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Abstract

The problem of soil and water contamination caused by Cr(VI) discharged from the dyeing, electroplating, and metallurgical
industries is becoming increasingly serious, posing a potentially great threat to the environment and public health. Therefore,
it is crucial to develop a fast, efficient, and cost-effective adsorbent for remediating Cr-contaminated wastewater. In this
work, MgAl-LDH/commercial-activated carbon nanocomposites (LDH-CACs) are prepared with hydrothermal. The effects
of preparation and reaction conditions on the composite properties are first investigated, and then its adsorption behavior
is thoroughly explored. Finally, a potential adsorption mechanism is proposed by several characterizations like SEM-EDS,
XRD, FTIR, and XPS. The removal of Cr(VI) reaches 72.47% at optimal conditions, and the adsorption study demonstrates
that LDH-CAC@1 has an extremely rapid adsorption rate and a maximum adsorption capacity of 116.7 mg/g. The primary
removal mechanisms include adsorption-coupled reduction, ion exchange, surface precipitation, and electrostatic attrac-
tion. The reusability experiment illustrates that LDH-CAC@]1 exhibits promising reusability. This study provides an effec-
tive adsorbent with a remarkably fast reaction, which has positive environmental significance for the treatment of Cr(VI)

wastewater.
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Introduction

In the past decades, humans have benefited greatly from
rapid economic development, as well as frantically destroy-
ing the environment indiscriminately (Gholami et al. 2020b).
Of these, the pollution of water and soil caused by Cr, a
heavy metal emitted from industries like dyeing, leather tan-
ning, and metallurgy, is particularly serious. Cr pollution is
also widespread in China. It was listed by the government as
one of the most contaminated pollutants (Yang et al. 2019;
Zhao et al. 2015). Pessimistically, Cr entering the environ-
ment cannot be biodegradable (Gong et al. 2017; Xue et al.
2018). Therefore, it will continuously endanger human
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health through bioaccumulation and biomagnification as
soon as Cr pollution forms (Ali et al. 2022; Wang et al.
2020). In general, Cr exists mainly in the form of Cr(III)
and Cr(VI). Among them, Cr(III) is one of the essential trace
elements for the human body with low toxicity and poor
mobility, which usually exists within the environment in
the form of Cr(OH); or Cr,0;. Conversely, Cr(VI) is highly
toxic and mobile and usually exists within the environment
in the form of CrO,*~ and Cr,0,>~, which can damage the
kidneys, liver, and other organs in the human body. Conse-
quently, it is essential to implement effective measures to
remove Cr(VI) from wastewater. Several techniques have
been explored for this purpose, including adsorption, chemi-
cal precipitation, ion exchange, and membrane separation
(Gossuin et al. 2020; Yaseen et al. 2021; Ye et al. 2019).
Among these techniques, adsorption has received significant
attention due to its high efficiency, low cost, simplicity of
operation, and practicality (He et al. 2020; Yin et al. 2017).

Layered double hydroxide (LDH) is a metal-based nano-
material with a layered structure that has gained significant
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attention as an emerging adsorbent in recent years. Its general
molecular formula is as follows:

(M M3 OH), (A7) - mHL0

where M?" is a divalent metal cation and M>* is a trivalent
metal cation; A"~ denotes the interlayer anion and n™ repre-
sents its charge number. x is the molar fraction (Dong et al.
2022). The unique layered structure of LDH is responsible
for its high porosity and large number of exchangeable ani-
ons, which leads to favorable adsorption properties along
with biocompatibility and cost-effectiveness of LDH. How-
ever, LDH particles at the nanoscale are extremely prone
to agglomeration, which significantly reduces their adsorp-
tion properties. To address this issue, many scholars have
attempted to combine LDH with other materials. De Geest
et al. prepared composites of MgAl-LDH/bentonite by com-
bining LDH with bentonite. The results indicate that the
maximum adsorption capacity of Cr** and Cr®* is 48 mg/g
and 40 mg/g, respectively (De Geest et al. 2023). Liang et al.
produced MgAI-LDH/BC-SA aerogels. Compared to LDH
nanosheets, the removal efficiency of Cu** and Cd** was
enhanced by 35% and 41%, respectively (Liang et al. 2023).
Moreover, LDH can be combined with various carbon-based
materials (e.g., graphene (Nayak and Parida 2019, Zhang
et al. 2017)), carbon nanotubes (Bhuvaneswari et al. 2021;
Jia et al. 2016), carbon fibers (Fang et al. 2019; Peng et al.
2018), and activated carbon (Gholami et al. 2020a).

Combining LDH with activated carbon (AC) is consid-
ered a promising technology. On the one hand, AC has a
large specific surface area, providing numerous active sites
for LDH to reduce agglomeration. On the other hand, syner-
gistic effects between LDH and AC can also be generated to
strengthen pollutant removal, as detailed in the study of Fang
etal. (2021). Most studies on LDH-CAC composites currently
focus on antibiotics, dyes, and phosphorous removal. How-
ever, oxyanion removal and inter anion interactions, as well
as feasibility in engineering applications, still need to be fully
investigated.

