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ABSTRACT

Arsenic pollution prevails in rivers and reservoirs in nonferrous metal mining areas, especially in lead-zinc mining areas, which
affects the health of the people residing in such areas. Arsenic usually exists as As(lll) and As(V) in water, and the adsorption of
As(lll) and As(V) changes with the type of adsorbent used. In this work, we report a novel adsorbent Fe/Mn-CO3-layered double
hydroxide (Fe/Mn—CO3-LDH) composite that can efficiently remove both As(lll) and As(V) from water. When the initial concen-
trations of As(lll) and As(V) were 5, 10 and 50 mg/L, the adsorption capacities were 10.12-53.90 and 10.82-48.24 mg/g in the
temperature range of 25-45 °C, respectively. The adsorption kinetics conformed well to the pseudo-second-order kinetic
model, with all of the fitted correlation coefficients being above 0.998 for all the three initial concentrations (5, 10 and
50 mg/L) tested, suggesting a chemisorption-dominated process. The adsorption isotherms of As(lll) and As(V) by Fe/Mn-
CO3-LDHs conformed better to the Freundlich model than to the Langmuir one, indicating a heterogeneous reversible adsorp-
tion process. The theoretical maximum adsorption capacity increased with the increase in temperature. During adsorption,
As(Ill) was partially converted to As(V), which was further interacted with intralayer anions. While the electrostatic attraction
played an important role in the adsorption of As(V).
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HIGHLIGHTL

® successful preparation of Fe/Mn-CO3-LDH material with a high-specific surface area and a large pore volume.

® pseudo-second-order kinetic model and Freundlich model can all well described the adsorption of As(lll) and As(V) on Fe/Mn—
CO3-LDH

Fe/Mn-CO3-LDH has good adsorption effect on As(lll) and As(V) in a vast range of pH = 2-12.

pH only have a slight effect on the As(lll) adsorbed by Fe/Mn -CO3z-LDH, but obvious for As(V) adsorption.

1. INTRODUCTION

Water pollutants mainly include organic compounds, microbes, heavy metals, etc., among which heavy metals
are especially hazardous. Heavy metal elements, which are widely used in industries such as electroplating,
chemical manufacturing, oil refinery, leather making, smelting, and mining, enter water bodies predominately
through wastewater discharge. Particularly in developing countries, heavy metal wastewater is often discharged
unintended into the environment (Deng 2019; Tang et al. 2020). Heavy metals are stable and enduring environ-
mental pollutants due to their poor biodegradability. They can cause irreversible physiological damage upon
entering the human body via the food chain. As one of the most toxic heavy metals in the environment, arsenic
(As) is toxic for all life forms (Singh et al. 2015). As pollution is very common in rivers and reservoirs in nonfer-
rous metal mining areas, especially in lead-zinc mining areas, which poses a great danger to people’s health.
Long-term exposure to As can cause lung, liver and kidney cancers and cardiovascular system problems and
also affect children’s intellectual development (Xu et al. 2010; Sankpal et al. 2012). At present, >70 countries
or regions in the world are affected by As pollution, which seriously threatens public health (Zeng et al.
2021). To avoid the direct or indirect impacts of As-containing wastewater on human health and the
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environment, the removal of As from water bodies has become a matter of urgent importance. The technologies
for As removal mainly include ion exchange, precipitation, membrane separation and adsorption (Choong ef al.
2007). Nicomel et al. (2015) found that adsorption was the most effective method, with the advantages of ease of
operation and high economic viability. The adsorbent is the core technology of the adsorption method, so the
development of excellent adsorbent materials is a prerequisite for realizing large-scale water treatment based
on the adsorption technique.

The commonly used adsorbent materials for As removal are mainly activated carbon and various metal oxides
such as carbon from fly ash (Anna ef al. 2006), natural iron ore (Zhang et al. 2004), manganese dioxide (Eleonora
et al. 2005) and titanium dioxide (Dutta et al. 2004). Iron compounds have been found to be more effective than
other materials for As removal from water (Maiti ef al. 2013). The adsorption capacity of iron compounds can be
further enhanced by integrating them with manganese oxides to form composite adsorbents, which can have an
adsorption capacity of 21.7 mg/g for As (Ocinski et al. 2019). The main laminate of Fe-Mn-layered double
hydroxides (Fe-Mn-LDHs) consists of a mixed atomic level of bimetallic composite hydroxides, which can
make full use of the excellent adsorption properties of iron and manganese compounds. Furthermore, specific
anions can be inserted into the interlayers to endow the LDHs with the desired functions. The intercalation modi-
fication strategy has been widely applied to prepare advanced LDH-based adsorbents, nano-catalysts, nano-heat
stabilizers, mildew preventive, blocking agents and fire retardants (Goh et al. 2008). Ethylenediamine tetraacetic
acid-intercalated Mg-Al LDHs were reported to have better adsorption performances for Cu®>" and Cd**
(Kameda et al. 2005). Using the one-step solvethermal method, Patel ef al. (2017) synthesized the NiCo-LDH
nano-foam electrode on a stainless-steel substrate. Sodium dodecyl sulfonate-intercalated hydrotalcite showed
strong adsorption properties for reactive brilliant red, acid orange and methyl violet, with the maximum adsorp-
tion amounts being 145, 794 and 340 mg/g, respectively (Zhang 2012).

