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A B S T R A C T   

Palygorskite is a mineral used in a wide number of industrial sectors. Currently, there are hundreds of studies in 
which palygorskite is a part of different nanocomposites and bionanocomposites. The surface properties are 
essential for these applications, and in this work, an in-depth revision of these properties is done, showing that 
the high variability found cannot be explained only by the number of impurities or by differences in the analysis 
conditions. To further deepen the knowledge of the surface properties of palygorskite and palygorskitic clays, a 
comparative study of a wide group of high purity samples is also performed, and new data on these surface 
properties are provided with the determination of the specific surface area (SSA), micropore surface area (SSAμp), 
micropore volume (Vμp), external surface area (SSAEx), and mean equivalent pore diameter. Both the biblio
graphic data and new data show that SSA varies from a few tens of m2g− 1 to almost 300 m2g− 1, and the 
microporosity and external surface proportions also vary greatly. The experimental data obtained show that 1) 
ordinary soft vacuum conditions produce structural folding, which limits the accessibility to the inner part of the 
structural tunnels; 2) microporosity is related to the intra- and inter-fibre microporosity, depending first on the 
fibre size, because the shorter the fibre, the higher the partial accessibility to the entrance of the channels; 3) the 
crystal chemistry of the samples also influences the SSA because the Mg-rich terms, which have higher content of 
sepiolite polysome proportions in their structure as well as wider and more accessible intracrystalline channels 
than palygorskite polysomes.   

1. Introduction 

Palygorskitic clays are rocks rich in palygorskite, and they have in
dustrial interest owing to the physical-chemical properties of this fibrous 
clay. Palygorskite is the aluminic term of the sepiolite-palygorskite 
polysomatic series (Suárez and García-Romero, 2011, 2013), in which 
tunnels are located inside of the crystals and channels on the surface, all 
running parallel to the fibre, which result in a high surface area. In 
recent decades, the uses of and research on the application properties of 
palygorskite have changed from raw materials to highly specialized 
products. From its use as a granular absorbent, only after grinding or soft 
acid treatment and as products of the first or second generations (Suárez- 
Barrios et al., 1995; Vicente-Rodríguez et al., 1996; Chen et al., 2007), to 
the design of nanocomposites or bionanocomposites (Ruiz-Hitzky et al., 
2013a, 2013b; Wang and Wang, 2016; Tavanaee et al., 2017) as 

products of the fifth or sixth generations (Álvarez et al., 2011), research 
on this mineral has grown exponentially in recent years. These clays are 
used not only in pharmaceutics and cosmetic products (López-Galindo 
et al., 2007, 2011) but also for the removal of pharmaceuticals from 
wastewater (Chang et al., 2019). Palygorskitic clays have also been 
studied for other environmental applications, such as adsorbents of dyes 
(Mu and Wang, 2016; Zhang et al., 2020) and heavy metals (Oubagar
anadin and Murthy, 2011; Bourliva et al., 2018; Tichapondwa and Van 
Biljon, 2019). Related to animal and human health, this clay mineral has 
been studied for the preparation of green antibacterials to replace syn
thetic antibiotics (Liu et al., 2020; Zhong et al., 2020). On the other 
hand, Juárez et al. (2016) and López-Pacheco et al. (2017) suggested the 
potential use of palygorskite as a therapeutic tool against inflammatory 
diseases. 

All these applications are based on the physical-chemical properties 
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Contents lists available at ScienceDirect 

Applied Clay Science 

journal homepage: www.elsevier.com/locate/clay 

https://doi.org/10.1016/j.clay.2021.106311 
Received 1 July 2021; Received in revised form 11 October 2021; Accepted 17 October 2021   

mailto:msuarez@usal.es
www.sciencedirect.com/science/journal/01691317
https://www.elsevier.com/locate/clay
https://doi.org/10.1016/j.clay.2021.106311
https://doi.org/10.1016/j.clay.2021.106311
https://doi.org/10.1016/j.clay.2021.106311
http://crossmark.crossref.org/dialog/?doi=10.1016/j.clay.2021.106311&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Applied Clay Science 216 (2022) 106311

2

of palygorskite, mainly on its specific surface area and its ability as a 
granular absorbent and adsorbent. The data of the specific surface area 
of palygorskite are obtained from the application of the BET method 
(Brunauer et al., 1938) to the isotherms of N2 adsorption, and it is 
difficult to establish comparisons among samples from different sources 
because of 1) the difference among the experimental conditions used in 
the analysis and 2) the amount and type of impurities contained by the 
samples studied in the different works. 

The specific surface area and the ab/adsorption capacity of the clay 
minerals are related to the crystal structure and crystal defects, the small 
size of crystals and their laminar or fibrous morphology. Furthermore, 
the microstructures of clay minerals are related, according to compar
ative studies on wide groups of samples analysed under the same con
ditions conducted by Rutherford et al. (1997), Kaufhold et al. (2010) on 
bentonites and Suárez and García-Romero (2012) and Suárez et al. 
(2016) on sepiolite. To our knowledge, no comparative study has been 
performed on palygorskite, and the aim of this work is to complete an in- 
depth examination of the literature and study the surface properties of a 
group of very pure palygorskites to determine the variability of these 
properties and what they depend on. 

