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Abstract

The escalating demand for drinking water, coupled with the contamination of surface water sources, has
intensified interest in harnessing groundwater for water supply. Elevated fluoride levels in groundwater, surpassing
recommended limits (1.5 mgL"), pose a significant challenge, prohibiting the supply of water to the public. Various
techniques exist for fluoride removal, with adsorption standing out for its versatility, simplicity, cost-effectiveness,
and efficiency. This study assessed the kinetics and adsorption capacity of residues from the ceramic and cement
industries, specifically process residues (PR) from red roof tiles, bricks, and cellular concrete. These materials,
derived from the construction industry’s waste, were chosen for their accessibility and low-cost preparation.
Characterization through X-ray diffractometry, X-ray fluorescence spectroscopy, and isothermal nitrogen adsorption
revealed cellular concrete PR as the most promising adsorbent due to its larger specific surface area (28.2 m? g)
compared to brick PR (12.6 m? g, and roof tile PR (2.366 m? g). Adsorption capacity followed the order: cellular
concrete PR > brick PR > roof tile PR. Kinetics adhered to pseudo-first-order and pseudo-second-order models,
while equilibrium studies aligned with Langmuir, Freundlich, and Sips models. Langmuir's Qmax values were 1.04,
0.709, and 1.66 (mg g for cellular concrete PR, brick PR, and roof tile PR, respectively, illustrating the correlation
between adsorption capacity and specific surface area.
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Resumen

La demanda creciente de agua potable, junto con la contaminacién de las fuentes de agua superficial, ha
intensificado el interés en aprovechar el agua subterranea para el suministro de agua. Los niveles elevados de fltior
en el agua subterranea, que superan los limites recomendados (1.5 mgL™"), representan un desafio significativo,
prohibiendo el suministro de agua al publico. Existen varias técnicas para la eliminacion de fllor, destacandose la
adsorcion por su versatilidad, simplicidad, rentabilidad y eficiencia. Este estudio evalué la cinética y la capacidad de
adsorcion de residuos de las industrias cerdmica y del cemento, especificamente residuos de proceso (RP) de tejas,
ladrillos y concreto celular. Estos materiales, derivados de los desechos de la industria de la construccion, fueron
elegidos por su accesibilidad y bajo costo de preparacion. La caracterizacion mediante difractometria de rayos X,
espectroscopia de fluorescencia de rayos X y adsorcion de nitrogeno isoterma revel6 que el RP de concreto celular
es el adsorbente mas prometedor debido a su mayor area superficial especifica (28.2 m2 g') en comparacién con el
RP de ladrillo (12.6 m2 g") y el RP de teja (2.366 m? g"). La capacidad de adsorcion siguio el orden: RP de concreto

RECYT / Year 26 / N° 42 / 2024



40 Silvio Cesar Dal Pont et al.: Fluoride removal from water using process residues

celular > RP de ladrillo > RP de teja. La cinética se ajusto a los modelos de pseudo-primer orden y pseudo-segundo
orden, mientras que los estudios de equilibrio se alinearon con los modelos de Langmuir, Freundlich y Sips. Los
valores de Qmax de Langmuir fueron 1.04, 0.709 y 1.66 (mg g") para el RP de concreto celular, RP de ladrillo y RP
de teja, respectivamente, ilustrando la correlacion entre la capacidad de adsorcion y el area superficial especifica.

Palabras clave: Fluor, Desfluoracion, Adsorcion, Residuos.

Introduction

Water is essential for the survival of humans and
animals, but it can also be a vehicle for the transmission
of diseases and harmful chemical elements. Therefore,
minimum and maximum limits for harmful substances and
microorganisms have been established [1]. In Brazil, these
parameters are defined by the Ministry of Health [2],which
provides drinking water standards and procedures for
controlling and monitoring the quality of water for human
consumption.