In this paper, a carbonate-intercalated Fe/Mn-CO3-LDH composite with a layered structure of hydrotalcite
was prepared and tested as an adsorbent for As removal from water. The adsorption of As(III) and As(V) by
the Fe/MnCO3-LDH composite was systematically investigated to explore the possible adsorption mechanism.
This study provides a new solution to the problem of water resource security in urban ecological planning and
construction based on the blue-green system, which can effectively treat As pollution in water bodies and achieve
the goal of sustainable use of water resources.

2. MATERIALS AND METHODS
2.1. Preparation of Fe/Mn and Fe/Mn-CO;-LDHs

Manganese chloride and ferric chloride were chosen as the precursor, and the low saturation co-precipitation
method was used to intercalate CO5~ between the Fe-Mn bimetal hydroxide layers and, thus, synthesize the inter-
calation of Fe/Mn-LDHs-Fe/Mn-CO5;-LDHs with a layered structure. The detailed preparation process was as
follows: 4.505 g of FeCls-6H,0O and 6.583 g of MnCl,-4H,O were dissolved into 50 mL of ultrapure water to
obtain the Fe-Mn-mixed solution, Sol S1. Next, 6.400 g of NaOH and 7.066 g of Na,CO5 were dissolved in
100 mL of ultrapure water to obtain the mixed solution, Sol B1. Sol B1 was slowly dropped into 100 mL of ultra-
pure water in a beaker until pH 12. Then, Sol S1 and Sol B1 were added dropwise to the beaker simultaneously
with magnetic stirring. After adding, the mixture was stirred for another 10 min before the beaker was put in a
60 °C water bath kettle for 12 h. After cooling to room temperature, the material was collected through filtration
and rinsed three times. Finally, Fe/Mn-CO3-LDHs were obtained after freeze-drying for 24 h.

2.2. Material characterization

The surface morphology and element composition of the samples were observed and determined using the Japa-
nese field emission JSM-7900F scanning electron microscopy (SEM)-energy-dispersive X-ray spectroscopy (EDS)
spectrometer. Material information like crystal structure, lattice parameters and interlayer spacing and the solid-
phase structural characteristics were obtained through the X-ray diffraction (XRD) analysis. The functional
groups on the sample surface were analyzed using Fourier Transform infrared (FT-IR) spectroscopy. The valence
state, chemical bonding and surface element composition of the samples were investigated by X-ray photo-
electron spectroscopy (XPS). The pore structure of the material and its specific surface area were measured by
using a NOVAe1000 specific surface area and porosity analyzer.
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2.3. Static adsorption experiment

Simulated As(III) and As(V) wastewater with concentrations of 5, 10 and 50 mg/L were prepared using NaAsO,
and NaszAsQO,4-12H,0, respectively, with 0.01 mol/L NaCl as the background solution. Certain amounts of the
Fe/Mn-CO3-LDH adsorbent and simulated As(III) and As(V) wastewater with various initial concentrations
and pH values were taken and placed in a series of polyethylene centrifugal tubes, which were covered and
sealed for intensive mixing. The centrifugal tubes were placed in a thermostatic water batch oscillator for the
static adsorption experiment at an oscillation rate of 180 r/min until it reached equilibrium.

The initial concentrations of As(III) and As(V) were set as 5, 10 and 50 mg/L, the initial pH values of the sol-
ution were adjusted to 2, 3, 4, 5, 6, 7, 8, 9, 10, 11 and 12, respectively, the dose of the adsorbent was set as
0.0300 g/25 mL and the temperature of the thermostatic water bath oscillator was set as 25 °C. Under the
same conditions, a blank control experiment was established without the addition of any adsorbent.

When investigating the effect of the adsorbent dose on adsorption, the initial concentrations of the simulated
solutions were found to be 5, 10 and 50 mg/L, and the initial pH values of the As(III) and As(V) solutions were
adjusted to 7 and 3, respectively. The adsorbent doses were taken as 0.0025, 0.0050, 0.0075, 0.0100, 0.0125,
0.0150, 0.0175, 0.0200, 0.0225, 0.0250, 0.0300 and 0.0375 g/25 mL, respectively, and the experimental tempera-
ture was taken as 25 °C.

To investigate the effect of contact time on adsorption, the initial concentrations of the simulated solutions were
set as 5, 10 and 50 mg/L. The initial pH values of the As(III) and As(V) solutions were adjusted to 7 and 3, respect-
ively. The adsorbent dose was 0.0125 g/25 mL, the experimental temperature was 25 °C and the samples were taken
at 5, 15, 30, 60, 120, 180, 240, 300, 360, 420, 480, 600, 720, 960, 1,220 and 1,440 min, respectively.

