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ABSTRACT

Algerian halloysite was processed at 600˚C and with 5-N HCl (H600-5N), and compared
with the forms treated thermally at 600˚C (H600) and unmodified (H). The obtained sam-
ples were characterized by FTIR, TEM, and nitrogen adsorption, and employed as malachite
green (MG) adsorbents from aqueous solutions. The effects of pH, contact time, solution
concentration, and temperature were examined. A particular attention has been focused on
desorption and regeneration. The ease in desorption and regeneration constitutes a major
practical advantage for treating industrial effluents. Thermo-chemical activation leads to the
leaching of Al ions from the octahedral sheet. As consequence, H600-5N presents a specific
area of 503 m2 g−1, i.e. eight orders of magnitude higher than that of H (63 m2 g−1). For all
halloysitic solids, the capacity in MG increases with decreasing adsorption temperature. The
affinity sequence is H600-5N > H600 > H. The isotherms are found to be well represented
by the Redlich–Peterson equation. The thermodynamic data show that the MG adsorption
onto H600-5N is spontaneous and exothermic, consequence of the electrostatic attraction
between positively charged molecules and negatively charged adsorption sites. Among the
seven eluents used, methanol manifests the greatest desorption capacity from H600-5N,
which increases overall with temperature. After four adsorption–desorption cycles, this
material was easily desorbed and regenerated. On the basis of all these considerations and,
also, its adsorption capacity (192.6 mg g−1 at 25˚C), H600-5N appears very effective for
removing dyes from wastewaters.
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1. Introduction

Synthetic dyes are extensively used in various
industries such as textile, paper, rubber, plastic,

leather, cosmetic, food, and pharmaceutical. After use,
they are generally released into effluents. Color is the
first contaminant to be recognized in these effluents.
The presence of very small amounts of dyes in
water is highly discernible and undesirable [1], and
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generates huge problems for the environment and
living organisms because they are recalcitrant organic
molecules, resistant to aerobic digestion, stable to
light, heat, and oxidizing agents [2].

Among these dyes, malachite green (MG), a basic
dye, is widely used for dyeing of cotton, silk, leather,
wool, jute, paper, and as a food additive [3]. When
MG is discharged into wastewaters, it affects the aqua-
tic life and is found to be toxic to human and animal
cells [4]. After use, different techniques have been
used to treat this contaminant: biological treatment [5],
photodegradation [6], decolorization [7], and coagula-
tion–flocculation [8]. These processes suffer from a cer-
tain number of problems such as partial degradation,
high cost, and optimization of the operational parame-
ters. Adsorption is an effective and clean technique for
removing pollutants from wastewater of the textile,
paper, and allied industries [9]. To make this process
ecologically and economically feasible, the saturated
samples must be regenerated for restoring their
adsorption capacities. The reusability of adsorbent
constitutes a key factor in industrial chemical engi-
neering. Regeneration can be achieved with solvents
or aqueous solutions of acids, bases, or salts.

Different adsorbents were used to fix MG from
aqueous solutions, such as nanocomposites [10], saw-
dust [11], activated carbon [12,13], and polymers [14].
These materials were found to be costly in addition to
disadvantages due to their subsequent treatment and
regeneration. These limitations have oriented the
investigations for inexpensive and readily available
materials. If kaolinite received a great interest from
the scientific community, little research has considered
modified halloysites. Halloysite belongs to the same
family as kaolinite, i.e. the kaolin group, but differs by
having a hollow microtubular structure [15].

The objective of this paper is to evaluate the
potential of the modified halloysites for removing MG
from aqueous solutions. Three halloysitic solids were
considered, viz. unmodified halloysite (H), the form
processed at 600˚C (H600), and that treated at 600˚C
and with 5-N HCl (H600-5N). Before adsorption, the
materials were characterized by FTIR, TEM, and
nitrogen adsorption. The effects of pH, contact time,
solution concentration, and temperature were exam-
ined. A particular attention has been focused on the
desorption of MG and the regeneration of the best
adsorbent. Desorption was considered by varying
temperature and via seven solvents, such as water,
methanol, acetone, DMSO… The regeneration of
H600-5N was studied through six consecutive cycles,
to investigate the economic feasibility of using this
heat-treated and acid-leached halloysite as industrial
adsorbent.

