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Abstract

Adsorption phenomena have several technological applications such as desiccants, catalysts, sep-

aration of gases, etc. Their uses depend on the textural properties of the solid adsorbent and the

type of the adsorbed liquid or gas. Therefore, it is important to determine these properties. The

most common measurement methods are physicochemical based on adsorption of N2 to determine

the surface area and the distribution of pores size. However these techniques present certain limi-

tations for microporous materials. In this paper we propose the use of the Dynamic Laser Speckle

(DLS) technique to measure the hygroscopic capacity of a microporous natural zeolite and their

modified forms. This new approach based on the adsorption of water by solids allows determine

their specific surface area (S). To test the DLS results, we compared the obtained S values to

those calculated by different conventional isotherms using the N2 adsorption-desorption method.
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I. INTRODUCTION

The minerals based on aluminosilicates (AS) such as zeolites (clinoptilolite) and clays

(kaolinite, montmorillonite) are abundant and inexpensive [1]. Zeolites and kaolinites are two

relevant examples of natural AS. Due to their physicochemical properties, nontoxicity, low

cost, and easy availability, these materials are important in geology, agriculture, catalysis,

industrial (ceramics, paper, paint, etc.) and environmental processes [2–6].

When an AS is “activated” by a thermal treatment, an dehydration process occurs and

they acquire a great adsorption capacity. Additionally, the treatment with concentrated

acids or bases also modifies their hygroscopic properties as previously reported [7–9]. Fur-

thermore is renowned that hydrogen bonding interactions and electrostatic attraction forces

on the surface of AS modified with anionic and/or cationic species has a significant effect

on different industrial application [3, 4].

The most validated and accepted procedure by international standards for the determi-

nation of the pore size distribution and specific surface area of different porous materials is

nitrogen physisorption and numerous isotherms have been used to describe this processes.

One the first reported studies of the adsorption nitrogen and other gases was the Langmuir

isotherm model [10], however Brunauer, Emmett and Teller (BET) Isotherm [11, 12] is the

most used. The BET-nitrogen model is established as an ISO standard procedure for sur-

face area determination in spite of the perceived theoretical limitations. One of the inherent

difficulties, is to consider the energetic homogeneity for all adsorption sites on the surface

and so an inadequate fit of the experimental data at low pressure region is applied [13].

Futhermore, the BET model is based in the slighlty consideration about the interactions

forces between the adsorbent and the adsorbate molecules. For all these limitations in the

BET model, Chirife [14–18] and Henderson [19] isotherms are widely used for this purpose.

In our knowledgment, no other suitable alternative method has been reported for the

characterization of specific area. For that reason should be necessary to have a simple

and non-destructive method to study the surface properties of different materials specially

aluminosilicates. In this paper we propose a method using a dynamic laser speckle (DLS)

technique.
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DLS is a versatile technique used for different applications, such as determination of

very small surfaces displacements and rotations, the viability of a seed, the drying time of

paints and several biologic and biomedical applications [20–27]. This simple and relatively

inexpensive technique can be also used for the hygroscopic characterization of different

materials. We have previously reported the hygroscopic study of the zeolites modified with

acid, base and temperature treatment by using the dynamic laser speckle technique [9]. In

view of the foregoing results obtained by the DLS as a characterization technique for zeolites,

we herein report a useful and alternative method for the specific surface area determination

II. EXPERIMENTAL

Zeolite Clinoptilolite is a mineral from La Rioja, Argentine. The natural sample was

modified by 1M solutions of ammonium hydroxide and nitric acid and they were also ther-

mally treated at 250◦C (523.15 K) and 500◦C (773.15 K). For more details see [9]. Surface

areas and porosity of samples were determined by physical N2 adsorption at 77 K (BET

model) using a Micromeritics apparatus ASAP 2010.

Dynamic laser speckle (DLS) is an optical technique that has been used for various

applications in biology, medicine and industry [20]. It is based on a scattering phenomenon

that occurs when a coherent laser light illuminates an active surface. The surface seems to

be covered by tiny bright and dark spots that fluctuate in an apparently random fashion,

according to the fluctuation of the surface.Therefore, the study of the temporal evolution of

speckle patterns can provide an interesting tool to characterize the parameters involved in

the dynamic processes of the sample.

