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Abstract: The effect of acid treatment on the adsorptive capacity of a Brazilian palygorskite to
remove the crystal violet (CV) and congo red (CR) dyes was investigated. The raw palygorskite was
acid-treated by different HCl solutions (2, 4, and 6 mol/L). The modifications on the palygorskite
structure were investigated using X-ray diffraction, X-ray fluorescence, Fourier-transform infrared
spectroscopy, N2 adsorption/desorption, and thermogravimetric and differential thermal analysis.
The efficiency of CV and CR adsorption was investigated, and the effect of the initial concentration,
contact time, pH, and adsorbent amount was analyzed. The results revealed that CV adsorption in
the acid-treated palygorskite was higher than that of the raw material. A Langmuir isotherm model
was observed for the adsorption behavior of CV, while a Freundlich isotherm model was verified for
the CR adsorption. A pseudo-second-order model was observed for the adsorption kinetics of both
dyes. The higher CV adsorption capacity was observed at basic pH, higher than 97%, and the higher
CR removal was observed at acidic pH, higher than 50%. The adsorption parameters of enthalpy
(∆H), entropy (∆S), and Gibbs energy (∆G) were evaluated. The adsorption process of the CV and
CR dyes on the raw and acid-treated Brazilian palygorskite was predominantly endothermic and
occurred spontaneously. The studied raw palygorskite has a mild-adsorption capacity to remove
anionic dyes, while acid-treated samples effectively remove cationic dyes.

Keywords: palygorskite; adsorption; anionic dye; cationic dye; water treatment

1. Introduction

The increase in industrial production and the world population has also increased
water contamination from industrial and domestic sources [1]. Effluents derived from the
textile, food, plastics, and cosmetics industries are rich in dyes [2,3]. Dyes have a complex
structure, are stable to light and heat, can be highly toxic, potentially carcinogenic, and
mutagenic [4], and rapidly accumulate in living cells and damage human health [5,6].

Crystal violet (CV) is a cationic dye widely used in the textile, plastics, paint, and
leather industries [7,8]. The CV dye is not biodegradable; it is toxic, genotoxic, and
carcinogenic [5,8,9]. The presence of the crystal violet dye in water can promote the growth
of tumors and reproductive abnormalities in fishes [10]. CV dye exposure can cause eye
irritation and painful sensitization to light, and in extreme cases, respiratory diseases,
kidney failure, chemical cystitis, permanent blindness, and cancer [7,11–13].

Congo red (CR) is an anionic dye often used in the textile, cellulose, rubber, and
cosmetics industries [14,15]. In water, besides harming the photosynthesis of plants, the CR
dye decomposes into carcinogenic and mutagenic substances [16,17]. In humans, the CR
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dye can cause skin and eye irritation, nausea, vomiting, and a high level of contamination-
induced respiratory diseases and cancer [18,19].

Currently, the removal of dyes from water has become a huge challenge, and efficient
and low-cost techniques have been sought with intensity in recent years [9]. Among the de-
velopments, nanofiltration [20], photocatalytic oxidation [21], coagulation/flocculation [22],
electrochemistry [23], membrane filtration [24] and adsorption [25–27] stand out.

Adsorption presents great effectiveness, ease of operation, and low cost. Adsorbent
material can be reused, applied to various pollutants, and be used in water treatment in a
broad range of dye concentrations [28–30]. However, some adsorbent materials can present
a high cost, especially notable in emerging countries, such as activated carbon [31,32]. This
motivated the search for alternative low-cost and efficient adsorbents for the treatment of
waters. Clays are often used as dye adsorbents due to their relatively low cost, abundance,
availability, non-toxicity, and high adsorptive properties [32–36]. However, one of these
clays, the palygorskite, has been studied less than others, despite its high potential for
dye adsorption. In recent years, palygorskite has been investigated as an adsorbent for
removing various contaminants because of its low cost and high surface area [32,36–40].

An Al-rich palygorskite with an R2+/R3+ ratio (Mg2+/(Al3+ + Fe3+)) of ≈0.26 from
Oman [41] was studied in relation to the removal of cationic/basic dyes, namely, methylene
blue (MB) and crystal violet (CV), from aqueous solutions, and the adsorptive capacities
of 50.8 mg/g and 57.8 mg/g for MB and CV, respectively, were obtained. Three natural
Mg-rich and Al-rich (Mg-poor) palygorskites from China [38] were studied to absorb
cationic MB and the adsorptive capacities of 158.03 mg/g, 98.34 mg/g, and 77.92 mg/g
were obtained. The palygorskite with the lower R2+/R3+ (0.5) ratio and a dioctahedral
character had the higher adsorption capacity [38]. However, studies [42] on Algerian
palygorskite, with an R2+/R3+ ratio of ≈0.95 and a dioctahedral-trioctahedral character,
obtained an adsorptive capacity of just 15 mg/g for MB. These results indicate that the
dioctahedral character, Al-rich palygorskite seems to favor the adsorption of cationic dyes.

An investigation that used a palygorskite from the Unites States with an R2+/R3+ of
≈0.95 for the removal of reactive red 120 (anionic dye) [43] observed a low adsorptive
capacity, not exceeding 0.5 mg/g. A Brazilian palygorskite [44], with an R2+/R3+ of 0.75
and a dioctahedral-trioctahedral character, was used to remove remazol yellow (anionic
dye) and obtained an adsorptive capacity of 20.08 mg/g. These studies indicate that
palygorskites with high R2+/R3+ present a low adsorption capacity for anionic dyes.

Yang et al. [33] investigated the adsorption capacity of the anionic and cationic dyes
on the commercial Chinese palygorskite, which some metal ions (Ca2+, Mg2+, Na+, and K+)
were removed with the aid of soxhlet extraction. The metal ions removed implied more
adsorption active sites for cationic dyes; thus, there was an improvement to the adsorption
capacity for these dyes, such as the crystal violet and cationic light yellow dyes. On the
other hand, before removing the metal ions, the commercial Chinese palygorskite showed
a relatively high adsorptive capacity for anionic methyl orange dye. In this case, the
metal ions act as bridges for efficient adsorption for these dyes. Other factors, such as the
molecular structure of the dyes, were also identified as efficient in the adsorption. Another
Chinese palygorskite was acid-treated with HCl [45] to be used in the adsorption of MB,
and a high adsorption capacity (216.5 mg/g) was achieved. These studies indicate that
acid treatment improves adsorption capacity for cationic and anionic dyes in palygorskites
with a dioctahedral-trioctahedral character.

