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A B S T R A C T

Halloysite sample, obtained from Phu Tho province, Vietnam, was utilized to investigate the adsorption behavior
of Cu2+ ions. Several factors influencing Cu2+ adsorption efficiency and capacity were explored, including pH
value, contact time, adsorbent dose, and initial Cu2+ concentration. Under optimal conditions (0.8 g of hal-
loysite per 50 mL of solution, an initial Cu2+ concentration of 40 mg/L, pH 6.2, a contact time of 80 min, and a
temperature of 25 °C), the study yielded an adsorption efficiency of 85.19% and a capacity of 2.14 mg/g for
Cu2+ ions. Adsorption isotherm analysis was conducted using the Langmuir and Freundlich models, while the
kinetics of the adsorption process were investigated through the first-order pseudo and second-order pseudo
models. Furthermore, the desorption of Cu2+ ions and the recovery of Cu metal were explored, with a recovery
efficiency of Cu reaching 94.65% under suitable conditions (0.3 g mass of halloysite, a current of 7.5 mA, and an
electrolytic time of 5 h at 60 °C). These findings suggest the potential application of halloysite clay for removing
Cu2+ ions from polluted water, recovering Cu metal, and reusing the adsorbent.

1. Introduction

Presently, the world is confronted not only with a water scarcity
crisis but also with significant water quality concerns. Factors like po-
pulation growth, urban and industrial expansion, and increased agri-
cultural activities are the primary contributors to water pollution,
which has adverse impacts on water quality and human health.
Consequently, water quality issues have gained considerable attention
from both the public and the scientific community. Numerous studies
have proposed various methods for treating heavy metals in water,
including chemical precipitation, electrochemical precipitation, mem-
brane separation, ion exchange, adsorption, biological methods, and
more. Among these methods, adsorption has garnered substantial re-
search interest in recent years. Natural adsorption materials such as red
mud [1], zeolite [2], bentonite [3], kaolinite [4], apatite [5–7], hal-
loysite [8–10], as well as natural polymers like chitin, chitosan [11],
recycled materials from agricultural byproducts [12–14] and recently
mesoporous materials produced from waste biomass materials [15,16]
have attracted widespread attention from scientists worldwide. These
materials offer advantages such as low cost, high adsorption efficiency,

and environmental friendliness, especially for wastewater treatment
applications.

In recent years, halloysite, a natural mineral belonging to the kaolin
group, has gained significant attention from scientists, and has found
numerous applications due to its exceptional characteristics. These
characteristics include its ultra-small tube-like structure, non-toxicity,
high mechanical strength, and cost-effectiveness compared to materials
like nanotubes. Consequently, halloysite has undergone extensive re-
search and has been applied in various fields, including pharmaceu-
ticals [17,18] medicine [18,19], catalysis, high-end materials, agri-
culture [18], and environmental [19–24] applications.

Copper (Cu) is an essential trace element in the human body, but
when its concentration exceeds allowable limits, it can become toxic.
Excess copper can lead to serious health conditions, including adrenal
gland insufficiency, kidney and liver damage, joint inflammation,
mental disorders, osteoporosis, and even cancer. Furthermore, it is toxic
to aquatic organisms at very low concentrations in water.
Consequently, the removal of copper from contaminated water sources
is of paramount importance. Commonly used methods for copper re-
moval include activated carbon, clay minerals, zeolites, chitosan,
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apatite, biological adsorbents, and agricultural byproducts [11,24–27].
On the other hand, copper is a metal with numerous applications in
daily life. Therefore, researching efficient adsorption and recovery
methods for copper is also essential to prevent secondary pollution and
to harness valuable metals from waste, thereby enhancing economic
efficiency. The quest for effective methods to absorb heavy metals,
recover them, and minimize adverse environmental impacts while re-
generating the adsorbent material represents a contemporary trend. To
desorb heavy metals from adsorbent materials, commonly used deso-
rbing agents include HCl, HNO3, NaOH, Ca(NO3)2, EDTA, etc. However,
there has been no research reported on the ability to desorb and recover
heavy metals without the separate steps.