Fluoride is beneficial to human health, especially
for preventing tooth decay, when used regularly at the
recommended levels. However, beyond the safe limits,
fluoride can be harmful. In particular, prolonged intake
of water with fluoride concentrations above 2 mg L! can
cause diseases such as dental fluorosis. In extreme cases,
intake of water having fluoride concentrations greater than
8.0 mg L' can cause skeletal fluorosis, osteoporosis, liver
and kidney damage, and thyroid changes [3—6]. According
to the World Health Organization [7], and also Brazilian
legislation [8], the maximum allowed concentration of
fluoride in water for human consumption is 1.5 mg L!
[1,4—6]. Fluorine is a common element that is widely
distributed in the earth’s crust and exists in the form of
fluorides in various minerals, such as fluorite, cryolite,
and fluorapatite. Traces of fluorides are present in many
water bodies, and high fluoride concentrations are often
found in groundwater. Considering the harmful effects
caused by the excessive ingestion of fluoride, several
techniques for the reduction of fluoride concentrations to
levels suitable for human consumption are under study.
Treatment techniques that have the potential to reduce
the fluoride concentration of contaminated water are
adsorption, chemical precipitation, ion exchange, reverse
osmosis, and electrodialysis. Of these, the adsorption
method is the most promising [3,5,9—11]. Adsorption is
a phase transfer process that is used to remove substances
from fluid phases (gases or liquids). When a solid sorbent
is brought into contact with a solution, molecules or ions
in the solution are adsorbed on the solid surfaces. The solid
surfaces of sorbents are characterized by having active
sites that are capable of interacting with solutes in the
adjacent aqueous phase because of their specific electronic
and spatial properties [12]. In recent years, the adsorption
defluoridation method has become very attractive because
of its simplicity, efficiency, low cost, and ease of operation
[4-6,11,13], and many materials have been investigated as
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adsorbents (such as, activated alumina, bauxite, zirconium
oxide, titanium hydroxide, granulated ceramics, and
chitosan beads) [3-6,11,14].

The fluoride-laden waste can be converted into
construction materials like bricks or concrete through
solidification and stabilization processes that immobilize the
fluoride, allowing the treated waste to be safely incorporated
into building products [15,16]. Alternatively, the fluoride
can be recovered from the waste through crystallization
processes to produce valuable compounds like calcium
fluoride (CaF,) or sodium fluorosilicate (Na,SiF ), which
have applications in industries like cement manufacturing
[17,18]. By finding beneficial uses for the fluoride-containing
waste after treatment, a circular economy approach can be
achieved that minimizes waste disposal and promotes the
sustainable management of fluoride contamination in water
for human consumption [19].

In this study, we investigated the use of process
residues (PR) from the cellular concrete and ceramic
industries as adsorbents for aqueous fluoride. The PR were
characterized by X-ray fluorescence (XRF) spectroscopy,
X-ray diffractometry (XRD), and nitrogen adsorption
isotherms analyzed using the Brunauer—Emmett—Teller
(BET) method. Subsequently, adsorption kinetics and
isothermal equilibrium adsorption studies were carried
out to evaluate the adsorption capacities of the adsorbents.

Methodology
Adsorbent preparation

The residues were collected in industries in the
Southern region of Santa Catarina State. Cellular concrete
residues was collected in an cellular concrete Industry of
and the brick and roof tile (referred to as “tile” hereinafter)
residues were collected in industries located in cities near
Criciima. All materials originate from breakage during the
production process. The cellular concrete is produced by
a cure process using autoclave and the Brick and tile are
processed by a common fire process used in the region.

The samples were ground in a hammer mill. The brick
and tile PR samples were sorted through 40-mesh and
18-mesh sieves to obtain products with a minimum size
of 0.4 mm and a maximum size of 1 mm. In contrast, the
cellular concrete PR was sorted through sieves having 1.5
and 3.0 mm apertures. Then, the materials were washed
with distilled water to eliminate the fines attached to the
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particles and then washed in hydrochloric acid solution
(0.1 mol L") for 1 h with constant agitation. A third wash
with distilled water was carried out to remove any excess
hydrochloric acid. After the last wash, the materials were
dried in an oven at (70 = 1) °C for 24 h, without forced air
circulation.

Adsorbent characterization

Chemical analysis of the samples was performed
by XRF spectroscopy through fusion with lithium
tetraborate using an S2 Ranger Bruker spectrometer. The
mineralogical composition was analyzed by powder XRD
using a Shimadzu XRD-6000 diffractometer and Cuk
radiation (A = 1.5406 A) generated at 25 kV and 25 mA.
The XRD data were collected from 3° to 80° in 26 at a rate
of 2° min'. The specific surface areas of the materials were
obtained by nitrogen adsorption measurements using the
BET method. Nitrogen adsorption was carried out between
relative pressures (P/P) of 0.05 and 0.30.

