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Abstract

The clay materials are widely used in industrial processes. One significant application is as a solid desiccant agent or as a dehydrator of
gases. In this case, it is fundamental to investigate on the sorption kinetics of water vapour. The main aim of the current study has been to
present an experimental-theoretical study on the sorption kinetics of water vapour, using as reference material MX80 bentonite. This clay
mineral was submitted at different physical, chemical and mechanical conditions. Then 0.5 g of the modified-sample previously dried for
24 h at 110C was placed in plastic desiccators (21) under isothermal conditions and atmospheric pressure, here the relative humidity was
controlled by a supersaturated salt solution. This instrumental system allowed us to study the sorption kinetics of water vapour of MX80
bentonite where the control parameters were the interlayer cation (bentonite exchanged with Na, Li, K, Mg, Ca), mechanical compaction
(uni-axial system at 21, 35 and 63 MPa), drying temperature of sample (110, 150, 250 a@)j,5@tive humidity (61, 75, 87 and 95%)
and the amount of the sample (0.5, 1, 2, 3,4 and 59).

Thanks to a kinetic model of second order it was possible to estimate that the sorption kinetic of water vapour of MX80 bentonite depends
directly on the relative humidity, the interlayer cation and amount of the sample. In contrast, the sorption kinetics of water vapour was lightly
affected by the mechanical compaction. Finally, the sorption kinetics of water vapour was modified by the drying temperature of sample
exclusively when this is very high (for example, 5@).
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction [4,5]. Certainly, at the present time the numerous studies
on the water adsorption of the bentonites under equilibrium
The industrial and environmental uses of clays are ex- conditions are reported in the literature. However, the ki-
panding every year. For example, it is estimated that about 8netic studies on the water adsorption of bentonites are still
million tons of the bentonites were used in 1992 throughout insufficient.
the world. One of the principal applications for bentonite is A large number of solid materials take up water vapor
in drilling muds. However, it is widely used as a suspend- from gases (such as silica gel, activated alumina, lithium
ing and stabilizing agent, and as an adsorbent or clarifying chloride salt, molecular sieves, activated clays, etc.); some
agent, in many industrig4]. Frequently, the bentonites are by actual chemical reaction, others because of loosely hy-
also recommended as a desiccant agent or as dehydrator afrated compounds, and a third group by adsorpfigln
gases, due to their excellent ability to adsorb water vapour. Solid desiccant dehydration is an adsorption process, where
This process involves exposing the desiccant material to athe water molecules are bonded by surface forces on the
high relative humidity. In these conditions a portion of water desiccant agent. In this case, it is fundamental to investi-
vapour is removed by the desiccg®f3]. The water adsorp-  gate on the sorption kinetics of water vapour, because it is
tion phenomena on the bentonites is a very complex processalways necessary to regenerate the solid desiccant agent.
because of their textural and physical-chemical propertiesThe main aim of the current study has been to present
an experimental-theoretical study on the sorption kinetic
mspondmg author. Fax:33-388367235. of watc_er vapour, us.ing as rgferencg materiali the MX80
E-mail addressesgermanmontes@hotmail.com, bentonite “commercial material”. This clay mineral was
montes@illite.u-strasbg.fr (G. Montes-H). submitted at different physical, chemical and mechanical
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conditions. Then 0.5g of the modified-sample previously is negative. This method was used by Lee and Kifnand
dried for 24h at 110C was placed in plastic desicca- Rytwo[8].
tors (21) under isothermal conditions and atmospheric  The cation-saturated bentonite was subsequently dried for
pressure, here the relative humidity was controlled by a 48 h at 60 C and finally ground for two minutes.
supersaturated salt solution. This instrumental system al- The samples here obtained were labelled MX80-Na,
lowed us to study the sorption kinetics of water vapour MX80-Li, MX80-Ca, MX80-Mg and MX80-K.
of MX80 bentonite where the control parameters were
the interlayer cation (bentonite exchanged with Na, Li, 2.2.2. Sample drying
K, Mg, Ca), mechanical compaction (uni-axial system at  Four bulk samples were dried for 24h at 110, 150,
21, 35 and 63 MPa), drying temperature of sample (110, 250 and 500C. These samples were labelled MX80-110,
150, 250 and 500C), relative humidity (61, 75, 87 and MX80-150, MX80-250, MX80-500.
95%) and the amount of the sample (0.5, 1, 2, 3, 4 and
59). 2.2.3. Mechanical compaction

Finally, a kinetic model of second order was used to  Three bulk samples were mechanically compacted by an
fit the experimental data in order to describe physically uni-axial system to different pressures (21, 35 and 63 MPa.)
the sorption kinetics of water vapour of MX80 bentonite in order to obtain three different physical densities. Here
submitted at several physical-chemical and mechanicalthe samples were labelled as MX80-21 MPa, MX80-35 MPa
conditions. and MX80-63 MPa.

