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Abstract: The technology of wastewater treatment involving removal of heavy metals using complex
metal hydroxides is reported. In this study, complex nickel-aluminum (NA11l and NA12) and
nickel-aluminum-zirconium (NAZ1 and NAZ2) hydroxides were prepared for the removal of arsenite
ions, As(Ill), from aqueous solution. The characteristics of each adsorbent were evaluated, and the
adsorption capacity and adsorption mechanism were determined. The adsorption capacity of As(III)
on NAZ1 (15.3 mg g~!) was greater than that on NA11 (9.3 mg g~!). Coverage is directly related
to the specific surface area with a correlation coefficient of 0.921. Ion exchange involving sulfate
ions in the interlayer of the adsorbent also plays a role in the mechanism of As(IIl) adsorption as
demonstrated by correlation coefficients of 0.797 and 0.944 for the NA11 and NAZ1, respectively.
The results demonstrate the usefulness of NAZ1 in removing As(IlI) from aqueous media.

Keywords: complex nickel-aluminum-zirconium hydroxide; arsenic ion; adsorption

1. Introduction

The United Nations has adopted 17 goals as part of its 2030 agenda to develop a sustainable
future for all. Issues of clean water and sanitation (Goal No. 6) and undersea water (Goal No. 14) are
particularly relevant to the development of an acceptable global water environment [1]. Heavy metals
and their compounds are useful in many areas of human endeavor [2]. However, their excessive use
leads to an increasing presence in aqueous environments [3]. Arsenic (As) pollution in aquatic systems
is a global issue owing to its high toxicity and chronic effects on human health [4,5]. Arsenic pollution
in drinking water is a major concern in developing countries. Previous studies have identified a
relationship between arsenic exposure and diseases such as asthma and hyperglycemia [6,7]. Arsenic
and inorganic arsenic compounds are classified as Group 1 human carcinogens by the International
Agency for Research on Cancer [8]. The World Health Organization has established 0.01 mg L~! as the
maximum permissible arsenic content in potable water to protect human health [9]. The predominant
forms of inorganic arsenic in aquatic systems are As(V) (arsenate) and As(III) (arsenite). Arsenic is a
ubiquitous element, occurring from natural sources (such as wearing of arsenic bearing minerals and
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volcanic eruptions) and anthropogenic activities (such as mining, glassware production, dyes, drugs,
and pesticide industries) [10-12]. As(III) is highly toxic, soluble, and mobile compared to As(V) [13,14].
Therefore, there is a need for simple, efficient, and inexpensive techniques to remove As(Ill) from
aquatic systems.

Adsorption techniques using a variety of materials have been shown to be superior to conventional
techniques such as precipitation, reverse osmosis, filtration, and biological treatment for As(III)
removal [2,15]. Complex metal hydroxides are useful adsorbents for the removal of heavy metals
from aqueous systems [16,17]. A complex metal hydroxide, or layered double hydroxide, contains
divalent and trivalent cations at the octahedral positions of brucite-like layers. Anions are incorporated
in the interlayer region for charge neutrality [18,19]. Multi-metal hydroxides exhibit substantially
different physicochemical characteristics than their single-metal counter parts. Their properties depend
on the identities and molar ratios of the constituent metals [20]. Many researchers have reported
As(III) removal using adsorbents such as a Mn-oxide-doped Al oxide [15], an iron-zirconium binary
oxide [13], a calcined Mg-Fe-La hydrotalcite-like compound [21], a nickel-aluminum hydroxide [16],
and an Fe-Mg type hydrotalcite [17].