Paulina Maziarza and her co-authors developed high-affinity nano-
composite materials of halloysite-Fe0 with enhanced adsorption cap-
abilities for Pb(II)/Cd(II). However, the selectivity for As(V) and Cr(VI)
was not as clear. Their adsorption-desorption studies demonstrated that
the material obtained after regeneration remained effective when
treated with NaBH4, allowing for the reuse of the material for high
metal removal [22]. Jamileh Zare Pirhaji's research team utilized hal-
loysite/graphene materials for the adsorption and removal of Pb(II)
from water, achieving a high adsorption capacity of 42.02 mg/g. The
adsorbent material could be easily regenerated using a magnet [23].
Katsuhiko ITAMI and others studied the adsorption and desorption
properties of cadmium (Cd) and copper (Cu) in five types of clay mi-
nerals (montmorillonite, sericite, kaolinite, halloysite, and allophane)
as representatives of commonly distributed minerals in soil environ-
ments. Desorption experiments were conducted at different pH levels,
revealing that Cu had lower desorption efficiency than Cd in a Ca(NO3)2
extraction solvent [26]. S. Lukman and his research team studied the
adsorption and desorption of five heavy metals: Cu, Pb, Zn, Cd, and Cr
under the influence of initial pH in both single and multi-metal systems.
The results showed that pH greatly influenced the adsorption/deso-
rption of heavy metals on natural clay minerals. The selective adsorp-
tion sequence was as follows: Cr > Pb > Cu > Cd > Zn and Cr >
Cu > Pb > Cd > Zn, respectively, in single and multi-metal systems. In
contrast, the desorption sequence in the presence of multi-metal ions
was Cr < Cd < Cu < Pb < Zn [27].

Overall, while research on heavy metal adsorption from the en-
vironment, particularly industrial wastewater, has been meticulous,
studies on the desorption and recovery of heavy metals, as well as the
regeneration of adsorbent materials for subsequent adsorption pro-
cesses, have received less attention. Some research has been published
on the desorption of heavy metals from various materials, including
hydroxyapatite [28–30], montmorillonite [31], kaolinite [4], vermi-
culite [32], clay minerals [26], biological adsorbents [33], activated
carbon, and more [34–39]. However, there are very few studies pub-
lished on the desorption and recovery of heavy metals from halloysite
adsorbent materials [22,23,26] and their subsequent reuse. In this
paper, halloysite in the Phu Tho area, Vietnam is used to adsorb Cu2+

ions in a water solution. Then, they are desorbed, and Cu metal is

recovered from the loaded HAL material by electrochemical precipita-
tion in choline chloride-urea (reline) ionic liquid. This study's main
advantage is that the desorption and recovery process simultaneously in
an electrochemical cell with an ionic liquid medium, which represents
an environmentally friendly electrochemical electrolyte. Under the ef-
fect of electric current, the desorption process is more advantageous.
This method not only shortens desorption time and steps but also pre-
serves the adsorbent material after desorption, facilitating efficient
material regeneration.

2. Experiment and analytical methods

2.1. Material

The halloysite (HAL) sample used for this research was collected
from the kaolin mine in Phu Tho, Vietnam. After collection, the sample
was dried at 60 °C. The sample appears as a light-yellow powder
(Fig. 1a). A Transmission Electron Microscopy (TEM) image reveals that
the minerals in the sample possess a nano-tubular structure, a char-
acteristic feature of halloysite minerals (Fig. 1b). Additionally, the
specific surface area of the sample was measured to be 20.015 m2/g.