2. Materials and methods

2.1. Materials

Raw halloysite from Djebel Debbagh, Guelma
(eastern region of Algeria) was used in this work. Its
characteristics were reported in a previous work [16].
Its chemical composition in mass % is SiO2: 46.34;
Al2O3: 37.96; Fe2O3: 0.05; CaO: 0.83; MgO: 0.08; K2O:
0.02; Na2O: 0.02; MnO2: 1.25; loss on ignition (1,000˚C
for 1 h): 13.45%.

Three hundred grams of the starting material were
heated at 600˚C for 2 h in air atmosphere, at a rate of
10˚C min−1, to make sure that this clay dehydroxylates
[17]. It is well known that 2 h is a time sufficient so
that heat penetrates into the interior of the particles
and induces some transformations, for a certain
number of materials [18,19].

Acid activation was carried out by mixing 45 g of
halloysite treated at 600˚C with 1,125 mL of HCl
solution (solid/solution ratio: 1/25) of concentration
5 N. The suspension was stirred at 70˚C for 4 h then fil-
tered. The recovered solid was abundantly washed
with distilled water, to remove any unspent acid, dried
at 110˚C for 2 h, and stored for further use. The sam-
ples were named H, H600, and H600-5N, respectively.

2.2. Characterization

The chemical analysis of the untreated halloysite
and the SiO2/Al2O3 molar ratio of all halloysitic solids
were determined by ICP-AES on a Perkin-Elmer instru-
ment. Infrared spectra were recorded with a Shimadzu
1240 FT-IR spectrometer (resolution 2 cm−1). The struc-
ture band region (4,000–400 cm−1) was investigated
using KBr wafers containing 0.5% of sample. TEM
images were determined with a JEOL 2100 electron
microscope. An EDX detector for X-ray energy disper-
sive analysis was attached to this microscope. The clay
sample was previously ultrasonically dispersed in
ethanol for 5 min. The assessment of textural properties
was carried out by nitrogen adsorption–desorption. The
measurements were performed at 77 K via an ASAP
2010 instrument (Micromeritics). Specific surface area
was calculated by the BET method. External surface
area and micropore volume were determined by the
t-plot method. Mesopore volume was calculated from
the desorption branch of the corresponding nitrogen
isotherm.

2.3. Adsorption procedure

A stock solution of MG (C.I.: 42555, chemical for-
mula C52H54N4O12, FW: 927.00 g mol−1, λmax = 617 nm,
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supplied by Merck) of concentration 1,000 mg L−1 was
prepared by dissolving an appropriate amount in
distilled water. The working solutions were prepared
by diluting the stock solution into the desired concen-
trations. The adsorption experiments were performed
via the batch method. 0.02 g of the halloysitic solid
was mixed with 20 mL of aqueous MG solution. After
each experiment, the solution was separated by cen-
trifugation. The supernatant was analyzed by visible
spectrophotometry, at 617 nm, using a Shimadzu 1240
UV–vis spectrophotometer. The adsorbed amount was
calculated from the difference between the initial and
final concentrations. The effects of pH, contact time,
concentration, and temperature were studied. The
experimental conditions are outlined in Table 1.

2.4. Theoretical considerations

2.4.1. Adsorption kinetics

In order to investigate the controlling mechanism
of the adsorption process, various kinetic equations
were applied to test the experimental data. Lagergren
[20] proposed a pseudo-first-order kinetic model. The
integral form of the model is

logðQe �QtÞ ¼ logQe � K1t

2:303
(1)

where Qt is the amount adsorbed at time t (mg g−1),
Qe the adsorption capacity at equilibrium (mg g−1), K1

the pseudo-first-order rate constant (min−1), and t is
the contact time (min).

The adsorption kinetics may also be described by a
pseudo-second-order reaction. The linearized-integral
form of the model is [21]:

t

Qt
¼ 1

K2Q2
e

þ t

Qe
(2)

where K2 (g mg−1 min−1) is the pseudo-second-order
rate constant of adsorption. The initial adsorption rate,
h, as t → 0, can be defined as

h ¼ K2 �Q2
e (3)

The plot of t/Qt vs. t should give a linear relationship,
from which K2 and h can be determined from the
slope and intercept of the plot.