This work presents a nanostructured material prepared
from commercial activated carbon loaded with MgAl-LDH
for the removal of Cr(VI) from wastewater. The study aims
to achieve the following objectives: (i) synthesize LDH-CAC
using a simple two-step hydrothermal method; (ii) investigate
the adsorption properties and behaviors of LDH-CAC for the
removal of Cr(VI); and (iii) propose a potential mechanism for
the removal of Cr(VI) by LDH-CAC.

Materials and methods
Chemicals

MgCl,-6H,0 is acquired from Aladdin (Shanghai, China);
AlCl;-6H,0, K,Cr,0,, H,SO,, HNOj;, and NaOH are
purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). All chemical reagents used in this
study are analytical grade and all chemical solutions are
prepared using deionized water. Commercial activated car-
bon (CAC-101, CAC-102, CAC-103) were obtained from
Carbon Erno (Henan, China).

Preparation of LDH-CAC composites

The synthesis of LDH-CAC composites is as follows:
MgCl,-6H,0 and AICl;-6H,0 are dissolved in a beaker
containing 20 mL of deionized water at a molar mass ratio
of 3:1. Then, 2.0 g of urea (CH4N,0) is weighed and dis-
solved in the prepared mixed metal solution. The LDH
precursor solution is mixed completely with urea, and
commercial activated carbon slurry (prepared by dissolv-
ing 1.0 g,2.0 g, and 3.0 g of CAC-103 in deionized water,
respectively) is added and stirred in the magnetic stirrer
for 30 min. The mixture is transferred to a Teflon-lined
reactor and heated at 180 C for 6 h. After completion of
the reaction, the reactor is allowed to cool to room tem-
perature. The resulting product is then centrifuged and
washed with deionized water until the pH is almost neu-
tral. Finally, the sample is dried in an oven at 105 C to
obtain the LDH-CAC composites, which are named LDH-
CAC@1, LDH-CAC@2, and LDH-CAC@3, respectively.
In contrast, MgAIl-LDH is synthesized without the use of
activated carbon.

Characterization

The morphology of the CAC-103, MgAIl-LDH, LDH-
CAC@1, LDH-CAC@1-Cr is observed by Gemini SEM
300 scanning electron microscope and EDS is used to
measure the elemental content of the samples (SEM-EDS).
Braeuer-Emmett-Teller (BET) surface area is calculated
at 77 K with N, adsorption—desorption on Autosorb-1Q2
fully automated Specific Surface Area and Microporous
Analyzer. X-ray diffraction spectroscopy (XRD) is car-
ried out on diffractometer with Cu-Ka radiation, with 20
between 10 and 80°. XRD diffractograms are subsequently
analyzed using Jade software to determine sample phases
by comparison with a standard card library. The Fourier
transform infrared (FTIR) spectra is performed utilizing
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the KBr particle method. X-ray photoelectron spectros-
copy (Thermo Scientific K-Alpha+, USA) is applied to
identify the elemental valence states of the LDH-CAC@1,
LDH-CAC@1-Cr (XPS). Zeta potentials are obtained via
potentiometric methods.

Experiment of CAC modification

Ten grams of commercial activated carbon (CAC-101, CAC-
102, CAC-103) is weighed and placed in a 200-mL beaker.
The carbon is then reacted with 10% H,SO, at a solid-liquid
ratio of 1:10 (g/mL) for 6 h at room temperature. After the
reaction is complete, the mixture is separated into solid and
liquid components. The solid is washed continuously with
deionized water to maintain a near-neutral pH. Ultimately,
the acidified commercial activated carbon is dried in a 105
°C oven until constant weight and named as SAC-101, SAC-
102, and SAC-103, respectively.

Batch adsorption experiments

At room temperature, 0.1 g of adsorbent (CAC,MgAl-
LDH,LDH-CAC) is added to 50 ml of Cr(VI) solution with
a concentration of 100 mg/L. The centrifuge tubes are then
placed in a thermostatic shaking chamber and left for 6 h.
Once the reaction is completed, the concentration of Cr(VI)
in the solution was estimated using inductively coupled
plasma-atomic emission spectrometer (ICP-OES). To inves-
tigate the effect of CAC loading, we set the loadings at 1.0
g,2.0 g, and 3.0 g. To examine the effect of pH, 1 M HNO;
and 1 M NaOH are used to adjust the initial pH of the Cr(VI)
solution, which was removed as described in the experimen-
tal steps above. It is important to note that, in order to inves-
tigate the practical usability of LDH-CAC composites, all
remaining experiments do not adjust their pH.