To investigate the influences of the initial solution concentration and temperature on As adsorption, the initial con-
centrations of the simulated liquid were set as 5, 10, 15, 20, 25, 30, 35, 40 and 50 mg/L, respectively. The initial pH
values of the As(III) and As(V) solutions were adjusted to 7 and 3, respectively. The adsorbent dose was 0.0125 g/
25 mL. The temperatures of the thermostatic water bath oscillator were set as 25, 35 and 45 °C, respectively.

The concentrations of As, Fe and Mn in the solution before and after adsorption were determined using an
inductively coupled plasma emission spectrometer (Optima 7000DV).

3. RESULTS AND DISCUSSION
3.1. Material characteristics
3.1.1. Scanning electron microscopy and energy-dispersive X-ray spectroscopy

The morphologies of Fe/Mn-CO3-LDHs after As adsorption (initial As concentration of 50 mg/L) were observed
using an SEM, and the images are shown in Figure 1. It can be seen from the SEM image that after As adsorption,
the single crystalline grains of Fe/Mn-COs5-LDHs still maintained their plate-like morphology and hexagonal
crystalline characteristics with distinct edges and corners, and porous structures between lamellas, indicating
that the material was relatively stable and its morphologies were not obviously affected by the adsorption.

However, in comparison with the pattern before adsorption (al and a2), an apparent agglomeration phenom-
enon was observed with the LDH layers tiled and piled up after the adsorption of As(V) (c1 and c2). The EDS
spectrum (Figure 2) confirmed the presence of an As element on the surface of Fe/Mn-CO3-LDHs after adsorp-
tion and the weight percentage of As was >8.5% (Table 1), suggesting that As was successfully adsorbed onto the
material. Compared with the pattern before adsorption, the C and O contents in the material increased to some
extent, while the Fe and Mn contents decreased after the adsorption, which might be ascribed to the ion exchange
during the adsorption process.

3.1.2. X-ray diffraction

When the saturated solution concentration was 50 mg/L, XRD characterization was performed on the materials
before and after adsorption. As shown in Figure 3, the characteristic diffraction peaks (003), (006) and (012) of
Fe/Mn-CO3-LDHs presented favorable multiple relations, indicating the evident layered crystalline structure of
this material (Liu 2015; Liu et al. 2020). In comparison with the pattern before adsorption, the intensity of the
characteristic diffraction peaks weakened after As adsorption and the (003) peak shifted slightly toward the
high-angle position, which were consistent with the structure piling phenomenon shown by the SEM character-
ization. The two-theta degree of the (003) peak was 11.60° before the adsorption and shifted to 11.78° and 11.73°
after the adsorption of As(III) and As(V), respectively. This may be attributed to the change in the charge density
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Figure 1 | SEM images of Fe/Mn-COs-LDHSs (a1, a2) before, (b1, b2) after As(lll) and (c1, c2) As(V) adsorption.

due to the ion exchange induced by the adsorption of arsenate and arsenite (Halajnia ef al. 2013; Wan et al.
2017). No obvious change was observed for the characteristic peak corresponding to the (110) crystal plane,
which might be caused by the collapse of the material structure and pore blocking after the adsorption, which
was also consistent with the SEM results.

3.1.3. Fourier Transform infrared

The FT-IR spectra are shown in Figure 4. After adsorption, the strong and broad -OH diffraction peak in the wave
number range of 3,200-3,500 cm ™! was still present although with a slight shift toward lower frequencies, which
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' Spum ' Mn/Fe-COs3-LDHs — As(I1T)

Figure 2 | EDS images of Fe/Mn-COs-LDHSs after adsorption.

Table 1 | Weight percentage of elements in Fe/Mn-COs-LDHs after adsorption

Elements Spectrum 1 Spectrum 2 Spectrum 3 Average
Fe/Mn-CO5-LDHs C 6.41 5.67 9.11 7.06
(0] 27.78 27.14 26.92 27.28
Mn 44.23 44.80 42.56 43.86
Fe 21.57 22.40 2141 21.79
Fe/Mn-COs5-LDHs after As(III) adsorption C 7.90 9.05 8.55 8.50
O 28.13 28.71 31.90 29.58
Mn 36.16 35.02 33.72 34.97
Fe 19.54 18.72 16.88 18.38
As 8.26 8.49 8.94 8.56
Fe/Mn-CO5-LDHs after As(V) adsorption C 7.70 6.57 8.17 7.48
(0] 35.55 35.71 37.27 36.18
Mn 28.88 29.69 26.84 28.47
Fe 17.45 17.46 16.98 17.30
As 10.42 10.57 10.74 10.58

Fe/Mn-CO,-LDHs
Fe/Mn-CO,-LDHs-As (111D
Fe/Mn-CO,-LDHs-As (V)

(003)