2.3. Isothermal sorption of water vapour

2. Materials and methods
This equipment allows us to study the sorption kinet-

2.1. MX80 bentonite ics of water vapour of the bulk and modified samples. An

amount of 0.5 g of sample previously dried for 24 at 1CO

A Na/Ca-bentonite (commercial clay) was used for the (except for MX80-150, MX80-250, MX80-500 samples)

study. Bentonite contains montmorillonite (80%), quartz was placed in plastic desiccators (21) where the relative
(6%), K-feldspars (2%), plagioclases (4%), carbonates humidity was controlled with an over-saturated salt solu-
(4%), mica (3%) and other minerals (1%®]. Bulk sam- tion. In order to keep constant relative humidity of air in
ple is composed by 86.1% of particles in a size range lessthe plastic desiccators and surrounding sample contained
than 2um, 8.8% in the 2-5@.m range and 5.1% for sizes in glass jar. The desiccators were kept in a constant tem-
higher than 5@m [5]. The specific surface area of bulk perature room (23C) and atmospheric pressure (about
sample was estimated at 37.8/m (1 m?/g) by applying 1atm). To study the sorption kinetics of water vapour, the
the Brunauer—Emmet-Teller (BET) equation and by using weighing of sample as a function of time was done by a
16.3 & for a cross-sectional area of molecular nitrogen. digital balance (accuracy 0.0001) until equilibrium was
For this estimation, a Sorptmatic 1990 instrument was reached.

performed. In order to estimate the influence of relative humidity on
the sorption kinetics of water vapour, four bulk samples, i.e.
2.2. Samples preparation without physical-chemical or mechanical treatment, were

submitted at different relative humidities (61, 75, 87 and
To study the adsorption kinetic of water vapour, the bulk 95%). The others experiences were realised at 87 or 95% of
samples (MX80-raw bentonite) were submitted at several relative humidity.

physical-chemical and mechanical conditions. It is obvious that the sorption kinetics of water vapour
depends directly on the sample weigh. Then, in order to
2.2.1. Cation saturation study the influence of the amount of sample on the sorption

The bulk samples of MX80 bentonite were treated sepa- kinetic of water vapour, five different weigh of the bulk
rately with five concentrated solutions (1N concentration) of sample were considered (1, 2, 3, 4 and 5g).
sodium, lithium, calcium, magnesium and potassium chlo-
rides. All salts have the same ionic force=£ 2). 2.3.1. Water content

Twenty grams of MX80 bentonite were dispersed into  The amount of adsorbed water in a sample as a function
11 of salt solution (1N) at 60C. This suspension was vig-  of time was calculated using the following formula:
orously stirred with magnetic agitation for 1 h at GD.
Then, the cation-saturated clay was separated by centrifugaW =
tion (15min at 13,000rpm) and decanting the supernatant
solutions. This process was repeated three times. Thewherew; represents the weight of the humid sample at a
cation-saturated bentonite was then washed three to fourt instant time (g) andvs represents the weight of the dry
times with distilled water until the AgN@test for chloride sample (g).

Wy — Ws

(1)

Ws
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2'?}'5{ Measrt:trierlllwegts prnedC|S|onnth instrument lity (bal 2.3.3.2. Desorption kinetic of water vapourThe experi-

s egsteh a yl epel t'S 0 f stru de | qua );h( a-t mental data of water desorption were also fitted using a ki-
ance an erma’ reguiation sys em) and also on M€ athatic model of the second order; in this case expressed as:
tention taken during weighing. Here, only the weighing

accuracy was considered. The absolute error on the amountd_W = —kgW? (5)
of adsorbed water was calculated using the following dr
formula: The integral form is represented by a hyperbolic decay equa-
AW — Aw(z LW @) tion:
Ws W= _ W (6)
Aw being the balance accuracy (0.0001 g). 1+ kaWwt
where Wy, is the maximal amount of water adsorbed
2.3.3. Curve fitting (0/Garyclay), ka kinetic coefficient of water desorption. In
order to simplify the theoretical interpretation, a novel con-
2.3.3.1. Adsorption kinetic of water vapouiThe experi- stant was defined(1/kqWnm) = d". Physically this novel
mental data were fitted using a kinetic model of the second constant represents the time to which the half of the max-
order: imal amount of adsorbed water was desorbe®.BWy).
dw 2 Here, constand is called “half-desorption time”.
— =ka(Wm — W) ©) The parameters in thegs. (4) and (6vere estimated by

dr

This kinetic model represents the amount of adsorbed wa-

ter as a function of time up to an asymptotic maximum

of time. The integral form is represented by a hyperbolic 3 Resiits and discussion
equation:

non-linear regression using least-squares method.