The LDH-CAC composites of this work are evaluated
using removal efficiency and adsorption capacity. Cr(VI)
removal efficiency (%) is calculated as follows:

R% =

C,—-C
0~ % 100% 1)
CO

The adsorption capacity (mg/g) was calculated as follows:

C,—-C Vv
=(0 e)x (2)

" m

where C,, and C, are the initial and equilibrium concentra-
tions of Cr(VI) (mg/L), respectively; V is the volume of
solution (L); m is the mass of adsorbent (g). Three parallel
samples were prepared for all experiments, and the errors in
the experimental data were expressed as mean deviations.

@ Springer

Kinetic study

To study the adsorption kinetics of LDH-CAC@1, 0.1 g of
the composite is used to remove 50 mL of Cr(VI) solution
with a concentration of 100 mg/L at room temperature.
Samples are taken at specific time intervals (1st, 3rd, Sth,
10th, 15th, 30th, 60th, 150th, 300th, 720th, 1440th min)
and the concentration of Cr(VI) in the solution was meas-
ured. The results are fitted utilizing both the pseudo-first-
order kinetic model (PFO) and the pseudo-second-order
kinetic model (PSO):
Pseudo-first-order kinetic model (PFO):

dg,

. = ky(q. - q,) 3)

Transform into:
G =q.(1—e™) )
Pseudo-second-order kinetic model (PSO):

da,
q;

= k(g0 - q,)° 5)

Transform into:

kzqzt

=< 6
1+ kyq,t ©

q:

In the formula, ¢, and g, (mg/g) represent the amount of
Cr(VI) adsorbed at equilibrium and time ¢ (min), respec-
tively. k; and k, represent the pseudo-first-order adsorption
rate constant (mg/g) and the pseudo-second-order adsorp-
tion rate constant (g-mg~'-min!), respectively.

Isotherm study

The batch equilibrium approach is performed to analyze
the isothermal adsorption process of Cr(VI) by LDH-
CAC@]1. Specific procedures are followed: 0.1 g LDH-
CAC@]1 is weighed and used to remove of 50 mL of
Cr(VI) with concentrations ranging from 5 to 1000 mg/L
(5, 10, 25, 50, 100, 200, 300, 400, 600, 800, and 1000
mg/L). The concentration of Cr(VI) in the solutions was
measured after 24 h of continuous reaction at 298.15 K,
308.15 K, and 318.15 K. The results are then simulated
using the Langmuir and Freundlich isotherm adsorption
models:
Langmuir isotherm adsorption model:

C, 1 C,

£ = +
9. qmaxKL

N

Qmax
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C.. q9., and ¢q,,,, respectively represent the concentra-
tion of remaining Cr(VI) in the solution, the adsorption
capacity, and the maximum adsorption of LDH-CAC@]1
during adsorption equilibrium; their units are milligrams/
gram. K is the adsorption equilibrium constant (L/mg).

Freundlich isotherm adsorption model:

1
lg de = lg KF+ Zlg Ce (8)

where C, and g, respectively represent the concentration of
remaining Cr(VI) in the solution and the adsorption capacity
of LDH-CAC@1 during adsorption equilibrium; their units
are milligrams/gram. Ky is the adsorption capacity constant
in milligrams/gram. n is the Freundlich constant.

Results and discussion
The exploration of LDH-CAC synthesis conditions

Effect of CAC on the removal of Cr(VI)
before and after acidification

Acid modification is considered one of the effective ways for
enhancing the performance of activated carbon in removing
Cr(VD) (Soleimani et al. 2023). Therefore, it is necessary
to investigate the impact of acid modification on Cr(VI)
removal.

Figure 1a demonstrates the removal efficiency of Cr(VI)
before and after modification for three different types of
commercial activated carbon. The results show that after
acid modification, the Cr(VI) removal of both CAC-101 and
CAC-102 has improved by 5.98% and 6.73%, respectively.
This improvement can be attributed to the increase in the
number of functional groups on the surface of activated
carbon after acid modification and the change in surface
chemistry (Srivastava et al. 2021). However, the removal
efficiency of Cr(VI) by CAC-103 modified rather decreases
from 45.35 to 37.95%. This indicates that activated carbons
with varying physical and chemical properties respond

differently to acid alteration. The decrease in the adsorption
capacity of CAC-103 was mainly caused by partial pore wall
collapse of the activated carbon due to the oxidizer treatment
and pore blockage resulting from the introduction of oxygen-
ated functional groups, which are the main reasons for the
decrease in the adsorption capacity of CAC-103 (Shim et al.
2001). Overall, SAC-102 exhibits the highest adsorption
capacity for Cr(VI), followed by CAC-103. Overall, SAC-
102 exhibited the highest removal of Cr(VI), followed by
CAC-103. Considering the economic and practical aspects
of engineering, CAC-103 is chosen for future experiments.