1.1. The specific surface area and other textural properties of palygorskite 
and palygorskitic clays 

Table 1 contains the results of textural parameters, including the 
specific surface area, of palygorskites and palygorskitic clays deduced 
from the N2 isotherms and obtained from bibliographical research. Only 
high purity sample data were chosen for this comparative analysis. As in 
most cases, the amount of palygorskite in palygorskitic clays is not re
ported, so the sample purity has been estimated from the X-ray 
diffraction (XRD) patterns that appear in the corresponding article. 
Therefore, the term “high purity of palygorskite” is used in this study 
when the intensities of the main mineral reflections that appear as im
purities are low and other reflections are not visible among the paly
gorskite reflections or they have very low intensity. The most frequent 
impurities are quartz and carbonates, mainly dolomite; although, calcite 
also appears on some occasions. Although not observed very frequently, 
other clay minerals, such as smectites, illite and kaolinite, also appear in 
small amounts, and in that case, they can contribute to the specific 
surface area, especially if smectites. In Table 1, the data show samples 
with only minor amounts of other clay minerals. 

Several textural parameters can be obtained from the analysis of the 
N2 isotherm. The first is the specific surface area, which can be calcu
lated using different methods, such as the BET equation model and the 
Langmuir equation, with BET being the most commonly used. In addi
tion to the specific surface area, other textural parameters, such as the 
micropore surface area, external surface area, micropore volume, total 
pore volume and mean pore diameter can be calculated from the iso
therms of N2. On very few occasions, all the aforementioned parameters 
are reported (Table 1). 

The specific surface area reported for palygorskite ranges between 60 
m2g− 1 and 279 m2g− 1, according to Frini-Srasra and Srasra (2010) and 
Papoulis et al. (2013), respectively. Exceptionally, lower values have 
been reported for palygorskitic clays with high contents of impurities. 
The frequency of the BET values is plotted (Fig. 1 a) and follows a normal 
distribution around the mean value of 152 m2g− 1, with a wide standard 
deviation of ~50 m2g− 1. These results show a wide variability in the 
specific surface area of this fibrous mineral, although a direct compar
ison among these results cannot be done because of the differences in 1) 
the pre-treatments applied to the samples, including the outgassing 
conditions used, and 2) the presence of different amounts of and type of 
impurities, as summarized in Table 1. It is literally impossible to analyse 
the influence of the pre-treatments and the impurities because in many 
cases, this information is not given and when it is known, there are very 
large differences among the data. 

Regarding the pre-treatments, the following two groups of data were 

obtained: those from powdered samples of different sizes, frequently 
unknown, and those from the <2 μm and < 45 μm fractions obtained 
from the suspensions in water, dried and powdered. The specific surface 
area of the samples for which there is information on the pre-treatment 
is plotted by grouping the samples according to the fraction or particle 
size (Fig. 2). As can be observed, the variability remains inside each 
group, and the particle size does not seem to be relevant. In fact, in the 
group of samples obtained from suspensions of the clay in water and 
separation of the <2 μm fraction, in which the original microstructure 
has been modified, there are samples with values between 75 m2g− 1 

(Ghrab et al., 2018) and 279 m2g− 1 (Papoulis et al., 2013), the highest 
referred for palygorskite. 

In addition to the sample preparation, which obviously plays an 
important role because it can change the microstructure of the sample, 
the outgassing conditions must be considered in the comparative data 
analysis. The outgassing process is necessary to desorb the species that 
are naturally physisorbed and to clean the mineral surface prior to N2 
adsorption. For that, the sample must be heated in vacuum until a low 
residual pressure is reached, especially for microporous materials such 
as palygorskite. According to the International Union of Pure and 
Applied Chemistry (IUPAC) recommendations (Thommes et al., 2015), 
pressures <1 Pa are desirable to be able to measure the microporosity. 
Although the outgassing conditions are very important, only a quarter of 
the works collected in Table 1 give information on the outgassing pro
cess before the N2 adsorption, and these conditions are widely variable. 
No two studies used the same conditions. The following three temper
ature ranges used by the different authors that can be considered ac
cording to the thermal behaviour of palygorskite: under 120 ◦C, between 
120 ◦C and 250 ◦C, and between 300 ◦C and 400 ◦C; furthermore, there 
is no correlation between the outgassing temperature and the SSA values 
(Fig. 3). These temperatures correspond to the loss of absorbed, zeolitic 
and the first half of coordinated water, respectively, at atmospheric 
pressure (Serna et al., 1977; VanScoyoc et al., 1979; Suárez and García- 
Romero, 2019). If a vacuum was not considered, a temperature of 
approximately 200 ◦C would be the ideal temperature for 1) evacuating 
all the absorbed and zeolitic water without affecting the coordinated 
water, which implies structural folding, and 2) guaranteeing full 
accessibility to N2 to the interior of the channels. However, outgassing is 
performed under a vacuum, and the sum of the vacuum to the heating 
decreases the temperature required to evacuate the different water 
types. According to the data recorded in Table 1 and considering that 
there are no SSA value variations among the three temperatures ranges, 
as pointed out before, it could be assumed that the effect of vacuum is 
higher than that of temperature; furthermore, all samples achieved 
similar structural conditions, which probably implied the structural 
folding. This observation agrees with observations by Cases et al. 
(1991), who found that the SSA of palygorskite decreases under a vac
uum and thermal treatment over 70 ◦C due to a partial loss of micro
porosity related to the structural folding. 