We use the DLS technique to measure the hydroadsorption process of the zeolite. In this

case, 30 mg of each sample were impregnated with 10µl distilled water and the experiment

was carried out at 19◦C (292.15 K) and 60% of humidity. Figure 1 shows the experimental

DLS set-up. We employ a 10 mW He-Ne laser to illuminate the samples and a CCD camera

connected to a frame grabber to record and digitize the speckle patterns images. Then, we

construct a Temporal History of Speckle Pattern (THSP) matrix (see Fig. 2) and follow the

Oulamara et al. [28] method. The activity of the sample appears as intensity changes in the

horizontal direction. For example, when the sample is very active (initial hydro-adsorption

process), THSP looks like a speckle pattern (See Figure 2a). When the sample have low
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activity (process complete), THSP shows elongated shapes(See Figure 2b).

Finally, we use the Arizaga et. al [29] method to process the THSP data. We calculate

the second order moment of the Co-occurrence matrix for quantitative measurements.

MSO =
∑
ij

Mij (i− j)2 (1)

where Mij is the number of the gray-level i followed by the gray level j in the horizontal

direction of the THSP matrix. For more details of this method see References [9] and [29].

1

Speckle pattern

Zeolite surface

Water

CCD

Laser

Figura 1: .

FIG. 1. Scheme of the experimental set up used for the dynamic speckle technique. The dotted

curves represent the temporaly progress of water adsorption.

2

(a) (b)

Figure 2: Temporal History of Speckle Pattern (THSP). (a) high activity (initial hydro-
adsorption process) (b) low activity (process is complete)FIG. 2. Temporal History of Speckle Pattern, (a) high activity (initial hydro-adsorption process),

(b) low activity (process is complete).
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III. SORPTION ISOTHERMS

Different isotherms describing the adsorption-desorption processes in different pressure

ranges [14–19, 30–39] are show in Table 1.

TABLE I. Different models of isotherms usefull to reproduce a sorption process in a solid.

Isotherm Expression

Langmuir [30] QA = Qm
bP

1+bP

Freundlich [30] QA = KP 1/n

Tenkim [30] QA = A log (BP )

Brunauer, Emmett and

Teller (BET) [30–33]

P
QA(1−P ) = 1

QmC
+ C−1

QmC
P

Guggenheim, Anderson,

and Boer (GAB) [30–33]

kGP
QA(1−kGP ) = 1

QGCG
+ CG−1

QGCG
kGP

Three stage sorption model ktP
QA(1−ktP ) = 1

QtCtHH′
+ CtH−1

QtCtHH′
ktP

(t.s.s.) [32] H = 1 + (ktP )h

1−P
1−kt
kt

H ′ = 1 + H−1
H

1−ktP
1−P [P − h(1− P )]

Three stage sorption ktrP
QA(1−ktrP ) = 1

QtrCtrGG′
+ CtrG−1

QtrCtrGG′′
ktrP

restricted model G = H − 1
ktr

1−ktrP
1−P

1−kt
kt

(t.s.s.r.) [32, 33] G′ = H−1
G − 1−ktrP

1−P Q

Q = P + h(1− P )−
[
P − (1− P )(1− ktrP )h+n1−f ]

]
Pn

Oswin [34] QA = K
(

P
1+P

)n
Chirife [14–18] QA = K

(
−A
logP

)1/C
Ferro-Fontain [35] log

(
γ
QA

)
= αP r

Lewicki [36] QA = A
(

1
P−1

)b−1
Henderson [19] QA = K (−Alog (1− P ))1/C

Chung-Pfost [37, 38] QA =
log logP

−A

−B

Viollaz [39] QA = QV CV kV P
(1−kV P )(1+(CV −1)kV P ) + QV kV k2

(1−kV P )(1−P )

Where QA is the adsorbed N2 amount and P is the relative pressure. The other param-

eters are constants and is necessary to be calculated.