Effect of activated carbon loaded

Figure 1b illustrates the impact of activated carbon dosage
on the performance of LDH-CAC composites for Cr(VI)
removal. The initial removal efficiency of initial Cr(VI) by
MgAI-LDH and CAC-103 is poor, with only 21.44% and
42.57%, respectively. In contrast, the LDH-CAC compos-
ites (LDH-CAC@1, LDH-CAC@2, and LDH-CAC@3)
exhibit better removal, with 65.99%, 48.25%, and 53.59%,
respectively. The improvement in removal efficiency can be
reasonably explained by the synergistic effect. On the one
hand, activated carbon can provide numerous active sites
for LDH, preventing agglomeration of LDH particles; on
the other hand, LDH can enhance the surface properties of
activated carbon and increase its anion exchange capacity.
Moreover, the removal efficiency of LDH-CAC decreases
with increasing carbon loading, likely due to CAC aggrega-
tion at high content, resulting in decreased surface properties
(Blaisi et al. 2018). Therefore, LDH-CAC@1 was selected
as the optimal ratio for the subsequent experiments.

Effect of initial pH

The impact of initial pH on the adsorption capacity of
LDH-CAC@1 for Cr(VI) is frequently discussed due to its
effect on the surface properties of LDH-CAC@ 1, the form
of Cr(VI) species, and the ionic state of surface functional
groups (Wang et al. 2018, 2022). As shown in Fig. Ic, the
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adsorption of Cr(VI) by LDH-CAC@]1 initially increases
and then decreases with increasing pH, which is consistent
with the findings of Huang et al. (2019). The results show
that a 72.47% Cr(VI) removal efficiency is achieved at pH
3. The decrease in removal efficiency at higher pH levels
may be attributed to the Zeta potential (Fig. 6). Based
on the Zeta potential, the surface of the LDH-CAC@1
is consistently positively charged at pH < 8.51, resulting
in an electrostatic attraction between LDH-CAC@1 and
Cr2072_. However, as the pH decreases, there is an electro-
static repulsion between Cr,0,>~ and OH™. As the amount
of OH™ in the solution increases, competitive adsorption

WL e .

10

between the two ions continues, leading to a decline in
adsorption performance (Huang et al. 2019).

Characterization
SEM-EDS

Surface morphology was observed by SEM for CAC-103,
MgAl-LDH, LDH-CAC@1, and LDH-CAC@ 1-Cr (Fig. 2).
The surface morphology of CAC-103 exhibits a compara-
tively rough, porous spongy structure with a high surface
area of 1145.29 m*/g (Fig. 2a, b). MgAl-LDH has a slightly
smooth surface at low magnification, while irregular crystal

C Kal,2 O Kal Mg Kal,2

T0pm 0m

= 10pm 10pm

Fig.2 SEM images of CAC-103 (a-b), MgAI-LDH (c-d), LDH-CAC@]1 (e-f), and LDH-CAC@ 1-Cr. EDS images of LDH-CAC@]1 (bottom

left), LDH-CAC@ 1-Cr (bottom right)
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morphology is observed at high magnification (Fig. 2c, d).
Figure 2e, f show the surface morphology of LDH-CAC@1,
which exhibits a larger number of hexagonal lamellae, which
are considered the typical structure of LDH. Additionally,
the EDS images illustrate uniform distribution of elements
such as C, O, Mg, Al, and Cl over the LDH-CAC@1 surface,
meaning that LDH-CAC@]1 has been successfully prepared.
Surface observations of LDH-CAC@ 1-Cr were performed
at the end of adsorption (Fig. 2g, h) and the crystal structure
remained intact. The EDS images indicated no significant
difference in the C, O, Mg, and Al content before and after
adsorption. However, the relative percentage of Cl decreased
from 2.32 to 0.11%, and Cr increased from 0.01 to 1.22%.
These results demonstrate that Cr(VI) was adsorbed on the
LDH-CAC@]1. Table 1 shows the semi-quantitative results
before and after adsorption.

XRD

The crystal structures of CAC-103, MgAl-LDH, LDH-
CAC@1, and LDH-CAC@1-Cr are examined by XRD
(Fig. 3a). CAC-103 shows a broad peak at 22.5°,which is
typical of an amorphous graphite structure (Sirajudheen
et al. 2020). The XRD peaks for MgAl-LDH appear at 11.4°,
22.96°, 34.8°, 39.1°, 46.7°, and 60.6°, representing (003),
(006) (012), (015), (018), (110), and (113) planes, respec-
tively (PDF# 35-0965). The intensities remain high, indi-
cating that the samples have a high degree of crystallinity

and a typical lamellar structure. The XRD pattern of LDH-
CAC@]1 shows a reduction in the intensities of the charac-
teristic peaks corresponding to LDH. The decrease in char-
acteristic peak intensity of LDH-CAC@ 1 may be attributed
to the reduction in crystallinity and crystal structure caused
by the addition of activated carbon. The interlayer spacing
d003 calculated from Bragg’s law for (003) crystalline sur-
faces indicates that the interlayer spacing of LDH-CAC@1
remains the same as that of MgAl-LDH (0.78 nm). This
suggests that LDH-CAC@1 also has good crystallinity and
crystal structure.

