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Abstract: In this study, the adsorption and/or desorption capacity of tungsten ions using nickel–
aluminum complex hydroxides was assessed. Nickel–aluminum complex hydroxides at various
molar ratios, such as NA11 were prepared, and the adsorption capacity of tungsten ions was evaluated.
Precisely, the effect of temperature, contact time, pH, and coexistence on the adsorption of tungsten
ions in the water layer was demonstrated. Among the nickel–aluminum complex hydroxides at
various molar ratios, the adsorption capacity onto NA11 was the highest of all adsorbents. The sulfate
ions in the interlayer of NA11 was exchanged to tungsten ions, that is, the adsorption mechanism
was ion exchange under our experimental conditions. Additionally, to elucidate the adsorption
mechanism in detail, the elemental distribution and X-ray photoelectron spectroscopy of the NA11
surface were analyzed. Finally, the results indicated that the tungsten ions adsorbed using NA11
could be desorbed (recovered) from NA11 using sodium hydroxide solution. These results serve as
useful information regarding the adsorption and recovery of tungsten ions using nickel–aluminum
complex hydroxides from aqueous media.

Keywords: nickel–aluminum complex hydroxides; tungsten ion; ion exchange; adsorption; recovery

1. Introduction

To establish a sustainable society, the United Nations Sustainable Development Goals
(SDGs) have gained increasing attention worldwide. Precisely, Goals 7 (affordable and
clean energy) and 11 (sustainable cities and communities) were adopted for a stable supply
of useful materials, such as rare metals. Tungsten (W) is one of the most widely used mate-
rials for different applications. Moreover, over 80% of tungsten is produced in China [1,2].
The European Union added “tungsten” to the list of critical raw materials, defined as
metals with growing economic importance that might be susceptible to further scarcity [3].
Additionally, tungsten is also one of the most stockpiled rare metals (nickel, manganese,
chromium, molybdenum, cobalt, and vanadium) in Japan. However, these useful materials
are mostly unrecovered in physicochemical water treatment. Moreover, a report exists re-
garding the relationship between tungsten ingestion from drinking water and the high rate
of leukemia clusters in the western United States of America. However, no evidence exists
linking these factors in a previous study [4]. Thus, the development of environmentally
friendly and useful water treatment for the removal/desorption of tungsten is necessary
for establishing a sustainable society.
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Different methods have been evaluated for the removal and/or desorption of tungsten
in the water layer. For example, solvent extraction [5], precipitation [6], direct acid leach-
ing [7], biosorption [4], ion exchange [4], and adsorption [8] were reported. Among them,
adsorption is one of the most useful methods for removing and/or recovering tungsten
ions in the water layer from the point of view simplicity and cost of operation and design.
The conventional recycling process of tungsten from water environment and/or tungsten
carbide adopted some treatments such as calcination, leaching, adsorption/desorption,
crystallization, thermal decomposition, reduction, and carburization [9]. These processes
imply relatively high costs, and that they are not environmentally friendly. Therefore, if the
adsorption/desorption potential of adsorbent is explored in the recycling process, its value
and applicability would be significantly increased. Furthermore, recent works report the ap-
plication of metal hydroxides prepared from nickel, iron, copper, and cobalt for the oxygen
evolution reaction in alkaline media [10–13]. In our previous study, the feasibility of metal
complex hydroxides based on iron and magnesium ions to remove tungsten in the water
layer was already demonstrated [14]. These results showed the efficient adsorption and
desorption of tungsten ions from aqueous solutions. Recently, metal complex hydroxides
based on nickel and aluminum ions are useful for adsorption/recovery of oxoanions, such
as chromium(VI) ion [15], arsenic(III) ion [16], and phosphate ions [17], in the water layer
have been reported. Therefore, it is assumed that nickel–aluminum complex hydroxides
can adsorb tungsten ions since tungsten ions usually exist in oxoanions, such as dimeric
tungstate ions (WO4

2−) [14]. However, there are no reports on the adsorption/recovery of
tungsten ions using nickel–aluminum complex hydroxides.