During adsorption under batch mode, there is a
possibility of transport of adsorbate species into the
pores of adsorbent, which is often the rate-controlling
step. The intraparticle diffusion rate equation can be
written as follows [22]:

Qt ¼ Kidt
1=2 þ C (4)

where Kid (mg g−1 min−1/2) is the intraparticle diffu-
sion rate constant and C is the constant. The values
Kid and C are calculated from the slope and the inter-
cept, respectively, of the plot of Qt vs. t

1/2.
Kasra equation, introduced by Samiey and Farhadi

[23], can be abbreviated as:

Qt ¼ At2 þ Btþ C (5)

where

A ¼ 1

2
ai; B ¼ v0i � ait0i and

C ¼ Q0i � 1

2
ait

2
0i � ðv0i � ait0iÞ � t0i

(6)

with ai: adsorption acceleration; v0i and t0i: velocity and
time values in the beginning ith region, respectively; vi:
Adsorption velocity in the ith region at time t.

Table 1
Experimental conditions during the adsorption/desorption of MG

Contact time 1, 3, 5, 10, 20, 40, 60, 120, 240 min; Cinitial = 80 mg L−1

[Solid]/[solution]: 1 g L−1; T: 25, 40, 55˚C; pH: 5.1
Concentration 40, 60, 80, 100, 150, 200, 300, 400 mg L−1

[Solid]/[solution]: 1 g L−1; contact time: 2 h; pH: 5.1
Temperature 25, 40, 55˚C

[Solid]/[solution]: 1 g L−1; contact time: 2 h; pH: 5.1
pH pH 3.1–5.0–6.9–9.0; Cinitial = 80 mg L−1

[Solid]/[solution]: 1 g L−1; contact time: 2 h; T: 25˚C
Desorption Solvents: water (H2O); methanol (CH3OH); ethanol (C2H6O); butanol (C4H10O); DMSO

(dimethylsulfoxide); acetone (C3H6O); 50% (water) + 50% (methanol)
[Solid]/[solution]: 1 g L−1; contact time: 4 h; T: 25, 55˚C
Cinitial = 400 mg L−1
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2.4.2. Adsorption isotherms modeling

The equilibrium models of Langmuir, Freundlich,
and Redlich–Peterson (RP) were used to fit the experi-
mental data. The Langmuir equation can be written
under the following form [24]:

Ce

Qe
¼ 1

Qm � KL
þ Ce

Qm
(7)

where Qe is the equilibrium amount removed from
solution (mg g−1), Ce is the equilibrium concentration
(mg L−1), KL is the constant related to the affinity of
binding sites (L mg−1), and Qm is the maximum
amount per unit weight of adsorbent for complete
monolayer coverage (mg g−1).

The Freundlich model has been widely adopted
and may be written under the form [25]:

logQe ¼ logKF þ 1

n
logCe (8)

where KF is the constant taken as an indicator of
adsorption capacity (L g−1) and 1/n is the constant
indicative of the adsorption intensity.

The three-parameter RP equation [26] has been
proposed to improve the fit by the Langmuir or
Freundlich equations and is given by:

Qe ¼ KRPCe

1þ aRPC
b
e

(9)

where Qe (mg g−1) is the amount adsorbed at equilib-
rium, Ce (mg L−1) is the equilibrium solution concen-
tration, KRP and aRP are the constants of the RP
equation, and β is the heterogeneity factor that
depends on surface properties of the adsorbent.

2.4.3. Thermodynamic study

The thermodynamic parameters ΔH˚, ΔS˚, and ΔG˚
were evaluated using the equation:

lnKd ¼ ð�DH�=R � TÞ þ ðDS�=RÞ (10)

where ΔH˚ and ΔS˚ are the change in enthalpy
(kJ mol−1) and entropy (J mol−1 K−1), respectively. T
is the absolute temperature (K), R is the gas constant
(J mol−1 K−1), and Kd is the distribution coefficient
(L g−1). This coefficient reflects the overall MG-surface
affinity and is given by:

Kd ¼ Qe=Ce (11)

The enthalpy and entropy changes are graphically
determined by plotting ln Kd vs. 1/T, which gives a
straight line. According to thermodynamics, the Gibbs
free energy change, ΔG˚, is related to ΔH˚ and ΔS˚ at
constant temperature by the following equation:

DG� ¼ DH� � TDS� (12)

3. Results and discussion

3.1. Characterization

3.1.1. FTIR analysis

The FTIR spectra are shown in Fig. 1. The starting
material, H, highlights two bands in the 3,700–
3,600 cm−1 region, characteristic of the stretching
vibrations of hydroxyl groups. The vibration at
1,115 cm−1 is assigned to the stretching mode of apical
Si–O. The bands at 1,042 and 922 cm−1 are caused by
the stretching vibrations of Si–O–Si and the bending
mode of inner surface hydroxyl groups, Al–O–H,
respectively [27]. The band observed at 548 cm−1 is
due to the deformation vibration of Al–O–Si. A
detailed assignment was previously given [16]. When
halloysite is processed at 600˚C (H600), significant
changes occur in the vibrational spectrum. The 3,704
and 3,632 cm−1 bands disappear, indicating a release
of OH radicals, due to the dehydroxylation of struc-
tural aluminol groups [17]. The 922 cm−1 band due to
Al–O–H also vanishes, implying once again aluminol
groups.

After heat treatment and acid activation, a broad
band in the 3,100–3,700 cm−1 range with a maximum
at 3,429 cm−1 appears in the H600-5N spectrum, indi-
cating the formation of silica nanoparticles [28]. The
signal at 1,115 cm−1, corresponding to the stretching
mode of apical Si–O, disappears. As this oxygen binds
silicon to aluminum of octahedral sheet, the latter is
disturbed by acid attack. The widening of the band
having a maximum at 1,077 cm−1, the disappearance
of the signals at 682 (Si–O–Al) and 760 cm−1 (Si–O–Al
perpendicular stretching), and the increase in the
794 cm−1 band (symmetric Si–O–Si stretching;
780 cm−1 in H), indicate the formation of amorphous
silica [29] and the depopulation of octahedral sheet,
subsequent to the dissolution of alumina [28]. In line
with this interpretation, the SiO2/Al2O3 molar ratio
rises from 2.08 (H) to 27.11 (H600-5N) (Table 2).

3.1.2. Transmission electron microscopy

TEM images of H, H600, and H600-5N are pre-
sented in Fig. 2. The starting material, H, evidences
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particles having a cylindrical shape and contains a
transparent central area that runs longitudinally along
the cylinder, indicating that the nanotubular particles
are hollow and open-ended. The particles are of rather
different sizes both in diameter and in length. Their
external diameters vary from 50 to more than 100 nm
while internal diameter is about 10 nm. These rolled
tubes consist in a number of aluminosilicate sheets,
curved, and closely packed. Nanotubular particles
were also obtained for H600 proving that the thermal
treatment at 600˚C conserves the morphology of hal-
loysite. Their external and internal diameters vary
from 30 to 180 nm and from 10 to 30 nm, respectively.
A phase rich in Al, O, and Mn was evidenced by EDX
in the microscope. This phase consists of agglomerated
small plates of diameter about 10 nm. H600-5N also
leads to a tubular morphology, although the obtained
tubes are damaged. Dehydroxylation phenomenon
associated with the leaching of Al3+ alters somewhat
the tubular shape of halloysitic clays. The observation

of these morphological details is of a great relevance.
The defects on surface such as surface breakage or
crystallographic defects could prove as potential reac-
tion sites for the surface chemistry of halloysite
nanotubes [30].

3.1.3. Textural analysis

The textural parameters are summarized in Table 2.
Specific surface area, SBET, remains more or less con-
stant after thermal treatment at 600˚C. As the unmodi-
fied halloysite, the texture of H600 is primarily
represented by mesopores, with 98% of the total vol-
ume of pores. This confirms the mesoporous character
of dehydroxylated halloysite. Thermo-chemical activa-
tion leads to a specific surface area of 503 m2 g−1 for
H600-5N, i.e. eight orders of magnitude higher than
that of H (63 m2 g−1). This increase is accompanied by
that of internal and external surfaces, in a ratio of 27.7
and 2.9, respectively. This shows that the leaching

Fig. 1. FTIR spectra of H, H600, and H600-5N.
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phenomenon increases mainly the internal surface of
the material. Chemical activation extracts Al3+ cations
from the octahedral sheet, destroys fragments of
layers, causes the formation of “holes” in the hal-
loysitic matrix, and ensures the accessibility of internal
surface. In line with this behavior, microporosity and
the SiO2/Al2O3 molar ratio rise up to 20.3% and 27.11,
respectively (Table 2).