Wwmt It is obvious that the sorption kinetics of water vapour of
V= m (4) a solid desiccant depends on the numerous factors such as
the chemical composition, texture, the physical-chemical
where Wy is the maximal amount of water adsorbed properties, etc. In this paper, the physical (relative humidity,
(9/Qdry clay), Ka kinetic coefficient of water adsorption. In- amount of the sample and drying temperature of sample),
order to simplify the experimental data fitting a novel con- chemical (interlayer cation) and mechanical (physical den-
stant was defined(1/kaWm) = b". Physically this novel  sjty “mechanical compaction”) parameters were considered
constant represents the time to which the half of the maxi- to study the sorption kinetic of water vapour of MX80

mal amount of adsorbed water was reachedi Here,  pentonite. In this section each parameter was separately
constanto is called “half-adsorption time”. discussed.
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Fig. 1. Experimental data and fitting curves. Adsorption kinetic of water vapour of MX80 bentonite at four relative humidities. Hyperbolic model.
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Table 1 Table 3
Fitting kinetic parameter§9] Fitting kinetic parameter§9]
Relative Fitting parameters Correlation Sample Fitting parameters Correlation
Ez?ﬁldlty Wi (9/%ry clay) Half-adsorption factor, Re Wi (9/Gryciay) ~ Half-adsorption factor, Re
time “b” (h) time “b” (h)
0— 95 0.28424+ 0.0029 5.405% 0.2931 0.9982 Influence of interlayer cation (He 95%)
0— 87 0.2199+ 0.0012 4.2634+ 0.2931 0.9989 MX80-Na 0.3706+ 0.0068  6.2735+ 0.8414 0.9983
0— 75 0.1266+ 0.0004 2.659'A4 0.0535 0.9997 MX80-Li 0.3517 + 0.0099 7.3040f 1.2901 0.9962
0— 61 0.0725+ 0.0007 2.2024 0.1549 0.9973 MX80-K 0.1825+ 0.0019  2.6625+ 0.1804 0.9980
- — - . MX80-Ca 0.2501+ 0.0028 1.7653+ 0.1468 0.9973
Adsqrp?lon klnetl_c of water vapour of MX80 bentonite at four relative MX80-Mg 0.2625+ 0.0026  2.0943: 0.1993 0.9980
humidities. Non-linear regression by least-squares method.
Influence of the amount of sample (H+ 87%)
Table 2 MX80-1¢g 0.2130+ 0.0006  3.957Q+ 0.8414 0.9997
Fitting kinetic parameter§9] MX80-2 g 0.2180+ 0.0008 8.2752t 1.2901 0.9998
- — - MX80-3¢g 0.2215+ 0.0009 10.2427 0.1804 0.9997
Relative Fitting parameters Correlation MX80-4g 0.2269+ 0.0011 12.7009 0.2832 0.9996
'(“Ozr)“'d”y Wi @Gy cm)  Half-desorption factor, Re MX80-5g 0.2215+ 0.0010 16.3826+ 0.3173  0.9997
time “d” (h) Influence of sample drying temperature (Hr87%)
95— 0 0.2896+ 0.0049 0.7228t 0.0595 0.9989 MX80-110 0.2066+ 0.0009  3.0424f 1.2901 0.9995
87— 0 0.2153+ 0.0036 0.9619t 0.0676 0.9989 MX80-150 0.2089+ 0.0009 3.207H 0.1804 0.9996
75— 0 0.1267+ 0.0025 0.8229+ 0.0753 0.9985 MX80-250 0.2069+ 0.0008  3.717%+ 0.2832 0.9996
61— 0 0.0761+ 0.0020 1.182°A# 0.1522 0.9972 MX80-500 0.1694+ 0.0008 6.3822+ 0.3173 0.9997
Desorption kinetic of water vapour of MX80 bentonite at four relative Influence of mechanical compaction (Hr95%)
humidities. Non-linear regression by least-squares method. MX80-21MPa  0.2822+ 0.0016 11.2758 0.4600 0.9988
MX80-35MPa  0.2895+ 0.0020 13.6420t 0.6339 0.9984
MX80-63MPa 0.2910+ 0.0020 14.1416t 0.6633 0.9985

3.1. Relative humidity
Adsorption kinetic of water vapour of MX80 bentonite submitted to differ-

ent physical-chemical and mechanical conditions. Non-linear regression

The experimental data show that the adsorption kinetics by least-squares method. Hr: relative humidity (%).

of water vapour depends directly on the relative humidity

(Fig.- 1. In fact, the maximal amount of adsorbed wa-

ter “Wy” increases when the relative humidity increases the water desorption is extremely rapid in all cases (see
(Table 3. In addition, the half-adsorption timeb™ in- half-desorption time valuesd" in the Table 2. In con-
creases proportionally with relative humidity augmentation clusion, the speed of water vapour adsorption of MX80
(Table . In contrast, the desorption kinetic of water vapour bentonite “bulk samples” is always inferior than the speed
depends lightly on the relative humidityFig. 2). Here, of water vapour desorption.