(006)
012)

e

10 20 30 40 50 60 70
20 (°)

(110) (113)
N

Intensity (a-u)

Figure 3 | XRD pattern of the Fe/Mn-CO3-LDHs before and after As adsorption.
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Figure 4 | FT-IR spectra of the Fe/Mn-CO3-LDHs before and after As adsorption.

may be related to the electrostatic interaction between the As anion and the oxygen-containing groups of LDHs
(Deng et al. 2017). As shown in Figure 4(b) and (c), strong shoulder peaks appeared at 790 and 818 cm !, which
correlated with the formation of Fe-As—O and Mn-As-O bonds. The result indicated that the formation of intra-
layer complexes contributed to the As adsorption. The characteristic peak (wave number: 507 cm ™) of the
laminate metal lattice in Figure 4(b) shifted to a low frequency after adsorption, confirming that the Fe-O and
Mn-O bonds participated in the As adsorption. After adsorption, a new characteristic peak of As—O-As appeared
at 505 cm L.

After adsorption, the vibration peak of CO3~ (1,384 cm ') weakened with almost no shift. The highly sym-
metrical peak experienced a red shift from 1,492 to 1,460 cm™!, which may be ascribed to the ion exchange of
CO3Z with the As anion during the adsorption process. Because the binding force of CO3~ to the metal laminate
was extremely strong, the presence of the vibration peak of the carbonate (1,384 cm™?) could be attributed to the
incomplete ion exchange. The —OH vibration peak of the interlayer water molecules moved from 1,636 to
1,646 cm !, indicating that the water molecules also participated in the reaction.

3.1.4. X-ray photoelectron spectroscopy

The XPS results of the materials before and after adsorption are shown in Figure 5. The XPS peaks of Fe 2p, Mn
2p, C 1s and O 1s were detected for all samples. A new As 3d peak (44.1-45.6 eV) appeared in the XPS spectra
after the adsorption, indicating the successful adsorption of As(III) and As(V) (Wen ef al. 2014). The high-
resolution XPS spectrum of As 3d of the sample after As(III) adsorption could be deconvoluted into two charac-
teristic peaks corresponding to As(III) (44.2 eV) and As(V) (45.4 eV), indicating the part oxidation of As(III) to
As(V). Only the peak corresponding to As(V) (45.6 eV) existed in the XPS spectrum of the sample after As(V)
adsorption, indicating that no As(V) reduction occurred during the adsorption process. It is clear from Figure 5
that there was a significant change in both the intensity and the position of the C 1s peak before and after As
adsorption, which might be related to the ion exchange between As and CO?%~ in the adsorption process.

3.2. Analysis of influencing factors on As adsorption
3.2.1. Initial pH of solution

As shown in Figure 6(a), with the initial pH of the solution varying from 2 to 10, the uptake of As(III) remains
basically constant, which is credited to the unique adsorption mechanism, i.e. surface complexation between the
functional groups on the adsorbent surface and As(III) (Chandra ef al. 2010; Zhang 2018). When pH < 9, As(III)
exists in the nonionic form (H;AsOs3) and no electrostatic interaction prevails between the material surface and
the adsorbate. As(II) is activated to As(V) by the ligand exchange with hydroxyl groups followed by an inter-
action with Fe (Zhu et al. 2014). When pH > 9, As(III) mainly exists as H,AsO3, HAsO?~ and AsO3%~, which
repels the negatively charged adsorbent surface due to the electrostatic repulsion. However, when pH 9-10,
the adsorbent still shows a high adsorption capacity for As(III) (Smedley & Kinniburgh 2002). When pH > 10,
the adsorbent experiences a severe hydroxylation process with a significant increase in the negative charge
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Figure 6 | Effect of initial pH on As(lll) and As(V) adsorption (initial concentration 5-50 mg/L; 25 °C).

on the material surface, leading to a reduced adsorption capacity due to an enhanced electrostatic repulsion
between the adsorbent’s surface and the adsorbate. In accordance with these results, the following As(III) adsorp-
tion experiment was performed at an initial pH value of 7.

As shown in Figure 6(b), the optimal initial solution pH for As(V) adsorption by Fe/Mn-CO5-LDH was 2.
But the postadsorption pH values of solution were determined to be 3.19 (5mg/L), 2.98 (10 mg/L) and
2.98 (50 mg/L), respectively. Considering that the solution was still acidic, a dissolution of the LDHs laminate
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may have occurred under strong acid conditions (Lv 2005; Li ef al. 2009). Although the adsorption capacity of
As(V) was slightly poor when the initial solution pH increased from 2 to 3, the pH values of the solution post
adsorption were approximately neutral, being 6.27 (5 mg/L), 6.82 (10 mg/L) and 6.69 (50 mg/L), respectively.
When the solution pH increased from 2 to 12, the adsorbent surface gradually transformed from positive
charge to negative charge, with the electrostatic force between the adsorbate and the adsorbent changing from
a weak attractive one to a strong repulsive one. Consequently, the As(V) uptake was strongly dependent on
the solution pH, with the adsorption capacity waning from 42.66 to 1.19 mg/g. The optimal pH value for the
As(V) adsorption by Fe/Mn-CO3-LDHs was determined to be 3 while considering the adsorption capacity, post-
adsorption solution pH and leaching of metal ions from the adsorbent.