3.2. MG adsorption

3.2.1. pH influence

The effect of pH is shown in Fig. 3 at
Cinitial = 80 mg L−1. The MG+ adsorption increases
quickly from pH 3 to 5, beyond which it remains more
or less constant. Hameed and El-Khaiary [31] also
obtain such an evolution, in the case of the fixing of
green malachite by wood. For illustration, H600-5N
adsorbs 32.3 and 58.3 mg g−1 at pH 3 and 5, respec-
tively. As mentioned in a previous work [16], Algerian
halloysite has an isoelectric point (IEP) equal to 2.5. Its
surface charge is positive at pH < 2.5 and negative for
pH > 2.5. In the range 3–5, i.e. pH > pHiep, it must be
expected that the retention ability increases with
increasing the initial pH of the solution, consequence
to the electrostatic attraction between the dye mole-
cules, positively charged, and negatively charged
adsorption sites. Adsorption does not vary signifi-
cantly in the range of 5–9, because the accumulation
of MG cations in the interfacial region causes the
development of a positive charge, which inhibits fur-
ther adsorption of MG cations [32].

3.2.2. Kinetic study

The effects of contact time and temperature are
represented in Fig. 4. Adsorption rate is rapid in the
first 10 min [33]. Thereafter it decreases gradually,
reaching equilibrium at about 1 h. Further increase in
contact time did not change significantly dye removal.

Table 2
SiO2/Al2O3 molar ratio and textural parameters of the modified halloysites

Samples

SiO2/
Al2O3

molar
ratio

Specific
surface
area SBET
(m2 g−1)

External
surface
area Sext
(m2 g−1)

Internal
surface
area Sint
(m2 g−1)

Total
volume of
pores
(cm3 g−1)

Micropore
volume
(cm3 g−1)

Mesopore
volume
(cm3 g−1)

Micropore volume

Total volume
� 100

(%)

H 2.08 63 50.1 12.9 0.288 0.006 0.282 2.1
H600 1.92 60.5 48.9 11.6 0.273 0.005 0.268 1.8
H600-5N 27.11 503.3 146.3 357.0 0.750 0.152 0.597 20.3

Fig. 2. Transmission electron microscopy images of H,
H600, and H600-5N.
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So, an agitation time of 2 h seems to be sufficiently
long to achieve equilibrium. Fast adsorption at the ini-
tial contact time is due to the availability of the nega-
tively charged surface sites. The data also indicate that
there is a significant difference in the removal of MG
over the first 10 min. At 25˚C, H600-5N, H600, and H
adsorb 80, 40, and 56% of their maximum capacity,
respectively. The highest capacity of H600-5N is
probably due to the accessibility of its internal surface.
The decrease in adsorbed quantity with increasing
temperature suggests a mechanism of physical nature.

The parameters of the models used are reported in
Table 3. The pseudo-first-order equation was found
unsuitable for H600-5N. The determination coeffi-
cients, R2, are low, and the estimated theoretical
quantities, Qe (cal), are different from the experimental
values, Qe (exp). The fit of the experimental data with
the pseudo-second-order model is more appropriate.
Linear plots of t/Qt vs. t (Eq. (2)) [21] were obtained
(data not shown), corresponding to high R2 values, i.e.
>0.99. The Qe (cal) and Qe (exp) values are in close
agreement. This model was successfully applied for
the MG-eucalyptus bark system [34], and suggests that
adsorption depends on the adsorbate–adsorbent
couple.