0,35
¢ Experimental data "Hr=95%"
0,30 - o  Experimental data "Hr=87%"
v Experimental data "Hr=75%"
—_ v  Experimental data "Hr=61%"
£ 0,25 4 Decay hyperbolic model
£
o
S 0,20 ~
E
)
g 0,15
8 ' W = Wl/ld
Re) d+t
S 0,10
3 ,
o3
[m)
0,05 ~
0,00 - 2 d
T T T T T T
0 20 40 60 80 100

Time [hours]

Fig. 2. Experimental data and fitting curves. Desorption kinetic of water vapour of MX80 bentonite at four relative humidities. Decay hyperbblic mode
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Fig. 3. Adsorption kinetic of water vapour of MX80 bentonite as a function of amount of the sample. (a) Experimental data and fitting curves “hyperbolic
model”. (b) ‘b” half-adsorption time and amount of sample correlation “linear model”.

3.2. Amount of the sample adsorption decrease because the half-adsorption time was
about two times more superior (SE&. 4; Table 3.
It is obvious that the speed of water vapour adsorp-
tion decreases when the amount of the sample increases3.4. Interlayer cation

This hypothesis was confirmed because the half-adsorption
time increases proportionally when the amount of sample The Fig. 5 shows that the adsorption kinetic of water

increases (sekig. 3, Table 3. vapour of MX80 bentonite depends directly on the inter-
layer cation. Here, the maximal amount of adsorbed water
3.3. Drying temperature of sample “Wiv" was more significant with interlayer cation of small

size (Na and Li). In contrast, the maximal amount of ad-
The drying temperature of sample does not play an im- sorbed water was less significant for K-saturated bentonite.
portant role in the water adsorption kinetics. However, when The Ca- and Mg-saturated bentonite present a similar be-
this temperature is very high (ex. 500), the water ad-  haviour on the adsorption kinetic of water vapour. In fact,
sorption phenomena was severely affected, i.e. the maximalthe maximal amount of adsorbed wat®¥y;” between these
amount of adsorbed water decreases and the speed of watesamples was very near (seig. 5 Table 3. Concerning the



22 G. Montes-H, Y. Geraud/ Colloids and Surfaces A: Physicochem. Eng. Aspects 235 (2004) 17-23

0,25
Hr = 87%
0,20 A = v
i
o
Z‘ —_—
= .
2
2 0,15 A
g
c;“ Wt
3 0,10 A b+t
2
?
k] e Experimental data "MX80-110"
< 0.05 4 4 O  Experimental data "MX80-150"
’ a  Experimental data "MX80-250"
= Experimental data "MX80-500"
Hyperbolic model
0,00 T T T T T
0 50 100 150 200 250 300
Time [hours]

Fig. 4. Experimental data and fitting curves “hyperbolic model”. Influence of sample drying temperature on the adsorption kinetic of water vapour of
MX80 bentonite.

speed of water vapour adsorption, it was observed that Ca-modified with mechanical compaction. This signifies that
and Mg-saturated bentonite samples reach more rapidly thethe micro-porosity was not affected by the mechanical
adsorption equilibrium because the half-adsorption time es- compaction. However, the first state of mechanical com-
timated was less than the half-adsorption time estimated forpaction (21 MPa) produces a significant augmentation of

Li-, Na- and K-saturated bentonites samples (Ezae 3. half-sorption time. After the first state of mechanical com-
paction, the half-sorption time increases lightly with the
3.5. Mechanical compaction mechanical compaction (séég. 6, Table 3.

Finally, the absolute error (estimated Byg. (2) remains
The mechanical compaction influences lightly on the ad- relatively low during adsorption and/or desorption kinet-
sorption kinetics of water vapour of the MX80 bentonite. ics of water vapour. The total error interval lies between
In fact, the maximal amount of adsorbed water was not 0.00015 and 0.00050 {go/gdry clay)- This signifies that the
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3 031
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Fig. 5. Experimental data and fitting curves “hyperbolic model”. Influence of interlayer cation on the adsorption kinetic of water vapour of MX8@ bento
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Fig. 6. Experimental data and fitting curves “hyperbolic model”. Influence of the mechanical compaction on the adsorption kinetic of water vapour of

MX80 bentonite.
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