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Abstract—Adsorption of methanol and ethanol over mesoporous Most widely known is the determination of the Brueg

siliceous material are studied in the current papHne pure
mesoporous silica is prepared using tetraethylsiticate (TEOS) as
silica source and dodecylamine as template at ldwThe prepared
material was characterized using nitrogen adsorpti-ray
diffraction (XRD) and scanning electron microscof8EM). The
adsorption kinetics of methanol and ethanol fromeays solution
were studied over the prepared mesoporous siliceriak The
percent removal of alcohol was calculated per onaiss of adsorbent

Emmett, and Teller (BET) surface area by gas adisorp
BET analytical technique is designed to measure the
adsorption characteristics of nitrogen moleculesrgyorous
materials maintained at a temperature of 77 K. dgi&n
adsorption method is used to measure the surfaee Barrett-
Joyner-Halenda (BJH) pore volume and pore sizeilligion
of a solid material. Nitrogen adsorption providafoimation

used. The 1 order model is found to be in agreement with bott®f microporosity and mesoporosity distribution wp 10 nm
adsorbates while the"®order model fit the adsorption of methanol[6].

only.
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|. INTRODUCTION

X-ray diffraction (XRD) is used to measure crystal
structure. The scanninglectron microscope (SEM) is a type
of electron microscope that images the sample ceirfay
scanning it with a high-energy beam of electrons inaster
scan pattern. The electrons interact with the attivas make

I NORGANIC porous solids have been found great utility adP the sample producing signals that contain inéion about

catalysts and adsorbents because of their largernadt
surface area. Nanoporous materials became morertampo
and useful for separation of polluting species esabvery of
useful ones due to their selectivity [1]. The fimbad family
of mesoporous molecular sieves (M41S) with threenbers
that were well-known as hexagonal MCM-41, cubic M@B|
and lamellar MCM-50 silica phases [2]. The mechanfer
M41S formation involve strong electrostatic intdiaies and
changed matching between micellar assemblies akemary
ammonium cations (%

silica molecular sieves had been prepared by elsetic
(charges) and natural (no charges) assembly pash\&y

Mesoporous silicates, such as MCM-41 and SBA-15 a

amorphous porous silicates with huge surface grezsnally
>1000 m2/g), large pore sizes (2 nm - 20 nm) anckred
arrays of cylindrical

morphology allow one to be sure that molecules sarall
enough to diffuse into the pores [5]. It was foundill cases
studied that the hexagonally packed pores are tedem a
circular manner around the micellar axis. Mesopsrsilica
fibers were one of the most interesting structuias
application. The kinetics of fiber formation ancetproduct
distribution were vary, and strongly dependent loa silica
source. A very interesting mesoporous silica fibeas
obtained from a static two phase's acidic systehe fibers
consist of hexagonally organized channels orieptdillel to
the fiber axis.

The prepared mesoporous materials can be charsttdnd
study their properties using different analytieadtniques.
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the sample's surface topography, composition artierot
properties [1]. Transmission electron microscopgNI) is a
microscopy technique where by a beam of electrans i
transmitted through an ultra thin specimen, inténgowith the
specimen as it passes through. The TEM is usefstudying
the pore structure and distributions.

The pollution of water with chemical contaminantsha
become one of the most crucial environmental probl¢7].
The design of a suitable mesoporous molecular sigtbehigh
surface area and adsorption capacity can be syntidesasily

Lo . as s.tru_cture-dlr'ectmg agents anqn the laboratories with manipulated pore sizes auarface
anionic silicate oilgomer species)(lA series of mesoporous

composition [1]. The high surface area of mesopsmilicate
can be utilized to adsorb organic compounds frorsteveater
with great capacity [8]. The seawater has been usdely in
[fiethanol industry in order to cool the equipmethisTvater is
polluted with methanol due to losses of metharminfistorage
tanks of process vessels, leaks from piping andpetgnt.

Mesopores W!th very regulaorep Because of growing environmental awareness has uput
morphology [4]. The large pore size and orderedepo

stringent regulations to control the emissionshig pollutant,
the concern is to control and reduce the concéoitraof
methanol before it could be recycled to the seasofjtion
methods could be a good choice to separate theamatfrom
wastewater and can treat a large volume of wastevifathe
proper adsorbent is selected [9].