In this study, the adsorption capacity of tungsten ions using nickel–aluminum complex
hydroxides at various molar ratios in the water layer was demonstrated. It also explores the
effects of the initial concentration, reaction temperature, reaction time, and pH. Furthermore,
the adsorption/recovery mechanism of tungsten ions is investigated herein.

2. Materials and Methods
2.1. Materials

Nickel(Ni)–aluminum(Al) complex hydroxides at various molar ratios were prepared.
The molar ratios of Ni:Al were 3:1 (NA31), 2:1 (NA21), 1:1 (NA11), and 1:2 (NA12), re-
spectively. The synthesis methods and characteristics of these samples have already been
previously reported [15,17]. The sample solution was prepared using a standard tungsten
solution (NaWO4 in H2O, FUJIFILM Wako Pure Chemical Ind., Ltd., Osaka, Japan). The
pH was adjusted using either hydrochloric acid or sodium hydroxide solution (Special
grade reagent, FUJIFILM Wako Pure Chemical Ind., Ltd., Osaka, Japan).

2.2. Amount of Adsorbed Tungsten Ions

To confirm the adsorption capability of tungsten ions using the NA adsorbents, 0.01 g
of each adsorbent and 100 mg/L of tungsten ion solution (50 mL) were reacted, and the
sample solutions were shaken (shaking speed: 100 rpm, reaction time: 24 h, temperature:
25 ◦C). After adsorption, the sample solutions were filtered through a 0.45-µm membrane
filter. The concentration of tungsten ions was measured using iCAP-7600 Duo (ICP-OES,
Thermo Fisher Scientific Inc., Tokyo, Japan).

2.3. Effects of Temperature, Reaction Time, and pH on Adsorption of Tungsten Ions

NA11 of 0.01 g was reacted with 50 mL of tungsten ion solution (from 1 to 100 mg/L).
The mixture solution was shaken at 7 ◦C, 25 ◦C, or 45 ◦C for 24 h (shaking speed: 100 rpm).
Second, to elucidate the contact time effect, 0.01 g of NA11 was reacted with 50 mL of the
sample solution at 100 mg/L. The mixture solution was also shaken for 0.5, 1, 1.2, 3, 6, 9, 16,
20, and 24 h at 25 ◦C (shaking speed: 100 rpm). Third, to elucidate the effect of the solution
pH, 0.01 g of NA11 was mixed with 50 mL of the sample solution at 100 mg/L of pH of
2, 4, 6, 8, 10, and 12. The mixture solution was shaken for 24 h at 25 ◦C (shaking speed:
100 rpm). After adsorption, the sample solution was separated using a 0.45-µm membrane
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filter. The tungsten ion concentration was measured using ICP-OES. Finally, to confirm the
adsorption mechanism, the elemental distribution and electron spectroscopy were analyzed
using JXA-8530 (JEOL, Tokyo, Japan) and AXIS-NOVA instruments (Shimadzu Co., Ltd.,
Kyoto, Japan), respectively. The concentration of sulfate ions from NA11 was measured
using a DIONEX ICS-900 (Thermo Fisher Scientific Inc., Tokyo, Japan). The experimental
conditions have already been described [15].

2.4. Effect of Coexistences on Adsorption of Tungsten Ions

To evaluate the adsorption selectivity of tungsten ions in the water layer, 0.01 g of NA11
was added to the binary solution system (100 mg/L of tungsten ion solution and 100 mg/L
of chloride, nitrate, or sulfate ion solution herein). Each anion was prepared using sodium
chloride, sodium nitrate, and sodium sulfate. All reagents were purchased from FUJIFILM
Wako Pure Chemical Ind., Ltd. (special grade reagent, Osaka, Japan). The mixture solution
was shaken for 24 h at 25 ◦C (shaking speed: 100 rpm). After adsorption, the sample
solution was separated using a 0.45-µm membrane filter. The anion concentration was
measured by the previously mentioned methods.