FTIR

The FTIR spectra of CAC-103, MgAI-LDH, LDH-CAC@1,
and LDH-CAC@ 1-Cr are shown in Fig. 3b. Characteristic
peaks at 3375 cm~! and 1605 cm™! correspond to hydroxyl
groups (O—H) or water molecules in LDH intercalation
(Extremera et al. 2012; Ren et al. 2022a). Among them, the
highest peak intensity is observed for MgAI-LDH, which is
consistent with the XRD spectra. This is followed by LDH-
CAC@]1, where the decrease in peak intensity is probably
correlated with CAC doping. After Cr(VI) adsorption, the
intensity of the characteristic peaks decreases again, sug-
gesting that O—H was involved in the process of Cr(VI)
removal. This is similar to the change in the Ols peaks of
the XPS. The characteristic peaks at 1401 cm™! correspond
to C—O or N-O, which can be attributed to the influence

Table 1 Semi-quantitative

. Project Elements
analysis of LDH-CAC@1
constituent element (%) C (6] Mg Al Cl Cr
Before 69.58 22.58 3.58 1.94 2.32 0.01
After 62.88 30.13 3.52 2.14 0.11 1.22
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Fig.3 The XRD patterns (a) and FTIR spectra (b) of CAC-103, MgAl-LDH, LDH-CAC@]1, and LDH-CAC@ 1-Cr
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of CO, in the air during the synthesis process, thus caus-
ing the stretching vibration of CO;>~ (Gao et al. 2021). The
variation in peak intensity is consistent with O—H, which is
related to the following factors: (i) continuous ion exchange
between CO32' and Cr(VI) anion groups in the solution; (ii)
direct involvement of C—O in the chemical reaction, which is
oxidized to C=0, reducing its intensity. The characteristic
peaks around 500-800 cm™! are attributed to the telescopic
vibrations of M—O and O-M-O. FTIR spectroscopic results
present that LDH-CAC@1 is successfully synthesized.

XPS

To further investigate the chemical properties of LDH-
CAC@1, sequential XPS characterization was performed.
Figure 4 shows the total spectra of LDH-CAC@1 before
and after adsorption. Before adsorption, characteristic peaks
corresponding to Mg 1s, O 1s, N 1s C 1s, Cl 2p, and Al
2p appear at 1304.99, 532.95, 399.96, 286.48, 199.08, and
75.37 eV; after Cr(VI) adsorption, in addition to the original
characteristic peaks, a new characteristic peak correspond-
ing to Cr 2p also appears at 579.08 eV, indicating that Cr(VI)
was successfully adsorbed on LDH-CAC@1. In addition, a
significant decrease in the intensity of the characteristic Cl
2p peak after adsorption is also observed, which is consist-
ent with the changes in the EDS images. High-resolution
spectral analysis of C 1s, N 1s, and O 1s before and after
adsorption reveals that the main changes are observed to

be concentrated in C-O, C=0, C-N, C=N, NO;~, NO,",
O-H, and CO32_, respectively. It indicates that these func-
tional groups were directly involved in the chemical reaction
and caused changes in its chemical state via oxidation or ion
exchange. The XPS spectra of Cr 2p show the presence of
both Cr(VI) and Cr(IIl), indicating that there may have been
a reduction during the reaction which changes the valence
form of Cr(VI).

N, adsorption—-desorption curve

The BET isotherm is shown in Fig. 5. Detailed data are
given in Table 2. Based on the figures, the specific surface
area, average pore size, and total pore volume of CAC-103
are 1145.286 m%g, 0.524 nm, and 0.886 cm>/g, respectively.
The large surface area provides many active sites for nano-
LDH, helping to prevent agglomeration of nanoparticles. As
classified by ITUPAC, the adsorption of Cr(VI) by CAC-103
belongs to the type IV adsorption isotherm with H4 hyster-
esis loop, which is a typical curve for activated carbon. For
MgAI-LDH, the parameters are 29.525 m?/g, 4.887 nm, and
0.055 cm?/g, respectively. The smaller specific surface area
is obviously unfavorable for Cr(VI) adsorption, and the tiny
particle sizes also cause agglomeration among nano-LDH
particles. The adsorption of Cr(VI) belongs to the type III
adsorption isotherm with H3-type hysteresis loop, indicating
that a large number of mesopores existed in MgAl-LDH. The
LDH-CAC@1 parameter are 416.718 mZ/g, 0.524 nm, and
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Fig.4 XPS spectrum analysis of LDH-CAC@ 1 composite before and after adsorption
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Table2 N, adsorption—desorption isotherms and pore structure
9
parameters of CAC-103, MgAl-LDH, LDH-CAC@1 \0 —o— LDH-CAC@1
20
Samples BET (m%/g) Average pore Total pore \
size (nm) volume L
(cm®/g) N \\ /0
g L4 _
CAC-103 1145.286 0.524 0.886 = 1ol PHp7g=8-51
MgAIl-LDH 29.525 4.887 0.055 g Y p
LDH-CAC@1 416.718 0.524 0.399 E
8
N of
0.399 cm?/g. Due to the supporting effect of activated car- : =
bon, nano-LDH particles could not only reduce interparticle ! /
agglomeration, but also bond with active sites on the surface : e
of activated carbon. This greatly improved the pore struc- -10 L L L . L . L
4 6 8 10 12

ture of LDH and facilitated the adsorption performance for
Cr(VI). The adsorption of Cr(VI) by LDH-CAC@1 exhib-
its IV-type adsorption isotherms with H4-type hysteresis
loops, which are usually found in some mesoporous zeolite
molecular sieves and micro and mesoporous carbon mate-
rials. This also indicated that the prepared LDH-CAC@1
possesses both activated carbon and LDH properties.