3.2.2. Adsorbent dosage

As shown in Figure 7(a), the normalized uptake of As(III) by Fe/Mn-CO5-LDHs reduced gradually with the dose
increase, and the removal rate of As(III) increased gradually and then became stable. When the dose of Fe/Mn-
COs-LDHs increased from 0.0025 to 0.0375 g/25 mL, the normalized uptake of As(III) with the initial concen-
trations of 5, 10 and 50 mg/L reduced from 28.88, 34.76 and 60.40 mg/g to 3.34, 6.68 and 31.03 mg/g,
respectively. When the dose of Fe/Mn-CO3-LDHs was 0.0125 g/25 mL, the removal rates for As(III) at the initial
concentrations of 5, 10 and 50 mg/L were 99.08, 99.78 and 95.75%, respectively. Taking into account the normal-
ized adsorption capacity, the removal rate and the utilization rate of the adsorbent, 0.0125 g/25 mL was taken as
the adsorbent dose in the subsequent experiment.

It can be known from Figure 7(b) that with the change in the dose from 0.0025 to 0.0375 g/25 mL, the normal-
ized uptake of As(V) by Fe/Mn-CO5;-LDHs decreased from 46.75, 57.89 and 57.10 mg/g to 3.75, 7.505 and
34.05 mg/g for the solution at the initial As(V) concentrations of 5, 10 and 50 mL, respectively. Also, the corre-
sponding removal rate increased from 82.58, 51.09 and 10.54% to 99.49, 99.37 and 94.31%, respectively. With the
adsorbent dose of 0.0125 g/25 mL, the removal rate of As(V) > 98% was achieved for the solution with both low
and medium initial concentrations. The residual As(V) concentrations in the sample were measured as 0.055 and
0.193 mg/L, respectively. Since the available sites normalized to the adsorbent mass were limited, increasing the
adsorbent dose was favorable for As(V) removal. However, the removal rate plateaued at a certain dose and an
excessive dose was unfavorable for the adsorbent dispersion in the solution. Moreover, excessive dose can also
lead to reduced adsorption efficiency. Therefore, the adsorbent dose for the subsequent experiments was
0.0125 g/25 mL.

3.2.3. Contact time

Figure 8 presents the impact of reaction time on As adsorption. As shown in Figure 8(a), the adsorption capacity
increased rapidly in the initial adsorption phase, which accounted for 82, 72 and 72% of equilibrium adsorption
capacity when the initial As(III) concentrations were 5, 10 and 50 mg/L, respectively. The time required to reach
As(I1I) adsorption equilibrium with the initial concentrations of 5 and 10 mg/L were 360 and 960 min with the
respective adsorption capacities of 10.24 and 20.27 mg/g. When the initial As(III) concentration was 50 mg/L,

(@) (b)
80 2 100 80 = = 100
( - 7 — 100 —— .
70 | 70 b / F .
5 "
80 - 80
= “or " ':bh“— 7 Removal rate at § myl
- it —— Removal rate at § mg -
= e & g0 L o —0—R 0mg/L =
&, 0T J60Z E Ho0=
2 2 © ]
= 40 B Zoafp © g
a e ) =
= o g = =
= 440 3 = {408
= 30 £ o WF —w— As(V) uptake at 5 mg/l £
1 N 2 = —e— As(V) uptake at 10 mg/l ~
= 20k < 2k —8— As(V) uptake at 50 mg/l
420 - 20
ok 10k /
0 o 0 . . . " . . ! 0
0.000  0.005 0.010 0.015 0020 0025 0030 0035 0.040 0.000 0005 0010 0015 0020 0025 0030 0035 0.040

Adsorbent dosage (g/25mlL.) Adsorbent dosage (g/25mL)

Figure 7 | Effect of Fe/Mn—-COs-LDHs dose on arsenic adsorption.
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Figure 8 | Effect of time on arsenic adsorption.

the adsorption reached equilibrium within 1,220 min with an adsorption capacity of 51.7 mg/g. The time required
to reach equilibrium prolonged with the increase of the initial As(III) concentration.

As shown in Figure 8(b), the time required to reach equilibrium prolonged from 120 to 720 min when the initial
As(V) concentration increased from 5 to 50 mg/L. The As(V) uptake fluctuated in a small range when the adsorp-
tion gradually approached equilibrium. The time required to attain equilibrium were 120, 600 and 720 min for the
initial As(V) concentrations of 5, 10 and 50 mg/mL, respectively, and the corresponding As(V) uptake was 12.09,
24.23 and 50.05 mg/g. The removal rates were higher than 95% for all the tested As(V) concentrations. When the
initial As(V) concentration was 5 mg/L, >90% As(V) adsorbed within only 15 min.