These studies indicate a high potential for water treatment with palygorskites. It was
observed that the adsorptive potential of Chinese palygorskites has been well discussed
in the literature. In contrast, few studies have approached the adsorptive potential of the
Brazilian palygorskite for dye removal [44,46]. Furthermore, little has been explored about
how acid treatment affects the Brazilian palygorskite structure [47]. Thus, this work aimed
to analyze the effect of acid treatment on Brazilian palygorskite structure and to evaluate
its potential in treating water contaminated with dyes.
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2. Materials and Methods
2.1. Raw Materials

Palygorskite clay investigated in this work it is from Guadalupe City, Piauí State,
Brazil, and was supplied by União Brasileira de Mineração S.A. (UBM). The crystal violet
dye (CV) (Synth, Brazil), congo red dye (CR) (Dinâmica Química, Brazil), hydrochloric
acid, and ammonium hydroxide (VETEC, Brazil) were the other raw materials used in
this study.

2.2. Acid Treatment

The as-received palygorskite was treated at 60 ◦C for 24 h, sieved (0.074 mm), and acid-
treated with HCl. Then, 50 g of palygorskite was immersed in 500 mL of hydrochloric acid
solution in different concentrations (2, 4, and 6 mol/L) under reflux conditions for 2 h at
70 ◦C. The mixture was filtered under vacuum and washed several times with distilled wa-
ter until the filtered solution reached a pH = 7. Finally, the material obtained was dried for
12 h at 60 ◦C. Table 1 shows the nomenclatures used for the raw and activated palygorskite.

Table 1. Nomenclature of the samples with and without acid treatment.

Treatment Acid Concentration Sample Nomenclature

None - Pal
Acid HCl–2 mol/L Pal-2M
Acid HCl–4 mol/L Pal-4M
Acid HCl–6 mol/L Pal-6M

2.3. Characterizations

X-ray diffraction (Shimadzu, XRD-6000) was performed using CuKα (λ = 1.54 Å),
operated at 40 kV and 30 mA, in a 2θ angular range of 5◦–50◦ and 0.02◦ of step size [46,47].
The chemical analysis was determined using an X-ray fluorescence spectrometry (Shi-
madzu, EDX-720). Infrared spectra with Fourier-transform infrared spectrometry (FTIR)
were recorded in the spectral range from 4000 cm−1 to 400 cm−1, with 32 scans and 4 cm−1

resolution, using KBr pellets (Bruker, Vertex-70). Thermogravimetric (TG) and differen-
tial thermal analysis (DTA) were performed under an air atmosphere, with a heating
rate of 10 ◦C/min (Shimadzu, DTG-60H). A nitrogen adsorption/desorption test (Quan-
tachrome, Autosorb iQ) was performed and the specific surface area and pore diameter
were determined using the Brunauer–Emmett–Teller (BET) method [48,49].

2.4. Adsorption Experiments

Adsorption tests were performed to investigate the effect of contact time, initial
adsorbate concentration, adsorbent dosage, and pH variation. The adsorbent-solution
systems were shaking (150 rpm) at 25 ◦C for up 360 min. After shaking, the samples were
centrifuged at 3600 rpm for 5 min. The residual dye concentrations in the supernatant
were measured by absorbance at 582.5 nm and 501 nm for λmax for the CV and CR dyes,
respectively. The experiments were accomplished by UV-vis absorption spectrophotometry
(UV-1800, Shimadzu). The amount of CV and CR dyes adsorbed on the Pal, Pal-2M, Pal-4M,
and Pal-6M samples was calculated using Equation (1) [50], and the removal percentage
was calculated using Equation (2) [51]:

qe = [(Co − Ce)V]/m (1)

%adsorbed = [(Co − Ce)/Co] × 100 (2)

where qe (mg/g) is the adsorption capacity, Co (mg/L) and Ce (mg/L) are the initial and
equilibrium concentrations, respectively, V (L) is the volume of the solution, and m (g) is
the mass of the palygorskite samples.
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To study the effect of the CV and CR dye concentrations, 20 mg of the investigated
samples were added in flasks containing 20 mL of the dye solution with different concentra-
tions ranging from 2.5 to 200 mg/L. The pH of 7 was kept constant. The effects of contact
time (15–360 min), pH (3, 5, 7, 9, and 11), and temperature (25–55 ◦C) were investigated by
adding 20 mg of the investigated samples (Pal, Pal-2M, Pal-4M, and Pal-6M) into 20 mL
of the CV or CR solution with a 50 mg/L concentration. The initial pH of the solutions
was adjusted by adding 0.1 M NH4OH or HCl. The influence of the adsorbent dosage was
analyzed by varying the amount of samples between 10 to 40 mg at a concentration of CV
and CR of 50 mg/L at pH = 7.

2.5. Isothermal, Kinetic, and Thermodynamic Studies

The Langmuir (Equation (3)) [52] and Freundlich (Equation (4)) [53,54] isothermal
models were used in the analysis of adsorption data:

Ce/qe = [1/(qmax· KL)] + (Ce/qmax) (3)

where qe (mg/g) is the amount adsorbed in the equilibrium, Ce(mg/L) is the equilibrium
concentration, qmax (mg/g) represents the maximum adsorption, and KL (L/mg) is the
Langmuir constant.

logqe = logKf+ 1/n (logCe) (4)

where Ce and qe are as defined above, and Kf ((mg/g)(L/mg)1/n) and 1/n are the Freundlich
constants characteristic of the system. Kf represents an approximate value of the adsorption
capacity, and 1/n indicates the intensity of the adsorption process and is related to the
heterogeneity of the surface, with values between 0 and 1; the closer the value is to 0, the
more heterogeneous the surface.