2.5. Adsorption and Desorption Capacity of Tungsten Ions Using NA11

To confirm the application of NA11 in water environment fields, the adsorption/desorption
capability was evaluated. NA11 of 0.01 g was mixed with 100 mg/L of tungsten ion
solution. The amount adsorbed was measured by the previously mentioned method. The
collected NA11 after adsorption was reacted with 50 mL of sodium hydroxide or sodium
sulfate solutions at various concentration (1, 10, or 100 mmol/L). The reaction mixture was
shaken for 24 h at 25 ◦C (shaking speed: 100 rpm). After desorption, the sample solution
was separated using a 0.45-µm membrane filter. The concentration of tungsten ions was
measured by the previously mentioned methods.

3. Results and Discussion
3.1. Characteristics of NA Adsorbents

As mentioned above, our study previously reported the characteristics of NA adsor-
bents [17]. Therefore, we briefly described this herein. The SEM images and XRD patterns
of the adsorbents are shown in Figure 1. Several peaks, such as (003), (006), (015), and
(111), were observed for all samples, indicating that NA samples can be indexed to the
staking of the brucite-like sheets [18]. XRD patterns of NA samples were quite different
compared to that of nickel hydroxide. These phenomena suggest that NA samples have
been successfully prepared in this study. Additionally, the amorphous structure could
be observed with increasing amounts of Al. This result indicates that constituent metals,
such as Ni and Al, strongly affect the crystal system. These changes strongly affected the
distance between divalent cation and trivalent cation, the distance of interlayer region, and
the distance of brucite-like layer in prepared samples. Therefore, the XRD diffraction peaks
of nickel hydroxide shifted slightly in this study. In addition, the specific surface areas of
NA31, NA21, NA11, and NA12 were 11.7, 15.6, 22.8, and 26.4 m2/g, respectively. Moreover,
the amount of hydroxyl groups increased in the order of NA31 (0.82 mmol/g) < NA21
(1.05 mmol/g) < NA12 (1.62 mmol/g) < NA11 (1.92 mmol/g).
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Figure 1. Morphological properties and XRD patterns of adsorbents. 
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Figure 1. Morphological properties and XRD patterns of adsorbents.

3.2. Amount of Adsorbed Tungsten Ions Using NA Adsorbents

The amount adsorbed of tungsten ions onto the adsorbents is shown in Figure 2. The
tungsten ions adsorbing onto NA11 (~192 mg/g) shows the highest values of all. Similar
trends have been previously reported using phosphate ions [17]. Next, we evaluated the
relationship between the amount adsorbed of tungsten ions and the physicochemical prop-
erties, such as the specific surface area, amount of hydroxyl groups, and surface pH, in detail.
Consequently, the correlation coefficient of each parameter was 0.689, 0.855, and 0.913,
respectively, for removing tungsten ions in the water layer. Furthermore, Table 1 compares
the adsorption of tungsten ions by NA11 with previously reported adsorbents [8,14,16,19].
The amount adsorbed of tungsten ions onto NA11 exceeds that of using other adsorbents.
Thus, NA11 is a potential candidate agent for removing tungsten ions in the water layer.
Furthermore, NA11 had selectivity for the tungsten ions adsorption.
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Table 1. Comparison of tungstate ions adsorption by NA11 with previously reported adsorbents.

Adsorbents
Adsorption
Capability

(mg/g)
pH Temp.

(◦C)

Initial
Concentration

(mg/L)

Contact
Time

(h)

Adsorbent
(g/L) Ref.

