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Palygorskite is fibrous clay in which the structural tetrahedral and octahedral layers are organized 
in a way that structural channels are formed, leading to high surface area. However, impurities inside 
the channels and aggregated ones considerably reduce the available area. In order to increase the 
surface area, an activation treatment can be considered useful. The goal of this work is the activation 
of palygorskite from Guadalupe, Piauí, via sulfuric acid treatment using a two-level factorial design. 
The influence of three parameters (solution molarity, temperature and time) on BET surface area was 
determined. Moreover, samples were characterized via X-ray diffraction (XRD) and fluorescence 
(XRF), Fourier-transform infrared spectroscopy (FTIR) and transmission electron microscopy (TEM). 
The largest surface area (282 m2/g) without considerable changes in clay structure and morphology 
was found in a sample treated with 5M H

2
SO

4
 at 70°C for 1h. The main parameters that favored the 

improvement of the surface area were the solution’s molarity, temperature and their interaction.
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1.	 Introduction
According to the Comité International pour l´Étudedes 

Argiles (CIPEA), clays can be classified as lamellar or 
fibrous. Fibrous clays present high aspect ratio and structural 
channels. The main clay-minerals that compose this family 
are palygorskite and sepiolite1-3.

Palygorskite is a natural fibrous clay, whose structure 
is composed of layers of silicon tetrahedra placed between 
octahedral layers of magnesium, partially substituted by 
aluminum and/or iron4,5. The periodic inversion of the silica 
tetrahedra allows the formation of a fibrous morphology 
and it generates structural channels, which characterize 
these clays. In 1982, a palygorskite site was discovered 
in Guadalupe, Piauí, Brazil6,7. Some authors have studied 
palygorskite from Piauí and realized that aluminum and 
iron are present not only as substitution cations in the clay 
structure, but also as impurities7,8. Sodium and potassium 
are present as cations of network compensation.

The fibrous morphology justifies the variation in 
surface area from tens to hundreds of m2/g. Since the clay 
has a natural origin, the channels can be full of impurities. 
Moreover, other materials like quartz and carbonates can 
be aggregated5,9-13.

Palygorskite has been used in health care for different 
goals: purification of domestic water4; in the formulation 
of intestinal adsorbents for toxic agents14; cosmetics15; 

as a filler, improving mechanical strength, in polymer 
formulations to be used as wound dressings16; etc. The 
application of these clays in health care requires the removal 
of both the aggregated material and the channel’s impurities. 
In particular, quartz can be problematic: according to the 
International Agency for Research on Cancer / IARC17, 
inhaled quartz can result in a carcinogenic effect. The 
aggregated quartz cannot be eliminated via a chemical route, 
since its composition is very similar to palygorskite’s. So a 
physical route like sedimentation would be a viable choice 
for quartz removal.

The impurities inside the channels can be removed via 
acid activation, which increases the surface area. Increasing 
the surface area is particularly relevant in drug delivery 
systems: the larger the area, the greater the amount of drug 
adsorbed10. The final area of treated clay is dependent on 
treatment time, temperature and solution concentration. In 
acid solution, the protons (H+) react with the octahedral 
cations such as Al, Fe, Mg and they are released to the 
solution. The acid cleans the structural channels but an 
undesirable leaching can also occur, depending on the 
activation’s parameters18-21.

The goal of this work was to remove impurities 
aggregated to the clay and to activate the palygorskite by 
sulfuric acid treatment, using a factorial design method, in 
order to determine the influence of activation parameters.
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2.	 Material and Methods
A clay from Piauí, Brazil, was analyzed via X-ray 

diffraction  -  XRD (Shimadzu diffractometer XRD 6000, 
Cu Kα radiation, from 5° to 60°, 30kV/30mA) to determine 
which phases were present. As expected, the main 
aggregated components were quartz (JCPDS 05-0490) and 
dolomite (JCPDS 36-0426). To remove part of the quartz, 
an aqueous dispersion of palygorskite (1/10, clay/water) 
had been prepared, the clay sedimented and the supernatant 
was filtered, followed by drying in a 100 °C oven. After 
sedimentation, the most intense peak of quartz (2θ = 26.55°) 
was considerably reduced and the clay - which we called 
non-treated (NT) - was then submitted to the acid treatments, 
which would also remove the dolomite.