To examine the adsorption kinetics, the pseudo-first-order (Equation (5)) [55] and
pseudo-second-order (Equation (6)) [56] models were used:

ln(qe − qt) = lnqe − k1t (5)

where qe is as defined above, qt (mg/g) is the amount of adsorbate adsorbed at a given
time, k1 (min−1) is the pseudo-first-order speed constant, and t is the contact time in
minutes (min).

t/qt = 1/(k2qe
2) + t/qe (6)

where qe and qt are the same as defined above, k2 (g.mg−1·min−1) is the pseudo-second-
order speed constant, and t is the contact time in minutes (min).

The thermodynamic parameters were determined from the experimental data using
the Van’t Hoff equations (Equations (7)–(9)) [42,57]:

Ln Kd = (∆S/R) − (∆H/RT) (7)

∆G = − RTLn Kd (8)

Kd = qe/Ce (9)

where R (8.314 J/mol K) is the universal gas constant, T (K) is the studied temperature,
Kd is the distribution coefficient for adsorption, and ∆H, ∆S, and ∆G are the variations of
enthalpy, entropy, and Gibbs energy, respectively.

2.6. Regeneration of Adsorbents

The adsorbents loaded with CV and CR were desorbed using 40 mL of 1 M CH3COOH
solution and stirred in a shaker at 120 rpm for 8 h. Then, the adsorbents were washed with
distilled water and placed in the oven at 60 ◦ C for 12 h. After drying, they were reused for
4 cycles.
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3. Results and Discussion
3.1. Characterization of Raw and Acid-Treated Palygorskite

X-ray diffraction (XRD) patterns of the raw and acid-treated (2, 4, and 6 mol/L)
Brazilian palygorskite are illustrated in Figure 1. Palygorskite (ICCD 21-0958) and quartz
(ICCD 46-1045) phases were identified in the raw and acid-activated clays, as observed in
other studies [58–60]. Câmara et al. and Suarez et al. [39,58] reported that the palygorskite
can be classified into three types: Type I has similar Al and Mg contents and negligible
isomorphic substitutions (d200 < 6.35 Å); Type II is rich in Al contents and has a dioctahedral
character, and this is the most commonly found type (6.35 < d200 < 6.46 Å); and Type III
is rich in Mg contents and has a trioctahedral character (d200 > 6.46 Å). The Brazilian
palygorskite investigated in this work has a d200 equal to 6.39 Å; therefore, it belongs to
Type II.

Sustainability 2021, 13, x FOR PEER REVIEW 5 of 23 
 

2.6. Regeneration of Adsorbents 
The adsorbents loaded with CV and CR were desorbed using 40 mL of 1 M 

CH3COOH solution and stirred in a shaker at 120 rpm for 8 h. Then, the adsorbents were 
washed with distilled water and placed in the oven at 60 ° C for 12 h. After drying, they 
were reused for 4 cycles. 

3. Results and Discussion 
3.1. Characterization of Raw and Acid-Treated Palygorskite 

X-ray diffraction (XRD) patterns of the raw and acid-treated (2, 4, and 6 mol/L) Bra-
zilian palygorskite are illustrated in Figure 1. Palygorskite (ICCD 21-0958) and quartz 
(ICCD 46-1045) phases were identified in the raw and acid-activated clays, as observed in 
other studies [58–60]. Câmara et al. and Suarez et al. [39,58] reported that the palygorskite 
can be classified into three types: Type I has similar Al and Mg contents and negligible 
isomorphic substitutions (d200 < 6.35 Å); Type II is rich in Al contents and has a dioctahe-
dral character, and this is the most commonly found type (6.35 < d200 < 6.46 Å); and Type 
III is rich in Mg contents and has a trioctahedral character (d200 > 6.46 Å). The Brazilian 
palygorskite investigated in this work has a d200 equal to 6.39 Å; therefore, it belongs to 
Type II. 

The XRD patterns indicated that the structure of the Brazilian palygorskite was not 
significantly altered by the acid treatment. Quartz reflections remained stable due to their 
insolubility in acidic solution [61–63]. Studies depicted the formation of amorphous SiO2 
because of the acid treatment [61,63,64]; however, no amorphous band [65,66] was identi-
fied in the range of 2θ between 20 and 35° in the acid-treated Brazilian palygorskite. The 
absence of an amorphous band can be attributed to the short acid-treatment time, which 
was inefficient in destroying the tetrahedral crystalline sheet of palygorskite. On the other 
hand, the reflections corresponding to dolomite (ICCD 36-0426) were not identified in the 
XRD standards of the acid-treated samples, indicating the dissolution of this carbonate 
with the acid treatment observed in other studies [64]. 

 
Figure 1. X-ray diffraction (XRD) pattern of raw palygorskite and acid-treated palygorskite. 

The chemical analysis (Table 2) showed that the palygorskite samples investigated 
were mostly composed of SiO2, MgO, and Al2O3, which indicates the presence of hydrated 
magnesium and aluminum silicate on this palygorskite mineral [61]. The raw palygorskite 
had an R2+/R3+ ratio ≈1, but the acid-treated samples had an R2+/R3+ ratio ≈0.6. The R2+/R3+ 

Figure 1. X-ray diffraction (XRD) pattern of raw palygorskite and acid-treated palygorskite.

The XRD patterns indicated that the structure of the Brazilian palygorskite was not
significantly altered by the acid treatment. Quartz reflections remained stable due to
their insolubility in acidic solution [61–63]. Studies depicted the formation of amorphous
SiO2 because of the acid treatment [61,63,64]; however, no amorphous band [65,66] was
identified in the range of 2θ between 20 and 35◦ in the acid-treated Brazilian palygorskite.
The absence of an amorphous band can be attributed to the short acid-treatment time,
which was inefficient in destroying the tetrahedral crystalline sheet of palygorskite. On the
other hand, the reflections corresponding to dolomite (ICCD 36-0426) were not identified in
the XRD standards of the acid-treated samples, indicating the dissolution of this carbonate
with the acid treatment observed in other studies [64].