It is well known that the SSA of sepiolite and palygorskite originates 
from the sum of the microporosity and the external surface. Although 
most authors relate the microporosity of palygorskite to its structural 
zeolitic channels, Cases et al. (1991) showed that a part of the micro
porosity is due to inter-fibre porosity and depends on the microstructure. 
The microstructure, and consequently the microporosity and SSA of a 
sample, can change with sample pre-treatment, such as suspension in 
water or soft acid treatment, as demonstrated for sepiolite by Suárez and 
García-Romero (2012). In any case, the microstructure is a characteristic 
of each sample that depends on its geological genetic process (García- 
Romero and Suárez, 2013) and laboratory procedures. However, these 
are not considered in most studies in which the SSA and microporosity of 
palygorskite are measured in natural powdered samples to be compared 
afterwards to treated samples by procedures that imply modification of 
the microstructure. The modifications found are always interpreted 
without considering the effect of the microstructure modification. 

Only 33% of the studies recorded in Table 1 provide microporosity 
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Table 1 
Resume of the bibliographic review. Note the wide dispersion of both of the values of the different textural parameters as the data provide in each reference.  

Geographical origin SSABET 

(m2 g− 1) 
SAμp 

(m2 g− 1) 
SAext 
(cm2 g− 1) 

Vμp (cm3 

g− 1) 
Vt (cm3 

g− 1) 
DMean 

(nm) 
Degass. 
cond. 

Pre- 
treat. 

Impurities Reference 

Soth Tunisia 60 16 44 – 0.349 – 1200 – < (Q + Do) 
Frini-Srasra and Srasra 
(2010) 

Jebel Rheouis, Soth 
Tunisia 61 – – – 0.1444 74.34 – 

< 100 
μm – Allouche et al. (2020) 

Huining, Gansu Province, 
China 61 9 52 0.0037 0.099 – – Powder 

< (Q + M +
Clh) Zhang et al. (2015a) 

Serradilla, Cáceres, Spain 71 – – – 0.14 – – Powder ~5% Q Gonzalez et al. (1990) 
Gafsa, Tunisia 75 – – – 0.136 72.34 – < 2 μm* < K Ghrab et al. (2018) 

Segovia 75 9 66 0.0042 0.1525 – – 
< 100 
μm – 

Pardo-Canales et al. 
(2020) 

Unknown 82 – – – 0.166 7.99 – – < Q Huang et al. (2020) 
Piaui State, Brazil 84 – – – 0.24 – – < 2 μm* < Q Oliveira et al. (2013) 
Western Australia 

(unknown locality) 89 – – – – – 700-12 h – – Sarkar et al. (2015) 
Gaojiawa mine, Jiangsu 

Province, China 94 – – – – – – – – Wang et al. (2016) 

Allow-Kagne, Senegal 100 14 86 0.0061 0.2047 – – 
< 100 
μm – 

Pardo-Canales et al. 
(2020) 

Maderuelo, Segovia, Spain 104 20 84 0.009 0.1896 – – 
< 100 
μm – 

Pardo-Canales et al. 
(2020) 

Piaui State, Brazil 106 – – – – – 2000 12 h < 74 μm – Araújo et al. (2020) 

Senegal 106 21 85 0.0095 0.1933 – – 
< 100 
μm – 

Pardo-Canales et al. 
(2020) 

Torrejón, Cáceres, Spain 111 94 17 – – – – – – 
Hermosín and Cornejo 
(1986) 

Piaui State, Brazil 112 – – – – – – < 20 μm < K Middea et al. (2018) 
Jiangsu Province, China 122 – – – 0.34 – – < 74 μm – Shi et al. (2009) 
Jiangsu Province, China 123 12.7 – 0.005 0.283 – 900 10 h – – Zhang et al. (2010) 

Ghoufi, Algeria 125 – – 0.018 0.302 – 1050 2 h Soft acid < Do 
Boudriche et al. (2014, 
2021) 

Montgne de Reims, France 126 – – – – – 1000 – – Cases et al. (1991) 
China (unknown locality) 126 – – – – – – – – Lei et al. (2017) 
Jiangsu Province, China 130 – – – 0.631 23.1 – Powder – Yang et al. (2016) 
South Africa (unknown 

locality) 131 – – – – – – – – 
Tichapondwa and Van 
Biljon (2019) 

Sacramenia, Segovia, 
Spain 138 – – – 0.34 – – Powder 

15% (Q +
mica) Gonzalez et al. (1990) 

