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Abstract

We investigate the kinetics and thermodynamics of brilliant blue FCF (BBF) adsorption on a mesoporous hybrid xerogel derived from
tetraethoxysilane (TEOS) and propyltriethoxysilane (PTES) with cetyltrimethylammonium bromide (CTAB) as a templating agent. We study
the effect of initial BBF concentration, temperature, pH, and ionic strength on the adsorption of BBF from agueous solution. Kinetic studies
show that the kinetic data are well described by the pseudo second-order kinetic model. Initial adsorption rate increases with the increase
in initial BBF concentration and temperature. The internal diffusion appears to be the rate-limiting step for the adsorption process. The
equilibrium adsorption amount increases with the increase in initial BBF concentration, temperature, solution acidity, and ionic strength. The
thermodynamic analysis indicates that the adsorption is spontaneous and endothermic. Electrostatic attraction and hydrophobic interaction
are suggested to be the dominant interactions between dye and the xerogel surface.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction porous oxides have been regarded as effective adsorbents
[2—-9] because of their high surface area, the functionalized
Selective adsorption has become increasingly important in pore channels of large diameter and volume, and narrow pore
recognition, sensing, and separation of molecules and ions.size distribution. The high surface area allows the binding of
An adsorbent with high adsorption capacity and good selec- a large number of surface groups, and the functionalized pore
tivity is very critical in adsorptive separation in which pore channels of large diameter and volume allow an easy adsorp-
size control and surface modification are the two key prob- tion of specific adsorbates.
lems. In the preparation of improved adsorbents for specific ~ The grafting of the functional groups to the pore walls of
substances, increasing the pore size enables the adsorptiothe mesoporous adsorbents can be achieved by the reaction
of larger molecules and ions, since the small pores of micro- between the hydrolyzable moieties and the surface silanol
porous adsorbents restrict their application to only smaller groups of the mesostructures. Although this method has been
organic molecules (¢>C7) [1]. Furthermore, narrow pore used for a design of new adsorbents and catalysts, it has two
size distribution enables the adsorbents to have a good sizanajor shortcomings: (1) it is difficult to control the loading
selectivity through a sieve effect. Surface modification is of the functional groups; (2) during surface modification or
very helpful for the improvement of the adsorption capac- grafting, unwanted polycondensation by-products can be eas-
ity and selectivity of the adsorbents by taking advantage of ily formed. Direct incorporation of functional groups onto
specific interactions between the adsorbents and the adsormesoporous silica adsorbents is an alternate route for the
bates. Based on these considerations, functionalized mesopreparation of such materials in which the templates could
be removed by solvent extraction without damaging the silica
* Corresponding author. Tel.: +82 2 2123 2760; fax: +82 2 312 6401.  {rameworks. Unlike the grafting process, directincorporation
E-mail addressktlee@yonsei.ac.kr (K. Lee). allows the functionalized mesoporous adsorbents to retain
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catalytic applications. In this paper, we develop a one-step
Nomenclature synthesis of a mesoporous hybrid xerogel in which pore size
and hydrophobicity are controlled by adding surfactants and
A pre-exponential factor (g mot s~*) an organosilane, respectively. This material is self-supported
C liquid-phase concentration at timet and easy to handle.
(mmol L™1) In order to predict and design the adsorption process, it
Cae  adsorbed amount per liter of solution atequl- s important to understand the adsorption kinetics and ther-
librium (mmol L~1) modynamics. Although the different types of functionalized
Ce liquid-phase concentration at equilibriun mesoporous oxides have been used for the adsorption of
(mmol L) _ biomolecule$2,3], heavy metal ionpt,5], and organic pollu-
Co initial liquid-phase concentration (mmott) tants[6-9], little work has been done to study the adsorption
Ea activation energy of adsorption (kJmé) kinetics and thermodynamics. Compared with the conven-
AG®  Gibbs free energy change of adsorption  tjonal adsorbents, the mesoporous hybrid adsorbents have the
(kJmolt) mesopores of harrow size distribution and modified surfaces,
AH°  enthalpy change of adsorption (kJ md) giving them their own adsorption characteristics. Studying
k adsorption rate constant (h for first-order the adsorption kinetics and thermodynamics of the hybrid
adsorption, gmot's™* for second-order mesoporous adsorbents is not only helpful for the under-
gdsorpﬂo_n) _ standing of the adsorption process itself, but also important
Kid internal diffusion constant (mmol kg h~*/2) for the design of new adsorbents. In this work, a mesoporous
Ke adsorption equilibrium constant hybrid SiG xerogel with propyl groups was prepared through
Ke Freundlich equation constant the direct incorporation method. An organic dye, BBF, was
Ku Langmuir equation constant (L mmd) then used as a model adsorbate to study the adsorption
m xerogel mass (kg) kinetics and thermodynamics under various experimental
1/in adsorption intensity for Freundlich equation conditions.
q adsorption amount at tintgmmol kg~?1)
Oe adsorption amount at equilibrium
(mmolkg) 2. Experimental
Om maximum adsorption amount (mmolk}
r correlation coefficient 2.1. The xerogel adsorbent
R gas constant (J mol K—1)
AS  entropy change of adsorption (kJ MoK ) The xerogel adsorbent was prepared through a two-step
t time (h) sol-gel process. Forty-four millilitres of TEOS and 46 mL of
tiz  half-adsorption time (h) PTES (Aldrich), 300 mL of ethanol, 22.4 mL o&@, 3.2 mL
T temperature (K) of 0.010M HCl and 7.2 g of CTAB (Avocado) were mixed
u initial adsorption rate (mmol kgt h™*) and stirred to get a transparent sol. This sol was hydrolyzed
v solution volume (L) in a covered beaker for 3 days at room temperature before
24mL of 1.0M ammonia was added. The final molar
Greek Iett_ers . . . ratio was (TEOS + PTES):water:ethanol:CTAB:HCI:p#
0 dimensionless time, i.élt1/2 _ :4:13:0.05:8x 10 5:6 x 103 where TEOS:PTES=1:1.
§ dimensionless adsorption amount, Gt After gelation the gel was dried for 7 days at room tem-