The chemical analysis (Table 2) showed that the palygorskite samples investigated
were mostly composed of SiO2, MgO, and Al2O3, which indicates the presence of hydrated
magnesium and aluminum silicate on this palygorskite mineral [61]. The raw palygorskite
had an R2+/R3+ ratio ≈1, but the acid-treated samples had an R2+/R3+ ratio ≈0.6. The
R2+/R3+ ratio ≈1 is related to the high amount of MgO in the sample due to dolomite
presence. After acid-treatment, dolomite was removed; thus, the more confident R2+/R3+

ratio ≈ 0.6 was obtained. This 0.6 ratio indicates that the studied sample had an interme-
diate dioctahedral and trioctahedral character, such as the other Brazilian palygorskite
already studied [44]. Palygorskite with such characteristics [44] presented a low adsorption
capacity for anionic dye.
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Table 2. Chemical composition (wt%) of raw and acid-treated palygorskite.

Sample SiO2 MgO Al2O3 CaO Fe2O3 K2O Other
Oxides

Pal 52.8 13.9 13.5 11.9 5.3 0.9 1.7
Pal-2M 69.3 8.3 13.5 0 5.2 0.9 2.8
Pal-4M 71.9 7.6 13.4 0 4.5 0.8 1.8
Pal-6M 73.4 7.1 13.4 0 4.0 0.8 1.2

The acid-treated samples (Pal-2M, Pal-4M, and Pal-6M) presented a progressive de-
crease in the MgO, Al2O3, and Fe2O3 contents (octahedral cations) with the rise in HCl
concentration. The decrease in the MgO, Al2O3, and Fe2O3 contents indicates that there
was leaching of Mg2+, Al3+, and Fe3+ ions in the treated samples because of the dissolution
of dolomite (contain MgO) [67] and the removal of ions of the octahedral sheet.

The extent of the leaching of Mg2+ and Fe3+ ions was higher than that of Al3+ ions.
According to the literature [32,62,68], the Mg2+ and Fe3+ cations are preferably located on
the edges of the octahedral sheets. Therefore, the Mg2+ and Fe3+ cations are the first ones
attacked by the H+ protons, which results in the most significant leaching [32,62,68]. The
higher leaching of octahedral sheet cations resulted in a more exposed silica sheet after
acid-treatment [63,64], which can influence the adsorption behavior of the final material.

After acid-treatment, the CaO content was reduced to zero, since the dolomite was
dissolved in an acidic medium [67], corroborating the XRD results. The decrease in K2O
content is due to the exchangeable cations being replaced by H+ ions during the acid
treatment [69,70].

The FTIR spectra data measured from the raw and acid-treatment Brazilian paly-
gorskite are shown in Figure 2. From the raw palygorskite, the observed 3612 cm−1 band
can be attributed to the Al-OH-Al stretching vibration and the 3578 cm−1 band was associ-
ated with the Al-Fe3+-OH or Al-Mg-OH stretching vibrations [64,71–73]. The 3541, 3374,
3268, and 1656 cm−1 bands were also detected and related to the zeolitic and coordinate
waters present in the palygorskite structure [42,74]. The calcite was related to bands that
appeared in 1439 and 729 cm−1 [75,76], and it became evident that there were carbonate im-
purities in the studied sample. The bands between 1190 and 975 cm−1 corresponded to Si-O
bond length. The 1190 and 642 cm−1 bands were considered palygorskite fingerprints and
referred to the asymmetric and symmetrical elongation of the Si-O-Si connections [77,78].
The 909 cm−1 band can be attributed to the Al-OH-Al deformation and was considered
a consequence of the palygorskite’s dioctahedral character [38,76]. The 877 cm−1 band
was related to the flexion vibration mode of the Al-Fe-OH bond [38]. The 580 cm−1 band
corresponded to the Si-O deformation vibration [77,79].Sustainability 2021, 13, x FOR PEER REVIEW 7 of 23 
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In Figure 2, it was observed that after acid-treatment, the bands referring to calcite
(1439 and 729 cm−1) and the 877 cm−1 band disappeared, while the intensities of the 1190
and 975 cm−1 bands increased. This was related to dolomite dissolution and Fe leaching
from the octahedral sheet. Octahedral cations are generally more susceptible to leaching
than the tetrahedral Si [80,81], which favors the intensity of Si-related bands.

Some mass-loss events were identified on TG analysis (Figure 3). The first event be-
tween 23–125 ◦C was related to the evaporation of water that was physically adsorbed [82],
and the values measured were equal to 6.5%, 9.4%, 8.4%, and 9.5% for the Pal, Pal-2M, Pal-
4M, and Pal-6M samples, respectively. The second event (125–230 ◦C) corresponded to the
coordinated and zeolitic water molecules located in the palygorskite’s channels [83]. The
percentages of mass loss measured for the second event were 2.3%, 3.4%, 2.5%, and 2.4%
for the Pal, Pal-2M, Pal-4M, and Pal-6M samples, respectively. The third event occurred
between 230–530 ◦C and presented a mass loss equal to 4.9%, 5.3%, 5.4%, and 5.1% to the
Pal, Pal-2M, Pal-4M, and Pal-6M samples, respectively. These mass losses can be attributed
to the dehydroxylation process and condensation of silanol and aluminol groups [39,84].
Only the Pal sample showed a mass loss (12.6%) between 530–720 ◦C. This thermal event
is related to dolomite decomposition [85]. The dolomite composition agreed with the
aforementioned chemical analysis, which showed that the acid-treatment released CaO
contents from the Brazilian palygorskite. The DTA curves presented endothermic peaks
in the same temperature range of the losses of mass observed in the TG curves. The DTA
peaks were attributed to the evaporation of physically adsorbed water molecules [86], the
release of zeolitic water molecules [87], the removal of coordinated water, the condensation
of surface groups [88], and the dolomite decomposition [89].
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The acid-treated samples presented endothermic peaks similar to those observed in the
raw palygorskite, except the peak related to the loss of mass of the dolomite decomposition,
which was not observed in the acid-treated samples because of the removal of this impurity.
The 4 M and 6 M acid-treated samples also presented a different loss of mass behavior
between 350 ◦C and 500 ◦C, with two peaks in TG instead of a broad band of mass loss, as
was observed in the raw and the 2 M acid-treated sample. This can be related to alterations
in the dehydroxylation kinetic process.
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The specific surface area (SBET) and average pore diameter (Dp) of the raw and acid-
treated Brazilian palygorskite are listed in Table 3. After acid-treatment, the increase in
SBET can be explained because of the removal of carbonate impurities, leaching of cations
from the octahedral sheet, and disaggregation of particles [80,90]. However, when the
acid concentration increased from 4 M to 6 M, a small SBET reduction was observed. This
behavior can be related to a more pronounced collapse of the palygorskite channels [32,64].
Also, a decrease in Dp values was observed for the Pal-4M and Pal-6M samples, possibly
because, in high HCl concentrations, there is a partial collapse of the channels and a
decrease in pore size. However, Gonzalez et al. [91] reported developing a new pore system
with a smaller pore size in acid-treated palygorskite. This indicates that with the rise in
acid concentration, there is an increase in surface area due to a leaching of octahedral sheets
and the exposition of new reactive sites. At high acid concentration, the channels begin to
collapse, decreasing the average pore size.