The water adsorption by the zeolite is a process that can be studied using these models.
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Furthermore, as previously reported in Reference [9], Hawkes and Flink, Peleg and Azuara

models can be also used [40–50]. Application of all these models to the DLS experimental

data resulted in a not good fit. In Ref [9] the Peleg equation was modified extending it to

the second order. Although a better adjustment was achieved, this equation does not show

the entire adsorption process. Therefore, we propose a new model that takes into account

all the dynamics of the water adsorption process.

IV. PROPOSED MODEL FOR DLS IN ZEOLITE SAMPLES

One empirical approach involves the consideration of the solid zeolite with cylindrical

pores with R as a mean radius, L(t) as average depth and H(t) indicates the height of water

in all surface occupied. These values changes with the hydration. According to this, the

Hagen-Poiseuille’s law can be used to calculate the water flow, QA

QA =
ρgHπR4

8ηL
=
dV

dt
(2)

Where V is the water volume, ρ and η are the water density and viscosity, respectively.

The water volume variation due to the hydration is described as πR2dh(t)/dt, where h(t) is

the water height in the pore. Using these considerations in equation (1), the height of water

in the pore can be calculated.

dh(t)

dt
=
ρgHπR2

8η

H0 − h(t)

L0 − h(t)
(3)

The solution of this equation with the appropriate initial conditions (L0 and H0) is:

A ln(U)− U − A lnH0 +H0 = Ct (4)

where U = H0 − h(t), C = ρgR2

8η
, A = H0 − L0.

With the aim to reproduce the experimental data of the second order moment (MSO)

must be taking into account their proportionality to the remain water height (MSO ∝ U =

H0 − h(t))
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V. RESULTS AND DISCUSSION

A. Determination of specific surface area (S)

Figures 3a) and 3b) display the different isotherms models describing nitrogen adsorption-

desorption isotherms at 77 K in the natural zeolite. The best fit with the experimental data

was observed for the Chirife’s isothermal model (continuous black line in figure 3.b, with

values A = -9.7033 and C = 2.3487). However, as observed in Figure 3, the fitting of the

two isotherm models Ferro-Fontain (green segments and points in Figure 3.b) and Villoaz

(short and long fuchsias segments in Figure 3.b) is not good.

TABLE II. Summary of the different isotherms models and their parameters calculated.

Pressure range Isotherm Parameters

0.01-0.93 t.s.s Qt = 1.7667, Ct = 278.91, h = 27.9

and kt = 0.81

0.01-0.90 t.s.s.r Qtr = 1.7664, Ctr = 265.83, ktr =

0.80, h = 16.9, n = 0.10 and f =

0.05

0.01-0.82 GAB kG = -101.6484, CG = 1.0071 and

QG = -1.9841

0.01-0.60 Chung-Fost A = 19.1245 and B = 1.1055

0.01-0.45 Lewicki and Oswin N = 0.1851 and K = 2.9179 A =

2.9179 and b = -0.1851

0.01-0.35 BET Qm = 1; 8472 and C = 134.11.

0.01-0.30 Freundlich K = 2.9449 and n = 5.4282

Henderson A = 0.0284 and C = 2.1926

0.01-0.25 Temkin A = 0.3209 and B = 4215.1

0.01-0.10 Langmuir Qm = 1.9481 and b = 139.7382

Table 2 shows the parameters calculated by using isotherms models in different pressure

range.

The Chirife isotherm model was applied to the natural and modified zeolites due to the

good results obtained by this model. Figure 4 shows the experimental values of the N2
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Figura 1: .FIG. 3. Experimental values of N2 sorption in blue dots and the theoretical adjustments (a)

Langmuir, Freundlich, Tenkim, BET, t.s.s, t.s.s.r and Chirife (b) Oswin-Lewicki, GAB, Ferre-

Fountain, Henderson, Chung-Pfost and Villoaz.

sorption for all the samples and the respective adjustments with the Chirife’s isotherm. As

observed in Figure 4 the different curves do not show important differences in the experi-

mental values for samples.

Using this model the specific surface area for all samples were calculated and the values

are summarized in Table 3 which also includes those obtained by BET model

Halsey [51], Harkins and Jura [52], and Harkins and Jura modified by Kruk [53] are used

in the corresponding t-plots for determining the external area for all samples (2.5Å-5.0 Å).
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Figura 1: .FIG. 4. Experimental values of the N2 sorption for the natural zeolite and its chemical and thermal

modification derivatives, and the respective adjustments with the Chirife isotherm.
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Figura 1: .FIG. 5. t-plots of Hasley, Harkins and Jura and Harkins and Jura modified by Kruk models.