perature, followed by extraction with 200 mL of 2M HCl in
water/ethanol solution (the volume ratio between water and
high surface area and pore volume, to have a uniform func- ethanol was 1:5) for three times at ca.°€0 The gel was
tional group distribution inside the pore channels, and to then repeatedly soaked with water until the pH of the water
avoid the local clustering of the functional groups and the after soaking was higher than 6. The soaked gel was dried
necking of the pore channels. at room temperature for 24 h, and finally dried at*&0for

One practical problem with both procedures is, though, 2 days. The xerogel with the average diameter of ca. 1.0 mm
that the resulting materials are typically comprised of small was used for the adsorption experiments.
particles. These particles are difficult to handle and must be  Textural properties of the gel were estimated using
bound to an inert material such as kaolin clay for use in nitrogen adsorption/desorption experiments. The adsorp-
packed beds. This leads to an increased bed volume and dion/desorption isotherms of nitrogen at 77 K were measured
reduction in mass transfer rates. Thus, it would be desirablewith an automated ASAP 2010 apparatus (Micromeritics,
to develop hybrid materials that are self-supported, while still USA). Prior to the measurement the gel was degassed for
retaining their other favorable properties. Sol—-geltechnology 2 h at 120°C. The specific surface area was calculated to be
provides a viable approach to design stable, optically trans-588 nf g—! from the BET equation. Average pore size and
parent host matrices for sensor, optical, chromatographic, andpore volume were calculated to be 2.11 nmand 0.318gh
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(mesopore volume of 0.159 ég1) respectively by BJH maximum wavelength of BBF absorption (i.e. 630 nm). The
method based on the desorption branch of the isotherm. ~ amount of dye adsorbed onto the xerogel was calculated by
a simple mass balance relationship:

2.2. Properties of BBF V(Co — C)
g=—— (1)

BBF is classified as a triphenylmethane dye with a molec-

ular dimension of 1.07 nm 1.47 nmx 1.88nm[10]. Itssol- ~ WhenCe s used instead o€ in Eq. (1), ge is obtained.

ubility in water is 200g ! in the temperature range of

2-60°C. BBF has sulfonate groups that can dissociate in

aqueous solution depending on the solution pH. According 3. Results and discussion

to thepK, values of the sulfonate groups (i.e. 6.58 and 5.83)

[11,12] the dye molecule appears as a monovalent or biva- 3.1. Adsorption kinetics

lent anion or in neutral form. In aqueous solution, BBF has

a maximum absorption at 630 nm, which is very insensitive 3.1.1. Equilibrium time

towards the solution pH and ionic strength, so the transmis-  The amount of BBF adsorbed is shown as a function of

sion is not affected over the wide range of pH (2—11) and time in Fig. 1 As shown inFig. 1, adsorption occurs more

ionic strength (0-0.1 Cag) [13]. In our experiments, the  rapidly at higher temperature: it takes only <2 days to reach

absorption of BBF in 0.01 M HCI and 0.25 M KN{solu- the adsorption equilibrium at 7%, while it takes ca. 6 days

tion without the addition of the xerogel at 76 was found at 25°C. Initial dye concentration does not have a significant

to be quite stable even after 6 days. effect on the equilibrium time. This is in agreement with the
adsorption results of methyl violet onto perlite4]. Thus,
2.3. Adsorption studies the time for adsorption equilibrium was set to 6 days for the

adsorption thermodynamics experiments.

In the adsorption experiments, 0.2 g of xerogel was mixed
with 10 mL solution at the desired dye concentration, pH, 3.1.2. Adsorption kinetic models
ionic strength, and temperature. The adsorption experiments Both pseudo first- and second-order adsorption models
were carried out using a BS-06 shaking water bath (Jeio were used to describe the adsorption kinetics Ha&id 6] In
Tech, Korea) with a shaking speed of 80 rpm. Solution pH both models, all the steps of adsorption such as external dif-
was adjusted with dilute HCI and NaOH solutions, and the fusion, internal diffusion, and adsorption are lumped together
solution ionic strength was adjusted with KN@®olution. anditis assumed thatthe difference between the average solid
Dye concentration change was recorded by a UV-160A Shi- phase concentration and the equilibrium concentration is the
madzu UV-vis spectrophotometer (Shimadzu, Japan) at thedriving force for adsorption, and that the overall adsorption
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Fig. 1. Effect of the initial BBF concentration and temperature on the adsorption kinetics. Initial HCI concentration is 0.01 M; initiatétd@ntration is
0.25 M; initial BBF concentration is (a) 0.6 mM, (b) 1.2 mM, (c) 2.4 mM and (d) 4.8 nil).Z5°C (@) 50°C and @) 75°C.
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Table 1

Comparison of the experiments and the kinetic models

Co (MM)  TemperaturedC) Qe exp(mmol kgl) First-order Second-order

Ge.cal(Mmolkg™)  k(h™) r Qecal(Mmolkg™?)  k(gmolts™) r

0.6 25 19.8 17.3: 1.2 0.0212+£0.0012 -0.993 21.3+ 1.5 0.53+0.09 0.988
50 25.7 19.3+- 1.6 0.0756+ 0.0039 —-0.997 31.14+ 0.6 1.13+0.16 1.000
75 27.3 9.48+ 1.0 0.091H-0.0028 —0.999 27.7+ 1.6 6.91+2.19 1.000

1.2 25 35.6 29.9- 0.7 0.01910.0006 —0.998 34.14+ 3.4 0.41+£0.10 0.981
50 51.0 3794 2.1 0.0370: 0.0020 —0.996 522+ 2.4 0.55+0.08 0.997
75 53.2 25.1+ 2.9 0.076Q: 0.0088 —0.987 53.54+ 0.7 2.18+0.17 1.000