Table 3. Specific surface area (SBET) and average pore diameter (Dp) of the raw and acid-
treated palygorskite.

Sample Specific Surface Area (m2/g) Average Pore Diameter (nm)

Pal 80.4 14.3
Pal-2M 141.2 15.2
Pal-4M 182.2 13.0
Pal-6M 176.9 13.3

3.2. Optimization of Adsorption Conditions
3.2.1. Effect of Dye Concentrations

The effect of the initial concentration of crystal violet (Ci
CV) and congo red (Ci

CR)
dyes on the adsorption capacity of raw and acid-treated Brazilian palygorskite is shown
in Figure 4a,b. Different CV and CR concentrations (2.5 to 200 mg/L) were tested for a
contact time equal to 360 min, pH 7, and clay samples with a weight of 20 mg. It was
observed that the adsorbed amount (qe) raised significantly as Ci

CV and Ci
CR increased.

This behavior is explained in terms of the greater probability of collision between the dye
molecules and the palygorskite surface. Besides, the increases in Ci

CV and Ci
CR contribute

to increasing the driving force at the solid–liquid interface that exceeds the mass transfer
resistance, implying an increase in the adsorption capacity [28].
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On the raw Brazilian palygorskite, the adsorption capacity values of the CV dye were
higher than those measured for the CR dye. Such behavior can be explained in terms of
the electrostatic attraction, since that raw palygorskite contains negative charges in its
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surface [30,33]. The maximum CV adsorption capacity was: Pal-2M (82.1 mg/g) > Pal-4M
(69.4 mg/g) > Pal-6M (69.3 mg/g) > Pal (57.5 mg/g). Compared to the raw palygorskite,
the amount adsorbed increased by 43%, 21%, and 20.5% for the Pal-2M, Pal-4M, and Pal-6M
samples, respectively. This indicates that the adsorption performance of palygorskite for
CV was improved with the acid-treatment. The amount adsorbed by raw clay was similar
to the amount adsorbed by clay with R2+/R3+ ≈ 0.26 [41], with a dioctahedral character.
This indicates that clays with dioctahedral and dioctahedral-trioctahedral characters (as in
the case of this work) have a similar CV adsorption capacity.

The maximum CR adsorption capacity was: Pal (30.6 mg/g) > Pal-2M (22 mg/g) >
Pal-4M (20.9 mg/g) ≈ Pal-6M (20 mg/g). The lower adsorption capacity of the palygorskite
to the CR was attributed to the electrostatic repulsion between the negatively charged
surface and the negative nature of the CR dye [92]. Furthermore, Yang et al. [33] pointed
out that the leaching of Mg2+ and Ca2+ ions decreases the zeta potential of palygorskite
clay and reduces the anionic dyes’ absorptive capacity. This behavior can be explained in
terms of the exposition of silica negatively charged sites, which improved the adsorption
of the cationic CV dye, but reduced the CR adsorption capacity after acid treatment.

3.2.2. Effect of Contact Time

Figure 5a,b shows the amount of CV and CR adsorbed on the raw and acid-treated
samples as a function of contact time. CV and CR solutions with initial concentrations
of 50 mg/L, for a constant 20 mg clay sample mass and pH 7 were used to study the
adsorption kinetics. Initially, the CV adsorption was fast for all samples, achieving about
40% of adsorption in the first 30 min. This is due to the numerous active sites available on
the surface of the adsorbent in the early stages [45] and the strong electrostatic interaction
between the negatively charged palygorskite surface and the cationic CV [41]. When
equilibrium was reached in 240 min, the adsorption capacity and CV removal values were
26.02 mg/g and 52%, respectively. The Pal-2M, Pal-4M, and Pal-6M samples removed
approximately 92% (45.95 mg/g), 84% (42.1 mg/g), and 80% (40.38 mg/g) of the CV,
respectively. For the CR dye, the adsorption kinetics was slower, and in 30 min, less than
18% of the dye was removed. The equilibrium was achieved in 240 min with the removal
of 36.34% (18.17 mg/g), 25.12% (12.56 mg/g), 23.98% (11.99 mg/g), and 22% (11 mg/g) of
the CR dye for the Pal, Pal-2M, Pal-4M, and Pal-6M samples, respectively.
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before and after acid treatment.

3.2.3. Effect of pH Variation

Figure 6a,b shows the effects of pH on the adsorption of CV and CR in the palygorskite
before and after acid treatment. The experiments were performed using 50 mg/L of the
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initial concentration of CV and CR solutions with the pH values from 3 to 11 for a contact
time of 360 min. The amount of adsorbed CV and CR depends on the initial pH of the
solution. As the pH increased from 3 to 11, the adsorbed amount of CV rose, while CR
decreased. In acidic media, the H+ ions present in the solution protonate the palygorskite
surface and the functional groups (–Si-OH) on its surface to –Si-OH2+. The competition
between H+ ions and the CV cationic dye for the adsorption sites, and the repulsive force
between the positively charged adsorbent surface and CV molecules, are considered the
factors responsible for the lower adsorption rate of CV at a low pH [93].
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On the other hand, negatively charged CR molecules interacted electrostatically with
the positively charged surface of the adsorbent at low pH, presenting a higher rate of
adsorption [94]. In basic pH, OH− ions promote the deprotonation of the surface and
generate –Si-O− groups, which favor the adsorption of the positively charged CV [95]. In
addition to competing with OH− ions in basic pH, CR molecules are also repelled by the
negative surface of the adsorbent, which decreases the adsorption of this anionic dye [96].
At pH 11, the acid-treated samples showed a removal higher than 97% for CV. At pH 3, the
raw and acid-treated samples provided a removal higher than 50% for CR.

