 4. The influence of pH on Cr(VI) adsorption by P-LEP and R-LEP with varying LA concentrations.
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3.5. Interfacial Dynamic Adsorption Process of Cr(VI) Under the Effects of LA

To gain insights into the dynamic simultaneous adsorption of Cr(VI) and LA on P-LEP
and R-LEP, we employed in situ ATR-FTIR to probe their interfacial vibrational signals. It
is crucial to first ascertain the speciation and vibrational characteristics of dissolved Cr(VI)
and aqueous LA across a range of pH values. relevant information can be found in studies
conducted by Johnston et al. [48] and Yang et al. [25]. Briefly, for dissolved Cr(VI), the
peaks observed at 882 and 770 cm ™! correspond to the stretching modes of Cr-O and the
asymmetric vibrations of the Cr-O-Cr bridge in Cr,0;%7, respectively [49]. Meanwhile, the
901 cm ! peak is indicative of the symmetric Cr-O stretching in HCrO,~ [37]. At pH 8.0,
CrO4?~ emerges as the predominant species in solution, which is evident from a distinct
peak at 880 cm~! [48]. For dissolved LA, there are three typical species: zwitterionic,
monoanionic, and dianionic, which correspond to pH levels of 3.0, 6.0, and 11.0, respec-
tively [25]. These species are primarily due to the (de)protonation of y-COOH functional
groups. ATR-FTIR analysis revealed that the 8,5(NH3™"), 3(NH3*), and pr(NHs*) modes
are found at 1637, 1511, and 1272 cm ™}, respectively. The two bands at 1601 and 1396 cm 1
are attributed to the asymmetric and symmetric v(«x-COO™) vibrations, respectively [25].
As documented, the aspartate NH, group seldom engages in surface complexation on
iron oxides, particularly at pH levels below 8.0 [50], whereas the -COOH group plays a
significant role in the interaction [25]. Consequently, the observed spectral changes in this
study are primarily attributed to the distinct interaction processes involving the -COOH
group and the LEP surface.

Figure 5a,b display the ATR-FTIR spectroscopic analysis of the impact of varying pH
on the simultaneous Cr(VI) and LA adsorption onto P-LEP and R-LEP. The spectra are
categorized into three distinct regions: 1700-1100 cm~! for the stretching vibrations of
organic functional groups, 1100-980 cm ! for Fe-OH vibrations [51], and 980-830 cm ! for
Cr-O vibrations [52]. The absorbance in the spectral region of 1700-1100 cm ™! increased
significantly as the pH decreased from 8.0 to 4.0, suggesting substantial LA adsorption
onto the LEP surface. The high spectral intensity, broader peaks, and well-defined shapes
observed for LA adsorbed on R-LEP contrasted with those on P-LEP, suggesting the for-
mation of outer-sphere and inner-sphere LA structures on R-LEP [25], which has a higher
proportion of (001) facets. Concurrently, the region between 980-830 cm ™! exhibited a
positive overlapping peak, with increasing absorbance as the pH decreased. This suggests
that Cr(VI) can also be adsorbed onto both P-LEP and R-LEP surfaces under the influence
of LA. Furthermore, the spectral position and shape of Cr-adsorbed R-LEP and P-LEP
differed from those of dissolved Cr(VI) ions, indicating the formation of inner-sphere Cr(VI)
complexes [1,37,48]. Meanwhile, the spectral region for Cr-adsorbed R-LEP exhibited more
well-distinguishable than that for Cr-adsorbed P-LEP, proving a different ratio of surface
inner-sphere Cr(VI) complexes formed on R-LEP and P-LEP [8]. As previously documented,
Cr(VI) can coordinate with P-LEP and R-LEP by forming both binuclear monodentate and
binuclear bidentate complexes. The binuclear monodentate Cr(VI) complex is the predomi-
nant structure on P-LEP, whereas the binuclear bidentate Cr(VI) complex is more abundant
on R-LEP [8]. Additionally, the maximum peak position moved to higher wavenumbers
as the pH decreased, indicating that Cr(VI) surface complexes might be transforming into
more stable configurations. Interestingly, the region between 1100-980 cm ™! showed nega-
tive peaks, including a distinct peak at 1026 cm ™!, which represents the Fe-OH stretching
vibration from the LEP surface. The absorbance of this peak decreased as the pH decreased,
suggesting the release of hydroxyl groups from the P-LEP and R-LEP surfaces. This could
be due to competition between LA and Cr(VI) for -OH groups on the LEP surface, leading
to ligand exchange processes. Moreover, the amplitude decrease of the 1026 cm~! peak
was significantly greater in the R-LEP system than in P-LEP. This suggests that the active
hydroxyl sites on R-LEP are more readily involved in ligand exchange with LA and Cr(VI)
compared to those on P-LEP. This phenomenon can be attributed to the exposed (001) facet,
which contains a higher concentration of singly-coordinated -OH [18]. Figure 5¢,d display
the kinetic curves for the three spectral regions, indicating a strong correlation between the