Jiangsu Province, China 138 – – – – 6.07 – – – Shi et al. (2020) 
Anhui Province, China 139 – – – 0.22 – – Powder < Q Lai et al. (2010) 
Anhui, China 141 31 110 0.014 0.43 – – – – Chen et al. (2019) 
Unknown, China 141 87 – 0.04 0.17 2 – – – Meng et al. (2021) 
Pontezuela, Cuba 143 25 117 0.012 0.063 3.5 3000 4 h < 2 μm* – Alvarez et al. (2017) 
China (unknown locality) 145 16 129 0.007 0.413 11.4 – – < Q Guo et al. (2020) 
Changzhou, China 145 – – – 0.301 41.57 3000 2 h – < Q Mou et al. (2021) 
Jiangsu Province, China 147 – – – – – – – < Q Ouyang et al. (2018) 
Ventzia basin, Macedonia, 

Greece 148 – – – 0.503 13.58 2500 18 h – < (Q + Sm) Bourliva et al. (2018) 
Torrejón el Rubio, 

Cáceres, Spain 148 – – – – – – < 2 μm* – Vico and Acebal (2006) 
Huai-An, China 149 – – – 0.218 3 – Powder – Zhang et al. (2021) 
Anhui Province, China 153 28 125 0.0012 0.39 – – Powder < Q Liu et al. (2012) 
Western Australia 

(unknown locality) 153 – – – 0.218 6.9 – Soft acid – Rusmin et al. (2016) 
Ciudad Real, Spain 155 – – – – – 1400 24 h < 63 μm – Galán et al. (1994) 

Piaui State, Brazil 156 – – 0.01 0.36 13.8 – 
< 20 
μm* – Câmara et al. (2020) 

Florida, U.S.A. 157 – – – 0.0815 – – 
< 45 
μm* < Q 

Pushpaletha and 
Lalithambika (2011) 

Soth Tunisia 158 – – – – – – < 2 μm* ~ 0 Hamdi et al. (2005) 

Hyderabad, India 162 – – – 0.0826 – – 
< 45 
μm* < Q 

Pushpaletha and 
Lalithambika (2011) 

Gujarat, India 163 – – – 0.0841 – – 
< 45 
μm* < Do 

Pushpaletha and 
Lalithambika (2011) 

Jiangsu Province, China 164 – – – – – – – ~ 30% Q Zeng et al. (2017) 
Guanshan, Anhui 

Province, China 164 4 160 0 0.377 – – Powder < Q Zhang et al. (2015a) 
Unknown 165 – – 0.019 0.303 – 1500 6 h – < Q Yang et al. (2020) 
Ciudad Real, Spain 170 – – – – – 1400 24 h < 63 μm – Galán et al. (1994) 
Mingguang mine, Anhui 

province, China 171 44 127 – – – – – – Wang et al. (2019) 
Attapulgus, Florida USA 173 – – – – – – – – Dogan et al. (2006) 

Unkown 175 – – – – – – – 
~ 25% (Q +
Sm) 

Gantenbein et al. 
(2011) 

(continued on next page) 
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and external surface area data. In these samples, the microporosity 
ranges from only 4 m2g− 1 to 96 m2g− 1 for palygorskites from Guanshan 
and Anhui (China), as reported by Zhang et al. (2015a) and Lu et al. 
(2019), respectively, while the external surface area varies between 17 
m2g− 1 and 169 m2g− 1 for palygorskites from Torrejón (Spain) and 
Jiangsu (China), as reported by Hermosín and Cornejo (1986) and 
Zhang et al. (2015c), respectively. This means that the microporosity 
can influence the final SSA in very different ways depending on the 
samples because it ranges from only 2.44% to 86.68% of the SSA. The 

mean value of microporosity recorded in Table 1 is 43.38 m2g− 1, while 
the external surface area mean value is 112 m2g− 1, and in most cases, 
the external surface area is higher than the micropore surface (Fig. 4). 
There are only two cases reported in Table 1 (Hermosín and Cornejo, 
1986; Meng et al., 2021) that show higher values of micropore surface 
area than external surface, but in both cases, there is no information on 
the possible impurities nor on the pre-treatment and outgassing condi
tions used in order to evaluate how far the mineral structure and 
microstructure can be responsible of that different behaviour. 

Table 1 (continued ) 

Geographical origin SSABET 

(m2 g− 1) 
SAμp 

(m2 g− 1) 
SAext 
(cm2 g− 1) 

Vμp (cm3 

g− 1) 
Vt (cm3 

g− 1) 
DMean 

(nm) 
Degass. 
cond. 

Pre- 
treat. 

Impurities Reference 

Jiangsu Province, China 175 31 144 0.013 0.4 – – – – Xu et al. (2014) 

Karnataka, India 177 – – – 0.0898 – – 
< 45 
μm* < Q 

Pushpaletha and 
Lalithambika (2011) 

Huangnishan mine, 
Jiangsu Province, China 180 47 133 0.0214 0.265 5.86 – Soft acid < Q Zhang et al. (2015b) 

Jiangsu Province, China 181 – – – – 9.74 – – ~ 0 Zhong et al. (2019) 
Xuyi, China 182 – – – 0.492 10.84 2000 10 h Powder – Yang et al. (2010) 

Bercimuel, Segovia, Spain 186 – – – – – – Powder 
~10% (Q +
M) 

Suárez-Barrios et al. 
(1995) 