3.2.4. Effect of Adsorbent Dosage

Different amounts of adsorbents (10 to 40 mg) were used for the adsorption of 50 mg/L
of CV and CR. The experiments were performed at pH 7 for 360 min (see Figure 7a,b). When
a small amount of palygorskite was used, the adsorbed amount increased considerably
when the adsorbent mass increased from 10 to 40 mg. This can be attributed to the increase
in the adsorption sites available to remove CV and CR [40,97]. With 40 mg of adsorbent,
the CV removal rate reached 82.5%, 97.6%, 96.9%, and 96.6% for the Pal, Pal-2M, Pal-4M,
and Pal-6M samples, respectively. For the CR, the removal rate was 61.1%, 44.1%, 30.1%,
and 29.2% for the Pal, Pal-2M, Pal-4M, and Pal-6M samples, respectively.

In Figure 7a, more precisely for the Pal sample, an increase of 30% was observed on
the amount adsorbed for the adsorbent dosages between 20 and 30 mg. Such behavior
occurs because the carbonate presence probably causes the formation of the agglomerates
on the adsorbent. These agglomerates decrease the adsorption efficiency, because a greater
amount of interactions between the adsorbate and the absorbent are required for the
adsorption to be effective.
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3.2.5. Effect of Temperature

Figure 8 shows the temperature effect on the CV and CR removal at a temperature
range between 25–55 ◦C. For this, CV and CR solutions with initial concentrations of
50 mg/L and a 20 mg clay sample mass were used under pH = 7. The adsorbed amounts
of CV and CR increased slightly with temperature. Such behavior occurs because, at higher
temperatures, the kinetic energy of the dye molecules increases, which in turn increases
the collision rate of the dye and the clay [98]. Furthermore, the results imply that the CV
and CR adsorptions in the Pal, Pal-2M, Pal-4M, and Pal-6M samples are a predominantly
endothermic process, which means that the amount of dye adsorbed increases with higher
temperatures [99].
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3.3. Adsorption Isotherms

The isothermal adsorption data were adjusted to the Langmuir and Freundlich models
(Figure 9a,d and Table 4). Through the values of the correlation coefficients (R2) and the
errors, it was observed that the Langmuir model better described the CV adsorption process.
In contrast, the CR adsorption was better adjusted to the Freundlich model. The best fit of
the experimental data of CV to the Langmuir model suggests that their adsorption occurs
mainly via the chemisorption process, with monolayer adsorption on the palygorskite
surface [39,52,100]. This was not the case for CR adsorption, where Freundlich was a much
better fit. This indicates that CR adsorption on the raw and acid-treated palygorskite occurs
on a heterogeneous surface with the formation of multiple layers [101,102]. These data
agree with a negative palygorskite surface that favors the chemisorption of cationic dyes,
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such as CV, and the interaction in specific positively charged sites of anionic dyes, such as
CR, results in heterogeneous adsorption.
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Table 4. Parameters of Langmuir and Freundlich isothermal models for CV adsorption and CR adsorption.

CV CR

Models Pal Pal-2M Pal-4M Pal-6M Pal Pal-2M Pal-4M Pal-6M

Langmuir
qmax(mg·g−1) 60.2 83.3 69.9 69.0 30.3 25.3 22.2 21.3
KL (L·mg−1) 0.05 0.20 0.17 0.15 0.06 0.04 0.03 0.03

RL 0.09 0.03 0.02 0.03 0.08 0.11 0.14 0.14
R2 0.967 0.976 0.990 0.975 0.956 0.967 0.966 0.955

Error 0.07 0.04 0.02 0.05 1.31 1.75 1.99 2.83

Freundlich
1/n 031 0.31 0.30 0.30 0.43 0.44 0.43 0.43

Kf (mg1−1/n·Kg−1·L1/n) 11.0 19.8 18.1 17.3 3.48 2.75 2.70 2.69
R2 0.959 0.844 0.871 0.884 0.971 0.989 0.989 0.961

Error 0.09 0.08 0.06 0.06 0.03 0.01 0.01 0.02

3.4. Adsorption Kinetics

Figure 10a,d and Table 5 show the results obtained from adjusting the kinetic data of
CV and CR adsorption to the pseudo-first-order and pseudo-second-order models. The
experimental data were better adjusted to the pseudo-second-order model because the R2

values were the closest to 1 (R2 > 0.990). The calculated qe agreed with the experimental data
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(qexp). These results indicate that adsorption in palygorskite samples can be determined
mainly by chemisorption, involving the sharing or transfer of electrons [103,104].
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Table 5. Kinetic parameters of pseudo-first-order and pseudo-second-order models for CV adsorption and CR adsorption.

CV CR

Models Pal Pal-2M Pal-4M Pal-6M Pal Pal-2M Pal-4M Pal-6M

Pseudo-first-order
qe,exp (mg.g−1) 25.97 45.98 42.08 40.36 18.17 12.56 11.99 11.01
qe,cal (mg.g−1) 77.31 194.17 126.30 112.06 126.46 208.40 190.55 199.52

k1 (min−1) 0.02 0.04 0.02 0.02 0.02 0.02 0.01 0.02
R2 0.902 0.856 0.935 0.918 0.859 0.953 0.906 0.901

Error 0.51 5.17 0.53 0.81 2.67 3.96 7.26 4.66

Pseudo-second-order
qe,cal (mg.g−1) 26.76 46.95 44.62 42.52 20.02 15.46 14.71 13.01

k2 (min−1) 3.87 2.74 1.05 1.17 0.04 0.02 0.02 0.02
R2 0.999 0.999 0.996 0.996 0.998 0.992 0.991 0.993