The pHPZC (Point of Zero Charge) value of the halloysite sample was
determined using the pH drift method. In this method, 0.25 g of hal-
loysite material was added to a 50 mL solution of 0.01 M KCl with
varying initial pH values (pH0), which were adjusted using 0.01 M HCl
or 0.01 M NaOH solutions. The mixture was then vigorously stirred at
800 revolutions per minute for 30 min using a stirrer. Afterward, the
solution was filtered, and the pH (pHs) of the filtrate was measured to
calculate ∆pH (1). A graph was constructed to illustrate the variation of
∆pH with pH0. The pHPZC value was identified as the pH0 at which ∆pH
= 0 [40]. The results indicate that ∆pH = 0 occurs at a pH0 value of
5.99 (Fig. 2). This confirms that the pHPZC of the halloysite particles is
5.99.

ΔpH = pH0 - pHs (1)

2.2. Adsorption of Cu2+ using halloysite powder

The factors influencing the adsorption of Cu2+ by halloysite were
investigated by introducing a specific amount of halloysite material into
a container containing 50 mL of a Cu2+ ion solution under various
experimental conditions. The parameters studied included adsorption
time (ranging from 10 to 120 min), solution pH (investigated from 3.07
to 6.73), the mass of halloysite powder (varied from 0.3 to 1 g), and the
initial concentration of the solution (ranging from 10 to 80 mg/L). The
mixture was agitated at a speed of 800 revolutions per minute using a
stirrer. Following adsorption, solid-liquid separation was performed,
and the liquid portion was used to quantify the remaining Cu2+ ions.
Halloysite powder that has adsorbed Cu2+ ions is denoted as Cu-HAL.

Fig. 1. HAL powder (a) and TEM image (b) of HAL.
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The adsorption capacity (Q) and adsorption efficiency (H) were
determined using Eqs. (2) and (3) [25]:

Q = (C0 - C) x V / m (2)

H = ((C0 - C) / C0) x 100 (3)

Where: Q (mg/g) and H (%) represent the adsorption capacity and
adsorption efficiency, respectively. C0 (mg/L) denotes the initial con-
centration of Cu2+ ions. C (mg/L) signifies the concentration of Cu2+

ions remaining after adsorption. V corresponds to the volume of the
adsorption solution (in liters). m represents the mass of the halloysite
powder (in grams).

2.3. Adsorption isotherms

The Cu2+ adsorption capacity of halloysite is calculated using the
Langmuir and Freundlich adsorption isotherms, as detailed in the fol-
lowing equations [25].

Langmuir linear equation:

= +C
Q

C
Q K Q

1
.

e e

m L m (4)

Freundlich linear equation:

= +LnQ LnK
n

LnC1 .F e (5)

Here are the definitions of the variables involved: Ce (mg/L) represents
the equilibrium concentration of Cu2+. Q (mg/g) represents the equi-
librium adsorption capacity. Qm (mg/g) represents the maximum ad-
sorption capacity. KL is the Langmuir constant. KF and n are the
Freundlich constants.

2.4. Adsorption kinetics

The kinetics of the adsorption process are investigated using two
kinetic models: the pseudo-first-order model (6) and the pseudo-second-
order model (7) [25].

Pseudo-first-order model: ln(Qe – Qt) = lnQe – k1t (6)

Pseudo-second-order model:t/Qt = t/Qe + 1/(k2·Q2
e) (7)

In these equations: Qe represents the equilibrium adsorption capa-
city (mg/g). Qt represents the adsorption capacity at time t (mg/g). k1

and k2 are the rate constants for the pseudo-first-order (1/min) and
pseudo-second-order (g/mg/min) kinetics, respectively.

2.5. Desorption of Cu2+ ions and recovery of metallic Cu by
electrochemical precipitation method

2.5.1. Preparation of reline solvent
The deep eutectic solvent (DES) of reline was obtained by mixing

choline chloride (ChCl) and urea (U). Choline chloride and urea were
mixed in a 1:2 molar ratio in a closed container under constant stirring
for 3 h at 60 °C until a homogeneous colourless liquid was formed [41].