Zeolite prepared from
fly ash 33.4 2 25 50 24 1 [16]

Al-HT5.0 35.7 6.5–7.0 25 100 24 1 [14]
Fe-HT5.0 48.9 6.5–7.0 25 1000 24 1 [14]
Fe(OH)3 53.4 6.7 25 800 22 4 [19]

MnO3 37.4 6.7 25 800 22 4 [19]
Fe-Mn binary oxide 65.4 6.7 25 800 22 4 [19]
Chitosan coated clay 11.4–23.9 4–6.4 ~25 20–500 24 20 [8]

Natural clay 2.11–5.54 4–6.4 ~25 20–500 24 20 [8]
NA11 189.0 - 25 100 24 0.2 This study

3.3. Adsorption Isotherms of Tungsten Ions Using NA11

The adsorption isotherms of tungsten ions onto NA11 at different temperatures are
shown in Figure 3. The amount adsorbed of tungsten ions increases as the adsorption
temperature increases (7 ◦C < 25 ◦C < 45 ◦C). In addition, further study is necessary for
elucidating the optimal adsorption temperature of tungsten ions in the water layer. To
elucidate the adsorption capability of tungsten ions, the empirical correlations of Langmuir
and Freundlich, represented by Equations (1) and (2), have been used to fit the data [20,21].

1/q = 1/(qmaxKLCe) + 1/qmax (1)

log q =
1
n

log Ce + log KF (2)
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Figure 3. Adsorption isotherms of tungstate ions onto NA11. Initial concentration: 1, 10, 20, 40, 60, 80,
and 100 mg/L, amount of adsorbent: 0.01 g, reaction temperature: 7, 25, and 45 ◦C, reaction time: 24 h.

Here, q is the amount adsorbed of tungsten ions (mg/g), qmax is the maximum amount
adsorbed (mg/g), and Ce is the concentration at equilibrium (mg/L). KF and 1/n are the
adsorption capacity and adsorption affinity, respectively. KL is the Langmuir isotherm
constant (binding energy) (L/mg) [4].

The Langmuir and Freundlich models assume that the adsorption site is homogeneous,
and all adsorption sites have identical adsorption energy. The adsorption energy decays
exponentially as the adsorbent surface coverage increases, respectively. The constants in the
Freundlich and Langmuir models for the adsorption of tungsten ions are shown in Table 2.
The correlation coefficients for the Freundlich and Langmuir models range from 0.908–0.982
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and 0.972–0.979, respectively. Therefore, tungsten ions were probably adsorbed through
monomolecular adsorption onto the NA11 surface under our experimental conditions. Ad-
ditionally, the Langmuir adsorption isotherm is useful for calculating the maximum amount
adsorbed (qmax) of tungsten ions, and qmax increases with the adsorption temperature in-
creasing (7 ◦C (125. 0 mg/g) < 25 ◦C (175.4 mg/g) < 45 ◦C (256.4 mg/g)). These phenomena
show similar trends in adsorption isotherms (Figure 3). Finally, tungsten ions were adsorbed
onto the NA11 surface when the value of 1/n ranged from 0.1 to 0.5 [22]. However, tungsten
ions were difficulty adsorbed onto the NA11 surface when 1/n > 2. Herein, the value of 1/n
was 0.15–0.32. Therefore, tungsten ions were facility adsorbed onto the NA11.

Table 2. Freundlich and Langmuir constants for the adsorption of tungstate ions.

Adsorbents
Temperatures

(◦C)

Langmuir Models Freundlich Models

qmax
(mg/g)

KL
(L/mg) r logKF 1/n r

NA11
7 125.0 0.19 0.979 1.7 0.22 0.974
25 175.4 1.97 0.973 2.0 0.15 0.982
45 256.4 0.13 0.972 1.8 0.32 0.908

Next, we demonstrated the relationship between the amount of tungsten ions ad-
sorbed and amount of sulfate ions released (Figure 4). Many studies have reported the
adsorption (interaction) mechanism, such as electrostatic interaction, ligand exchange,
and ion exchange, between the adsorbent and the adsorbate using metal complex hydrox-
ides [14,18,23,24]. Sulfate ions, such as exchange anions, were maintained in the NA11
interlayer herein. Consequently, a positive correlation of 0.988 was confirmed, indicating
that ion exchanges between the tungsten and sulfate ions obviously occurred in the sample
solution. Moreover, the elemental distribution and X-ray photoelectron spectroscopy were
measured before and after adsorption of tungsten ions (Figures 5 and 6). The tungsten
and oxygen content increased after the adsorption treatment. Tungsten usually exists
as tungstate ions (oxyanions) in the aqueous phase [4]. Therefore, the oxygen intensity
increased after adsorption than before adsorption. Finally, we analyzed the binding energy
before and after adsorption. After adsorption, W(4d3/2), W(4d5/2), and W(4f5/2) peaks
were detected, and these peak intensities significantly increased. Furthermore, the S(2s)
and S(2p) peak intensities were decreased after adsorption, suggesting that tungsten ions
were adsorbed onto NA11, and simultaneously, sulfate ions in the NA11 interlayer were
released. These results support the previously mentioned adsorption mechanism herein.
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3.4. Influence of Contact Time on Adsorption of Tungsten Ions Using NA11