2.4 25 61.5 51.2- 0.1 0.018A-0.0010 —-0.992 62.3+ 4.7 0.20£0.04 0.986
50 84.4 67.8+ 4.4 0.0628+0.0023 —0.998 97.5+ 2.3 0.30+0.03 0.999
75 91.7 449+ 6.9 0.0996+ 0.0117 —0.987 96.1+ 2.0 1.19+0.14 1.000

4.8 25 80.3 59.5+ 7.5 0.0236:0.0032 —0.965 76.3+ 9.1 0.30+0.13 0.973
50 112.6 76.5+ 6.9 0.0365:£0.0032 —-0.989 113.5+ 2.0 0.3140.02 1.000
75 132.4 59.5+ 6.3 0.0486+0.0053 —0.983 129.4+ 2.2 0.80+0.10 1.000

rate is proportional to either the driving force (as in the pseudo librium (ge ca), though, shows a difference. In the first-order
first-order equation) or the square of the driving force (as in model, for instance, thee ca Obtained from the intercepts

the pseudo second-order equation). is inconsistent with the experimental da@jgex, especially
. at 75°C. In the second-order model, though, theaagrees
First-ordermodel : Infe — ¢) = Inge — k¢ ) reasonably well with the experimental data. Thus, the second-
P 1 P order model is more suitable to describe the adsorption kinet-
Second-order modelg: w2 % 3) ics data. The relationship betwe#q andt for the second-
e

order adsorption is demonstratedfig. 2 Similar results
Sincegreaches a plateagd) at equilibrium,gvalues smaller ~ were observed in biosorption of dye Remazol Black B, RB2,

than the 0.6 were used for analysis. The plots ofdg(- q) and PY2onbiomag47,18] anionic dye adsorption on cross-
versug andt/qversug were used to test the first- and second- linked chitosan bead$6,19] and polyethylene glycol (PEG)
order models, and the fitting results are givenTable 1 adsorption on zeolitg0].

According to the correlation coefficients, both models give  Based on the second-order model, the initial adsorption
satisfactory fits. The calculated adsorption amount at equi- rate and half-adsorption time are estimated Table 2
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Fig. 2. The relationship betweeft andt for the second-order adsorption model. Initial HCI concentration is 0.01 M; initial Kbi@hcentration is 0.25 M;
initial BBF concentration is (a) 0.6 mM, (b) 1.2 mM, (c) 2.4 mM and (d) 4.8 mll) 25°C (®) 50°C and &) 75°C.
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Table 2
Kinetic parameters for the second-order adsorption model
Co (MM) Temperature“C) u(mmolkg th-1) tyo (h) Ea (kJmol1) r
0.6 25 0.86+ 0.17 24.8+ 2.5
50 3.85+ 0.56 8.08+ 1.2 43.8+12.8 —0.960
75 19.0+ 6.2 1.45+ 0.47
1.2 25 1.72+ 0.34 19.84+ 5.2
50 5.42+ 0.73 9.62+ 1.51 28.2£12.0 —-0.920
75 2244+ 1.7 2.39+ 0.19
2.4 25 2.82+ 0.50 22.1+ 4.9
50 10.2+ 0.7 9.59+ 0.75 30.1+11.4 —-0.935
75 39.6+ 4.4 2.43+ 0.28
4.8 25 6.31+ 2.45 12.1+ 5.3
50 14.2+ 0.9 8.01+ 0.54 16.3:10.1 —0.849
75 47.9+ 6.0 2.70+ 0.34
according to the following equations: librium is reached within several minutes in the absence
2 of internal diffusion[23]. Thus, the long adsorption equi-
u = kqe (4) librium time in our experiments (2—6 days) suggests that
1 the internal diffusion may dominate the overall adsorption
1 =-— ) kinetics.
kqe

Because the above pseudo models do not provide definite
Half-adsorption timety,, is defined as the time required for information on the rate-limiting step, an internal diffusion
the adsorption to take up half as much BBF as its equilibrium model based on Fick’s second law is used to test if the internal
value. This time is often used as a measure of the adsorptiondiffusion step is the rate-limiting stg@4:

rate.