2.5.2. The cyclic voltammetry of Cu2+ and Cu-HAL in the reline medium
The Cyclic Voltammetry method (CV) involves applying a specific

voltage to the research electrode and, after that scanning in either the
anodic or cathodic direction while observing the corresponding current.
For accurate measurements, the electrode surface must be restored
before measurement, the solution should not be stirred or agitated, and
mass transfer occurs solely through diffusion.

The CV measurement setup typically comprises three electrodes
submerged in an electrolytic solution: the Working Electrode (WE), the
Reference Electrode (RE), and the Counter Electrode (CE). .

2.5.3. Desorption of Cu2+ and precipitation of metallic Cu onto the Au
electrode surface

The process of desorbing Cu2+ ions from Cu-HAL and precipitating
copper metal involves an electrochemical cell equipped with three
electrodes:

1. The working electrode (WE) is a gold plate with a geometric surface
area of 1 cm2.

2. The reference electrode (RE) consists of a silver/silver chloride
electrode immersed in a chloride solution (Ag|AgCl|Cl-).

3. The counter electrode (CE) is a large-area platinum grid.

Copper recovery occurs through an electrochemical precipitation
method in a reline solvent with a precipitation potential of ≤ −0.6 V
and a temperature of 60 °C. Before the electrochemical process, the
reline DES is purged with nitrogen gas for a minimum of 20 min and is
maintained under a nitrogen atmosphere throughout the electrolysis
process.

The study involves various applying current intensities: 0.5, 1, 2, 3,
5, 7.5, and 10 mA, varying the mass of the loaded HAL material (Cu-
HAL) from 0.3 to 1.0 g, and studying the electrolysis time within the
range of 1 to 10 h. After electrolysis, the Cu-HAL powder is filtered from
the mixture, and subjected to cleaning and drying processes, and the
remaining amount of copper in the powder is determined by the ICP-MS
method. This analysis allows for the calculation of the recovery effi-
ciency of copper.

3. Results and discussion

3.1. Effects of factors on Cu2+ adsorption efficiency and capacity of
halloysite

3.1.1. Effect of adsorption time
The impact of contact time on the efficiency and adsorption capacity

of Cu2+ by halloysite over time is illustrated in Fig. 3a. The results

Table 1
CV scanning parameters for 0.005 M Cu2+ and 1 g Cu-HAL in reline.

Parameter Value Parameter Value

WE Au (S = 0.0201 cm2) Potential step 0.005 V
RE Ag/AgCl/Cl- Scanning rate 0.02 V/S
CE Pt Vreline 5 mL
Potential range 0.1 V ÷ − 0.9 (V) - -

Fig. 2. ΔpH change according to pH0 of halloysite powder.
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indicate that as the contact time increases, both the adsorption capacity
and efficiency also increase. Within the studied period, ranging from
10 min to 120 min, the adsorption capacity experiences a rapid increase
during the first 60 min, followed by a slower increase from 60 to
80 min. After 80 min, the efficiency and adsorption capacity stabilize at
approximately 68% and 2.8 mg/g, respectively. As a result, a contact
time of 80 min was selected for the Cu2+ adsorption process in sub-
sequent studies.

3.1.2. Effect of pH
The removal of Cu2+ ions is significantly dependent on the pH of the

solution because pH has a pronounced effect on the surface properties
of the adsorbent and existent species of metal ions in the solution [42].
To prevent the formation of Cu(OH)2 precipitate in an alkaline en-
vironment, the influence of pH was studied under conditions where pH
≤ 7 and around the pHPZC value (zero charge point). The variation in
adsorption capacity and efficiency with pH is depicted in Fig. 3b. No-
tably, within the tested pH range, both efficiency and adsorption ca-
pacity increase with rising pH. This result can be attributed to the
protonation of halloysite in acidic environments, which causes the
surface of the particles to become positively charged [43]. This, in turn,
reduces the number of available adsorption sites on halloysite and leads
to competitive adsorption between H+ ions and Cu2+ ions, conse-
quently diminishing adsorption capacity. As pH increases, the positive
charge density on the surface decreases, enhancing the ability to adsorb

Cu2+ ions until reaching a pH higher than pHPZC, which is favorable for
Cu2+ ion adsorption. Hence, a pH value of 6.2 was chosen for the Cu2+

ion adsorption process in subsequent studies.