Lingshou, Hebei province, 
China 189 – – – 0.869 8.45 4000 2 h – – Miao et al. (2020) 

Jiangsu Province, China 200 – – – 0.46 9.23 – – – Xu et al. (2020) 
Xuyu, Jiangsu Province, 

China 202 – – – 0.58 11.5 2000 – ~ 0 Tian et al. (2020) 
Huangnishan mine, 

Jiangsu Province, China 206 48 158 0.021 0.507 – – Powder < Q Zhang et al. (2015a) 
China (unknown locality) 206 – – – 0.348 9.46 1600 3 h – – Liu et al. (2019) 
Mingguang mine, Anhui 

Province, China 207 76 131 0.0347 0.3989 7.71 1000 2 h Powder – Wang et al. (2021) 
Guanshan mine, Anhui 

province, China 213 – – – – – 900 12 h < 75 μm < (Q + Do) Liu et al. (2014) 

Attapulgus, Florida USA 221 112 124 – – – 1400 2 h Powder < Sm 
Sánchez del Río et al. 
(2009) 

Ventzia Basin, Macedonia, 
Greece 225 57 168 0.0252 0.3232 – – 

< 100 
μm – 

Pardo-Canales et al. 
(2020) 

Ticul, Mexico 236 81 140 – – – 1400 4 h – < Q 
Sánchez del Río et al. 
(2009) 

Anhui Province, China 239 96 143 – 0.36 5.96 – – ~ 0 Lu et al. (2019) 

Bercimuel, Segovia, Spain 254 – – – – – – – – 
Sanchez-Martin et al. 
(2006) 

Xuji, Jiangsu Province, 
China 262 93 169 – 0.4 – – Soft acid ~ 0 Zhang et al. (2015c) 

Ventzia basin, Macedonia, 
Greece 297 – – – 0.81 11 1000 3 h < 2 μm* ~ 0 Papoulis et al. (2013)  

Fig. 1. a) Histogram of BET (in m2g− 1) and b) histogram of total pore volume (in m3g− 1), both from the data reported in the references collected in Table 1. b.  

M. Suárez et al.                                                                                                                                                                                                                                 



Applied Clay Science 216 (2022) 106311

5

Finally, very few references give data on the micropore volume or 
the mean pore diameter. However, the data of the total volume of pores 
are frequent, and a high variability is found again (Table 1 and Fig. 1b). 
Total volume of pores ranges from 0.063 cm3g− 1 to 0.869 cm3g− 1, with a 
mean value of mean pore diameter is 16.84 nm, that is in the meso
porosity range according to the IUPAC. Clay minerals, in general, are 
characterized by a fractal distribution of their porosity, which ranges 
between the smaller micropores related to their crystal structure, as in 
smectites and sepiolite, to the macropores due to their microstructure 
(Přikryl and Weishauptová, 2010; Suárez and García-Romero, 2012). 

2. Experimental 

With the aim of studying the influence of the intrinsic properties of 
palygorskite, such as fibre size, crystallinity and microstructure, on the 
surface properties of palygorskite, a group of 22 high purity samples was 
chosen (Table 2). Some of these samples have been previously studied 
with other objectives in Suárez et al. (2007, 2018), García-Romero and 
Suárez (2010, 2013, 2014), Sánchez del Río et al. (2009), Suárez and 
García-Romero (2011, 2013) and Stathopoulou et al. (2011). On the 
other hand, some of the samples here studies have the same origin that 

some of those are in Table 1, which contains bibliographic references on 
the surface properties of palygorskite. The deposits that have been 
studied both in bibliography and in this work are form Attapulgus (U.S. 
A.), Bercimuel and Torrejón (Spain), and Ticul (Mexico). 

The surface properties, including specific surface area (SSA), 
micropore surface area (SSAμp), micropore volume (Vμp), external sur
face area (SSAEx) and mean equivalent pore diameter, were obtained 
from N2 adsorption-desorption isotherms at − 196 ◦C obtained from a 
static-volumetric apparatus (Micromeritics ASAP 2010 adsorption ana
lyser). All samples were pre-treated and analysed in the same way, as 
follows: 0.3 g of the raw sample powdered in a manual mortar was 
outgassed for 4 h at 110 ◦C to reach a pressure of ≤3 μm Hg. The iso
therms were obtained following a previously fixed 40-point P/P0 table, 
and their reproducibility was checked. Samples were weighed prior to 
and after the vacuum thermal treatment of outgassing to determine the 
amount of water lost. 

Thermal analyses were performed with simultaneous SDT-Q600 TA 
Instrument, equipment from ambient temperature to 1000 ◦C, with a 
rate of heating of 10 ◦C/min in air, with ~0.2 g of powdered sample in 
alumina crucible. 

Scanning electron microscopy (SEM) observations were performed 
using a JEOL JSM 6400 microscope operating at 20 kV at the National 
Center of Electron Microscopy of Complutense University. Prior to the 
SEM-FEG examination, freshly fractured surfaces of representative 
samples were air-dried and coated with Au under vacuum. 