Th istedl q = kigt'/? 7

e second-order rate constants listedable lare used

to estimate the activation energy of the BBF adsorption on  According to the internal diffusion model, a plotgfer-

the xerogel using Arrhenius equation: sust’? should give a straight line with a slopg and an
Ea intercept of zero if the adsorption is limited by the internal

Ink =InA — == (6) diffusion proces$24]. The relationship betweeanandt'/2 at

RT different temperature is shown Fig. 3. Initially in all the

The slope of plot of Ik versus 1T is used to evaluate  cases studied, a linear relationship betwgearsus/2 with
Ea which was found to be 16.3-43.8kJméldepending  azerointerceptis found, suggesting that the internal diffusion
on the initial BBF concentratiorTable 9. These values are  step dominates the adsorption process before the equilibrium
consistent with the values in the literature where the activa- is reached.
tion energy was found to be 43.0 kJ mbffor the adsorption To see this more clearly, we define two dimensionless vari-
of Reactive Red 189 on cross-linked chitosan bdads, ables£ ando:
or 5.6-49.1 kJmoi! for the adsorption of polychlorinated :
biphenyls on fly asH21]. The second-order rate constant & = —; 0=— (8)
increases with temperature, but decreases with the initial BBF e f1/2
concentration. The initial adsorption rate is found to increase  Fig. 4shows the plot of versu$/2, which clearly shows
with the increase in the initial BBF concentration and tem- that all the data follow the same kinetics. This confirms that

perature. the adsorption process can be described by a simple inter-
nal diffusion model. For the adsorption of reactive dyes by
3.1.3. Internal diffusion analysis activated carbof25], and the adsorption of methylene blue

The adsorption process on a porous adsorbent generallyby perlite[26], internal diffusion was found to be the rate-
involves three stages: (i) external diffusion; (ii) internal diffu-  limiting step.
sion (or intra-particle diffusion); (iii) actual adsorpti§20]. Temperature has two major effects on the adsorption
Quantitative treatment of experimental data may reveal the process: (i) increasing temperature accelerates the diffusion
predominant role of a particular step among the three thatof the adsorbates across the external boundary layer and in
actually governs the adsorption rate. The adsorption step isthe internal pores of the adsorbents; (ii) changing temper-
usually very fast for the adsorption of organic compounds ature will change the equilibrium capacity of the adsorbent
on porous adsorbents compared to the external or internalfor a particular adsorbat@7]. This may result from the
diffusion step[22], and it is known that the adsorption equi- increase in the mobility of the adsorbates and the change of
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Fig. 3. Plot ofq vs.tY2 in internal diffusion model. Initial HCI concentration is 0.01 M; initial KN@oncentration is 0.25 M; initial BBF concentration is (a)
0.6 mM, (b) 1.2mM, (c) 2.4 mM and (d) 4.8 mVEllj 25°C (@) 50°C and @) 75°C.

the interactions between the adsorbates and the adsorbent3.2.1. Effect of solution pH
[28]. Thus, we expect that all steps of adsorption should be  The pH of a solution is of significance for its effect on

accelerated at elevated temperature. the adsorbent, as well as on the adsobate. Both adsorbent
and adsorbate may have functional groups that can be proto-
3.2. Adsorption thermodynamics nated or deprotonated to produce different surface charges

in solutions at different pH. This results in the electro-
At equilibrium the adsorption process is considered to be static attraction or repulsion between charged adsorbates and
at dynamic state in which the rate of the adsorption process2dSorbents. _ . _
equals that of the desorption process. Adsorption equilibrium 1€ effect of solution pH on the equilibrium adsorption

is governed by several factors such as the nature of adsorbate@MOuntis shown ifrig. 5. Itis demonstrates that the adsorp-
and adsorbents as well as the solution composition and tem-tion decreases with increasing pH because of the electrostatic
perature. repulsion between the sulfonate groups of BBF and the neg-

atively charged xerogel surface. Generally, the adsorption
decreases with increasing pH for anionic dj315,19,29]
while it increases with increasing pH for cationic dyes
[14,30]
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3.2.2. Effect of ionic strength
The effect of ionic strength on the equilibrium adsorption
amount is demonstratedfig. 6. It is shown that the adsorp-