3.1.3. Effect of halloysite mass
The adsorption process was conducted using varying amounts of

halloysite, ranging from 0.3 g to 1.0 g (see Fig. 4a). The research results
indicate that as the mass of halloysite increases from 0.3 g to 0.6 g, the
adsorption capacity decreases from 3.42 to 3.13 mg/g, meanwhile the
efficiency rapidly increases from 41.04% to 75.8% due to the increase
of contact area between the adsorbent and the solution, so there are
more active centers for adsorption [43]. Within the range of changing
the mass of the adsorbent material from 0.6 g to 1 g, the adsorption
efficiency increases at a slower rate. However, when the amount of
adsorbent material continues to increase, the efficiency remains nearly
unchanged as adsorption reaches equilibrium, while the adsorption
capacity decreases. To strike a suitable balance between adsorption
capacity and efficiency (2.55 mg/g; 81.66%), we selected a mass of
0.8 g of halloysite for the study of Cu2+ ion adsorption.

3.1.4. Effect of initial Cu2+ concentration
The initial concentration of Cu2+ significantly affects both the ad-

sorption capacity and efficiency. Results from the investigation of the
adsorption process, using a range of initial Cu2+ concentrations from
10 mg/L to 80 mg/L, demonstrate that as the Cu2+ concentration

Fig. 3. The effect of contact time at a CCu
2+ = 50 mg/L, mHAL = 0.6 g, T = 25ºC, pH = 5.3 and pH at a CCu

2+ = 50 mg/L, mHAL = 0.6 g, T = 25ºC, t = 80 min (b)
on the halloysite’s adsorption of Cu2+.

Fig. 4. The effect of halloysite mass at CCu
2+ = 50 mg/L, T = 25ºC, pH = 6.2, and t = 80 min (a) and initial Cu2+ concentration mHAL = 0.8 g, pH = 6.2, T = 25 ºC,

t = 80 mins (b) on the halloysite’s adsorption of Cu2+.
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increases, the adsorption capacity gradually rises, while the adsorption
efficiency decreases (Fig. 4b). This was explained by the solution con-
centration increases, the amount of Cu2+ ions increases, but the ad-
sorption capacity of halloysite is gradually saturated, so the adsorption
efficiency will decrease [44]. To simultaneously achieve high adsorp-
tion capacity and efficiency, an appropriate Cu2+ concentration within
the range of 30 to 50 mg/L is selected. At a Cu2+ concentration of
40 mg/L, the adsorption capacity and efficiency reach 2.14 mg/g and
85.19%, respectively. This result indicates the higher adsorption effi-
ciency of halloysite for Cu2+ comparable to other investigated heavy
metal ions, such as Cd2+ - 51.45% and Pb2+ - 79.3% [45], as well as As
(III) - 82.4% [44]. However, the adsorption capacity is lower than the
modified halloysite [8].

3.2. Adsorption isotherm

The Cu2+ adsorption experiments were carried out under the fol-
lowing conditions: 0.8 g of halloysite was placed in a 50 mL solution of
Cu2+ with varying initial concentrations. The mixtures were exposed
for 80 min at a pH of 6.2 and room temperature (25 °C). Afterward, the
remaining Cu2+ concentration at equilibrium (Ce) was determined.
This data enabled the calculation of values such as lnCe, lnQ, the Ce/Q
ratio, and the construction of Langmuir (see Fig. 5a) and Freundlich
(Fig. 5b) isotherm equations.

From the isotherm plots, we can determine experimental parameters
such as the maximum adsorption capacity according to the Langmuir
isotherm (Qm), the Langmuir constant (KL), and the experimental
parameters for the Freundlich isotherm (KF, n). The results, as sum-
marized in Table 2, clearly indicate that the adsorption of Cu2+ on the
halloysite conforms to the Langmuir adsorption model. This result also
fits with the last reports using halloysite and halloysite-based ad-
sorbents for adsorption of heavy metal ions [8,10].