The adsorption technique is one of the common nastho
used to recover the pollutants among many availatgthods
widely applied. The adsorption process is two tygdgysical
adsorption and chemisorption based on the intenat@tween
adsorbate and adsorbent [7]. Activated carbon atisor
systems have been used and found to play importdatin
cleaning industrial effluents. Mesoporous materiale one
alternative due to their large pores and abilityrEgeneration
compare to activated carbons [5]. Other than thag, to their
large specific surface area, high pore volume,aunif pore
diameter and high thermal stability. Mesoporous emals
become promising materials to be implemented in yman
industries involving adsorption, catalysis andasfittration.
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The mesoporous M41S molecular sieve materials sthawve
potential application as adsorbents of their lgggee volume
and the compositional flexibility [6].

In the current paper we aimed to synthesize anthctexize
mesoporous silica material which can be use asrlaeisbfor
methanol and ethanol in aqueous solution. The rptisa
kinetics for the adsorption of methanol and ethamar the
synthesized mesoporous material is evaluated usivg
different adsorption models that are pseudb ctder and
pseudo ¥ order models. The current work will differentiate
between adsorption kinetics and mechanisms of rdifte
alcohols over the same adsorption material.

Il. METHODOLOGY

A. Preparation of Mesoporous Materials

Mesoporous silica material was prepared by usirgyaio
technique. The crystallization gel is prepared gising of
Tetraethylorthosilicate (TEOS), obtained from Merualth
purity > 98%, as silica source dissolved in 160 aflwater

adding 1 g of sorbent into each solution, respebtivThe
experiments were repeated for similar solutionsigd g of
sorbent. M-1 and M-2 are referred to methanol arpenmts
treated with 1g and 2g adsorbent respectively,Eaidand E-2

are the ethanol adsorbed using 1g and 2g adsorbent
respectively. The concentration of the alcoholha solution

was measured at 10 min time intervals for 60 mute

Il.  RESULTS ANDDISCUSSION

A. Preparation and Characterization of Mesoporous
Materials

The adsorption-desorption data was collected atigbar
pressuresR/Pg) in the range of 0 to 1 as shown in Figure 1.
The adsorption-desorption isotherm shows that thegom
nitrogen intake is found in thB/P, range above 0.7. The
result indicates that a very high external surfacea is
formed. The mesoporous material was found of hexalgo
mesoporous silica (HMS) type. The BET surface akethe
material is measured using 5 points in the,P#nge of 0 to

and 8 mL hydrochloric acid (37%) and refluxed undeg.1. The surface area was found to be 48@.nBJH method

vigorous stirring at 70°C for 4 h. A solution of @ of
dodecylamine template obtained from Aldrich withrigu>
99%, in 100 mL methanol is added to the previoustume.
The crystallization mixture is allowed to react eiom
temperature with stirring and kept for crystallipatfor 24 h.
The solid produced from the crystallization isefittd, washed
with deionized water and dried overnight in the moo
temperature prior to calcinations at 600°C in neufilrnace
for 4 h.

B. Characterization of Mesoporous Materials

The prepared material was characterized by nitrogen

adsorption and adsorption-desorption data was rddailsing
Automated Quantachrome 6B Autosorb at CombiCatarebe
centre, Universiti Malaya, Kuala Lumpur, Malaysi@he
sample was degassed at 120°C for 1 h before datzobected
and analyzed to evaluate BET surface area and, gimeeand
pore volume using BJH method. The structure of taflyse
material is obtained using XRD measurement. Thetgma
was collected in the range of 2 — 10° at step af2&02° per
second. The XRD result was obtained using D8 advan
diffractometer, Bruker AXS, at CombiCat researchteg
Universiti Malaya, Kuala Lumpur. The morphology tbfe
synthesized material was viewed using scanningtreiec
microscope (SEM) (Model Leica Cambridge S-360, D3RI
research center, University of Nizwa).

C.Adsorption Test

was used to calculate the average pore size distiband
pore volume. The average pore size was found etpal
2.85nm and the pore volume is 0.32%gn
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Fig. 1 Nitrogen adsorption-desorption isothermdaicined HMS

Characterization of mesoporous material using X-ray
diffraction (XRD) is necessary to identify the pespies of the
material crystalinity is shown in Figure 2. The &¢rscan was
obtained in the range of 2 — 10°. Figure 2 show®Xftterns
of the products synthesized using HCI| as acid sowat

Adsorption test was made on two alcoholic solutions .. temperature. When the as-synthesized prosuc

methanol and ethanol. Specified amount of alcohwtiianol
and ethanol) was mixed with 1000 mL of deionizedewdor
10 min respectively. The initial concentration dfettwo
solutions was measured using UV/Vis spectrophoten(&tVI