The initial adsorption rate, h, decreases with
increasing temperature, so that adsorption is ham-
pered at first. The evolution of rate constants, K2, as a
function of temperature is unclear, indicating that the
MG adsorption onto modified halloysites does not fol-
low only second-order mechanism. The possibility of
the intraparticle pore diffusion of adsorbate is always
present especially for a porous material such as H600-
5N. The plots of Qt vs. t

1/2 (Eq. (4)) led to three linear
portions (figures not shown). The first represents the
external transport of mass, the second intraparticle
diffusion, and the last surface saturation [22]. Except
for H600 at 25˚C, high determination coefficients

(0.979–0.999) were obtained (Table 3), corresponding
to the second linear portion. The intraparticle diffusion
rate constant, Kid, decreases overall with temperature,
indicating a hindrance in pore diffusion. Intraparticle
diffusion cannot be accepted as the only rate-control-
ling step, due to the deviation of the plots from the
origin (C values ≠ 0, Table 3). As consequence, the
boundary layer diffusion affects the MG adsorption to

Fig. 3. Effect of initial pH on the adsorption of MG onto
H, H600, and H600-5N.

Fig. 4. Effect of contact time on the uptake of MG onto H,
H600, and H600-5N, at 25, 40, and 55˚C.
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some extent. The values of intercept, C, give an idea
about the thickness of boundary layer, i.e. the larger
the intercept, the greater is the boundary layer effect
[35]. The C values of H600-5N rise considerably com-
pared to those of the unmodified halloysite. At 55˚C,
it is 59.3 times larger than that of H. Treatment with
HCl disrupts the interfacial properties of dehydroxy-
lated halloysites, so that the boundary layer effect
plays a prominent role.

Kinetics of MG adsorption at different tempera-
tures was studied by Kasra equation (Eq. (5)) [23],
which shows that there are two regions before a pla-
teau (data not shown). In each kinetic experiment, the
number of surface adsorption sites and MG concentra-
tion decrease with increasing time. The values of
acceleration, ai, are globally negative, while velocity,
vi, decreases with increasing temperature (Table 4).
For all materials, v0i decreases and ai becomes less
negative from the first to the second region. This is
due to the decrease in MG concentration and the num-
ber of unoccupied sites on the surface of the samples.
The R2 values are <0.91, so this equation cannot
describe the adsorption kinetics of MG onto the
modified halloysites.

3.2.3. Adsorption equilibrium

3.2.3.1. Isotherms. The adsorption equilibrium of MG
onto H, H600, and H600-5N, was studied via a bath
process at 25, 40, and 55˚C. The isotherms are depicted
in Fig. 5. Over the temperature range studied, the iso-
therms show that the extent of adsorption decreases
with increasing temperature, indicating that a low
temperature favors the MG removal from aqueous
solutions. For example, H600-5N adsorbs 192.6 and
144.9 mg g−1 at 25 and 55˚C, respectively. This feature
suggests that the mechanism involves a physical pro-
cess. Whatever temperature, the affinity follows the
sequence H600-5N > H600 > H. The textural properties
of H600-5N explain its highest capacity. The intermedi-
ate adsorption of H600, compared to H, is due to the
amorphization of the structure, consequence of dehy-
droxylation phenomenon, which highlights a large
degree of structural disorder [36]. Using the classifica-
tion of Giles et al. [37], the obtained isotherms are L-
shaped. The initial curvature of L-curve shows that the
contaminant has a high affinity for the surface, while
the slope falls steadily with a rise in concentration.

3.2.3.2. Comparison with other adsorbents. The values of
the maximum adsorption capacity of different adsor-
bents towards MG are listed in Table 5. The results
show that H600-5N has a great capacity because
higher than for adsorbents such as kaolinite, zeolite,T
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sawdust, and activated carbon. Thereby, this material
appears very effective for removing cationic dyes from
wastewaters.

3.2.3.3. Fitting the models to the experimental data. Fitting
of adsorption isotherm equations to experimental data
is an important aspect of data analysis. The accuracy
of the fit of a model with the experimental data is
given by the determination coefficient, R2, which is
the square of the correlation coefficient, R, and the
average relative error, E%. Sample was eliminated on
the basis of a determination coefficient lower than 0.98T
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Fig. 5. Adsorption isotherms of MG, according to the
experimental data (…) and RP model (—), onto H, H600,
and H600-5N.
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and an average relative error higher than 10%. The
linearization parameters of both Langmuir and
Freundlich models are summarized in Table 6.