3.3. Adsorption kinetics

Based on the results obtained from the study on the influence of
adsorption time on Cu2+ adsorption capacity, graphs depicting the

pseudo-first-order (according to Eq. 6) and pseudo-second-order (ac-
cording to Eq. 7) kinetic adsorption equations have been constructed, as
illustrated in Fig. 6.

From the graphs presented in Fig. 6, we calculated the rate constants
(k) and equilibrium adsorption capacities (Qe), and the results are
summarized in Table 3. The Qe value calculated using the pseudo-first-
order kinetic adsorption equation (4.182 mg/g) notably deviates from
the experimental Qe value (2.854 mg/g). In contrast, the Qe value cal-
culated using the pseudo-second-order kinetic adsorption equation
(3.251 mg/g) is much closer to the experimental value. Moreover, the
regression coefficient (R2) for the pseudo-second-order kinetic equation
is nearly 1 (R2 = 0.99502), indicating a strong fit, while the R2 value
for the pseudo-first-order kinetic equation (0.94374) is considerably
lower. These results strongly suggest that the adsorption of Cu2+ by
halloysite follows the pseudo-second-order kinetic adsorption equation,
which is consistent with many earlier other literature [8,10]. The de-
termined rate constant for adsorption has a value of 0.0223 g/mg/min.

3.4. Characterization of HAL before and after the adsorption process

The characterizations of HAL powder before and after the adsorp-
tion process were analyzed using FT-IR, XRD, and SEM-EDX. The FT-IR
spectra revealed that the Cu2+ adsorption process did not alter the
functional groups within the HAL molecule (see Fig. 7a). XRD patterns
of HAL were found to be like those of the Cu-HAL sample with peaks
representing the minerals HAL and kaolinite (see Fig. 7b). SEM images
of HAL before and after Cu2+ adsorption are presented in Fig. 8,
showcasing a nanotubular morphology for both. Notably, the particle
size and shape remained largely unchanged after the Cu2+ adsorption
process. The EDX spectra confirmed the presence of copper in HAL
following the adsorption process.

3.5. Desorption of Cu2+ and recovery of Cu metal

3.5.1. Cyclic voltammograms of Cu(NO3)2 and Cu-HAL in reline electrolyte
The results presented in Fig. 12 indicate the presence of a reduction

peak of Cu2+ at − 0.6 V and an oxidation peak of Cu0 at − 0.4 V in the
cyclic voltammetry curves of reline, which contain not only Cu(NO3)2
(Fig. 9a) but also Cu-HAL (Fig. 9b). This observation aligns with pre-
vious reports on the cyclic voltammetry of Cu2+ in reline [46–48].
Furthermore, Fig. 9b demonstrates the presence of a reduction peak of
Cu2+ at − 0.6 V and an oxidation peak of Cu0 at − 0.4 V in the cyclic
voltammetry curve of reline containing Cu(NO3)2, similar to the be-
havior observed in Cu-HAL. The mechanism of the deposition and
dissolution of Cu on the Au electrode can be described as follows
[49–51]:

Fig. 5. Cu2+ adsorption isotherm at 25 °C according to Langmuir (a) and Freundlich (b).

Table 2
Experimental constants Qm, KL, KF, n in the Langmuir and Freundlich equations
of Cu2+ adsorption process.

Langmuir Freundlich

Qm KL R2 N KF R2

3.42 0.38315 0.98875 2.8615 1.09046 0.95912
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Step 1: Formation of a complex between Cu2+ from Cu-HAL and Cl-

from reline, resulting in CuCln2−n. Subsequently, the reduction of Cu2+

(in CuCln2−n) to Cu metal occurs on the surface of the electrode:
CuCln2−n + 2e → Cu + nCl-.