Incorporation of zirconium (Zr**) into a complex metal hydroxide such as a Mg-Al-layered double
hydroxide has recently been examined [22,23]. Incorporation increases the charge in the metal layer and
promises to be an attractive means of generating unique physicochemical properties. Positively charged
brucite-like sheets have been prepared containing Zr**, which randomly occupies the octahedral holes
in a close-packed configuration of hydroxide ions [22]. Adsorption of phosphate ion from aqueous
media using the Zr**-containing complex metal hydroxide has been reported [22,23]. However, there
have been no reports regarding As(IlI) adsorption from aqueous media. Arsenic as As(V) (arsenate)
or As(Ill) (arsenite) adopts chemical forms similar to those of phosphorus as P(V) (phosphate) or
P(I1I) (phosphite). We previously reported that nickel-aluminum-zirconium hydroxide is useful in
the removal of phosphate ions from an aqueous phase [24]. This paper focuses on the relationship
between As(II) adsorption and the complex nickel-aluminum and nickel-aluminum-zirconium
hydroxides. The objectives of this work are to determine the physicochemical characteristics of
complex nickel-aluminum and nickel-aluminum-zirconium hydroxides as a function of composition,
to evaluate their ability to adsorb As(IlI) from aqueous media, and to investigate the mechanism of
As(III) adsorption.

2. Materials and Methods

2.1. Materials and Chemicals

Nickel-aluminum and nickel-aluminum-zirconium hydroxides of different compositions were
obtained from Kansai Catalyst Co., Ltd., Japan. Nickel-to-aluminum molar ratios of 1 and 0.5 are
designated as NA11 and NA12, respectively. Nickel:aluminum:zirconium molar ratios of 0.9:1.0:0.09
and 0.9:0.2:0.09 are denoted as NAZ1 and NAZ2, respectively. Sulfate was included as an exchangeable
anion in the interlayer of NA and NAZ. These materials were synthesized by the following method.
Nickel(II) sulfate hexahydrate, aluminum sulfate octahydrate, and zirconium(IV) sulfate tetrahydrate
were mixed with distilled water (230 g) at heating. The reaction mixture was added to the distilled water
(400 g) at pH 9.0 for 800 rpm at 25 °C. The solution pH was adjusted using a 25% sodium hydroxide
solution. After mixing for 2 h, the suspension was filtered, washed, and dried at 110 °C for 12 h.
Arsenic(Ill) standard solution (As(I1I), As,O3 and NaOH in water pH 5.0 with HCl), hydrochloric acid,
and sodium hydroxide were purchased from FUJIFILM Wako Pure Chemical Co., Japan. The purity
grade of all reagents was special grade and the quality of water (resistivity) was 18.2 M()-cm at 25 °C.

2.2. Physicochemical Properties of Adsorbents

The NA11, NA12, NAZ1, and NAZ2 adsorbents were characterized as follows. The morphologies
and crystallinities of the adsorbents were determined by scanning electron microscopy with an SU1510
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instrument (Hitachi High-technologies Co., Tokyo, Japan) and a Mini Flex II X-ray diffraction analyzer
(Rigaku Co., Tokyo, Japan), respectively. The surface area was determined by a specific surface analyzer
N42-25E (Quantachrome Instruments Japan G.K., Kanagawa, Japan). Surface hydroxyl groups were
assayed using the fluoride-ion adsorption method [25]. Briefly, the adsorbent (0.125 g) was mixed with
a 0.01 mol L~! NaF solution (50 mL) at pH 4.6. The solution pH was adjusted by 0.2 mol L™ acetic acid
solution and 0.2 mol L~! acetate buffer solution. The reaction mixture was shaken for 24 h at 100 rpm
and 25 °C and filtered through a 0.45-um membrane filter. The concentration of fluoride ion before and
after adsorption was measured using absorption spectrophotometry (DR890, HACH, Loveland, CO,
USA). The amount of fluoride ion adsorbed was calculated (the ratio of the concentration of fluoride
ion and the concentration of hydroxyl group is 1:1). The surface pH of the adsorbent was measured as
follows. A 0.1-g quantity of adsorbent was added to 50 mL distilled water at pH 7.0. The suspension
was shaken for 2 h at 100 rpm and 25 °C and filtered through a 0.45-um membrane filter. The solution
pH was measured with a digital pH meter (F-73, Horiba, Ltd., Kyoto, Japan) [26].