The adsorption rate of tungsten ions onto NA11 is shown in Figure 7. The amount
adsorbed of tungsten ions increases with the increasing adsorption time. The initial portion
of the adsorption process shows the rapid adsorption within an hour because most of the
adsorption sites are vacant at the initial portion of the adsorption process. Afterward, the
quantity adsorbed increases gradually and alters the equilibrium concentration within 24 h
of adsorption. A similar trend was reported in a previous study [4]. Next, the adsorption
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kinetics was evaluated since it controls the residence time of the adsorbate adsorption at
the solid–liquid interface. Furthermore, these kinetics help develop a pragmatic approach
for the design, operation, and optimization of the process. Herein, the pseudo-first-order
(PFOM, Equation (3)) [25] and pseudo-second-order (PSOM, Equation (4)) [26] models
were selected for representing the adsorption kinetics of tungsten ion in the water layer.
These models can be shown as:

ln(qe − qt) = lnqe − k1t (3)

t
qt

=
t
qe

+
1

k2 × qe2 (4)

where qe (mg/g) is the amount adsorbed of tungsten ions at equilibrium, qt (mg/g) is the
amount adsorbed of tungsten ions at time t, k1 (1/h) is the overall constant in the PFOM,
and k2 (g/mg/h) is the PSOM adsorption constant.
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The calculated parameters were shown in Table 3. From the correlation coefficient (r), it
is evident that the data were fitted to both the PFOM (0.990) and PSOM (0.994). Additionally,
the amount adsorbed of tungsten ions calculated (qe) in the PFOM (191.6 mg/g) and PSOM
(208.3 mg/g) models were slightly higher than the actual experimental amount adsorbed of
tungsten ions (181.6 mg/g). The obtained results suggest that chemisorption is mainly the
interaction mechanism in this study. Previous studies have reported similar trends [27,28].

Table 3. Kinetic parameters for the adsorption of tungstate ions using NA11.

Sample qe,exp

PFOM PSOM

k1
(h−1)

qe,cal
(mg/g) r k2

(g/mg/h)
qe,cal

(mg/g) r

NA11 181.6 4.8 191.6 0.990 1.3 × 10−3 208.3 0.994

3.5. Quantity of Tungsten Ions Adsorbed Using NA11 at Different pH Conditions

The pH effect on the removal of tungsten ions onto NA11 was shown in Figure 8.
The pH strongly affects the adsorption capacity of tungsten ions onto NA11. The optimal
pH condition for the adsorption of tungsten ions was approximately neutral (pH = 6–8)
under our experiment. Under acid conditions, tungsten species precipitate to form tungstic
acid (WO3·2H2O) and from condensed isopolytungstate ions, such as W10O32

4− [4,13,16].
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These phenomena indicate that NA11 showed no excellent adsorption capacity of tungsten
ions in the water layer. However, at low pH levels, tungsten ions were attained due to
the attractive forces between the tungsten ions (oxyanion) and the positively charged
NA11 surface (Surface pH = 7.98) [17,29]. When the pH > 2, the quantity of adsorbed
tungsten ions increased and achieved approximately neutral conditions (pH = 6–8). Under
neutral conditions, thermodynamically species coexisted, such as the formation of dimetric,
trimetric, tetrametric, hexametric species, and the reversible formation of paratungstate A
or B, and metatungstate ions in the water layer [4,13]. Finally, under basic conditions, the
amount of hydroxide ions increased; thus, the competition between the tungsten (oxide) and
hydroxide ions easily occurred in this case. Therefore, the adsorption capacity decreases as
the pH increases. Therefore, the tungsten ion adsorption mechanism relates to the complex
interaction, such as ion exchange, electrostatic attraction, and surface inner-sphere complex
formation [23,24].
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3.6. Adsorption Capacity of Tungsten Ions in a Binary Solution