Step 2: Stripping of Cu metal to Cu2+: Cu - 2e → Cu2+.
The cyclic voltammetry results for Cu-HAL in the reline solvent

demonstrate that Cu2+ ions can be desorbed from the loaded HAL
material and subsequently reduced to Cu metal on the surface of an Au
electrode in reline solvent, allowing for the recovery and reuse of the
HAL adsorbent. The deposition of Cu metal onto the Au electrode sur-
face can be achieved at potentials ≤ −0.6 V.

3.5.2. Effect of several impacts on the ability of desorption and copper
recovery

Cu2+ ions were successfully desorbed from Cu-HAL, and Cu metal
was efficiently recovered through the electrodeposition method into a

reline solvent, utilizing applied current techniques. The deposition of
Cu on the surface of the Au electrode is visually depicted in Fig. 10.

3.5.2.1. Influence of applied current. Cathodic polarization curves of the
Au electrode were generated at various applied current values for 2 h at a
temperature of 60 °C. The recovery efficiency of Cu is presented in Table 4.

It was observed that Cu2+ ions were desorbed from the loaded HAL
material, and Cu metal was deposited on the surface of the Au plate
electrode. The electrodeposition of Cu metal was dependent on the
applied current. As the applied current increased, the amount of Cu
deposited on the surface of the Au electrode also increased, resulting in
higher Cu recovery efficiency (as shown in Table 4). After 2 h of elec-
trolysis at an applied current of 10 mA, the Cu recovery efficiency
reached 73.61%. However, to avoid excessive current, which could lead
to sub-processes and maintain a reasonably high Cu recovery efficiency,
we selected an applied current of 7.5 mA for subsequent studies.

Fig. 6. Isotherm plots for the adsorption of Cu2+ onto halloysite according to pseudo-first-order kinetic equation (a) and pseudo-second-order kinetic equation (b).

Table 3
Values of k and Qe calculated by pseudo-first-order and pseudo-second-order kinetic equations.

pseudo-first-order kinetic model pseudo-second-order kinetic model Qe experiment (mg.g−1)

Qe (mg.g−1) k1 (min−1) R2 Qe (mg.g−1) k2 (g/mg/min) R2

4.182 0.0671 0.94374 3.251 0.0223 0.99502 2.854

Fig. 7. FT-IR spectra (a) and XRD patterns (b) of HAL before and after Cu2+ adsorption process.
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3.5.2.2. Influence of Cu-HAL mass. The recovery efficiency of Cu was
found to be dependent on the mass of Cu-HAL. Increasing the mass of
Cu-HAL resulted in a higher amount of Cu deposited on the surface of
the Au electrode, but it also led to a decrease in Cu recovery efficiency
due to the time is not enough to release an amount of Cu2+ completely
from the adsorption material, as shown in Table 5. The highest Cu

recovery efficiency, reaching 82.68%, was achieved with a mass of 0.3 g
Cu-HAL. Therefore, 0.3 g of Cu-HAL was selected for further
investigation.

3.5.2.3. Influence of electrolytic time. Table 6 illustrates the variation in
Cu recovery efficiency concerning electrolysis time. As electrolysis time

Fig. 8. SEM-EDX analysis of HAL (a) and Cu-HAL (b).

Fig. 9. CVs of Cu(NO3) (a) and Cu-HAL (b) in the electrolyte of reline.
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increases, the amount of Cu deposited on the surface of the Au electrode
also rises, increasing Cu recovery efficiency. The recovery efficiency of
Cu shows a gradual increase as the electrolytic time changes from 1 to
7 h, and it increases at a slower rate after 7 h. At an electrolytic time of
10 h, the recovery efficiency of Cu reaches 98.26%, which is only a
slight improvement compared to the 97.52% achieved at 7 h. To
achieve a high recovery efficiency of Cu (97.52%) without an
excessively long electrolysis time, 7 h was selected for the electrolysis
and recovery of Cu.