2.3. Adsorption Experiments

NA11,NA12, NAZ1, and NAZ2 in 0.1-g quantities were mixed with 50 mL of 100 mg L1 As(III)
solution to determine the extent of As(Ill) adsorption. Mixtures were shaken for 24 h at 100 rpm and
filtered through a 0.45-um membrane filter. The As(III) concentration of the filtrate was measured
by inductively coupled plasma optical emission spectrometry using an iCAP 7600 Duo instrument
(ICP-OES, Thermo Fisher Scientific Inc., Kanagawa, Japan). The quantity of As(Ill) adsorbed was
calculated from the difference in As(III) concentration before and after adsorption. To examine the
effect of contact time, 0.1-g quantities of NA11 and NAZ1 were mixed with 50 mL of a 100 mg L~}
As(III) solution and shaken for 0.5, 1, 3, 6, 9, 12, 16, 20, and 24 h at 100 rpm and 25 °C. The effect of pH
was studied by mixing the same adsorbents with 50 mL of 100 mg L~! As(III) and adjusting the solution
pH from 2 to 10 using hydrochloric acid or sodium hydroxide. The same adsorbents were mixed with
50 mL of 1, 10, 30, 50, 70, and 100 mg L~ As(III) solutions to study the effect of concentration. These
solutions also were shaken for 24 h at 100 rpm and 25 °C. The quantity of sulfate ion released from
adsorbent was measured to elucidate the adsorption mechanism of As(III).

Sulfate ion concentration was determined by ion chromatography using a DIONEX ICS-900
instrument (Thermo Fisher Scientific Inc., Tokyo, Japan), an IonPac AS12A system (4 X 200 mm, Thermo
Fisher Scientific Inc., Tokyo, Japan), and an AMMS 300 (4 mm, Thermo Fisher Scientific Inc., Tokyo,
Japan) micro-membrane filter suppressor. The regenerant and mobile phase were 12.5 mmol L~}
H,S04, and 2.7 mmol L™} Na,CO5 + 0.3 mmol L~! NaHCO;, respectively. The flow rate and sample
volume were 1.0 mL min~! and 10 uL under ambient conditions. The quantity of sulfate ions released
from adsorbent were calculated using the levels before and after adsorption in Equation (1):

q=(Ce = Co)V/W, (1)

where g is the quantity of sulfate ion released (mg g~!); Cy is the concentration before adsorption
(mg L™1); Ce is the concentration after adsorption (mg L™1); V is the solvent volume (L); and W is the
weight of the adsorbent (g). Data are presented as the mean + standard deviation from 2-3 experiments.

3. Results and Discussion

3.1. Physicochemical Properties of Adsorbents

The SEM images of each adsorbent are shown in Figure 1. The adsorbents are not perfectly
spherical in shape, but no significant differences are observed in the appearance of the adsorbents in
this study.
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Figure 1. SEM images of adsorbents.

Figure 2 contains the X-ray diffraction patterns. Peaks at (003), (006), (015), and (113) are observed
for all adsorbents indicating that they can be indexed to the crystal structure of the complex metal
hydroxide. Peaks (003) and (006) are attributed to basal reflections that correspond to the stacking of
the brucite-like sheets [27]. Some NAZ peaks are comparable to those in NA, which indicates that
Zr** has been successfully incorporated into the octahedral layer of the complex nickel-aluminum
hydroxide. Zirconium(IV) insertion alters the distances between metals and between the octahedral
layers. Similar trends have been reported in previous investigations [22,23].
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Figure 2. XRD patterns of adsorbents.

Some characteristics of the adsorbents are shown in Table 1. Surface pH and the number of
hydroxyl groups of NA are higher than those of NAZ. However, the specific surface area of NAZ
is greater than that of NA. The specific surface area of NAZ1 (51.9 m? g~!) is greater than that of
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previously reported (Mg(AlZr)-LDHs(CO5 or Cl) = 2.2-39 m? g_1 and Zr-MgAl =49 m? g_l) adsorbents,
but not of (Zr-MgAIl-HT = 154 m? g~!) [17,18]. These results indicate that incorporation of Zr** into
the octahedral layer of the complex nickel-aluminum hydroxide results in an increase of the specific

surface area.

Table 1. Characteristics of adsorbents.