3. Results and discussion 

All N2 isotherms obtained were similar in shape, as logical, because 
all samples were very rich in palygorskite (Fig. 5). According to this 
shape and the hysteresis loop, they could be classified as Type II of the 
IUPAC classification, which does not present limited adsorption at 
relative pressures close to the unit. On the other hand, most samples 
presented high adsorption at the lowest relative pressures, correspond
ing to microporous solids (Fig. 5). All the samples also presented very 
narrow hysteresis loops that are classified as Type A, which indicate the 
presence of tubular pores, according to De Boer and Lippens (1964). 

Table 3 contains the data obtained from the N2 isotherms of the 
studied palygorskites. As shown, there are significant differences among 
the samples, even in this group of very pure palygorskites in which the 
influence of minor amounts of impurities is negligible. The SSABET varies 

Fig. 2. BET data (in m2g− 1) from the references collected in Table 1 plotted according to the size of the particles obtained after pre-treatment. Data with * correspond 
to fractions minor than the indicated value, as obtained from suspension in water, decantation and powdering. 

Fig. 3. SSA values and temperatures of outgassing from the date recorded in 
Table 2, plotted from the lowest to the highest temperature used for 
out-gassing. 
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between 47 m2g− 1 and 269 m2g− 1, in the same range as the values listed 
in Table 1, which indicates that such a large variation is characteristic of 
the mineral. These variations must be related to some intrinsic proper
ties of the mineral in addition to the microstructure because in this 
study, they cannot be attributed neither to impurities nor to different 
pre-treatment and outgassing conditions. Additionally, the variations 
found among the values of SSAExt and SSAμm are similar to those from 
the literature recorded in Table 1. The SSAExt varies between 40 m2g− 1 

and 190 m2g− 1, whereas the SSAμm is between just 7 m2g− 1 and 123 
m2g− 1. In most samples analysed, as in the references, the SSAμm is lower 
than the SSAExt. Regarding the mean pore diameter (Table 3), there are 
no significant differences among the samples, and in all cases, the mean 
pore diameter is in the mesopore range, according to the IUPAC 

classification. 
A classical question in studies of the surface properties of sepiolite- 

palygorskite fibrous clays is the accessibility of N2 molecules to the 
inner part of intracrystalline tunnels. However, prior to this, it is 
necessary to know the availability of these tunnels after the outgassing 
process. To evaluate whether only zeolitic water or coordinated water 
was released under the vacuum and thermal conditions used, the weight 
of the samples was recorded before and after the outgassing process, and 
the loss of water, expressed as a percentage of the initial weight (LW%), 
was calculated. The LW% varies between 8.35% and 18.17%, with a 
mean value of 14.83%. These results were compared with the data ob
tained from the thermal analysis in a group of samples selected for this 
purpose. As shown in Fig. 6, the LW% during the outgassing process 
corresponds to equivalent temperatures much higher than 400 ◦C in TG 
analysis, the temperature at which the folding is complete according to 
different authors (Serna et al., 1977; VanScoyoc et al., 1979; Suárez and 
García-Romero, 2019). Although the ideal procedure would be to 
evacuate only zeolitic water, without releasing coordinated water and 
leaving the tunnels fully accessible, this is not possible under vacuum. 
To be able to achieve the relative pressures <1 Pa required for the 
microporous analyses, folding of the crystalline structure is inevitable; 
therefore, accessibility to the original intracrystalline tunnels is not 
possible, and their real internal microporosity cannot be known. 

The accessibility of N2 to the inner part of the tunnels is not only 
conditioned by the folding and the length of the fibre but also has a clear 
influence on the crystal chemistry and crystalline structure. Palygorskite 
is the term used for the minerals of the polysomatic series sepiolite- 
palygorskite closer to the extreme in which only palygorskite type 
polysomes appear and they diffract without sign of the presence of 
random sepiolite polysomes in their structure (Suárez and García- 
Romero, 2011, 2013), but in most cases palygorskitic minerals contain a 
variable proportion of sepiolite type polysomes, which implies: i) a 
higher proportion of Mg in their chemical composition because sepiolite 
polysomes only have Mg2+ as octahedral cations whereas palygorskite 
polysomes have the same number of octahedral positions occupied by 
Al3+ and Mg; ii) a proportion of wider tunnels into the crystals, with 
higher accessibility to the N2, due to the wider size of the sepiolite 
polysomes. Based on these assumptions, the richer the Mg in the sam
ples, the higher the SSABET. Table 4 contains the correlation coefficients 
(c.c.) between the textural parameters (SSABET, SSAEXT, SSAμp, Vμp, and 

Fig. 4. Graphical representation of specific surface area (SSABET), micropore surface area (SSAμp), and external surface area (SSAEx) data from Table 2, ordered from 
the lowest to the highest microporosity. 

Table 2 
Studied samples with their origin, label and impurities if there are.  