233

Langmuir and Freundlich isotherm equations are used to
treat the isotherm data. The results are listethinle 3 Lang-
muir isotherm gives a better fit than Freundlich isotherm.
Similar results were reported for the adsorption isotherms of
BBF on soils[13], some acid dye§19,33], some reactive
dyes[15,16,19] and one direct dyEl9] on chitosan.

3.2.4. Estimation of the thermodynamics parameters
The Gibbs free energy change of the adsorption process is
related to the equilibrium constant by the following equation:

©)

K¢ can be calculated according to the following equation
[19,34}

AG° = —RTInK.

()
Kczﬁ
Ce

(10)
whereKc is the equilibrium constanCae the equilibrium
amount of BBF (mmol) adsorbed on the adsorbent per liter
of the solution, andCe is the equilibrium concentration
(mmol L~1) of BBF in the solution. The initial part of the
adsorption isotherm in whictp versusCe is linear is used to
estimateK.

The enthalpy changeAH®) and entropy changeAS°)
for adsorption are assumed to be temperature independent
[35,36]and the Gibbs free energy changed°) is related to

the enthalpy and entropy change by the following equation:
AG° = AH®° — TAS® (11)

A study on the temperature dependence of adsorption
gives valuable information about the enthalpy and entropy

tion increases with the increase in solution ionic strength. changes during adsorption. The relationship betwa&?

For the adsorption of BBF by soils and malachite green by andT is given inFig. 8 The estimated adsorption thermody-
husk-based activated carbon, the adsorption was also founchamic parameters are listedTable 4

to increase with increasing ionic strengt3,30]

3.2.3. Effect of BBF concentration and
temperature—adsorption isotherms

The negative value oA G° indicates that the adsorption
of BBF on the xerogel is spontaneous for the temperature
range evaluated, which is usually the case for many adsorp-
tion systems in solution. The positive value &4H° shows

The adsorption isotherms for BBF by the mesoporous that the adsorption is endothermic, so raising temperature

xerogel at three different temperatures are showhidn 7.

leads to a higher adsorption of BBF at equilibrium. Positive

The equilibrium adsorption amount increases with increasing AH® values were also reported for the adsorption of basic
temperature. Similar results were reported for the adsorptionred 9 on activated carbon and activated gt and some

of malachite green on rice husk-based active cafi3o,
basic red 9 on activated carbon and activated [@ag three
reactive dyes and two acid dyes on modified r¢3#].

reactive and acid dyes on modified ref32]. The positive
value of AS’ indicates a decrease in the order of the system
and is similar to the adsorption of basic red 9 on activated

Table 3
Langmuir and Freundlich isotherm constants at different temperature
Temperature®C) Langmuif Freundlick

Gm (mmolkg™?) KL (mmolt) r Kg 1/n r
25 96.5+ 2.7 1.33+ 0.14 0.996 491 2.2 0.484+ 0.050 0.969
50 120.9+ 4.3 3.18+ 0.52 0.996 84.3t 5.0 0.381+ 0.049 0.954
75 144.1+ 4.8 3.61+ 0.51 0.998 105.8 5.4 0.397+ 0.037 0.975

@ Linear Langmuir equatiorCe/ge = 1/(K_qm) + Ce/qm.
b Linear Freundlich equation: b = In K¢ + (1/n)In Ce.
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Table 4