Number of Hydroxyl Groups Specific Surface Area

Adsorbents Surface pH (mmol g1) (m? g-1)
NAI11l 7.98 1.92 22.8
NA12 7.63 1.62 26.4
NAZ1 6.18 1.08 51.9
NAZ2 6.21 151 27.8

3.2. Adsorption Capability of As(III)

The quantities of As(Ill) adsorbed onto each adsorbent are shown in Figure 3. The amount
adsorbed increases as NA11 < NA12 < NAZ2 < NAZ1, which indicates that NAZ1 should be the
most useful for removal of As(III) from aqueous media. Relationships between the quantity of As(III)
adsorbed and the three parameters in Table 1 were statistically assessed. The correlation coefficients
between the amount adsorbed and the surface pH, amount of hydroxyl groups, and specific surface
area were negative 0.570, negative 0.738, and positive 0.921, respectively. Therefore, specific surface
area most strongly influences As(IIl) adsorption capability in solution. The surface properties of
adsorbents are very important in the interactions with As(IIl) in the aqueous phase. Additionally, the
effect of zirconium incorporation on the characteristic of adsorbent and adsorption capability of As(III)
was evaluated in detail. Thus, NA11 and NAZ1 were selected to evaluate As(Ill) adsorption in the
following experiments.
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Figure 3. Amount of As(III) adsorbed. Initial concentration: 100 mg L1, solvent volume: 50 mL,
adsorbent: 0.1 g, contact time: 24 h, temperature: 25 °C, agitation speed: 100 rpm.

3.3. Adsorption Kinetics

The kinetics of As(Ill) adsorption onto NA11 and NAZ1 were conducted at an initial concentration
of 100 mg L~!. Adsorption equilibrium was reached within 24 h under the experimental conditions
(Figure 4). It is clear that adsorption of As(IIl) onto NA11 and NAZ1 is complicated, because the
time to reach equilibrium would be short if the process were controlled by a single factor [21]. Thus,
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the adsorption mechanism was investigated by comparing results to both pseudo-first-order (2) and
pseudo-second-order models (3) [28,29]:

1n(% —qy) = ln% —kit, )

t t 1

T pe—— 3
qG ge ko xqe? ©)

where g, and g; are the amounts of As(IIT) adsorbed (mg g~!) at equilibrium and given time ¢, and k;
and k; are the pseudo-first-order (h~!) and pseudo-second-order (g mg~! h~!) rate constants. Table 2
shows the results of fitting the experimental data to the pseudo-first-order (coefficient of determination
= 0.817-0.961) and pseudo-second-order (coefficient of determination = 0.978-0.992) models. The
adsorption of As(III) onto NA11 and NAZ1 appears to occur by a process of chemisorption. The value
of ky with NAZ1 is less than that with NA11, which indicates that As(III) adsorption is favored at
NAZ1. This conclusion is supported by the result in Figure 3, which shows that a greater amount
of As(Ill) is adsorbed by NAZ1. Adsorption equilibrium also tends to be established more rapidly
using NA11 than NAZ]1. Similar trends have been reported in previous studies [13,30]. Additionally,
a previous study pointed out the fact that more caution should be exercised in the analysis of kinetic
data [31]. Thus, the chi-square analysis (x?) was conducted for the evaluation of kinetic models to avoid
including errors. The low value of x? indicates that the kinetic model fits to the experimental data [32].
The value of x? in the pseudo-first-order model was higher than that in the pseudo-second-order
model (Table 2), which indicates that the pseudo-second-order model is considered to be better for the
obtained data in this study.

Amount adsorbed (mg g'')

O T T T T 1
0 5 10 1 20 25

Contact time (h)

n
h

Figure 4. Effect of contact time on the adsorption of As(III) using NA11 and NAZ1. Initial concentration
100 mg L1, solvent volume 50 mL, adsorbent 0.1 g, contact time 0.5, 1, 3, 6, 9, 12, 16, 20, and 24 h,
temperature 25 °C, agitation speed 100 rpm, o: NAZ1, O: NA11.

Table 2. Kinetic parameters for the adsorption of As(III).