For all tests, 1 g of NT palygorskite was immersed in 
sulfuric acid (Vetec) solutions at different temperatures and 
time intervals, according to a 23 factorial design. The use of a 
factorial design is intended to evaluate the influence of each 
chosen variable (solution molarity, time and temperature) in 
activation; and the influence of the interactions of variables 
by selecting lower and upper levels of these variables, as 
shown in Table 1.

The experimental design, obtained using the Minitab 15 
program, followed the order displayed in Table 2.

The quantification of chemical elements of selected 
samples was carried out by X-ray fluorescence  -  XRF 
(Rigaku RX3100). The microstructural characterization 
was performed using XRD and Fourier-transform infrared 
spectroscopy  -  FTIR (Perkin Elmer, from 4000  cm–1 
to 550  cm–1). Some samples were also analyzed by 
transmission electron microscopy - TEM (JEOL FX 2000, 
200kV) in order to observe the clay morphology. For this, 
a small quantity of clay powder was dispersed in acetone 
and dropped on a copper grid coated with formvar film.

The response variable in this study was the BET surface 
area, measured in a Micromeritics equipment, model ASAP 
2020, and the results were analyzed using the Minitab 
15 program. The codified mathematical model for the 23 
factorial design is displayed in equation 1, where Y is the 
response (surface area), b

0
 is the global mean and the b

i
, 

b
ij 

and b
ijk 

are regression coefficients. A 95% confidence 
level and 8 degrees of freedom student t-test analyzed 
the significance of the variables and of the variables’ 
interactions.
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3.	 Results and Discussion
The XRF of the sedimented clay (NT sample) showed 

that the main elements of the sample are that of the clay-
silicate (23.4 wt. (%) Si, 11.5 wt. (%) Mg, 7.7 wt. (%) Al) 
plus 3.5 wt. (%) Fe, 0.9 wt. (%) K and 6.9 wt. (%) Ca. 
Calcium is related to the aggregated dolomite. Magnesium 
belongs to palygorskite and also to dolomite, and iron 
can partially replace the magnesium in the palygorskite 
structure. The presence of potassium indicates cations 
compensation network. Other impurities, such as titanium, 
were not detected, but could be present as content lower 
than 1.00%, which was below the detection threshold of 
this technique. The resulting surface area of this condition 
was equal to 84 m2/g.

The XRD patterns of all acid-activated samples, 
following the data of Table 2, can be observed in Figure 1. 
Note the absence of dolomite peaks (at 2θ = 31.04° and at 
2θ = 41.28°) for all conditions, confirming the removal of 
dolomite by sulfuric acid solutions.

The intensity of the major peak related to quartz 
(2θ = 26.55º) was almost constant, independent of treatment 
conditions. The XRD patterns showed that the palygorskite 
treated with 1M H

2
SO

4
 (samples 1 to 4) and 3M H

2
SO

4 

(sample 5) maintained its structure, since the major peaks 
of palygorskite (JCPDS 31-0783) remained without 
considerable changes. The treatment with solutions 5M 
H

2
SO

4 
was effective in palygorskite activation, but the most 

severe treatment (sample 9, treated at 70 °C for 5 hours) 
leached the clay, as the peaks corresponding to palygorskite 
were almost absent. According to Frini-Srasra and Srasra20, 
the acid activation can decrease the clay crystallinity due to 
octahedral cations (Mg, Fe and Al) removal. However, this 
process begins slowly, since the channels are still closed. 
After that, H+ can access the channels and the protons not 
only remove the impurities inside the channels, but they also 
begin leaching the octahedral cations.

Figure 2 shows the FTIR spectra of samples NT, 7 and 9, 
where the spectrum for sample 7 represents all other spectra. 
On sample NT and 7 the bands related to the major bindings 
between palygorskite’s elements and between silica’s 
elements were present.