The Langmuir isotherm (Eq. (7)) shows an inade-
quate fit of the experimental data of H and H600-5N,
giving E and R2 values as high as 16.0% and lower
than 0.93, respectively. The low representativeness of
this model with respect to the experimental data of
H600-5N can be explained from its hypotheses: an
adsorbent where all sites are identical and energeti-
cally equivalent seems to be unlikely for a heat-treated
and acid-leached sample. A relatively better descrip-
tion was obtained by Freundlich equation (Eq. (8)),
a model applicable for heterogeneous adsorbents. The
E values are lower than 10% though some R2

are <0.98. This feature indicates that adsorption takes
place onto energetically heterogeneous solids. This
equation was found to be appropriate for describing
the MG adsorption onto fly ash [43].

The RP model includes three adjustable parameters
and requires a non-linear regression method. It can be
applied to both homogeneous and heterogeneous
systems. The related parameters are calculated and

tabulated in Table 6. The RP equation (Eq. (9))
describes efficiently the MG adsorption onto H, H600,
and H600-5N (Fig. 5). The validation parameters of
this model were found to be ≥0.98 and <9%. The RP
equation was successfully used for the adsorption of
Cu(II) onto acetate-intercalated halloysites [44] and
Reactive Black 5 onto dolomitic solids [45]. The values
of β exponent are <1, indicating a favorable adsorption
onto heterogeneous materials. The surface heterogene-
ity factor, β, depends on the surface properties. Ther-
mal and/or acid activation results in the formation of
an amorphous mesoporous texture, which is at the ori-
gin of the creation of heterogeneous adsorption sites.
H600-5N presents the highest KRP value, in line with
its greatest adsorption capacity.

3.2.4. Thermodynamic parameters

The thermodynamic parameters obtained from Eqs.
(10)–(12) are listed in Table 7. The negative ΔH˚ values
indicate that the MG adsorption is exothermic. The
process is, thus, disadvantaged by an increase in tem-
perature, while the heat release decreases according to:

Table 5
Comparison of uptake capacities of MG for various adsorbents

Adsorbent Qm (mg g−1) Refs.

Neem sawdust 4.3 [11]
Kaolinite 25.7 [38]
Natural zeolite 27.3 [39]
Coconut coir activated carbon 27.4 [13]
Organically modified clay 56.8 [40]
Beech sawdust 83.2 [41]
Bentonite clay 178.6 [42]
H600-5N 192.6 Present study

Table 6
Adjustable parameters of the Langmuir, Freundlich, and RP models

Samples
T
(˚C)

Langmuir model Freundlich model Redlich–Peterson model

Qm

(mg g−1)
KL

(L mg−1) R2
E
(%)

KF

(L g−1) n R2 E (%)
KRP

(L g−1) β
aRP
(mg L−1)−β R2

E
(%)

H 25 85.5 0.007 0.953 8.95 3.35 1.99 0.989 4.09 12.041 0.503 3.426 0.990 3.92
40 61.7 0.013 0.983 7.46 4.85 2.44 0.984 3.69 15.311 0.614 2.769 0.986 3.54
55 57.5 0.009 0.923 10.89 3.93 2.42 0.974 4.29 11.017 0.561 3.105 0.978 5.47

H600 25 244.0 0.0069 0.985 3.48 4.01 1.46 0.980 8.00 2.115 0.874 0.020 0.995 6.97
40 213.0 0.0057 0.980 3.88 2.97 1.44 0.976 2.19 1.286 0.942 0.009 0.994 4.21
55 151.0 0.0075 0.988 3.35 3.70 1.66 0.981 5.63 1.304 0.819 0.025 0.994 3.63

H600-
5N

25 208.0 0.035 0.979 16.01 26.68 2.71 0.979 6.12 19.077 0.719 0.425 0.984 8.25
40 164.0 0.0220 0.984 8.88 15.03 2.43 0.993 3.35 18.534 0.647 0.873 0.996 3.52
55 145.0 0.0150 0.980 7.52 9.62 2.19 0.996 2.60 9.393 0.623 0.614 0.998 1.44
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H600-5N > H600 > H. The negative values of ΔS˚
suggest adsorbate–adsorbent systems much more
ordered, for which the number of freedom degrees at
the solid–liquid interface decreases with adsorption.
The stronger the heat release, the greater ΔS˚ value.
Generally, the change in free energy, for physisorption,
is between −20 and 0 kJ mol−1, while chemisorption is
from −80 to −400 kJ mol−1 [46]. The values of ΔG˚
show that the MG retention is of physical nature. The
adsorption onto H600-5N also occurs spontaneously.
Negative values of ΔG˚ were also found for the
MG-modified kaolin system [47]. This spontaneous
character decreases with increasing temperature. For
H600, the process becomes not spontaneous at 55˚C.
The negative values of ΔH˚ and ΔS˚, associated with
the positive values of ΔG˚, indicate that, for H, adsorp-
tion would be spontaneous at low temperatures [48].