Figure 5 shows the t-plot for the natural zeolite even was determined for all samples (see

Figure A9-A12). As can be observed in the Figure 5 the Halsey and Kruk equations result in

negative values for QA giving rise to negative volume of micropores whith does not have any

real physical meaning. For that reason the Harkins and Jura model was applied to calculate

the external area and the volume of the micropores. The results for all samples are also

included in Table 3. The effective surface area for the BET model determined for natural
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and Z-250 samples is lower than that for the external area and this result has no sense.

However, this contradiction is not observed with Chirife isotherm, as observed in Table 3.

TABLE III. Specific and external surface area S, volume of micropores and energy D-R (Dubinin-

Radushkevich) for all samples.

Sample SChirife SBET Sext. Vmicro Vmicro E(kJ)

[m2/g] [m2/g] [m2/g] D-R

Natural 11.4552[2023] 6.7951[0314] 7.4501 0.218 0.206 6.4

Z-HNO3 11.9325[2574] 8.0412[0431] 5.6949 0.432 0.219 6.0

Z-NH3 12.2367[2368] 8.7585[0574] 8.2914 0.155 0.337 7.3

Z-250 13.7170[2435] 8.8600[0914] 9.6264 0.000 0.181 5.9

Z-500 17.6741[2715] 12.7963[0292] 9.4980 1.421 0.222 6.5

It is very known that the Dubinin-Radushkevich model is very useful to calculate the

total volume of micropores and the characteristic energy of the fluid-solid system. With

the aim to have a complete information about the morphology of the porous materials, the

knowing of the size pores distribution is neccesary. Barrett, Joyner and Halenda (BJH) [54]

is the most accepted method for determining the size of mesopores.

However, previously report, indicate that the BJH method overestimate the pore size [55].

The authors proposed an improved method, named VBS, where they use the adsorption-

desorption isotherm reconstruction. This method include a corrective factor (fc) to the

standard BJH equation, whose value is selected to satisfy a criterion of its own consistency,

ie, the reconstructed isotherm must adjusted to the original.

Finally, for all samples the fc values determined from VBS method, for desorption are

0.08, 0.17, 0.00, 0.10 and 0.02 for Z-Natural, Z-250, Z-500, Z-NH3 and Z-HNO3 respectively.

Figure 6 shows the pore distributions for different zeolite samples. It can be observed that

Z-HNO3 presents the most important differences, while the smallest differences are found

for Z-NH3. It is noted that the width of pores mostly varies between 2 and 10 nm indicating

that these samples have supermicropores and mesopores according to IUPAC.

After determining the specific surface area by using the nitrogen physisorption technique

(using the Chirife isotherm which is most appropriate to describe all samples), the charac-

teristic time of water adsorption must be determined using DLS technique.
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B. Determination of the characteristic time for the water adsorption

Figure 7 shows the second order moment for the experimental values of natural zeolite

samples and those determining using different conventional isotherms were plotted as a

funtion on time. Fig A13-A16 show the results for the other samples

As shown in Figure 7 any models not fit very well, except for that calculated using the

new propose model (See equation (3). Figure 7b shows the good agreement between the

experimental value and the proposed model (continuous blue line). This model predicts

the “characteristic time” (τ) which is considered as the instant in which the second order

moment reaches 37% of its initial value.

In Table 4 are summarized the characteristic times for all samples calculated with our

proposed model.

C. Calibration Curve

Taking into account the good results obtained with our model, it would be very useful for

determining the specific surface area. For this purpose it is necessary to have a calibration

curve.

Figure 8 shows the linear regression between specific surface area [S(m2/g)] (Chirife and
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Figura 1: .FIG. 7. Experimental values of the second order moment as a function of time and isotherm values

adjusted by the different models for water adsorption of the natural zeolite. DLS technique values

in blue dots.