The adsorption capacity of tungsten ions in a binary solution system is shown in
Figure 9. Consequently, chloride and nitrate ions did not strongly influence the adsorption
capacity of the tungsten ions. The amount adsorbed of chloride and nitrate ions was
21.3 and 7.8 mg/g, respectively. It can be seen that (1) the interaction between the NA11
and tungsten ions was superior to that of chloride or nitrate ion, and (2) the attraction
mechanism between each anion was to form an inner-sphere complex with the hydroxyl
groups at the NA11 surface (this observation has already been mentioned in Section 3.2.).
Similar phenomena were previously reported [30,31]. Additionally, the amount adsorbed
slightly decreased in the binary solution (the case of sulfate and tungsten ions). Furthermore,
the sulfate ion concentration increased after adsorption, indicating that the ion exchange
between the tungsten and sulfate ions in the NA11 interlayer occurred. Therefore, NA11 is
useful for recovering tungsten ions under our experimental conditions.
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3.7. Ad-Desorption Capability of Tungsten Ions by NA11

To elucidate the recovery of tungsten ions from NA11, the adsorption/desorption
capacity of tungsten ions using NA11 is shown in Figure 10. Herein, sodium hydroxide
and sodium sulfate solutions at various concentrations were used as a recovery solution.
The amount desorbed of tungsten ions increases with the increasing concentration of the
desorption solution. The recovery percentage of tungsten ions using sodium hydroxide
or sodium sulfate solution from 1 to 100 mmol/L was ~40.5%–76.4% or 2.1%–10.5%,
respectively. The results obtained suggest that sodium hydroxide solution is more suitable
for desorbing tungsten ions than sodium sulfate solution under our experimental conditions.
Recently, previous works evaluated hyperspectral image classification and this technique
was significantly improved [32,33]. Satellite and/or remote sensing images are useful tools
for application of this adsorption/desorption technology using NA11 in the filed works.
Therefore, further study is necessary for evaluating the feasibility of NA11 in the field
works in the future.
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Figure 10. Adsorption/Desorption capability of tungstate ions using NA11. Adsorption experimental
condition; Concentration: 100 mg/L, amount of adsorbent: 0.01 g, reaction temperature: 25 ◦C,
reaction time: 24 h, desorption experimental condition; Concentration: 1, 10, and 100 mmol/L,
reaction temperature: 25 ◦C, reaction time: 24 h.
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4. Conclusions

Our results revealed a high adsorption capacity of tungsten ions using nickel–cobalt
complex hydroxide (NA11). The quantity of adsorbed tungsten ions increased as the
adsorption temperature and contact time increased. Additionally, the optimal pH condition
for removing tungsten ions using NA11 was ~6.0 under our experimental conditions. The
factors of the adsorption mechanism of tungsten ions in the water layer were elucidated.
Tungsten ions are the ion exchange with the sulfate ions in the NA11 interlayer, and
demonstrate physicochemical properties, such as the specific surface area, the amount
of hydroxyl groups, and surface pH. Next, NA11 showed a high selectivity adsorption
of tungsten ions in a binary solution system, including sulfate, chloride, or nitrate ions.
Subsequently, the tungsten ions adsorbed using NA11 could be desorbed from NA11 using
sodium hydroxide solution. Therefore, the suggested process for tungsten ion recovery
herein allowed a useful recycling treatment. Moreover, NA11 is a promising candidate for
the adsorption/desorption of tungsten ions from aqueous media. Finally, further study
such as the hyperspectral image classification is necessary for evaluating the feasibility of
NA11 in the field works.
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