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ABSTRACT

In this work, adsorptions of Methyl tertiary-butyl ether (MTBE) onto two novel adsorbents,
i.e. nano-perfluorooctyl alumina was prepared using nano-y-alumina (nano-PFOALg) and
nano-boehmite (nano-PFOALg) as the supports were investigated. The surface areas of the
nano-y-alumina and nano-boehmite were determined as 265.7 and 319.5 m?/g, respectively.
The equilibrium adsorption behavior of the nanoadsorbents was studied for adsorption of
(MTBE) in a wide range (100-1,750 mg/L) of aqueous phase concentrations. The maximum
adsorption capacities were 46.0 and 44.4 mg MTBE/g adsorbent for nano-PFOALg and
nano-PFOALg, respectively. The Freundlich, Langmuir, and Brunauer-Emmet-Teller (BET)
isotherms were used for modeling of MTBE adsorption on nano-PFOALg and
nano-PFOALg from aqueous medium. The experimental results of MTBE adsorption on the
surface of nano-PFOAL adsorbents obeyed a type IV van der Waals adsorption trend, which
can be modeled best by the BET isotherm up to pore filling concentration.
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1. Introduction

Methyl tertiary-butyl ether (MTBE) is used as an
additive in gasoline formulation for enhancement of
octane number and reduction of atmospheric pollutant
emissions such as CO, NOx, and unburnt hydrocar-
bons [1-4]. The quick transfer of MTBE from gasoline
leaks to the surrounding water phase is due to MTBE’s
high solubility in water (about 50 g/L) and the low
sorption of MTBE in soils. The MTBE distribution in
the aqueous medium has raised concern about the
compound’s occurrence in drinking water, due to its
low taste and odor threshold (2040 pg/L, according to
EPA’s drinking water advisory) and the potential
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impact on human health. Different types of advanced
oxidation processes (such as catalytic ozonation,
photooxidation (UV/H,0,) and (UV/TiO,)) are effec-
tive for MTBE removal from aqueous phase [5-7].
However, byproducts of the oxidation processes may
remain in the treated water requiring a further removal
step such as adsorption [8-11]. The adsorption process
is one of the promising processes for the removal of
MTBE from contaminated waters. Wieserman and
Wefer used surface modification of alumina by
perfluorinated organic molecules to develop sorbents
for adsorption of organic materials [12]. Perfluorinated
alumina (e.g. perfluorooctyl alumina) obtained by
reaction between perfluorinated acids (e.g. perfluorooc-
tanoic acid) and hydroxyl groups on the surface of
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Fig. 1. Schematic representation of perfluorooctyl groups
on the surface of alumina [5].

alumina (Fig. 1). Since the perfluorinated groups that
bonded on surface of alumina are hydrophobic and
nonpolar, the organic pollutants in aqueous medium
can be adsorbed by this modified surface.
Kasprzyk-Hordern et al. used these types of adsor-
bents as novel ozonation catalysts for the removal of
organic matters [13-19].

Also, they used perfluorinated alumina for adsorp-
tion of MTBE in the 0.2-38.0 mg/L range of aqueous
phase concentrations [13]. In the previous work,
conventional PFOAL samples were prepared and the
adsorption capabilities of them were studied for
removal of MTBE from aqueous phase [20]. Later,
the mechanism and kinetics of the ozonation
reactions were studied in the presence of conventional
PFOAL [21].

In the present work, for enhancement of the
adsorption capacity of PFOAL, an attempt was made
for synthesis of nanoforms of PFOAL. The equilibrium
adsorption behaviors of the adsorbents for MTBE were
studied in a wide range of aqueous phase MTBE con-
centrations of 100-1,750 mg MTBE/L. The Freundlich,
Langmuir, and Brunauer-Emmet-Teller (BET) iso-
therm models were used to model the adsorption
trends of MTBE on the surface of the nano-PFOAL
adsorbents.