Zeta potential

According to the morphological changes of Cr(VI), the
concentration and pH of the Cr(VI) solution determine the
form in which Cr(VI) exists (Lv et al. 2018). At pH< 1,
Cr(VI) exists mainly as H,CrO,; at 1 <pH<6.5, Cr(VI)
exists mainly as HCrO,~ and Cr,0,°~ ions; at pH > 6.5,
CrO,*” ions are the primary form of existence (Wei et al.
2013). The Zeta potential of LDH-CAC@1 is depicted in
Fig. 6, and the pH,,,. of LDH-CAC@1 is 8.51. As shown in
the graph, when the pH of Cr(VI) solution<pH,,, the sur-
face of LDH-CAC@1 is positively charged and has electro-
static attraction with anions. Conversely, when pH> pH,,,...
the surface of LDH-CAC@1 is negatively charged. And
LDH-CAC@1 has electrostatic repulsion with anions. As
a result, when the pH of the solution is low, LDH-CAC@1
is more easily eliminated by electrostatic attraction with

Fig.6 Zeta potential plots of LDH-CAC@]1 (b) at different pH condi-
tions

HCrO,~,Cr,0,%7, and CrO,>~ (Lv et al. 2018). However,
the charge on the surface of LDH-CAC@1 becomes nega-
tive as the pH increases. Its interaction with the Cr(VI) anion
changes to electrostatic repulsion. As a result, the adsorption
performance of LDH-CAC@1 on Cr(VI) decreases, which
can be confirmed in Fig. 1 c.

Adsorption behavior studies
Adsorption kinetics

The adsorption kinetics of LDH-CAC@1 are shown in
Fig. 7. The adsorption capacity of LDH-CAC@1 for Cr(VI)
increases rapidly with time and reaches adsorption equilib-
rium in a remarkably short period of time (10 min). PFO
kinetic and PSO kinetic models are used for fitting and the
corresponding parameters are listed in Table 3. Based on
R* (R*=0.980), it is concluded that the adsorption process
of LDH-CAC@1 is more consistent with the PSO kinetic
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Fig. 7 Pseudo-first-order and pseudo-second-order kinetic models for
Cr(VI) adsorption on LDH-CAC@1

Table 3 Parameters related to adsorption kinetics of pseudo-first-
order and pseudo-second-order kinetic models

Model Parameters LDH-CAC@1
Pseudo-First-Order kinetic qe 30.918

ki, 0.869

R? 0.965
Pseudo Second-Order kinetic q. 31.728

k. 0.045

R? 0.980

model, which implies that the adsorption of Cr(VI) is domi-
nated by chemisorption.

Adsorption isotherms

Using the Langmuir, Freundlich models to fit the data, the
corresponding parameters are shown in Table 4. It could
be seen that the Freundlich isotherm model (R?> 0.978)
fitted the adsorption process better than the Langmuir iso-
therm model (R*>0.938). And the K value increased with

increasing temperature, indicating that the rising tempera-
ture was favorable for the reaction to occur. 0 < 1/n < 1 indi-
cated that it was conducive to the adsorption process and
the reaction was easy to occur. However, the difference in
R? between the two isotherms was not significant, suggest-
ing that the removal of LDH-CAC@ 1 may involve multiple
adsorptions. Moreover, the maximum adsorption capacity
of LDH-CAC@1 was 116.647 mg/g according to the fit-
ting results of the Langmuir model, which agreed with the
experimental results (Fig. 8).

Adsorption thermodynamics

The thermodynamic analysis of LDH-CAC@1 was carried
out on the basis of adsorption isotherms (Fig. 9). A straight
line was fitted with 1/T as the horizontal coordinate and
Lngg as the vertical coordinate. The slope and intercept of
the fitted line were calculated as AH and AS in Eq. 9, and
then as AG in Eq. 10. The detailed calculation results are
summarized in Table 5.
AH = AS

LnKFz_ﬁ-l_? )

AG = —RTLnK (10)

As shown in Table 5, the enthalpy (AH) was 26.63 kJ/
mol >0, indicating that the adsorption process of Cr(VI)
by LDH-CAC@1 was an endothermic process. Increasing
temperature is favorable to the reaction, consistent with the
trend of isotherms. The entropy (AS) was 104.47 kJ/mol > 0
in the adsorption process, demonstrating that the AS of the
system enhanced as the adsorption reaction continued. This
meant that the disorder of the system was raised after the
adsorption of Cr(VI) by LDH-CAC@1. The Gibbs free ener-
gies (AG) of the adsorption process were —4.544,—5.516,
and — 6.636 kJ/mol at temperatures of 298 K, 308 K, and
318 K, respectively. AG <0, suggesting that the adsorption
of Cr(VI) by LDH-CAC@1 was spontaneous. Furthermore,
the absolute value of AG progressively grew with increas-
ing temperature, similarly implying that the adsorption was
more efficient at high temperatures.