3.2.4. Initial concentration and temperature

As shown in Figure 9(a), in the studied concentration and the temperature range, the As(III) uptake increased,
while the removal rate reduced with an increase in the initial concentration and temperature. The removal
rate increased dramatically with an increase of the initial As(III) concentration up to 25 mg/L, followed by a
slow increase with a further increase of the initial concentration. When the initial As(III) concentrations were
5, 10 and 50 mg/L, the As uptake increased from 48.86 to 50.84 and 53.90 mg/g, with the temperature increasing
from 25 to 35 °C and finally to 45 °C, respectively. Therefore, temperature increase was favorable for As(III)
adsorption.

The influence of the initial solution concentration and temperature on As(V) adsorption is shown in Figure 9(b).
Similar to As(III), the As(V) uptake increased with an increase in the adsorbent concentration, while the As(V)
removal rate presented an opposite trend. On the one hand, the amount of As(V) anions in the solution phase
increased with the increase of the initial concentration. On the other hand, the available adsorption sites that
could be provided by a certain amount of adsorbent were limited. As a result, the difference between the
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Figure 9 | Effect of initial concentration and temperature on arsenic adsorption.
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As(V) concentration in the solid and solution phases aggravated with the increase of the initial As(V) solution,
which favored the As(V) adsorption. However, the As(V) concentration at equilibrium also increased, leading
to a decrease in the As(V) removal rate according to the Langmuir adsorption model, which will be discussed
next.

Temperature played a critical role in the As(V) adsorption when the initial AS(V) concentration was >25 mg/L.
A pronounced As(V) uptake increase was observed with the increase in temperature, rising from 43.22 to 45.54 and
48.24 mg/g with the temperature increasing from 25, 35 and 45 °C, respectively, when the initial As(V) concen-
trations were 5, 10 and 50 mg/L.

From Table 2, it can be clearly seen that Fe/Mn-CO5;-LDHs have superior adsorption capability toward As to
other materials.

3.3. Adsorption isotherm
The adsorption isotherm is a curve describing the relationship between equilibrium adsorption capacity and sol-

ution concentration. The adsorption isotherm data are usually fitted with the Langmuir (Equations (1) and (2))
and Freundlich (Equation (3)) adsorption isothermal models (Qi & Pichler 2016), the formulas of which are

as follows:

C. C. 1

Ce_Ce 1

g qm quL ( )
1

Re=1rak, ‘2)

ge = KrC:, 3)

where ¢, is the amount of target pollutant adsorbed on the adsorbent at equilibrium in mg/g; g,, is the maximum
adsorption capacity in mg/g; K;, (L/mg) is the Langmuir adsorption constant related to the adsorption energy; C,
is the equilibrium concentration of the target pollutant in the solution phase in mg/L; Ry, is the Langmuir equili-
brium constant; C, is the initial concentration of the adsorbate in mg/L; Kr is the Freundlich equilibrium
constant; 1/# is the coefficient relating to the adsorption strength (Li ef al. 2015).

The fitting results for the Langmuir and Freundlich adsorption isotherm models are shown in Figure 10 and
Table 3, respectively.

Table 2 | Comparison of the maximum adsorption capacities of different adsorbents

Maximum adsorption

capacity gmax (mg/g)
Adsorbents Maximum adsorbate concentration (mg/L) As(1ll) As(V) References
Fe/Mn-COs-LDHs 50 120.13 47.03 This study
Mn-Fe-LDH 5 NA 2.26 Li (2010)
Zn-Fe-LDH NA 1.01
Mg-Fe-LDH NA 0.89
Mg/AL-LLDO 50 NA 23.92 Sun et al. (2011)
NMMF 20 NA 0.55 Wang et al. (2016)
NMMB 40 NA 6.52
Ti-Mn-LDH 10 38.76 NA Li et al. (2012)
Mn-Fe-LDH 100 113.12 57.69 Otgonjargal ef al. (2012)
Fe;0,4/Cu(OH), 85, 45 37.97 42.90 Wang et al. (2015)
Fe@Cu oxide 75 55.04 50.58 Wu et al. (2019)
Fe@Cu&GO 70.36 62.60
MgAl-MoS,-LDH 400 99 56 Ma et al. (2017)

NA, data not available.