2. Experimental
2.1. Chemicals

Aluminum nitrate (AIINO;);9H,0, purity = 98%),
sodium carbonate (Na,COs;, purity >99%), perfluo-
rooctanoic acid (CF3(CF,)COOH, purity > 97%),
ethanol (C,HsOH, purity > 96%), acetone (CO(CHs),,
purity 2 99.7%), and sodium bicarbonate (NaHCOs;,
purity > 99.9%) were used for preparation of
nano-perfluorooctyl ~ alumina adsorbents (nano-
PFOALGg and nano-PFOALg). Sodium chloride (NaCl,
purity = 99.5%) was used to increase the extraction effi-
ciency in the headspace analysis. Also, MTBE
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((CH3);COCHj;, purity = 99%) solutions were used in
adsorption experiments. All of the chemicals were
purchased from Merck Company (Germany).

2.2. Synthesis of nanoadsorbents

For preparation nano-y-alumina and nano-boehmite
by co-precipitation method, aluminum nitrate, sodium
carbonate and deionized water were used as starting
chemicals. Initially, 400 mL of aluminum nitrate
(0.041 M) and sodium carbonate (0.075 M) solutions
were prepared. Then sodium carbonate and aluminum
nitrate solutions were added drop by drop to 200 mL
of deionized water in a 2L capacity round-bottom
flask and stirred well using magnetic stirrer (Labinco,
Netherlands) to precipitate AI** cations in the form of
hydroxides. The precipitate was aged at 70°C for 3 h,
filtered and redispersed again in 2 L of hot deionized
water. The precipitate was finally filtered, washed
thoroughly with warm deionized water and subse-
quently with ethanol followed by acetone and air-dried
at room temperature (25°C). The dried precipitates
obtained from this stage were nano-boehmite that
were calcined in a programmable furnace (Fine Tech,
Korea) at 550°C for 5h in air with heating rate of
2°C/min to produce nano-y-alumina powders [22].
Two types of nano-perfluorooctyl alumina were
synthesized with reaction between 10 g of supports
(nano-y-alumina or nano-boehmite) and 100 mL of
0.12 M perfluorooctanoic acid aqueous solution. In the
preparation of PFOAL, perfluorooctanoic acid reacts
with hydroxyl groups on the surface of y-alumina or
boehmite (see Fig. 1). The reaction mixture was kept at
60°C and stirred for 4 h. Then the solid was filtered,
washed with 100 mL of 0.1 M sodium bicarbonate,
then with 200 mL of H,O, and dried at 60°C.

2.3. Characterization of nanoadsorbents

To identify the phases and the crystallinity of the
calcined materials, X-ray diffraction (XRD) studies
were carried out with a Siemens-D500 instrument.
Specific surface areas of the nano-y-alumina and nano-
boehmite were determined by a ChemBET 3000 instru-
ment (Quantochrome Industries) using physisorption
of N, at its atmospheric boiling temperature. The sur-
face morphology of synthesized particles was evalu-
ated by scanning electron microscopy (SEM) using a
VEGA 1II instrument. FT-IR analyses were performed
for the supports, perfluorooctanoic acid and
nano-PFOAL adsorbents by a Mattson 1000 FT-IR
spectrometer. Elemental analyses of the samples were
carried out using Perkin Elmer Series II instrument.
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2.4. Analytical procedure

To obtain adsorption equilibrium isotherm data
with the powdered adsorbents, aqueous phase adsorp-
tion experiments were performed in 10 mL glass vials
using a fixed adsorbent/liquid ratio (0.1 g adsorbent/
10 mL aqueous solution) and varied concentrations of
MTBE initial solution (100, 300, 500, 750, 900, 1,000,
1,250, 1,500, and 1,750 mg/L). In all experiments, the
vials were agitated on a fixed speed rotator for a
minimum of 3h at 160 rpm, for adsorption equilib-
rium to be achieved. Preliminary tests have also
indicated that the time to reach the equilibrium was
about 30 min. The adsorption amounts of MTBE in the
samples were calculated according to Eq. (1).

e = w 1)

s

where g, is the equilibrium adsorption amount (mg/g),
Cy is the initial concentration of MTBE solution (mg/L),
Ceq is the equilibrium concentration of MTBE solution
(mg/L), V is the volume of solution (L), and m; is the
mass of adsorbent (g).