Table 4 Parameters related

. ¥ Model Parameters LDH-CAC@1
to Langmuir and Freundlich
isotherms 298 K CK 308 K CK 318K CK
Langmuir Imax 110.192 95.765 114.003 99.977 116.647 105.344
K, 0.0085 / 0.010 / 0.011 /
R? 0.990 / 0.955 / 0.938 /
Freundlich Kr 6.253 / 8.612 / 12.292 /
1/n 0.421 / 0.326 / 0.378 /
R? 0.981 / 0.988 / 0.978 /
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Fig.9 Thermodynamics study of LDH-CAC@1

Table 5 The thermodynamic parameters of LDH-CAC@1

Temperature (K) Thermodynamic parameters

AG (KJ/mol)  AH (kJ/mol)  AS (J/mol K)
298.15 —4.544 26.63 104.47
308.15 -5.516
318.15 —6.636
Mechanisms

A mechanism for the removal of Cr(VI) by LDH-CAC@1
is proposed and better understood by spectroscopic tech-
niques such as Fourier transform infrared spectroscopy
(FTIR), X-ray diffraction (XRD), and X-ray photoelectron

spectroscopy (XPS). It mainly involves interlayer ion
exchange, surface precipitation, adsorption coupled reduc-
tion, and electrostatic attraction.

The interlayer anion in the synthesis of LDH-CAC@1 is
mainly CO;>~ due to the influence of CO, in the air. This
means that the XRD and XPS O 1s spectra of LDH-CAC@1
both show the presence of CO32_. After the adsorption of
Cr(VI), MgCO; replaced the crystal structure correspond-
ing to NH,CI, and the area of the prominent peaks in the O
Is spectra related to CO32_ decreases significantly. It also
means that an ion-exchange interaction occurs between
LDH-CAC@1 and Cr(VI) anions by releasing interlayer
CO32_ ions during the reaction process (Gao et al. 2020;
Hudcové et al. 2022). In addition, semi-quantitative exami-
nation of EDS profiles and elements before and after adsorp-
tion shows that the relative mass percentage of C1™ decreases
from 2.32 to 0.11%, while that of Cr increases from 0.01 to
1.22%. Assuming that C1™ also plays a role in the elimination
of Cr(VI), the reaction process can be denoted by Eq. (11)
(Yue et al. 2017). The C1™ releases into solution, and then
reacts with OH™ and Mg?" in solution to form Mg,Cl(OH);
precipitate, which is deposited on the surface of LDH-
CAC@]1. The reaction process can be described by Eq. (12)
(Yue et al. 2017).

Cr(VI) + Cl — LDH — Cr(VI) — LDH + CI- (11

12)

Moreover, the removal of Cr(VI) is also aided by numer-
ous oxygen-containing functional groups on the surface of
LDH-CAC@1. In the FTIR spectra, a significant decrease
in the intensity of —OH at 3375 cm™! and 1605 cm™' is
observed. In the O 1s spectra, the intensity of the O-H peak
also decreases while the intensity of the M—O peak increases

CI™ 4+ 2Mg**6H,0 — Mg,CI(OH), + 3H,0"
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significantly. It means that functional groups result in the
continuous formation of metal-containing oxides on the sur-
face of LDH-CAC@1 (Gao et al. 2020; Wang et al. 2016).
Meanwhile, the Cr 2p mapping reveals the distinctive peaks
associated with Cr(III). This phenomenon can be explained
by observing the spectral changes of C 1s and N 1s before
and after adsorption. In the C 1s spectra, part of C-O is
oxidized to C=0 and Cr(VI) is reduced to Cr(III); in the N
1s spectra, C—N follows a similar pattern to C—O and all the
NO,™ is converted to NO;™ after Cr(VI) adsorption (Tran
et al. 2019).

In addition to the above mechanism, the removal mecha-
nism of Cr(VI) by LDH-CAC@ 1 may also be affected by pH
(Sengupta 1984). At low pH, Cr(VI]) in solution is mainly in

Adsgption coupled reduction

Surface
precipitation .
P Electrostatic

attraction

T e @Cr(VD
Ion exchange @ Cr (1II)

Fig. 10 The removal mechanisms of Cr(VI) by LDH-CAC@1
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the form of HCrO,~ and Cr,0,%~ anions. According to the
pH,,. analysis of LDH-CAC@1, its surface carries a large
number of positive charges, so it can also adsorb Cr(VI) by
electrostatic attraction (Khitous et al. 2016). The removal
mechanism is shown in Fig. 10.