Biomate, Chemistry Lab, University of Nizwa) at @as rate
of 300 nm/min. Adsorption experiments were perfednby

crystallized for 24 h, the XRD pattern displays ellwlefined
diffraction peak and two weak diffraction peakghe range of
2 — 10°, which indicates high ordered hexagonatlpct The
results are in agreement of reported materials ésomorous
materials. Crystallinity with hexagonal pore sturetis found
as indicated by the number of peaks in the spectrum
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The first peak is narrow indicating a uniform peteucture _(G,-C)NV 1)
however a thick wall is formed. %= W

o0 ] whereC; is the initial concentration of alcohad/(), G is the
] concentration of alcoholg(L) remaining at time, V is the
1800 4 volume of the solutionl() andW is the mass of adsorbeg).
1500
] TABLE |
N 1200 4 METHANOL ADSORPTION BYMESOPOROUSSILICA FIBER
" o] Time(min) _ M-1 M-2 E1 E2
600 1 g/L g/L g/L g/L
0] 0 0.550 0.395 0.800 0.800
. 10 0.525 0.369 0.770 0.710
P S S 20 0.457 0.358 0.640 0.630
2- Theia 30 0.441 0.349 0.580 0.540
Fig. 2 XRD spectra for mesoporous material prepasesol-gel technique 40 0.440 0.349 0.490 0.500
50 0.440 0.347 0.430 0.400

The morphology of the mesoporous materials is shimwn

Figure 3 by scanning electron microscopy (SEM). The 60 0.440 0.347 0.410 0.330
scanning electron microscopy images displayed guréi 3 _
exhibit micrometric spherical particles. Uniformrpeles of The percentage of alcohol removal is calculated by

less than 1 um were produced. The small uniforrtighes of
high external surface area will enhance the adsorpt
sorbents intake and access to the solid material.

¥
0000 05 Jun 2041
Fig. 3SEM image of mesoporous silica material preparesidiygel
technique

B. Adsorption Test

Methanol and ethanol solutions have been prepated
concentrations shown in Table 1. Methanol and ethbave
been adsorbed by using two different amounts obriodst
1g/L and 2g/L. Adsorption kinetics of methanol agithanol
over mesoporous silica material were performed tt7h
Samples have been taken every 10 min, and the ctvaten
has been measured by UV/Vis spectrometer. The Wddia
have been collected 3 times and the average caatent
recorded. The data were reproducible within theeptsd
error. The amount of alcohol intake was calculated
Equation (1).

Equation (2).

Removal % = L_CJ

x100 (2
0

The models describing adsorption mechanism arelajgse
based on understanding the interactions over tiva surface.
Three types of adsorbing centers of silica wereppsed.
Besides of the major adsorbing sites formed by &edace
hydroxyl groups, there are also sites formed byreghi—
geminal — hydroxyl groups bound by Hydrogen Bridigehe
distance among the individual hydroxyl groups iadle [10]
as shown in Figure 4.

H\ H Y o‘H\
(0] l‘.l) 0
| L.

Si Si Si

Fig. 4 Hydroxyl group formed by pure siliceous apiwus materials [10]

The models should take onto account the physical
possibilities of the sorbate molecules to bindhe adsorbing
centers, mainly by hydrogen bonding. Mirji et &aD] have
proposed three mechanisms for methanol interactiith
silica during adsorption as shown in Figure 5.

HC. _H CH, CHy
(8] o - |
rli H A WO,y
~0 0" o \O/
a | I I L.
Si Si Si Si
Fig. 5 Mechanisms of methanol interaction ovecsilis material [10]
C.Kinetic Study

The study of adsorption kinetics describes thetedhtake
rate and evidently this rate controls the residetice of
adsorbate intake at the solid-solution interfadee hteraction
of organic molecules with inorganic surfaces hdsaeted a
great deal of attention due to its technologicabliaptions.
Adsorption of organic solvents like methanol on rganic
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materials such as pure silica has been studied I1.0,Figure
6 illustrates the removal of the alcohols from amgesolution
over mesoporous silica material. Mesoporous masehave
very large surface area, ordered pore structureeairg@mely
narrow pore size distribution. Methanol adsorptam these
mesoporous materials can be interesting becauskrgé
surface area, and hence large adsorption siteshwhay help
to adsorb more quantity of methanol [11]. The kowetof
alcohol adsorption on the mesoporous silica mdtesas
analyzed using pseudo first-order and pseudo secaiet
kinetic models. The conformity between experimedtth and
the model predicted values is expressed by theeledion
coefficients B9). A relatively high R’ value closer to 1
indicates that the model successfully describeithetics of
alcohol adsorption.