Downloaded from http://iwa.silverchair.com/bgs/article-pdf/3/1/175/980374/bgs0030175.pdf
bv auest



Blue-Green Systems Vol 3 No 1, 185

(@) oo (b) 0
As(I11) As(I1D)
]
50 - .
& S MRS S
L EETNL i s SR T
L L
o —_ Fop” o™l
L0 0 f,-‘
=) &b 'y +%a
= g 30 _"4’/
= A 25°C S A A 25°C
o ® 35°C o it e 35°C
20 ® 45°C 20 m 45°C
"
—— Freundlich isotherm ¥ - - - - Langmuir isotherm
10 & 10
1 1 1 1 Il 1 1 1 1 1
0 5 10 15 20 25 30 0 5 10 15 20 25 30
('\ (mg/1.) C (mg/1.)
(©) (d)
As(V)
so | ASCV) 50| )
o o o0
/f’(: ’_—_7-_:;_5'_7_;__9_,‘__2_‘...1-.17 A
40—,’/’,;335,___&-___5; ——————————————
s
—_~ —_ by g
on
- = 30 hi
E E ‘:lJJ A 25°C
T 25°C i Vi 5 ESDC
[~ 35°C ’ ]
20 o
45°C ?b o 25°C
Freundlich iostherm ] - - - - Langmuir isotherm
m‘r
[- 1 1 1 Il 1 1 1 1 1 L L 1
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
C_(mg/L) C. (mg/L)

Figure 10 | Adsorption isotherm of As(lll) and As(V) adsorption.

From Figure 10 and Table 3, it is clear that the As(III) adsorption isotherm on Fe/Mn-COs-LDHs conforms
well to the Freundlich isothermal model (Figure 10 (a,c)), with the fitted correlation coefficient R? being
always above 0.97, suggesting a nonuniform multilayer adsorption nature of As(III) on the material surface.
The value of 1/n can be used to characterize the nonlinear growth trend of adsorption capacity (Crini 2008).
The adsorption coefficients of As(III) remain between 0.1 and 0.5, indicating that the materials prepared in
this laboratory readily adsorb As(III) under the studied conditions, with chemisorption being dominant. Under
the same initial concentration, the increase in gn.x With the increase of temperature further confirmed that
the elevating temperature facilitated the adsorption of As(III) by the adsorbent and that the adsorption was an
endothermic reaction.

As shown in Table 3, the correlation coefficients R? for both the Langmuir and Freundlich isotherm model fit-
tings for As(V) adsorption were always >0.9, suggesting a significant correlation level. Nevertheless, the
experimental data points strayed away from the fitted curves obtained by the Langmuir isotherm model at all

Table 3 | Fitting parameters for the Langmuir and Freundlich isotherm models

Langmuir Freundlich
Fe/Mn-CO;-LDHs T (°C) Gmax (ME/8) R, (L/mg) R? K¢ (mg/g) 1/n R3
As(III) 25 44,9093 0.0206-0.1701 0.8776 21.3710 0.26 0.9827
35 46.2559 0.0134-0.1172 0.8707 25.0461 0.22 0.9915
45 48.1741 0.0099-0.0889 0.9018 26.7147 0.23 0.9733
As(V) 25 40.5110 0.0053-0.0475 0.9365 25.4923 0.17 0.9177
35 45.3535 0.0147-0.1224 0.9247 25.3383 0.20 0.9125
45 44.1720 0.0044-0. 0397 0.9030 27.9551 0.18 0.9492

Downloaded from http://iwa.silverchair.com/bgs/article-pdf/3/1/175/980374/bgs0030175.pdf
bv auest



Blue-Green Systems Vol 3 No 1, 186

temperatures, indicating that the As(V) adsorption by Fe/Mn-CO3;-LDHs could not be well described by the
Langmuir model (Figure 10(b,d)).

The As(V) adsorption conformed better to the Freundlich isotherm model, manifesting the multimolecular
layer adsorption nature. With the temperature rise, the adsorption capability of the adsorbent increased.

The thermodynamic parameters of adsorption are calculated from the linearized Van’t Hoff equation
(Equation (4)) and Gibbs free-energy equations (Equations (5) and (6)):

—AH AS

AG = —RTInK, ©)
Kd = Krn (6)

where AH, AS and AG represent the enthalpy (kJ/mol), entropy (J/mol/K) and free energy (kJ/mol) of adsorption,
respectively; K, is the equilibrium constant for adsorption; T is the temperature in K; R is the ideal gas constant.

In Table 4, the positive AH indicates that the adsorption of both As(III) and As(V) on Fe/Mn-COs5-LDH is an
endothermic reaction. AG has a value of around —12 kJ/mol, implying that the reaction is a spontaneous physi-
sorption process. Furthermore, AS > 0 indicates the incoherence of the reaction system. Therefore, the adsorption
of As(IIl) and As(V) by Fe/Mn-COs-LDH is a predominantly physisorption process accompanied by
chemisorption.

3.4. Adsorption kinetics

The pseudo-first-order (Equation (7)), pseudo-second-order (Equation (8)), Elovich (Equation (9)) and intra-par-
ticle diffusion (Equation (10)) kinetic models were employed to explore the adsorption reaction rates and reaction
mechanism (Yu et al. 2011).