Effects of coexisting ions on the removal of Cr(VI)

Several coexisting ions such as Mg?*, Ca’*, SO,>~, PO,
and C1~ (the ion concentration is 5 mM) are used to inves-
tigate the effect of coexisting ions on the Cr(VI) removal
performance of LDH-CAC@]1. Their effects on the Cr(VI)
removal performance are shown in Fig. 11a. The difference
in Cr(VI) removal efficiency is very small with the addition
of Mg?" and Ca*, which decreases by only 0.0048%, and
3.76%, respectively. The reduction in removal efficiency is
probably due to the competitive effect of metal ions on active
sites and functional groups. For anions, PO,*~ and C1~ had a
smaller effect, with a decrease in Cr(VI) removal efficiency
of 3.87% and 6.14%, respectively. The decrease is due to the
involvement of PO43_, and CI™ in the electrostatic attrac-
tion as well as in the anion exchange process. For SO, a
more significant decrease in the Cr(VI) removal efficiency
is observed. This is attributed to the fact that SO,*~ and
CrO,*~ have similar specific structures and charge densi-
ties. As the whole, the impact of coexisting ions on Cr(VI)
removal efficiency is small, indicating that LDH-CAC@ 1
can be used to treat industrial wastewater from different
sources.

Reusability
To assess the reusability of LDH-CAC@1, regeneration and

reuse performance studies are carried out. Alkali solutions
can be used to desorb Cr(VI) by weakening the electrostatic

G
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Fig. 11 Effect of coexisting ions towards Cr(VI) removal performance of LDH-CAC@1 (a) and reusability performance of LDH-CAC@1 after

regeneration (b)
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Table 6 Comparison of
adsorption equilibrium time and

Adsorbents

Adsorption equilib-
rium time (min)

Maximum adsorption Reference
capacity (mg/g)

maximum adsorption capacity
of different adsorbents for
Cr(VI) removal

BC@EDTA-LDH
MgAl-LDH/bentonite composites
LDH-AL microspheres
Ni-Fe-CO; LDH
PDA/MgAI-LDH

FeS/LDH

Magnetic MnFe,0,/ZnFe-LDH
Mg/Al LDH@mordenite
LDH-CAC@1

1440 38 Huang et al. (2019)
1380 40 De Geest et al. (2023)
- 17 Li et al. (2023)

~30 6.1 Ahmed et al. (2023)
~600 87 Ren et al. (2022b)

- 147.7 Zhang et al. (2022)
~150 49.03 Huang et al. (2022)
360 57.45 Dang et al. (2022)
~10 116.7 This work

attraction between the adsorbent and oxygen anion (Blaisi
et al. 2018). Therefore, 0.1M NaOH is used for the desorp-
tion of LDH-CAC@1 composite in this work. Figure 11b
presents the adsorption—desorption cycle of Cr(VI) on
LDH-CAC@]1. The results show that the removal of Cr(VI)
decreases from 65.99 to 40.89% in three cycles. The reusa-
bility represents the excellent performance of LDH-CAC@1
for the removal of oxygen anion pollutants from water.

Comparison with other adsorbent for Cr(VI) removal

Table 6 summarizes the comparison of recent adsorbents
prepared with LDH as a support material for Cr(VI) removal.
Zhang et al. prepared FeS/LDH composites modified with
FeCl, and Na,S and reported a maximum adsorption capac-
ity of 147.7 mg/g (Zhang et al. 2022). However, they do not
address the regeneration and reuse of the adsorbent. Regen-
erability is a crucial aspect in practical engineering appli-
cations, since it can reduce engineering costs and greatly
expand the application range of adsorbents. Meanwhile,
the adsorption rate is vitally important for the removal of
pollutants. It is found that the adsorbents listed in Table 6
have a longer adsorption equilibrium time, requiring up to
30 min to reach adsorption equilibrium. In contrast, LDH-
CAC@1 not only has better removal performance and recy-
clability, but also can achieve adsorption equilibrium in a
much shorter time. The above indicates that LDH-CAC@1
is a promising adsorbent for the removal of pollutants in
wastewater.

Conclusion

In this study, LDH-CAC@1 composite is synthesized using
MgAI-LDH and CAC by a two-step hydrothermal method.
The adsorption capacity for Cr(VI) and the potential adsorp-
tion mechanism are explored. The results show that the max-
imum adsorption of Cr(VI) on the LDH-CAC@1 is 116.7
mg/g and the adsorption equilibrium is reached within 10

min. The main removal mechanisms are adsorption coupled
reduction, ion exchange, surface precipitation, and electro-
static attraction. Furthermore, the reusability exhibits that
LDH-CAC@1 still has superior removal performance within
3 cycles. Therefore, it is feasible that LDH-CAC composite
can be used for the removal of heavy metal oxyanions in
industrial wastewater treatment.
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