Pseudo-First-Order Model Pseudo-Second-Order Model
Adsorbents  ge k1 e 2 2 ky e 2 2
(h~1) (mgg™) gmg1h™1l) (mgg?
NA11 8.6 0.093 3.9 0.817 1.8 x 102 0.110 9.1 0.978 1.8

NAZ1 14.9 6.4 6.4 0.961 29x10 0.066 15.2 0.992 1.4
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3.4. Effect of pH on the Adsorption of As(I1I)

Solution pH is a critical factor in the removal of As(Ill) from aqueous solution. Figure 5 shows the
effect of pH on As(III) adsorption using NA11 and NAZ1. The quantity of As(II) adsorbed tends to
increase with increasing pH. A similar trend using zirconium oxide-ethanolamine has been reported
in a previous study [12]. Here, solution pH tends to increase or decrease slightly after adsorption
indicating that the surface of NA11 and NAZ1 may be useful as a neutralizing agent in the wastewater
treatment of highly acidic or basic As(Ill) samples [12,33]. The pK,,1 of H3AsOj is 9.2, which indicates
that As(Ill) is a neutral species at pH 9.2. At pH > 9.2, anionic forms of As(III) are produced that
undergo ion exchange with sulfate ion from NA11 and NAZ11 under the experimental conditions (see
Section 3.5).
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Figure 5. Effect of pH on the adsorption of As(Ill) using NA11(A) and NAZ1(B). Initial concentration
100 mg L1, solvent volume 50 mL, adsorbent 0.1 g, pH 2, 4, 6, 8, and 10, contact time 24 h, temperature
25 °C, agitation speed 100 rpm.

3.5. As(1lI) Adsorption Isotherms

Figure 6 displays adsorption isotherms of As(IIl) at different temperatures. The data provide
considerable insight to the adsorptive behavior of NA11l and NAZ1 towards As(Ill) in aqueous
solution. The quantities of As(Il) adsorbed increase with increasing temperatures (10 < 25 < 45 °C),
which indicates that chemisorption is involved in the adsorption of As(Ill) on NA11l and NAZ1.
The solution pH was 5.5-6.4 and 5.9-6.2 for NA11 and NAZ1 in all experimental temperatures. Thus,
the predominant form of As(III) was not affected by the temperature under our experimental conditions.

Langmuir and Freundlich models were applied to provide a more quantitative description of the
relationship between the quantity of As(Ill) adsorbed and the solute concentration. The Langmuir
model is described by Equation (4) [34]:

1/q = 1/(WsaCe) + 1/Ws, (4)

where g is the quantity of As(III) adsorbed (mg g_l), W; is the maximum amount of As(IIl) adsorbed
(mg g71), a is the Langmuir isotherm constant (binding energy) (L mg™'), and C, is the equilibrium
concentration (mg L~!). The Langmuir isotherm is applicable to monolayer coverage by the adsorbate.
The Freundlich model is described by Equation (5) [35]:

loggq = %logC +logk, ®)
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where k and 1/n are the adsorption capacity and strength of adsorption, respectively. The Freundlich
model describes systems where the surface of the adsorbent is heterogeneous and has sites of different
energy [13]. Table 3 shows that the Freundlich model (>0.970) provides better correlation than the
Langmuir model (>0.965) except for NAZ1 at 25 °C. Previous studies have reported similar behavior
using Fe-based backwashing sludge and polymer adsorbents [33,36]. The maximum adsorption
capacity (Ws) of As(Ill) increases from 10 °C to 45 °C. It is worth noting that in the experimental
conditions used, equilibrium data (Figure 6) suggest that the plateau for maximum adsorption was
not reached. The maximum adsorbed amounts calculated in the Langmuir fitting, however, are lower
than some values measured experimentally, which may be due to the use of a linearized equation
(Equation (4)) to mathematically model the results. This indicates that the adsorption of As(Ill) on
NA11 and NAZ1 is an endothermic process, which was supported by the results in Figure 6. In the
Freundlich model, 7 is the heterogeneity factor. Therefore, when 1/n = 0.1-0.5, adsorption occurs easily,
and when 1/n > 2, adsorption is difficult [37]. The values of 1/n = 0.13—0.97 obtained in this study
indicate that As(IlI) adsorption onto NA11 and NAZ1 is favored in aqueous solution.

(A)
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14 F
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8
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Amount adsorbed (mg g!)