In(ge — q;) =Ing, — Kyt (7)
LZ 1 +E (8)
qt  qek, e

Gt =~ 1n (apBs) + —In (& )
" B EPE BE

g =kptt +C (10)

where g, is the equilibrium adsorption capacity in mg/g; g is the adsorption capacity at time ¢ in mg/g; K; and K,
are the rate constants; af is the initial adsorption rate in mg/(g-min); gg is the surface coverage and activation
energy-related constant in g/mg; k,, is the intra-particle diffusion rate constant in mg/(g-min'/?); C is the boundary
thickness-related constant in mg/g.

From the fitting results in Figure 11 and Table 5, it can be seen that the R? values of the adsorption data fitted by
the pseudo-second-order kinetic equation at three initial concentrations (5, 10 and 50 mg/L) are all >0.998,
suggesting that the model can well depict the removal behavior (Figure 11 (c,d)). The obtained theoretical equili-
brium adsorption capacity g. is almost approximate to the experimental value. K, is small, suggesting that the

Table 4 | Thermodynamic parameters of adsorption

T (K) AG (kJ/mol) AH (kJ/mol) AS (J/mol/K)
As(III) 298 —10.9239 13.747 83.151
308 —12.1246
318 —-12.5712
As(V) 298 —12.4135 1.222 45.257
308 —12.3983
318 —13.3393
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Figure 11 | Adsorption kinetics of As(lll) and As(V) adsorption.

adsorption rate decreases with an increasing contact time and is proportional to the amount of adsorption sites.
Therefore, the adsorption of As by Fe/Mn—-COs-LDHs is a chemisorption-controlled process, with the adsorption
capacity mainly determined by the surface active sites of the material (Hameed ef al. 2007; Tan ef al. 2008; Wang
et al. 2020). As for the Elovich model (Figure 11 (e,f)), the value of the initial adsorption rate decreases signifi-
cantly with the increase of the initial ion concentration and is extremely high at lower concentrations,
indicating the presence of chemisorption. The fitted curve of pseudo-first-order kinetic equation (Figure 11 (a,
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Table 5 | Fitting parameters for various adsorption kinetic models

Pseudo-first-order model Pseudo-second-order model
Fe/Mn-CO;-LDHs Co (mg/L) qe (Mg/g) Ge,cal (MZ/8) K4 (min) R? Ge,cal (ME/8) K g/(mg-min) R?
As(III) 5 10.522 1.9686 0.0047 0.7517 10.5363 0.0109 0.9999
10 20.672 7.0618 0.0047 0.6244 20.6697 0.0024 0.9994
50 52.220 16.4974 0.0041 0.6024 52.1648 0.0008 0.9987
As(V) 5 12.320 0.5803 0.0026 0.2051 12.3122 0.0262 0.9999
10 24.470 3.1146 0.0019 0.7000 24.3546 0.0087 0.9998
50 53.440 18.5120 0.0048 0.7281 53.9374 0.0006 0.9982
Elovich model Intra-particle diffusion model
Fe/Mn-CO;-LDHs Co (Mg/L) ge (Mg/g8) g Mg/(g-min) Be (8/mg) R? k, mg/(g-min"?) C (mg/g) R?
As(III) 5 10.522 10,058.3867 1.5396 0.8720 0.0795 8.2728 0.5590
10 20.672 22,261.3109 1.0313 0.9697 0.2064 14.3203 0.7319
50 52.220 2,083.4398 0.2578 0.9826 0.5283 35.3900 0.8001
As(V) 5 12.320 2.2468E + 13 3.1113 0.7077 0.0381 11.2615 0.4169
10 24.470 790,338.5856 0.8106 0.7605 0.1433 20.4443 0.4294
50 53.440 1,027.1147 0.2364 0.9559 0.5975 34.8438 0.8421

b)) and intra-particle diffusion are nonlinear (Figure 11 (g,h)), indicating that the adsorption process is influenced
by the thickness of the boundary layer and involves multiple diffusive resistances.

4. CONCLUSION

By taking advantage of the intercalation capability of LDHs, the CO?"- intercalated Fe-Mn bimetal LDH com-
posite with the layered structure of hydrotalcite (Fe/Mn-COs-LDHs) was prepared using a co-precipitation
method. The SEM results indicated that the single crystalline grain of the composite exhibited a plate-like mor-
phology, with hexagonal crystalline characteristics and pores existing between lamellas. Minimal morphological
changes were observed after As adsorption. At 25, 35 and 45 °C, when the initial concentrations of As(III) and
As(V) ranged from 5 to 50 mg/L, the adsorption capacities of the Fe/Mn-CO3-LDHs composite were 10.12-53.90
and 10.82-48.24 mg/g for As(III) and As(V), respectively. The adsorption process conformed well to the pseudo-
second-order kinetic model and the Freundlich isotherm model. Based on a comprehensive analysis, the removal
mechanisms include mainly electrostatic attraction, redox, surface complexation and ion exchange. At pH 7,
As(II) was ligand-exchanged with hydroxyl groups on the surface of the metal laminate mainly in the form of
H3AsOs, which then came into contact with Fe and was partially oxidized to As(V).
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