3.3. Desorption and regeneration

The heat-treated and acid-leached sample (H600-
5N) presents the strongest adsorption capacity
towards MG. It was, thus, considered for the desorp-
tion and regeneration studies. Seven solvents and two
temperatures were used to extract MG adsorbed onto
H600-5N (Fig. 6). Desorption and regeneration values
give an idea about the type of the adsorbate–adsor-
bent interaction, and the possibility of adsorbent
regeneration [49]. Water is a very poor regenerant,
since only 6.88% were desorbed at 25˚C from H600-
5N. This proves that MG has more affinity for this
material than for water. Among the other eluents,
methanol manifests at 25˚C the greatest desorption
capacity. This capacity is very sensitive with respect to
the length of hydrocarbon chain, i.e., methanol, etha-
nol, and butanol. The longer the hydrocarbon chain,
the lower the desorption capacity. At 25˚C, methanol
desorbs 80.0% of the total amount adsorbed. If the
adsorption process is entirely reversible, 100% of the
adsorbed molecules will be desorbed. The fact to
obtain 80% indicates that some heterogeneity exists on
the surface of the halloysitic solid, where a strong
interaction is possible between MG molecules and
some sites of higher energy [50].

Desorption increases overall with temperature, i.e.
at 55˚C instead of 25˚C. It reaches an extent more or
less identical, around 75%, except for water. This
could be explained by the physical nature of the MG
adsorption onto H600-5N (ΔH = −27.44 kJ mol−1). It
would be expected that an increase in temperature
would result in an increase in desorption rate, due to
decreasing adsorption capacity. Whatever tempera-
ture, the recovered dye was characterized at λmax of
617 nm, i.e. the same wavelength considered in
adsorption. This confirms that there is no change in
MG structure during recovery process [51].

The ease in desorption and regeneration constitutes
an important aspect for the practical application of
any adsorbent. Six adsorption–desorption cycles were
evaluated using methanol as eluent (Fig. 7). In the first
four cycles, H600-5N maintains almost the same
adsorption capacity. From the fifth cycle, it decreases
and reaches 61%, for the last cycle. One of the met
problems is that a certain amount of the adsorbent
was lost during the successive adsorption–desorption
cycles. Another problem is that some adsorption sites
were occupied permanently by alcohol [52]. This
explains why from a certain number of cycles,
adsorption decreases.

Table 7
Thermodynamic parameters for the MG adsorption onto modified halloysites

Samples ΔH (kJ mol−1) ΔS (J mol−1 K−1)

ΔG (kJ mol−1)

R225˚C 40˚C 55˚C

H −4.93 −23.36 2.04 2.39 2.74 0.721
H600 −14.31 −45.33 −0.80 −0.12 0.56 0.997
H600-5N −27.44 −80.48 −3.45 −2.25 −1.04 0.997

Fig. 6. Desorption percentage of MG from H600-5N with
different solvents, at 25 and 55˚C.
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4. Conclusion

Thermal and acid treatments lead to a halloysitic
solid having promising adsorptive properties. Hal-
loysite was, thus, treated at 600˚C and with 5-N HCl.
The obtained solid, H600-5N, maintains its nanotubu-
lar structure, leaches Al from octahedral sheet, pre-
sents a SiO2/Al2O3 molar ratio of 27.11, develops a
microporosity of 20.3%, and highlights a specific area
of 503 m2 g−1. As consequence, it adsorbs 192.6 mg g−1

of MG at 25˚C. This adsorption is spontaneous and
exothermic, i.e. of physical nature. MG is easily des-
orbed with methanol. H600-5N is easily regenerated
and maintains its adsorption capacity within four
adsorption–desorption cycles. On the basis of all these
considerations, this material may be used as a viable
adsorbent for dye removal from the effluents of textile
and allied industries.
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