J 0" 1 1 1

0 20 40 60 80 100 0 20 40 60 80 100
Equilibrium concentration (mg L)

Figure 6. Effect of temperature on the adsorption of As(Il) using NA11 (A) and NAZ1 (B). Initial
concentration 1, 10, 30, 50, 70, and100 mg L1, solvent volume 50 mL, adsorbent 0.1 g, contact time 24 h,
pH 5.5-6.4 and 5.9-6.2 for NA11 and NAZ1, temperature 10 (+), 25 (e), and 45 °C (e), agitation speed

100 rpm.
Table 3. Langmuir and Freundlich constants for the adsorption of As(III).
Langmuir Constants Freundlich Constants
Temperature
Adsorbents ° W, a
(W) ° . 1 r? logk 1/n r?
(mg g~1) (Lmg™1)

10 6.1 0.02 0.965 -0.1 091 0.970
NA11 25 9.3 0.04 0.982 -0.1 0.56 0.991
45 154 0.006 0.989 -1.4 0.13 0.996
10 6.3 0.09 0.996 -0.3 0.70 0.989
NAZ1 25 15.3 0.01 0.935 -04 0.97 0.768
45 16.6 0.10 0.977 0.29 0.54 0.999

In this study, sulfate ions are present in the interlayer of the NA11 and NAZ1 absorbents. Figure 7
shows the relationship between the amount of As(III) adsorbed and the amount of sulfate ion released
from NA11 and NAZ1. The correlation coefficients for release from NA11 and NAZ1 are 0.797 and
0.944, respectively. The results indicate that the release of sulfate from NA11 and NAZ1 by ion exchange
has a role in the adsorption mechanism of As(III).
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Figure 7. Relationship between amount of As(III) adsorbed and amount of sulfate ion released using
NA11 (A) and NAZ1 (B). Initial concentration 1, 10, 30, 50, 70, and100 mg L1, solvent volume 50 mL,
adsorbent 0.1 g, pH 10, contact time 24 h, temperature 25 °C, agitation speed 100 rpm.

3.6. Comparison of Adsorption Capability of As(I1I)

Table 4 summarizes comparisons of As(Ill) adsorption capability of NA11 and NAZ1 with other
reported adsorbents [38—41]. The NAZ1 exhibited a good potential to be used for removal of As(III)
from aqueous media compared to other reported adsorbents (except for drinking-water treatment
residuals (WTRs)). From these comparisons, NAZ1 is expected to be employed in a commercial process
in the future for As(III) adsorption.

Table 4. Comparison of As(III) adsorption capacity of NA11 and NAZ1 with other reported adsorbents.

Adsorption Initial

Adsorbents Capability pH 'l;?g)p ’ Concentration Cont":;‘t) Time Adfgl)/il;ent Ref.
(mg/g) (mg/L)
ZrPACM-43 0.8 <5 50 100 2 13 [3]
AL-HDTMA-sericite 0.3 45 - 2 Approg;mately 1 [38]
Iron
hydroxide-coated 9.0 6.6 20 x 0.5 7.5-135 48 1-25 [39]
alumina
Silica gel
impregnated with 4.5 7.0 20-23 1 15 - [40]
ferric hydroxide
WTRs 15 6.0-6.5 23 375-3000 48 25-200 [41]
NA11 9.3 55-6.4 25 100 24 2 This study
NAZ1 15.3 5.9-6.2 25 100 24 2 This study

4. Conclusions

The complex metal hydroxides NA11 and NAZ1 were prepared to study As(III) removal from
aqueous media. The specific surface area of NAZ1 (51.9 m? g~!) was greater than that of NA11
(22.8 m? g71). The quantity of As(III) adsorbed onto NAZ1 (15.3 mg g~!) was also greater than that
adsorbed onto NA11 (9.3 mg g~!). The correlation coefficient between the quantity adsorbed and the
specific surface area was 0.921. The adsorption kinetics followed the pseudo-second-order model
(coefficient of determination using NA11 and NAZ1 was 0.978 and 0.992, respectively). Adsorption
isotherms data established that As(IlI) adsorption was an endothermic process. Ion exchange with
sulfate ions in the interlayer of the adsorbent was also involved in the As(IIl) adsorption mechanism.
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