Processes 2024, 12, 2598

90f 13

adsorption of LA and Cr(VI) and the release of surface-OH groups. Furthermore, R-LEP,
with its increased availability of active sites on (001) facets, facilitates more competitive
adsorption of Cr(VI) in the presence of LA, leading to a higher release of -OH groups.
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Figure 5. ATR-FTIR data collected as a function of time with flowing pH 8.0, 7.0, 6.0, 5.0, and 4.0 of
LA and Cr(VI) on P-LEP (a) and R-LEP (b). Kinetic curves for the representative peaks of adsorbed
LA and Cr(VI) and desorbed -OH groups for P-LEP (c) and R-LEP (d).

The 2D correlation contour plots were utilized to resolve the overlapping ATR-FTIR
peaks [38], thereby improving our understanding of the interaction mechanisms between
LA and Cr(VI) on the LEP surfaces. Figure 6a and Table S3 illustrate the synchronous
correlation map for the LA-Cr/P-LEP systems, which features five diagonal peaks at 1622,
1416, 1274, 1026, and 928 cm~!. These peaks indicate a significant change in spectral
intensity associated with increasing reaction time and decreasing pH. Notably, the peaks at
1416 and 1274 cm ™! are less intense compared to the others. The peak at 1416 cm~! was
assigned to CHj scissoring [22]. Concurrently, the cross peaks at (1622, 1416), (1622, 1274),
(1622, 928), (1416, 1274), (1416, 928), and (1274, 928) showed positive signals, indicating a
similar trend in spectral intensity changes. In contrast, the negative cross peaks at (1622,
1026), (1416, 1026), (1274, 1026), and (1026, 928) suggest that the peak at 1026 cm ™! behaves
differently, confirming distinct interfacial reactions, such as adsorption and desorption
processes. In the asynchronous correlation map (Figure 6¢c and Table 54), the peak pairs at
(1622, 1026), (1416, 1026), (1274, 1026), and (1026, 928) exhibited negative signals, mirroring
the features observed in the synchronous correlation map. This consistency indicates that
the peak at 1026 cm~! is distinct and does not overlap with other peaks. As mentioned
above, this peak is confirmed to be associated with the vibration of hydroxyl groups on
the LEP surface. Concurrently, the peak pair at (1274, 928) exhibited a positive signal,
which could be ascribed to the different vibrational sources among these two peaks. The
former is assigned to the symmetric vibration of C-O, while the latter is attributed to the
Cr-O vibration [9,37]. Additionally, the peak pairs, including (1612, 1274), (1622, 1378),
and (1622, 1515), were also found in the synchronous correlation map. The peaks at
1515 and 1274 cm ™! are indicative of inner-sphere complexes involving carboxyl groups.
The peak at 1612 cm ™!, corresponding to the asymmetric stretch of the COO~ group,
and the peak at 1378 cm ™!, associated with the symmetric stretch, are likely attributed
to outer-sphere surface coordination on P-LEP. These observations are consistent with
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the spectral characteristics of carboxyl groups in various coordination environments as
reported in the literature [25,53]. These frequencies fall within the range of asymmetric
stretching frequencies for aqueous carboxylates, which are typically found between 1540
and 1650 cm !, and symmetric stretching frequencies, which are found between 1300 and
1420 cm~! [54]. In addition, it is observed that the maximum peak position at high pH
is relatively lower than that at acidic conditions (Figure 5a,b), suggesting the formation
of different complexes. Previous studies illustrated that the carboxyl group coordination
modes change from outer-sphere to inner-sphere structures with pH decreasing, causing the
corresponding peak to shift to the higher wavenumber [9,25]. Additionally, the 928 cm™!
peak is associated with the vibrational stretching of Cr-O bonds, indicating the formation
of inner-sphere complexes as reported previously [1].
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2 1000+ ~ 1000+ _
5 1200 = 1200
g
£ 1400 Z 1400
> 0
= z
1600 4 Z 1600 & | &
T T T T T T T T
1600 1400 1200 1000 1600 1400 1200 1000
Wavenumber (cm™) Wavenumber (cm™)
(¢) P-LEP ’ (d) R-LEP »,
~ 1000 - _ 1000-]
) -
§ g
T 1200 1 < 1200
g 1400 -| 5 1400
1600 | ™ Z 1600 s

1600 1400 1200 1000
Wavenumber (cm™)

1600 1400 1200 1000
Wavenumber (cm™)

Figure 6. Synchronous contour plots for LA and Cr(VI) adsorbed onto P-LEP (a) and R-LEP (b) across
varying pH levels, with corresponding asynchronous plots (c,d).