3.6. Regeneration of material after the desorption

During the electrolysis process, Cu2+ ions were successfully des-
orbed from the loaded HAL material, allowing for the recovery of HAL
material for further adsorption. As shown in Fig. 11, the SEM image of
the obtained HAL after electrolysis closely resembled the initial HAL
material, retaining its tubular structure. Additionally, the EDX spectra
indicated peaks characteristic of HAL, with no discernible Cu peaks. FT-
IR spectra of the initial HAL and reused HAL showed no significant
differences (see Fig. 12), indicating that the HAL material remained
unaltered after the electrolysis. This suggests that Cu2+ ions were ef-
fectively released from Cu-HAL, and the HAL material remained un-
modified. To assess the regeneration potential of the HAL sorbent, ad-
sorption experiments were conducted under suitable conditions for
Cu2+ adsorption. The results demonstrated that the adsorption capacity
and efficiency could reach 2.15 mg/g and 86.20%, respectively, after

Fig. 10. SEM-EDX analysis of the surface of Au electrode after electrolysis Cu-HAL.

Table 4
The recovery efficiency of Cu (H %) from 0.5 g Cu-HAL at different apply currents for 2 h.

Current (mA) 0.5 1 2 3 5 7.5 10

Recovery efficiency (%) 42.50 45.68 47.42 52.11 60.48 69.72 73.61

Table 5
The recovery efficiency of Cu with different Cu-HAL masses at 7.5 mA applied
current for 2 h.

Cu-HAL mass (g) 0.3 0.5 0.7 1.0
Recovery efficiency (%) 82.68 69.72 58.8 51.36

Table 6
The recovery efficiency of Cu at different time.

Electrolysis time (h) 1 2 3 4 5 7 10

Recovery efficiency (%) 75.79 82.68 87.79 91.41 94.65 97.52 98.26
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the first adsorption-desorption cycle; 2.12 mg/g and 84.67% after the
second cycle; and 2.10 mg/g and 84.52% after the third cycle. These
findings illustrate that the regenerated HAL material exhibits significant
adsorption capacity and efficiency for Cu2+ ions.

4. Conclusions

Halloysite clay minerals have been employed for an integrated
process that encompasses the adsorption of Cu2+ ions, subsequent
desorption, Cu metal recovery, and the regeneration of adsorbent ma-
terials. The findings indicate that the adsorption process is subject to
various influencing factors, including pH, initial Cu2+ concentration,
adsorbent mass, and contact time. Consequently, specific conditions
were chosen for treating Cu2+ in water: a halloysite mass of 0.6 g per
50 mL of solution, an initial Cu2+ concentration ranging from 30 to
50 mg/L, an 80-minute contact time, pH 6.2, and room temperature
(25 °C). The adsorption process adheres to the Langmuir isotherm
model, displaying a maximum adsorption capacity of 3.42 mg/g, and
follows second-order pseudo kinetics. Under the studied adsorption
conditions with an initial Cu2+ concentration of 40 mg/L, the adsorp-
tion capacity and efficiency reached 2.14 mg/g and 85.19%, respec-
tively. Importantly, the desorption of Cu2+ from the HAL material and
the recovery of Cu metal were conducted simultaneously, obviating the
need for a pre-desorption step, in a DES solution using the electro-
chemical precipitation method. This represents a significant advantage
and novelty in this publication. The results demonstrate that 97.52% of
the Cu metal content can be recovered after 7 h of electrolysis with a
current density of 7.5 mA at 60 °C. Following the Cu metal separation

process, the HAL material can be reused for subsequent adsorption
processes, achieving an adsorption capacity and efficiency about of
2.1 mg/g and > 84.5% after three cycles of adsorption-desorption
under the studied suitable conditions. This outcome opens the potential
for utilizing halloysite clay minerals to remove Cu2+ ions from polluted
water and recover Cu metal directly from loaded material without elute
solvent, avoid secondary pollution and recover useful metals from
waste sources.
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