Adsorption kinetics

The adsorption kinetics tests were carried out using a
Jar-Test equipment and 650 mL glass beakers containing
aqueous fluoride (400 mL, 10 mg L') and the adsorbent (6
g L"). The solutions were agitated at 120 rpm, generating
a velocity gradient of 100 s, at (25.0 + 0.5) °C and pH
6.8—7.1. Samples were obtained at intervals of 10, 20,
30, 60, 120, 180, 240, and 300 min and filtered through
white paper (pore size 28 pm) for analysis. The fluoride
concentration was measured using the standard 4500-F-C
method [20],using an ion-selective electrode (Thermo
Scientific Orion 9609BNWP). The amount of fluoride
adsorbed was determined from the mass balance, as shown
in equation 1.

g =LY M

Here, g, is the adsorption capacity (mg g'), C, and C,
are the initial concentration of the adsorbate and that at
equilibrium, respectively, (mg L), Vis the volume of the
solution (L), and m is the mass of the adsorbent (g).

The experimental data were fitted to the pseudo-first-
order, pseudo-second-order, and general order kinetics
models using the equations given below.

Pseudo-first-order: 9 = qc[1 — exp(—ky - O]

ky-qé-t

Pseudo-second-order: —
k2 * qe * t + 1

qc

de

General order: 4= be = e (@)1t (n= D) + 114"

Here, t is the contact time (min), g, and g, are the
amounts of adsorbate adsorbed at time t and at equilibrium,
respectively (mg g '), &, is the pseudo-first-order rate
constant (min'), k, is the pseudo-second-order rate
constant (g mg™' min™'), k, is the general order rate
constant [h'! (mg g'Hn''], and 7 is the adsorption order with
respect to the effective concentration of the adsorption sites
available on the adsorbent surface.

Equilibrium adsorption

To construct the isotherms, experiments using initial
concentrations of 2.5, 10, 15, and 20 mg L' of fluoride
were used, and the adsorbent loading was 6 g L-'.
Experiments were carried out for contact time of 6 h at
25 °C. The Langmuir, Freundlich, and Sips absorption
isotherms were fit to the experimental data because these
models are frequently used in water and effluent treatment
research [21].

The Langmuir, Freundlich, and Sips equations are given
below.

Langmuir model: 40 = Omax
¢ 1+K.C,
1
Freundlich model: qe =Kgp - C)F
. 1/ns
Sips model: de max

T 14K CY/Ms

Here, C, (mg L) is the adsorbate concentration
at equilibrium, ¢, (mg g') is the concentration of the
adsorbate at equilibrium, O, (mg L") is the maximum
adsorption capacity of the adsorbent, and K|, K, and K_
are the adsorption equilibrium constants of the Langmuir,
Freundlich, and Sips models, respectively. n, and n_are
the non-dimensional exponents of the Freundlich and Sips
adsorption equations, respectively.

Results
Adsorbent characterization
Table 1 lists the chemical compositions of the cellular

concrete, brick, and tile PR obtained through XRF
spectroscopy measurements.
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Most of the minerals in the cellular concrete PR
contain calcium and silicon, although there are some other
elements present, including aluminum, magnesium, and
iron. In the ceramic materials (tile and brick PRs), most
minerals contain silicon, aluminum, and iron, although
there are also smaller quantities of minerals containing
potassium and titanium.

Table 1: Composition of cellular concrete, brick, and tile PR samples.

magnesium. In the presence of water, these compounds can
be hydrolyzed, and these species can bind fluoride to the
active sites of the adsorbents [4]. The fluoride adsorption
reaction can be explained by a two-step mechanism as
shown in Fig. 2.

—_—
—_—

——soH + H ——SOH})

Mineral Cellular Brick PR/(%) Tile PR/(%)
concrete PR/(%)

AL, 1.5 21.0 19.0
Cao 25.2 0.1 0.3
Fe,0, 0.8 5.0 4.6
K,0 0.2 2.2 1.4
Mgo 1.4 0.7 0.5

MnO <0.05 <0.05 <0.05
Na,0 0.3 0.1 0.3
P,0, <0.05 0.1 0.8
Sio, 57.7 69.3 71.6
TiO, 0.1 0.9 1.0
Weight loss 12.5 0.6 0.5

Fig. 1 shows the XRD patterns of the cellular concrete,
brick, and tile PR samples.
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Fig. 1: Powder XRD patterns of (a) cellular concrete, (b) tile, and (c)
brick PR (Q = quartz, T = tobermorite, C = calcite, and | = illite).