BET) and characteristic time [τ ] for all samples. From these Figures it is possible to obtain

the following equations:

Using Chirife isotherm model:

SChirife = 0.0453τ + 10.1874 (5)

Using BET isotherm model:
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TABLE IV. Characteristic time of natural and modified zeolites calculated with our proposed

model

Zeolite τ [s]

Natural 25.830

Z-HNO3 31.048

Z-NH3 50.294

Z-250 87.561

Z-500 160.221

SBET = 0.0390τ + 6.2839 (6)

These equations are a simple and a very useful method to determine the specific area with

the water adsorption DLS calculated characteristic time from Chirife and BET’s isotherms

models.

As observed in Table 4 the values of the DLS characteristic time determined for all

samples with our model, are very different between them while those for the specific area

are very similar (see Table 3). 1
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Figura 1: .FIG. 8. Specific surface area vs. characteristic time (τ)

13



  

VI. CONCLUSIONS

In this paper, we propose a new approach to study hydroadsorption properties of solids

materials using a simple and non destructive method named Dynamic Laser Speckle (DLS).

It was also possible to determine the specific surface area of different samples. As examples

of this proposal, we studied several pure and modified clinoptilolite samples.

A careful analysis was carried out about the textural properties of all samples (porosity,

specific surface and external area) by the N2 adsorption method. For this purpose, several

known isotherms were applied. The pore size was estimated by the BJH model. In addition,

we applied the VBS model for determining the fc parameter using a matlab algorithm. This

parameter was used to correct the overestimation predicted by the BJH model in the pore

size. Finally, using the Dubinin-Radushkevich model, we determined the volume of the

micropores.

Through this analysis, we demonstrate that Chirife’s isotherms models fitting better than

the BET traditional model to describe the experimental value of the N2 sorption of all the

studied samples.

We propose a new model for determining the “characteristic time” (τ) of the water

adsorption process using the experimental value from the second order moment of DLS

method. Then, we compared the specific surface areas obtained by DLS with those obtained

by the conventional N2 adsorption methods.

The conventional sorption methods are quite complicated to use because they its need

reagents in expensive equipment with high vacuum and data processing require careful

mathematical treatment to adjust the isotherms that characterize the textural properties of

the adsorbents.

On the other hand, for our proposal it is sufficient to illuminate a small amount of a

controlled moistened sample with a low cost laser instrument. Then the acquisition and

processing of experimental data is done in a simple way using a standard mathematical

model.

Then, DLS could be considered as a potential low cost, non-destructive and simple method

to characterize adsorption materials for different applications.
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Figura 1: .
FIG. 9. t-plots for Z-HNO3 of Hasley, Harkins and Jura and Harkins and Jura modified by Kruk

models.
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Figura 1: .FIG. 10. t-plots for Z-NH3 of Hasley, Harkins and Jura and Harkins and Jura modified by Kruk

models.
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FIG. 11. t-plots for Z-250 of Hasley, Harkins and Jura and Harkins and Jura modified by Kruk

models.
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Figura 1: .FIG. 12. t-plots for Z-500 of Hasley, Harkins and Jura and Harkins and Jura modified by Kruk

models.
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Figura 1: .FIG. 13. Experimental values of the second order moment as a function of time and isotherm
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Figura 1: .FIG. 14. Experimental values of the second order moment as a function of time and isotherm

values adjusted by the different models for water adsorption of Z-NH3. DLS technique values in

blue dots.
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Figura 1: .FIG. 15. Experimental values of the second order moment as a function of time and isotherm

values adjusted by the different models for water adsorption of Z-250. DLS technique values in

blue dots.
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Figura 1: .FIG. 16. Experimental values of the second order moment as a function of time and isotherm

values adjusted by the different models for water adsorption of Z-500. DLS technique values in

blue dots.

23



  

Highlights

New application of the Dynamic Laser Speckle (DLS) technique.

Hygroscopic capacity and specific surface area properties of pure and modi-

fied alumino-silicate.

DLS second order moment to experimentally determine the characteristic

time “τ”.

Surface area evaluation from the characteristic time “τ”.

Conventional N2 adsorption vs. characteristic time “τ” for specific surface

area determination.
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Figure 2: Temporal History of Speckle Pattern (THSP). (a) high activity (initial hydro-
adsorption process) (b) low activity (process is complete)
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