Error 0.07 0.02 0.21 0.27 1.70 0.72 0.77 0.86

3.5. Adsorption Thermodynamics

The ∆H and ∆S values were calculated from the slope and intercept of the ln Kd
versus 1/T plot (Figure 11a,b). The ∆H, ∆S, and ∆G (Equation (8)) values are listed in
Tables 6 and 7. Adsorption processes with positive ∆H values are predominantly endother-
mic [42]. Therefore, from experimental data shown in Tables 6 and 7, it is easy to conclude
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that CV and CR dyes’ adsorption processes in the Pal, Pal-2M, Pal-4M, and Pal-6M samples
are predominantly endothermic. The negative ∆G values measured indicated that the
adsorption of both dyes in the samples studied was viable and spontaneous thermody-
namically [57]. In addition, the positive ∆S values indicated an increased randomness and
disorder of the adsorbent surface after adsorption [105].
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Table 6. Thermodynamic parameters for the adsorption of CV dye in the palygorskite samples.

Sample ∆G (kJ mol−1)
∆H (kJ mol−1) ∆S (J k−1 mol −1)

298 K 308 K 318 K 328 K

Pal −0.17 −0.20 −0.32 −0.41 0.27 0.97
Pal-2M −6.07 −6.83 −7.82 −8.23 1.98 9.11
Pal-4M −4.75 −5.01 −5.29 −5.81 0.63 4.02
Pal-6M −3.91 −4.25 4.47 −4.82 0.62 3.67

Table 7. Thermodynamic parameters for the adsorption of CR dye in the palygorskite samples.

Sample ∆G (kJ mol−1)
∆H (kJ mol−1) ∆S (J k−1 mol −1)

298 K 308 K 318 K 328 K

Pal −1.41 −1.56 −1.69 −1.83 0.49 1.11
Pal-2M −0.82 −0.95 −1.03 −1.09 0.54 0.76
Pal-4M −0.77 −0.84 −0.92 −0.95 0.37 0.11
Pal-6M −0.69 −0.77 −0.85 −0.89 0.54 0.54

3.6. Characterization after Adsorption

The FTIR spectra acquired from the Pal and Pal-2M samples before and after the
adsorption of CV and CR are shown in Figure 12a,b. After the CV dye’s adsorption on
the Pal and Pal-2M samples (Figure 12a), new bands were detected at 1588 cm−1 and
1366 cm−1. These bands were due to the stretching vibrations C=C and C-N that are
characteristic of the CV dye [106,107]. Such bands confirm the removal of the CV dye
molecules from the aqueous solution after adsorption by chemisorption [108].

Figure 12b shows that the FTIR spectra measured from the Pal and Pal-2M samples did
not change significantly after CR’s adsorption. This indicates that there was no breakage or
formation of new bonds after adsorption, suggesting the occurrence of physical adsorption
(physisorption) in the adsorption of the CR dye [14].
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Figure 12. FTIR spectra of the Pal and Pal-2M samples before and after the adsorption of (a) CV and (b) CR dyes.

The different chemical structures of the dyes result in different forms of bonding on
the adsorbent’s surface [33]. Figure 13 illustrates the interaction of the CV and CR dye
molecules on the palygorskite surface. The positively charged CV molecules are likely
to bind almost perpendicular to the clay surface. Conversely, negatively charged CR
molecules are likely to bind perpendicularly to the surface. Thus, the molecular structure
of the dye also influences the adsorption capacity of the adsorbent.
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3.7. Regeneration Study

To evaluate the reuse of the Pal and Pal-2M samples, 1 M of CH3COOH was used to
regenerate the adsorbent adsorption sites. After desorption, the regenerated adsorbent was
reused for four cycles. The results are shown in Figure 14a,b. Figure 14a shows the effect of
regeneration on the adsorption capacity of Pal and Pal-2M samples for CV removal. After
four cycles, the decrease in CV removal efficiency was less than 20% for both samples,
going from 52% to 30% and from 92% for 76% for Pal and Pal-2M, respectively. Figure 14b
shows the effect of regeneration on the adsorption capacity of the Pal and Pal-2M samples
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for CR removal. After four cycles, the decrease in CR removal efficiency was also less than
20% for both samples, going from 36% to 20% and from 25% for 10% for the Pal and Pal-2M
samples, respectively.

Sustainability 2021, 13, x FOR PEER REVIEW 17 of 23 
 

also less than 20% for both samples, going from 36% to 20% and from 25% for 10% for the 
Pal and Pal-2M samples, respectively. 

The decrease in the efficiency of Pal and Pal-2M for removing CV and CR dyes occurs 
due to the dye molecules not being completely released by desorption; some of them may 
have remained, resulting in repulsive forces for the new dye molecules [99]. 

  
Figure 14. Reusability of the Pal and Pal-2M in four cycles for the removal (a) CV and (b) CR dyes. 

3.8. Comparison with Other Adsorbents 
Figure 15 compares the maximum amount of CR dye adsorbed in the raw and acid-

treated Brazilian palygorskite (Pal, Pal-2M, Pal-4M, and Pal-6M) with works published 
elsewhere that worked with other adsorbents. For example, the Zn/SiO2 composite pre-
sented a maximum amount of CR adsorbed equal to 83 mg/g [109]; the maximum amount 
of CR absorbed by chitosan hydrogels was 44.2 mg/g [110], by kaolin it was 5.94 mg/g 
[111], and by amino-functionalized silica gel it was 10 mg/g [112]. These experimental re-
sults indicate that the Brazilian palygorskite has a competitive adsorption capacity for the 
CR dye. 