The bands of the non-treated (NT) sample are marked (*) 
and they refer to the binding vibration of aluminum‑silicates, 
which are also found in all activated samples that are non 
leached, like sample 7. The bands were dislocated when 
compared to the results of Augsburger et al.11. The bands 
and the respective binding vibrations were: at 3614 cm–1, OH 
stretching mode of M

2
-OH, where M is Al or Fe; at 3543 cm–1, 

usually related to coordinated water; at 1650 cm–1, HOH 

Table 1. Factorial design variables and levels, where (–1) is the 
lower level; (0), the midpoint; and (+1), the upper one.

Operating variable (–1) (0) (+1)

x
1
 (molarity of the solution) (mol/L, M) 1 3 5

x
2
 (time) (h) 1 3 5

x
3
 (temperature) (°C) 25 47.5 70

Table 2. Factorial design order displays all samples produced.

Name 1 2 3 4 5 6 7 8 9

x
1
 (Mol/L) –1 –1 –1 –1 0 +1 +1 +1 +1

x
2
 (h) –1 –1 +1 +1 0 –1 –1 +1 +1

x
3
 (ºC) –1 +1 –1 +1 0 –1 +1 –1 +1
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bending mode in water (coordinated water and adsorbed 
water); 1120 cm–1, asymmetric mode of the terminal group 
O’‑SiO

3
; at 910 cm–1, M-OH bending modes (M = Al, Fe) 

and also symmetric stretching of O’-SiO
3
; at 800  cm–1, 

Fe
2
-OH, M-OH (M = Mg, Al, Fe) symmetric modes; and 

at 730 cm–1, M-O (M = Al, Mg) vibration. According to 
the same authors11, the band at 983 cm–1 is related to the 
asymmetric mode of the terminal group O’-SiO

3
. Another 

study found that the band at 960cm–1 could be attributed to 
Si-O-H vibration, present in activated palygorskite22. The 
present study encountered this band between 970 cm–1 and 
978 cm–1. The band at 1198 cm–1, considered by Mendelovici 
as characteristic of palygorskite18, was encountered in most 
of the studied samples between 1190 cm–1 and 1195 cm–1.

For sample 9, in which the clay was submitted to the 
most severe treatment conditions, only three bands, marked 
with (#), were found: at 1061 cm–1, at 952 cm–1 and at 
793 cm–1. According to different authors, when the clay is 
leached, its characteristic bands disappear and the bands 
of free silica (at 1090 cm–1, Si-O vibration; at 960 cm–1, 
Si-OH vibration; and at 800 cm–1, SiOH vibration) are 
encountered18,19.

Table 3 shows the BET surface area and pore volume 
results for samples of the factorial design. All conditions 
exhibited higher surface area and pore volume than the 
NT sample. Besides the activation, other features such 
as dolomite removal and leaching (sample 9) could also 
contribute to this increase in the surface area. The BET 
results also provided the samples’ adsorption isotherms 
(data not shown).

Analyzing the nitrogen adsorption at relative pressure 
P/P

0
 = 0.1, the lower adsorptions occurred for the samples 

treated at environmental temperature, with the adsorption 
rising with the solution concentration. The higher 
adsorptions were observed for samples activated at 70 °C. 
In this group, the same trend was noted: higher adsorption 
for samples treated with more concentrated solutions.

According to Zhang et al.21, who studied palygorskite 
activation using H

2
SO

4
, more concentrated solutions 

increased the N adsorption, since more H+ could react 
with the clay, generating microporosity. However, for the 
palygorskite they used, there was an optimum solution 
concentration from which the presence of SO

4
2– started 

to restrict the H+ mobility, diminishing N adsorption and 
generating meso- and macroporosity. This optimun solution 
concentration was not observed.

The pore size distribution could be considered bimodal: 
there was a peak around 3.5 nm and another peak around 
60 nm. The intensity of these peaks increased following the 
same trend as the N adsorption. Zhang’s group21 proposed 
that peaks around 4nm were attributable  to mesopores 
(internal surface area) and peaks located at pore sizes 

Figure 1. Detail of diffraction patterns of the samples. P = palygorskite; Q = quartz. Samples 1 to 5 were activated with 1M and 3M H
2
SO

4
 

while samples 6-9 were activated with 5M H
2
SO

4
.