Thermodynamic parameters for the adsorption

Temperature“C) Ke AG® (kJmol 1) AH° (kI mol 1) AS (IJmol1K—1) r

25 1.53+0.12 —1.64+0.19

50 5.72+0.09 —4.66+0.04 28.5+8.4 100.4+25.9 —0.968

75 8.14+ 0.55 —5.95+0.20

carbon and activated sl§gl], ethyl(hydroxyethyl)cellulose There exist three kinds of silanol groups (isolated, gem-

on trichloromethylsilane treated silica particl§35], inal, and vicinal)[39,40] and propyl groups on the surface

2,2,3,3,4,5,6-heptachlorobiphenyl on fly ag@l], some of the hybrid gel used in our study. In aqueous solutions, the

reactive and acid dyes on modified refg]. silanol groups can be protonated or deprotonated depend-
ing on the solution pH, which results in the corresponding

3.2.5. Interaction between BBF and xerogel surface changes of the surface charge. At low pH, for instance, the

The competitive adsorption process in aqueous solutionsprotonated gel surface increases the electrostatic attraction
is affected by many factors resulting from adsorbents, adsor-between BBF anion and the gel surface, causing the observed
bates, and solvent properties. The pore structure of the adsorincrease in BBF adsorption. For the adsorption of reactive
bent, its energetic heterogeneity, and surface chemical prop+ed 189 (an anionic dye) on chemical cross-linked chitosan
erties (functional groups, surface charge, hydrophilic and beads, the adsorption capacity increases largely with decreas-
hydrophobic nature) are the main factors influencing adsorp- ing pH, and the adsorption mechanism is suggested to be the
tion equilibria. For a given adsorbent, the adsorption of differ- €lectrostatic interactiofi5]. Effect of pH on the adsorption
ent adsorbates is a function of solubility, polarity, structure, in Fig. Sconfirms a role of electrostatic interaction.
mass, and size of the molecules. The average pore size of the Electrostatic interaction is known to decrease with the
mesoporous hybrid gel used in our experiments is 2.11 nm,increase in ionic strength probably because of the suppres-
while the dimension of BBF is 1.07 nm1.47 nmx 1.88nm  sion of the electric double layd5,41]} while hydropho-

[10]. Thus, BBF ions can easily enter the pores of the meso- bic attraction increases due to the “salting-out” effid].
porous hybrid gel. The adsorption of BBF on the mesoporous In our experiments, the equilibrium adsorption amount was
hybrid gel is schematically demonstratedHig. 9. There found to increase with the increase in solution ionic strength,
can be three types of interactions responsible for the adsorp-suggesting the importance of the hydrophobic attraction on
tion: (1) hydrogen bonding; (2) electrostatic attraction; (3) the adsorption. Our previous work demonstrated that the
hydrophobic interaction. They belong to noncovalent inter- adsorption capacity of some organic dyes on hybrid gels
actions, which have been reported to play an important role is much higher than that on pure silica géfs8,38] con-

in molecular recognitiofid7]. Noncovalent interactions are ~ firming that the hydrophobic interaction between the surface
known to act at distances of several angstroms or even tengrganic groups of the hybrid gels and the organic dyes plays
of angstroms. an important role in adsorption. This is consistent with the

As can be seen frorfig. 9, there is a hydrogen bond-
ing between BBF and the gel surface. Our previous work

demonstrated that the hydrogen bonding is not a dominant N - 9—si /
mechanism for the organic dye adsorption on silica or hybrid /A o / 0\ ,
xerogelq7,8,38] ;“sli/o Oy TH HO Si—
0 ,,'0 N& 0
Si ._~OH Hydrogen bonding —__

/SI_
\

Q |\0H % ho
-2 4
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Fig. 8. The standard free energy change of adsorption as a function of tem-
perature. Initial HCI concentration is 0.01 M; initial KNN@oncentration is
0.25M. Fig. 9. Schematic diagram of interactions between BBF and xerogel surface.
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previous studies where hydrophobicity enhances the adsorp- [7] z. wu, H. Joo, I.-S. Ahn, S. Haam, J.-H. Kim, K. Lee, Organic dye

tion of some organic species by the modified si[83,43] adsorption on mesoporous hybrid gels, Chem. Eng. J. 102 (2004)
277-282.
[8] Z. Wu, I.-S. Ahn, J.-H. Kim, K. Lee, Enhancing the organic dye

adsorption on porous xerogels, Colloids Surf. A 240 (2004) 157—
4. Summary 164.