For the R-LEP, the synchronous correlation map (Figure 6b and Table S5) revealed six
distinct diagonal peaks at 1627, 1550, 1416, 1274, 1026, and 930 cm— 1L, Notably, the peak at
1550 cm~!, corresponding to the asymmetric stretching vibration of COO~ (v,5(COO™)),
was more pronounced than in the LA-Cr/P-LEP system’s map, suggesting a greater inter-
action between LA and R-LEP via the carboxyl groups. This phenomenon is attributed to
the higher exposure ratio of the (001) facet on R-LEP [7]. The signal change trends for the
other peaks were similar to those observed in the LA-Cr/P-LEP systems. As seen in the
asynchronous correlation map (Figure 6d) and Table S6, the negative peaks observed at
(1602, 1550) and (1602, 1385) suggest that these three peaks might be associated with the
stretching vibrations of the carboxyl groups, and are identified as part of outer-sphere com-
plexes [25]. Meanwhile, the peak at 1602 cm ™! shifted significantly to a higher wavenumber
at 1627 cm~! with pH decreasing, which might be attributed to the strong interaction be-
tween LA and the R-LEP surface [51]. In addition, the peak pair at (1602, 1518) presented
a negative signal, which cannot be observed in the synchronous correlation map. We
concluded that these two peaks originated from different surface complexes, and the peak
at 1518 cm~! was assigned to the bidentate binding from the carboxyl groups [25,51]. The
peak pair at (1274, 1026) showed a negative signal, confirming that the 1026 cm~! peak
originates from the vibration of surface Fe-OH complex structures. In summary, we con-
clude that the interfacial reactions involve three main processes: (1) LA interacts with LEP
via carboxyl group coordination, forming both outer-sphere and inner-sphere structures;
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(2) Cr(VI) adsorption on LEP, primarily through the formation of inner-sphere structures,
including binuclear bidentate and monodentate structures; (3) competition between LA
and Cr(VI) for surface hydroxyl groups, leading to ligand exchange processes.

4. Conclusions

This research illuminated the influence of LA on the adsorption of Cr(VI) by two types
of lepidocrocite featuring distinct exposed facets. LA was identified as a competitor for the
lepidocrocite surface active sites, thereby inhibiting the adsorption of Cr(VI). The dominant
conclusions were summarized as follows:

e  The competitive adsorption processes were found to be facet-dependent. Specifically,
the rod-shaped lepidocrocite (R-LEP), which possesses a higher ratio of (001) facet, ex-
hibits greater efficacy in Cr(VI) adsorption and resistance to LA competition compared
to plate-shaped lepidocrocite (P-LEP), which is primarily composed of (010) facet.

o  Cr(VI) interacts with the LEP surface under the influence of LA through a chemical
reaction. The inner-sphere Cr(VI) complexation is more favored with R-LEP compared
to P-LEP, demonstrating that more (001) facets provide more monodentate binding
sites (-OH) for the competitive adsorption between Cr(VI) and LA.

e In addition, LA adsorbs onto LEP through the coordination of its carboxyl groups,
forming inner-sphere and outer-sphere structures. The presence of inner-sphere LA
complexes, which are primarily associated with the exposed (001) facet. The ligand
exchange reaction with the hydroxyl groups on LEP appears to be the predominant
interaction mechanism.

The findings shed light on the impact of lepidocrocite’s exposed facets and coexisting
substances on Cr(VI) migration in complex environments.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr12112598 /51, Figure S1: XRD patterns of P-LEP (a) and R-LEP
(b) under the effects of 50 uM LA; Table S1: Kinetics parameters of Cr(VI) adsorption onto P-LEP
and R-LEP; Table S2: Equilibrium adsorption isotherm fitting parameters; Table S3: The synchronous
2D correlation contour plot of LA and Cr(VI) co-adsorbed P-LEP; Table S4: The asynchronous 2D
correlation contour plot of LA and Cr(VI) co-adsorbed P-LEP; Table S5: Results from the synchronous
2D correlation contour plot of LA and Cr(VI) co-adsorbed R-LEP; Table S6: Results from the asyn-
chronous 2D correlation contour plot of LA and Cr(VI) co-adsorbed R-LEP. References cited in
Supplementary Materials [8,55,56].
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