100
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£
X
@ A9
= 40 4 £
X
) A
20 A 6 O @] @]
@ O O O O
0 T T T T T 1
0 10 20 30 40 50 60
Time (min)

Fig. 6 Percent removal of alcohol over mesopordicesus materials

The pseudo first-order equation is generally exq@dsas
follows [12],

a9 _ g -
@ k(g —q)

®3)

M -2 0.0754 0.0490 0.99
E-1 0.005¢ 1.388¢ 0.97
E-2 0.0043 2.0090 0.99

Comparison between model and experimentatiata are
shown in Figure 7. The model data were in good exgent
with the experimental data and pseudo first-ordedeh said
to represent the methanol and ethanol intake ower t
mesoporous silica surface. The first-order modeglpsrt the
mechanism that single site is responsible for adgm single
molecule of the alcohol at its surface. These tesate in
agreement with our unpublished data that Langmuir
equilibrium model fitting the equilibrium resultd methanol
and ethanol over mesoporous silica materials.
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Fig. 7 Comparison between pseudo first-order maddlexperimentaliq
data. Where in the legend: e is the experimentinams the model

The pseudo second-order adsorption kinetic ratatesuis

expressed as [12].
N (@ -q) (6)
dt °

wherek; is the rate constant of pseudo second-order adsorpt

whereg, andgq, are the adsorption capacity at equilibrium ang|/g-min). For the boundary conditiohs O tot =t andg,= 0
at timet, respectively (g/L)k, is the rate constant of pseudoto q, = g, the integrated form of Eq. (6) becomes

first-order adsorption (1/min). After integratiomdaapplying
boundary conditions = 0 tot =t andqg; = 0 toqg = q, the
integrated form of Eq. (3) becomes.
In(@. —q) =In(a,) —kit
Rearranging Eqg. (4) to resujtvs t as in Eq. (5)
o =qf1-e™]

Nonlinear regression using Polymath software (oers.1)
was used to estimate the constant valueg ahdk;. Tables 2
illustrate the results of pseudo first-order modal the four
experimental runs. In the®lorder model Rwas calculated
and found in the range of 0.92 — 0.99.

TABLE Il
KINETICS OFMETHANOL AND ETHANOL USING 15" ORDER MODEL

1% order
kl qe R2
M -1 0.052¢ 0.122¢ 0.92

11

(@-q) O

kot )

@) which is the integrated rate law for a pseudo seamder.

Equation (7) can be rearranged to obtain Eq. (8)chvhas

a linear form
t 1 1
.
[qj h q

whereh=kyq¢ (L/g-min).

The plot of {/q) vs.t of Eq. (8) should give a linear
relationship from whichg, andk, can be determined from the
slope and intercept of the plot, respectively. Atively,
polymath software using regression analysis wasd use
estimate the equation parameters. Table 3 is nfltisy the
values oth, g, andR? for four experimental runs.

(8)
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TABLE Il
KINETICS OFMETHANOL AND ETHANOL USING 2"° ORDERMODEL
2nd order
h O R
M-1 0.028" 0.119( 0.99
M-2 0.0067 0.0554 0.99
E-1 0.008¢ 1.783( 0.65
E-2 0.009" 3.307¢ 0.41

The results clearly show that pseudo second-ordmten
well fitting methanol adsorption witf’ = 0.99, however it
fails to fit the ethanol adsorption. Figure 8 shawomparison

between experimental data and model data for the folsl

experimental runs.

0.50

X

0.40 4 /
A + Ml-e
0.30 *_ / M2-e
A EI1-
& X €
0.20 A * Ele
x —M1-m
0.10 ﬂ% M2-m
El-m
0.00 )& E2-m

0 20 40 60 80
Time (min)

Fig. 8 Comparison between pseudo second-order nandieéxperimentaliq
data. where in the legend: e is the experimentinaiis the model

In conclusion, hydrophilic HMS adsorbents providew
adsorption capacity than the hydrophobic onesshdatuld be
noted that adsorption of alcohol on HMS due toraatéon

. . 12
between silanol groups on surface and intermoleculq?)

hydrogen bonding part of alcohol molecule mightstrenger
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IV. CONCLUSION

Mesoporous silica material having surface areadind/g
with adsorption capacity of 0.32 &m was synthesized. The
synthesized mesoporous siliceous material was used
adsorbent for methanol and ethanol from aqueousephiehe
methanol and ethanol intake over the mesoporousasil
adsorbent surface was measured and percent rem@al
calculated and found to be 20% for methanol and 666
ethanol. The experimental concentration — time @ateith 1°
order model with good agreement. Furthermore, eler
model fit the methanol adsorption only.
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