[9] D.A. Kron, B.T. Holland, R. Wipson, C. Maleke, A. Stein, Anion
The use of a mesoporous hybrid xerogel for the adsorption ~ exchange properties of a mesoporous aluminophosphate, Langmuir

of an organic dye from aqueous solution has been examined, _ 15 (1999) 8300-8308. . .
Ther Its ar mmarized follows: [10] H. Tamai, T. Yoshida, M. Sasaki, H. Yasuda, Dye adsorption on
e results are su arized as tollows: mesoporous activated carbon fiber obtained from pitch containing

(1) The adsorption kinetics can be well described by the ___ Vitrium complex, Carbon 37 (1999) 983-989.

eudo second-order kinetic model. Initial adsorption [11] M. Flury, H. Fluher, Brilliant blue FCF as a dye tracer for solute
pseu 5 B rx : b sorptl transport studies—a toxicological overview, J. Environ. Qual. 23

rate increases with the increase in initial BBF concentra- (1994) 1108-1112.

tion and temperature. Equilibrium time decreases with [12] H. Ketelsen, S. Meyer-Windel, Adsorption of brilliant blue FCF by
the increase in temperature, while the initial dye concen- soils, Geoderma 90 (1999) 131-145.

tration does not have an obvious effect [13] J. German-Heins, M. Flury, Sorption of brilliant blue FCF in soils

as affected by pH and ionic strength, Geoderma 97 (2000) 87-101.

(2) The internal diffusion of BBF into the xerogel is the rate- [14] M. Dogan, M. Alkan, Adsorption kinetics of methyl violet onto

limiting ;tgp_of the overgll adsorption process. perlite, Chemosphere 50 (2003) 517-528.
(3) The equilibrium adsorption amount is found to increase [15] M.S. Chiou, H.Y. Li, Adsorption behavior of reactive dye in aqueous
with the increase in initial BBF concentration, tempera- solution on chemical cross-linked chitosan beads, Chemosphere 50

ture, solution acidity, and ionic strength. The adsorption _ _ (2003) 1095-1105.

isotherms can be well described with Lanamuir equation [16] M.S. Chiou, H.Y. Li, Equilibrium and kinetic modeling of adsorption
g q : of reactive dye on cross-linked chitosan beads, J. Hazard. Mater. 93

(4) The negative value of the Gibbs free energy change of (2002) 233-248.
the adsorption indicates that the adsorption is sponta-[17] z. Aksu, S. Tezer, Equilibrium and kinetic modelling of biosorption
neous. The positive value of the enthalpy change of the of Remazol Black B b)RhiZ_OpuS arrhizusn a batch system: effect
adsorption shows that the adsorption is an endothermic___ °f témperature, Process Biochem. 36 (2000) 431-439.
Thus. raising the temperature leads to hi her[18] Z. Aksu, Biosorption of reactive dyes by dried activated sludge:
process. e g__ - p g equilibrium and kinetic modeling, Biochem. Eng. J. 7 (2001) 79—
BBF adsorption at equilibrium. 84.
(5) Electrostatic attraction and hydrophobic interaction are [19] M.S. Chiou, P.Y. Ho, H.Y. Li, Adsorption of anionic dyes in acid
found to be the dominant interactions between BBF and solutions using chemically cross-linked chitosan beads, Dyes Pig-

xerogel surface. ments 60 (2004) 69-84.
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polyethylene glycol (PEG) from aqueous solution onto hydropho-
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