Sample Origin Impurities Sample Origin Impurities 

ATT 
Attapulgus 
(U.S.A) 

smectite 
<5% OKE 

Okehampton 
(U.K.) – 

BER Bercimuel 
(Spain) 

illite +
quartz 
<15% 

PAL Palygorskaya 
(Russia) 

– 

BOA Boavista 
(Brasil) 

– PIC Pics Crossing 
(Australia) 

– 

BUH 
Buho 
(Spain) 

– SAL 
Salamanca 
(Spain) 

Illite +
quartz 
<15% 

CAS 
Cassiar 
(Canada) – SEG 

Segovia 
(Spain) – 

ESQ1 
Esquivias 
(Spain) 

quartz 
<5% TEM 

Tembleque 
(Spain) 

Illite +
quartz 
<10% 

ESQ2 
Esquivias 
(Spain) 

quartz 
<5% TOR 

Torrejón 
(Spain) 

quartz 
<5% 

LEB 
Lebrija 
(Spain) 

quartz 
<5% TRA 

Trancos 
(Spain) – 

LIB 
Lisbon 
(Portugal) 

– Y13 
Yucatán 
(Mexico) 

– 

LIL Lisboa 
(Portugal) 

– Y1A Yucatán 
(Mexico) 

– 

NIJ 
Nijar 
(Spain) – Y7 

Yucatán 
(Mexico) –  
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DM) and the number of octahedral positions occupied by Mg (Table 3), 
according to the structural formulae of each sample published in García- 
Romero and Suárez (2010). There is a positive correlation between the 
SSABET and the content in Mg, with a c.c. = 0.641 and a high bilateral 
significance, but these data are even better when the microporosity is 
considered because the c.c. between the SSAμp and octahedral Mg is 
0.682 with 0.001 of bilateral significance. This demonstrates that the 
palygorskite structure and its crystal chemistry also influence the sur
face properties, which is shown for the first time. 

The absence of structural formula data in the references recorded in 
Table 1 makes it impossible to perform a similar statistical analysis. 
However, it is verifiable that the palygorskites from Table 1 with the 
highest values of SSA and microporosity are Mg-rich palygorskites. It is 
possible to deduce that through the X-ray diffraction (XRD) data re
ported in the references, the high content in Mg due to the presence of 
sepiolite polysomes in palygorskite produces high 011 and 200 d- 
spacing in the XRD patterns (Suárez et al., 2007; Stathopoulou et al., 
2011; Suárez and García-Romero, 2011, 2013). The references of paly
gorskites with the highest SSA values recorded in Table 1 are those re
ported by Sanchez-Martin et al. (2006), Papoulis et al. (2013), Zhang 
et al. (2015c) and Lu et al. (2019), and in this paper, the 110 d-spacings 

of palygorskite reported from their XRD patterns are 10.54 Å, 10.53 Å, 
10.6 Å, and 10.53 Å, respectively. These d-spacings indicate a high 
amount of octahedral Mg. At the opposite extreme, Gonzalez et al. 
(1990) described one of the samples with the lowest SSA in Table 1 (71 
m2g) as a very pure and aluminium-rich palygorskite, ratifying the in
fluence of the crystal chemistry on the surface properties of palygorskite. 

In addition to the accessibility to N2 to the inner part of the tunnel, 
the size of the fibres and microstructure must also be considered. Both 
the size and microstructure can vary greatly (García-Romero and Suárez, 
2013), and as an example, representative images of the microstructure 
of some palygorskites are shown in Fig. 7. These images can be used to 
explain the influence of the microstructure on the microporosity. The 
sample with the lowest SSABET and microporosity is CAS, which is a very 
pure palygorskite; therefore, the presence of impurities cannot be 
claimed to explain their low surface properties. The microstructure of 
the CAS sample can be observed in Fig. 7. First, the fibres are very long, 
so they have limited accessibility of N2 molecules to the inner part of the 
tunnels. If N2 is only able to penetrate at the “entrance” of the micro
pores, as longer the fibre is, lower the accessibility of N2 for the same 
weight of palygorskite is. In other words, each time that one fibre is 
“divided” in two, the number of ends and consequently the accessibility 

Fig. 5. N2 adsorption-desorption isotherms of some representative samples.  
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to the inner part of the tunnels double. The influence of the fibre length 
on the microporosity can be observed in Fig. 7, in which the samples are 
ordered from the longest to the shorter fibres, and they are also ordered 
from the lowest the highest microporosity. 

On the other hand, the interfibre microporosity due to the close 
microstructure of the samples also plays an important role in the final 
values of SSABET, SSAμp, and SSAEXT. Cases et al. (1991) pointed out the 
existence of interfibre microporosity by studying the textural properties 
of palygorskite, and Suárez and García-Romero (2012) demonstrated 
that the microporosity of a group of sepiolites changed when the 
microstructure was modified. In the group of palygorskites studied here, 
the samples with minor microporosity not only have long fibres but also 
present very open textures, such as samples CAS and NIJ in Fig. 7, while 

samples such as Y13 and PIC, which have short rods in a closed micro
structure, have the highest microporosity due both to the fibre length 
and to the interfibre microporosity. 

4. Final remarks and conclusions 

The review of a wide number of papers (71) focused on the surface 
properties of palygorskite reveals that this minerals has high variability 
of its surface properties. Extreme values of SSA are not related to 
extreme outgassing conditions or pre-treatment. The data from the 
bibliography and the results obtained from the study of 22 samples of 
very pure palygorskites show the very high variability of the surface 
properties of this relevant industrial mineral. This wide variation occurs 
for the specific surface area, micropore surface area, micropore volume, 
external surface area and mean equivalent pore diameter, and all these 
properties are influenced by several factors related both to the crystal
line structure and to the microstructure. 