Figure  2. FTIR spectra of the non-treated sample; Sample 7 
spectrum representing all activated non-leached samples (the major 
bands are marked as *) and sample 9, the leached sample (# marks 
the presented bands).
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larger than 20 nm, were related to non-structural pores 
(pores formed between clay particles, external surface area). 
higher the second peak, greater the chance of leaching.

The pore volume and the BET surface area increased 
according to the same trend observed for N adsorption. 
The area increase could be related to channel cleansing, but 
more likely, to elimination of aggregated impurities. As the 
treatments proceeded, the H

2
SO

4
 could not only remove the 

impurities inside the channels, but also cause some leaching 
(octahedral cations removal).

Considering the initial goal to obtain a high surface 
area while maintaining the clay structure, the best treatment 
would be number 7, which consisted of submitting clay to 
acid activation with 5M H

2
SO

4
 solution, at 70 °C, for 1 hour. 

In fact, observing TEM images of the NT sample and of 
sample 7, Figure 3a, b respectively, both present the fibrous 
aspect characteristic of this group of clays. A buckle of long 

fibers and some round particles, probably impurities, can 
be identified in Figure 3a.

The analytical expression that quantitatively correlates 
processing parameters (solution molarity, time and 
temperature) with Y (BET area) is described in Equation 2:

Y = 180.67 + 37.75x
1
 + 0.50x

2
 + 42.75x

3
 – 

 0.25x
1
x

2
 + 15.00x

1
x

3
 + 1.25x

2
x

3
 – 3.50x

1
x

2
x

3
	

(2)

The coefficients for solution molarity (x
1
), time (x

2
) and 

temperature (x
3
) are 37.75, 0.50 and 24.75, respectively. 

The time coefficient is considerably lower than the others, 
meaning that increasing the time from 1 to 5 hours, probably, 
was not relevant. Solution molarity, temperature and the 
combination of both parameters were the major parameters 
affecting surface area. The increase in solution molarity, 
from low to high level, resulted in an increase of 75.50% in 
surface area, whereas the increase in temperature resulted in 
85.50% of area added. Almost all the effects were positive, 
indicating that they led to an increase in surface area, 
except the effect resulting from the interaction between 
molarity and time (–0.50%) and also the effect related to 
the interaction of the three main factors (–7.00%).

Figure 4 shows a Pareto chart where the vertical line 
indicates the minimum statistically significant effect for the 
level of confidence used.

The Pareto plot shows that, with the exception of 
time, the other main factors were significant: temperature 
(C) was the most significant parameter, followed by the 
solution’s molarity (A). The effect of the interaction between 
temperature and solution molarity (AC) was also significant, 
since the rise in the temperature of the concentrated solutions 
led to greater surface areas. These three effects seemed to 
be the ones that determine improvement to the area in all 
treatments.

4.	 Conclusion

All conditions used to treat the clay resulted in increased 
surface area of the clay, but of all the treatments tested in 
the present work, the one that used 5M H

2
SO

4
 solution, for 

1 hour at 70 °C is considered the most effective. It resulted 
in the highest surface area while maintaining the original 
clay structure and morphology. The experimental design 
model showed that the temperature of the H

2
SO

4
 solution, 

its molarity and the interaction of these two parameters were 
the significant factors in activating the clay.
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Table 3. Surface area of the samples after sedimentation (NT sample) and after designed acid treatment with sulfuric acid solution.

Sample NT 1 2 3 4 5 6 7 8 9

Area (m2/g) 84 123 169 115 180 150 162 282 167 278

Pore Vol. (cm3/g) 0.24 0.36 0.38 0.36 0.43 0.39 0.40 0.62 0.41 0.70

Figure 3. Transmission electron micrography of (a) non-treated 
clay and (b) sample 7, and their fibrous aspect before and after 
acid activation.

Figure 4. Pareto chart of the effects corresponding to the sulfuric 
acid factorial design.
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