Analysis of the XRD pattern of the cellular concrete PR
revealed the presence of to tobermorite (Ca,Si O, (OH),,.
H,O, JCPDS: 45-1480), quartz (SiO, JCPDS: 46-1045),
and calcite (CaCO,,JCPDS: 5-586) p;hases. Analysis of
the XRD pattern of the brick PR revealed illite ((K, H,0)
(Al, Mg, Fe),(Si, Al),0,[(OH),,(H,0)], JCPDS: 26-911)
and quartz (SiO,) phases. In contrast, analysis of the XRD
pattern of the tile PR revealed the presence of quartz (SiO,)
alone. All of the PR samples contain quartz (SiO,). Thus,
the XRF and XRD analysis reveals that the PR samples are
mixture of oxides of silicon, aluminum, iron, calcium, and
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Fig. 2: Possible adsorption reactions of fluoride in aqueous media.

Table 2 lists the BET specific surface areas obtained
for the cellular concrete, brick, and tile PR samples via
nitrogen adsorption experiments.

Observing the results of specific surface area, it is
expected that the cellular concrete PR has a greater
potential for adsorption of fluorine in solution, due to the
greater number of active sites [4-6].

Table 2: Specific surface area of the studied samples obtained by the
BET method.

Adsorbent Specific surface area (m? g")
Cellular concrete PR 28.219
Brick PR 12.621
Tile PR 2.366

Adsorption studies

Adsorption kinetics

The study of the adsorption kinetics is the first step
to address the adsorbent’s potential for a given separation
process. Adsorption is a time-dependent process, so it is
necessary to know the adsorption rate to enable the design
and evaluation of an adsorbent [12]. Adsorption involves
the mass transfer of the adsorbate onto the solid adsorbent
and through the pores to the interior of the adsorbent.
As shown in Fig. 3, fluoride was rapidly removed from
solution by the cellular concrete PR. After 10 min, the
removal percentage was 24.2%, and the maximum removal
was 50.25% after 180 min (3 h). For the tile PR, fluoride
adsorption was slow and inefficient, having a maximum
removal of 7.87% after 300 min (5 h). In contrast, the
removal of fluoride by the brick PR was better than that of
the tile PR but worse than that of the cellular concrete PR,
therefore having a middling performance, showing a slow
rate of adsorption and a maximum removal of 22.13% after
300 min (5 h). These are lower than the values obtained
by Yadav et al. [4] for brick powder (as PR brick), where
between 51.0% and 56.8% of the fluoride was removed
between pH 6.0 and 8.0. Possibly, the material studied by
Yadav et al. [4] had a greater surface area, which would
facilitate the adsorption of fluoride. Based on the BET
specific surface areas results in Table 2, we can assume
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that the specific surface areas have a strong effect on the
adsorption capacity of the studied adsorbents. The cellular
concrete PR has the largest specific surface areas and
showed rapid adsorption in the first few minutes of the
experiment because of the rapid diffusion of fluoride to
the adsorbent surface, that possibly has a large number
of adsorption sites [4-6,22—24]. Subsequently, adsorption
slows because further adsorption requires the diffusion of
the fluoride ions into the pores [4,23,25]. The brick PR,
which has a surface area 55.3% smaller than that of the
cellular concrete PR, removed 55.5% less fluoride than
that of the cellular concrete PR. Compared to the fluoride
removal of the cellular concrete PR samples, the tile PR
adsorbed 84.2% less fluoride, and the tile PR has a specific
surface areas 91.6% lower than that of the cellular concrete
PR.