The first conclusion is that even for soft outgassing conditions such as 
those used in this work, folding of the palygorskite crystalline structure 
is unavoidable, and accessibility to the inner part of the intracrystalline 
tunnels of N2 molecules is limited. 

On the other hand, while the SSAEXT only depends on the micro
structure, the microporosity is related to the crystalline structure, fibre 
length and microstructure because of the following reasons: 

Table 3 
Results from the adsorption study show that the samples are ordered from the 
lowest to the highest SSABET. LW%: lost weight percentage during the out- 
gassing process. Data obtained from the N2 analysis: specific surface area 
(SSABET), external surface area (SSAEXT), micropore surface area (SSAμp), 
micropore volume (Vμp), and mean pore diameter (DM). MgVI: number of 
octahedral positions occupied by Mg atoms in palygorskite (a.p.h.u.c. = atoms 
per half unit cell. nd: not determinated.  

Sample LW % SSABET SSAEXT SSAμp Vμp DM MgVI 

m2g− 1 m2g− 1 m2g− 1 cm3g− 1 nm a.p.h.u. 
c 

CAS 14.47 47 40 7 0.004 19.52 1.79 
NIJ 13.32 102 92 10 0.0056 19.9 2.1 
SAL 13.91 104 45 59 0.0296 19.87 nd 
TOR 8.35 105 51 54 0.0254 19.98 2.28 
BUH 13.65 117 97 20 0.0094 nd 1.72 
OKE 14.22 118 73 45 0.0235 20.1 1.88 
LEB 11.81 135 117 18 0.0091 nd 1.66 
LIB 15.46 157 73 83 0.0412 20.38 2.27 
BER 12.99 168 92 76 0.018 20.09 1.98 
PAL 14.45 173 120 53 0.0243 19.11 2.05 
SEG 15.44 173 120 53 0.0481 20.21 1.85 
BOA 12.93 175 96 79 0.0428 20.65 1.91 
TEM 13.99 177 147 30 0.0147 20.03 1.97 
Y7 16.54 181 123 58 0.0512 20.17 2.21 
Y13 11.61 185 82 103 0.0536 20.18 2.34 
PIC 13.69 208 85 123 0.0678 20.45 2.24 
ATT 19.51 221 140 81 0.0512 20.06 2.31 
Y1A 28.17 237 136 101 0.0523 20.17 2.54 
TRA 16.71 251 143 94 0.0525 20.58 2.83 
ESQ2 19.98 261 157 104 0.0584 20.14 2.92 
ESQ1 13.72 264 150 114 0.056 19.8 3.34 
LIL 17.81 289 190 99 0.0491 19.87 1.95  

Fig. 6. Thermogravimetric analysis (green), derivate of the themogravimetric analysis (reed) and differential thermal analysis (blue) curves of a) ATT sample and b) 
E10 sample. Discontinuous lines indicate LW % (19.51% and 19.98%, respectively). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Table 4 
Correlation coefficients (c.c.) between the textural parameters (SSABET, SSAEXT, 
SSAμp, Vμp, and DM) and the number of octahedral positions occupied by Mg per 
half unit cell.   

SSABET SSAEXT SSAμp Vμp DM LW % 

SSAEXT .850**       

0.000      
SSAμp .807** 0.377      

0.000 0.084     
Vμp .785** .425* .906**     

0.000 0.049 0.000    
DM 0.257 0.039 0.435 .510*    

0.287 0.875 0.063 0.026   
LW % .527* .544* 0.342 0.418 0.081   

0.017 0.013 0.140 0.067 0.750  
MgVI .641** 0.377 .682** .635** 0.127 0.309  

0.002 0.092 0.001 0.002 0.617 0.199  

M. Suárez et al.                                                                                                                                                                                                                                 



Applied Clay Science 216 (2022) 106311

9

i) Magnesian palygorskites contain proportions of sepiolite poly
somes in their crystalline structure, which implies a proportion of 
wider tunnels with more N2 accessibility, and this is found here 
for the first time.  

ii) The fibre length influences the partial accessibility of N2 to 
intracrystalline tunnels because the shorter the fibre, the higher 
the number of edges and the partial accessibility to the entrance. 

iii) The subparallel arrangement of the rods in fibre bundles gener
ates inferfibre microporosity. 

The first two are characteristic of each mineral depending on its 
geological origin, but the interfibre microporosity can be modified if the 
microstructure changes during the pre-treatment of the sample. All these 
factors can influence the sample in very different ways because the 
crystal chemistry and microstructural variations are very wide for this 
mineral, as shown in research by García-Romero and Suárez (2010, 
2013). For this reason, there are wide variations of the surface properties 
like those described in this study, even for very pure palygorskitic 
samples. This implies that prior to the use of palygorskite in a certain 
industrial applications, it is necessary to study its surface properties 
considering the possible microstructure variations during industrial 
processes. 
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