Compared with the Pal sample, the Pal-2M, Pal-4M, and Pal-6M samples presented 
higher CV adsorption capacities. The Pal-2M presented a high adsorption capacity (82.1 
mg/g). CV adsorption studies accomplished with others adsorbents presented the follow-
ing CV adsorption capacities (Figure 16): chitosan-graphite oxide-modified polyurethane 
(1.98 mg/g) [113], titanate nanotubes (8.36 mg/g) [114], nano mesocellular foam silica (6.64 
mg/g) [115], Moroccan clay (17.05 mg/g) [116], magnetically modified activated carbon 
(67.1 mg/g) [117], Chinese palygorskite treated with HCl [33] (180.24 mg/g) and Oman 
palygorskite (70 mg/g) [41]. Palygorskites from different regions showed better CV ad-
sorption performances when compared to synthetic adsorbents. The Pal-2M sample 
showed a lower CV adsorptive capacity when compared to acid-treated Chinese palygor-
skite [33]. Even so, it presented an adsorption capacity superior to that of other adsorbents 
found in the literature. This depicts the potential of acid-treated Brazilian palygorskite to 
be used in the treatment of dye-contaminated wastewater. 

Clays are materials with the potential to green the world of materials in the 21st cen-
tury because of their sustainable character [93]. Thus, the acid-treated palygorskite is a 
sustainable alternative for the treatment of water contaminated with dyes. The modifica-
tion technique used in this work is simple, relatively economical, easy to operate, and able 
to produce adsorption capacities equivalent to those obtained using complex and expen-
sive methods and non-sustainable adsorbent materials. However, only raw palygorskite, 
as observed in other works, does not seem to be the most efficient adsorption material. 
The acid-treated palygorskite is an interesting alternative to produce efficient adsorption 
systems to treat dye-contaminated water. 

Figure 14. Reusability of the Pal and Pal-2M in four cycles for the removal (a) CV and (b) CR dyes.

The decrease in the efficiency of Pal and Pal-2M for removing CV and CR dyes occurs
due to the dye molecules not being completely released by desorption; some of them may
have remained, resulting in repulsive forces for the new dye molecules [99].

3.8. Comparison with Other Adsorbents

Figure 15 compares the maximum amount of CR dye adsorbed in the raw and acid-
treated Brazilian palygorskite (Pal, Pal-2M, Pal-4M, and Pal-6M) with works published
elsewhere that worked with other adsorbents. For example, the Zn/SiO2 composite
presented a maximum amount of CR adsorbed equal to 83 mg/g [109]; the maximum
amount of CR absorbed by chitosan hydrogels was 44.2 mg/g [110], by kaolin it was
5.94 mg/g [111], and by amino-functionalized silica gel it was 10 mg/g [112]. These
experimental results indicate that the Brazilian palygorskite has a competitive adsorption
capacity for the CR dye.
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Compared with the Pal sample, the Pal-2M, Pal-4M, and Pal-6M samples presented
higher CV adsorption capacities. The Pal-2M presented a high adsorption capacity
(82.1 mg/g). CV adsorption studies accomplished with others adsorbents presented
the following CV adsorption capacities (Figure 16): chitosan-graphite oxide-modified
polyurethane (1.98 mg/g) [113], titanate nanotubes (8.36 mg/g) [114], nano mesocellular
foam silica (6.64 mg/g) [115], Moroccan clay (17.05 mg/g) [116], magnetically modified ac-
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tivated carbon (67.1 mg/g) [117], Chinese palygorskite treated with HCl [33] (180.24 mg/g)
and Oman palygorskite (70 mg/g) [41]. Palygorskites from different regions showed
better CV adsorption performances when compared to synthetic adsorbents. The Pal-2M
sample showed a lower CV adsorptive capacity when compared to acid-treated Chinese
palygorskite [33]. Even so, it presented an adsorption capacity superior to that of other
adsorbents found in the literature. This depicts the potential of acid-treated Brazilian
palygorskite to be used in the treatment of dye-contaminated wastewater.
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Clays are materials with the potential to green the world of materials in the 21st
century because of their sustainable character [93]. Thus, the acid-treated palygorskite is a
sustainable alternative for the treatment of water contaminated with dyes. The modification
technique used in this work is simple, relatively economical, easy to operate, and able to
produce adsorption capacities equivalent to those obtained using complex and expensive
methods and non-sustainable adsorbent materials. However, only raw palygorskite, as
observed in other works, does not seem to be the most efficient adsorption material.
The acid-treated palygorskite is an interesting alternative to produce efficient adsorption
systems to treat dye-contaminated water.

4. Conclusions

In this study, the crystal violet (CV) adsorption and congo red (CR) dyes on raw and
acid-treated Brazilian palygorskite were successfully evaluated. Experiments of chemical
analysis, X-ray diffraction, and FTIR showed that the acid treatment used did not destroy
the structure of the studied dioctahedral-trioctahedral character palygorskite. Adsorption
behavior was not directly associated with BET, and samples treated with the lowest acid
concentration solution (2M) showed good efficiency for the cationic dye’s adsorption.
In basic pH, the acid-treated sample removed almost all the CV dye (97%). In acid pH,
the removal of the CR dye was greater than 50%. From a thermodynamics viewpoint,
the CV and CR dyes are predominantly endothermic, viable, and spontaneous. The
FTIR spectra performed after the CV dye’s adsorption on the Pal and Pal-2M samples
identified the appearance of new bands at 1588 cm−1 and 1366 cm−1, respectively. Such
bands confirm the removal of the CV dye molecules from the aqueous solution after
adsorption by chemisorption. On the other hand, the FTIR spectra measured from the Pal
and Pal-2M samples after adsorption of the CR dye indicated that there was no breakage or
formation of new bonds after adsorption, suggesting the occurrence of physical adsorption
(physisorption) in the adsorption of the CR dye. The adsorbents derived from Brazilian
palygorskite proved to be promising candidates for removing cationic and anionic dyes
from water.
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53. Doğan, M.; Özdemir, Y.; Alkan, M. Adsorption kinetics and mechanism of cationic methyl violet and methylene blue dyes onto

sepiolite. Dye. Pigment. 2007, 75, 701–713. [CrossRef]
54. Garba, Z.N. The Relevance of Isotherm and Kinetic Models to Chlorophenols Adsorption: A Review. Avicenna J. Environ. Health

Eng. 2019, 6, 55–65. [CrossRef]
55. Simonin, J.-P. On the comparison of pseudo-first order and pseudo-second order rate laws in the modeling of adsorption kinetics.

Chem. Eng. J. 2016, 300, 254–263. [CrossRef]
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