504

10

304

204

Removal (%)

10

Table 3: Kinetic parameters after fitting the kinetic models to the
experimental fluoride adsorption data (initial fluoride concentration of
10.0 mg L") for cellular concrete, tile, and brick PR samples

Kinetic parameters Cellular concrete PR Tile PR Brick PR
Pseudo-first-order model
k. () 3.148 291 273
q.(mgg" 0.823 0.127 0.359
hymg g hy* 2.59 0.369 0.982
R? 0.988 0.981 0.993
R s 0.986 0.979 0.992
X2 0.00106 0.0000380 0.000117
erf 0.0325 0.00617 0.0108
Pseudo-second-order model
k(g mg'h7) 5.34 28.0 9.77
q. (mgg") 0.888 0.140 0.393
hymg g hy* 4.21 0.545 1.51
R? 0.992 0.967 0.995
R s 0.991 0.962 0.995
X2 0.000670 0.0000686 0.0000720
erf 0.0259 0.00828 0.00848
General order model
k(g mg'h7) 4.41
G, (mgg") 0.848
hy(mg g h™* 3.43
R? 0.993
R usted 0.990
X2 0.000631
erf 0.0251

*h, = Initial Adsorption Rate.

—®—PR Concrete —#— P.R. Roof tile —#&—PR. Brick

¥ T T T X T T T T T ¥ T
0 50 100 150 200 250 300
Time (min)

Fig. 3: Temporal evolution in fluoride adsorption by cellular concrete,
tile, and brick PR adsorbents. Conditions: temperature, 25°C; adsorbent
concentration, 6 g L-1; and initial fluoride concentration, 10.0 mg L-1.

The nonlinear pseudo-first-order, pseudo-second-order,
and general order kinetics models (see Supplementary
Information) were used to evaluate the fluoride adsorption
kinetics of the adsorbents (Fig. 4 and Table 3). The initial
fluoride concentration was 10.0 mg L', After fitting, we
found that only the pseudo-first-order and pseudo-second-
order kinetic models fit the experimental data for all
studied adsorbents.

To analyze the fit of the mathematical models to the
experimental data, the chi-squared (x?) test, error function
(erf), and coefficient of determination (R? and R2aj ) were
used [23,26]. The kinetic parameters obtained after fitting
the experimental data presented in Fig. 4 are listed in Table
3. As shown in this table, the correlation parameters R,
RZaj » presented higher values and the error parameters
x?and erf were lowest for the pseudo-second-order and
general order models for the adsorption data obtained for
concrete PR. The pseudo-second-order model describes
the occupation of the most active sites in the adsorption
process. Thus, the adsorption rate is dependent on the

10 T v T T 040 v r
B
= JT—L—?‘_'—__- 035 4 - =
0384 ] b . ]
030
0.6 ~ 4 . 0251 ﬁ |
“ab s 0,08 “en r
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] = £ [
& 041 1 < b = 0154 o 1
010
24 = Experimental poinis for P.R. Conerete - —— A /
o —— Pseudo first order 14 0,02 = Experimental points for P.R. Roof tile s ®  Experimental points for P.R. Brick |
—— Psendo second order (b) St i { 5 Pseudo first order
wll @ o i 000 | Récado secand oeder’ sis i Eacudoscocnd ey
= 1 T x x L X ’ T T T T T T
0 i > 3 H 5 0 ! 2 3 4 5 0 i 2 3 H 5
Time (h) Time () Time ()

Fig. 4: Kinetics of fluoride adsorption by cellular concrete, tile, and brick PR adsorbents. Conditions: temperature 25°C; adsorbent concentration, 6

g L', and initial fluoride concentration, 10.0 mg L.
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amount of chemical species adsorbed on the surface of
the adsorbent and the amount adsorbed in the steady state
[6,23,26,27]. Furthermore, the chemical adsorption process
(electron sharing and exchange) is described better by this
model. Therefore, the results indicate that chemisorption
contributed to fluoride adsorption by the cellular concrete
PR [6,23,24,27]. In the general-order kinetic model,
the adsorption rate-determining step is controlled by
adsorption at the adsorbent surface. In this case, during the
adsorption process, both the concentration of the adsorbate
in the solution and the change in the effective number of
active sites at the adsorbent surface affect the adsorption
kinetics [6,23,28]. For the tile PR, the pseudo-first-order
model provided the best fit for the results, producing
the highest correlation values of R*, R, and the lowest
error values of, x2, and erf. The pseudo-first-order kinetic
model describes a low occupation of active sites in which
the adsorption kinetics are controlled mainly by external
diffusion and independent of adsorbate concentration
[23,29]. The experimental data for fluoride adsorption by
the brick PR fitted the pseudo-second-order model best.

Adsorption equilibrium

Adsorption equilibrium can be understood by fitting
experimental adsorption data to an adsorption isotherm,
thus yielding information about the adsorption process
[30]. In this work, the Langmuir, Freundlich [31], and Sips
isotherms were evaluated (Fig. 5 and Table 4). Based on the
fitting parameters, the Freundlich model showed the best
fit to the adsorption data for cellular concrete PR (Fig. 5a):
the R?_ o x2, and erfvalues are 0.984, 0.000680, and 0.0261,
respectively. The low values of x> and erf indicate that the
theoretical g, is close to that measured experimentally. The
Freundlich model describes the relationship between the
number of species adsorbed on the sorbent and the number
of species remaining in solution [30]. In this model, the
active sites are not equivalent, and the adsorbate can be
adsorbed in multiple layers before a monolayer is formed.
In the Freundlich model, the equilibrium adsorption capacity
increases with increase in the initial concentration of the
adsorbate [32,33]. For the tile PR, the lowest x?, and erf
parameters were obtained for the Langmuir model, and this
yielded a maximum adsorption capacity (Q ) of 1.66 mg
g!. The Langmuir model indicates the existence of a defined
number of adsorption sites having equivalent energies; in
addition, the adsorbed molecules do not interact with each
other. Thus, adsorption occurs in a monolayer, and each site
can contain only one adsorbed molecule [3,11,24,32,34]. For
the brick PR, the Sips isotherm model was the best fit and
yieldeda O of 0.444 mg g''. The Sips model combines
the Langmuir and Freundlich isotherms and considers
localized adsorption without interactions between the
adsorbate species [32,35-37]. The Sips model also assumes
the monolayer adsorption characteristic of the Langmuir
model [32,35,37].
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Fig. 5: Fluoride adsorption isotherms for (a—c) cellular concrete, tile,
and brick PR samples, respectively. Conditions: temperature, 25°C;
contact time, 6 h; and initial fluoride concentration, 2.5-20 mg L.
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Table 4: Equilibrium parameters for fluoride removal using cellular
concrete, tile, and brick PR samples.

Equilibrium parameters | Cellular concrete PR | Tile PR | Brick PR
Langmuir

Qux (M) 1.04 1.66 0.709

K, (Lmg™) 0.634 0.0128 0.0857
R? 0.965 0.968 0.980

R, usted 0.956 0.956 0.975

X2 0.00195 0.000160 0.000210
erf (mgg") 0.0441 0.0128 0.0144
Freundlich

K, (mg g'(mg L"y"") 0.916 0.0232 0.0731
n, 2.63 1.1 1.58

R? 0.988 0.966 0.958

R, usted 0.984 0.958 0.947

X2 0.000680 0.000170 0.000440
erf(mgg") 0.0261 0.0130 0.0210
Sips

Qo (M8 8™ 18.8 0.872 0.444

K (L mg™") 0.0213 0.0204 0.0615
ng 2.54 0.881 0.571

R? 0.984 0.958 0.995

R, yusted 0.972 0.930 0.992

X2 0.000760 0.000180 0.0000440
erf(mgg") 0.0275 0.0133 0.00663
Conclusions

Among the studied adsorbents, the cellular concrete PR
showed the greatest adsorption capacity and rate for the
removal of fluoride from aqueous solution. Therefore, due
to its efficiency, low cost and reuse of waste, enabling a
reduction in the environmental impact, it makes PR cellular
concrete a promising adsorbent. However, the tile and
brick PR have low adsorption capacities possibly because
of the low specific surface areas. Possibly, heat treatments
of the adsorbents can increase the specific surface area
and, consequently, the adsorption capacity. Because it is
a surface phenomenon, adsorption is strongly related to
the specific surface area of the material, as shown by the
adsorption capacities and specific surface areas, which both
decrease in order of cellular concrete PR >brick PR >tile
PR. Analysis of the adsorption kinetics revealed that the
cellular concrete and brick PR mainly adsorbed fluoride
via chemisorption, whereas the tile PR mainly adsorbed
fluoride by physisorption. Modeling of the adsorption
process revealed that the cellular concrete, tile, and brick
PR adsorbents best fit the Freundlich, Langmuir, and
Sips isotherms, respectively, indicating that the brick and
tile PR samples adsorb fluoride in a monolayer, whereas
the cellular concrete PR adsorbs fluoride by multilayer
adsorption.
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