For measuring the MTBE concentrations in aque-
ous medium, a headspace injection method was
employed using a gas chromatograph equipped with
TRACE MS PLUS mass spectrometer (Thermo Finni-
gan, Italy). Separation was achieved by a DB1 (SGE)
nonpolar capillary column (25 m, 0.22 mm, 0.25 pm).
A constant temperature of 50°C for 8 min was used
for the column oven. The injector temperature was
175°C. For quantitative analysis of the components of
the reaction mixture, the selected ion monitoring
(SIM) mode was used in the mass spectrometer detec-
tor. The mass number 73 were used for quantification
of MTBE. Usage of SIM mode instead of full scanning
mode makes it possible to avoid possible overlapping
of the peaks of the various components. In this way
one can obtain very sharp peaks, which can be used
for more elaborate quantitative measurements. The
carrier gas was helium with a flowrate of 0.5 mL/min
in the column. The split mode was used in injector
and split flowrate was 10 mL/min so the split ratio
was 20. Sample injections were carried out using a
50-uL gastight syringe (Hamilton, Switzerland) and
the injection volume was 25 uL. Under these condi-
tions, the MTBE peak appeared at about 2.57 min
retention time.

Careful considerations were applied in the analysis
method by the GC/MS to reduce the possible errors.
The GC/MS system was calibrated daily before start-
ing the analysis of the samples. Also for showing the
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repeatability of the analysis results, each sample was
analyzed more than three times (3-5 times). The rela-
tive standard deviation for the results of a sample was
less than 3%.

2.5. Isotherm models
2.5.1. Freundlich isotherm

This is an empirical isotherm which implies a loga-
rithmic reduction in heat of adsorption by increasing
the amount adsorbed on the solid surface [23]. It is a
general and versatile model expressed as Eq. (2).

q = KC, )

where C.q is the equilibrium concentration of the
adsorbents in fluid phase and g is the amount
adsorbed on solid surface. The empirical exp # and
the constant K are determined by fitting the model
equation to the experimental adsorption data.

2.5.2. Langmuir isotherm

Langmuir isotherm has a great general utility. In
the development of this model a monolayer adsorp-
tion was assumed and so the entire amount adsorbed
experimentally is considered as the monolayer adsorp-
tion. Despite its simplifying assumptions which may
seem unrealistic in most of applications, it has a great
popularity mainly because of its simple form and rea-
sonably good prediction. Eq. (3) presents a general
form of Langmuir isotherm [24]:

KSch
q o qml + KSCeq (3)
In Eq. (3), gm is the amount adsorbed on complete
monolayer adsorption or in other words the maximum
amount adsorbed. Ks is the equilibrium constant of
adsorption. These parameters are determined by fit-
ting the model equation to the experimental data.

2.5.3. BET multilayer adsorption isotherm

The first version of the BET multilayer isotherm as
Eq. (4) was originally developed in 1938 for gas phase
adsorption [25]. It could only describe types II and III
of van der Waals adsorption isotherms [23].

cx

q:qm(1fx)(1fx+cx) @
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where x is the relative partial pressure of the
adsorbate in bulk gas phase, i.e. x=P/P° and c is a
constant. This equation has two degrees of freedom of
gm and ¢, which are determined by numerical
regression using experimental data.

By a close examination of derivation of BET iso-
therm, it was showed that when extending application
of this equation to liquid phase adsorption, x = KiCeq
and ¢ = Ks/Ky. So the BET equation for liquid phase
adsorption should be written in the form of Eq. (5) [26]:

o KSCeq
17 m (1 — Ky Cog) (1 — Ki.Coq + KsCeq)

%)

In Eq. (5) Kg is the equilibrium constant of adsorption
of the first layer and Ky, is the equilibrium constant of
adsorption for upper layers of adsorbate on the adsor-
bent. This form of BET equation for liquid phase
adsorption has three degrees of freedom of g, Ks,
and K, which need to be determined from experimen-
tal data.

3. Results and discussion
3.1. Syntheses and characterization of nanoadsorbents

A transparent gel-like precursor containing Al
cations was precipitated at pH ~7.5-8.5 when sodium
carbonate and aluminum nitrate solutions were added
drop by drop to 200 mL deionized water. The mixture
was stirred and maintained at a temperature of 70°C.
The following chemical reactions occurred:

Na;CO; + 2HOH — 2NaOH + H,O + CO, (6)

Al(NO3), + 3NaOH — Al(OH), | +3NaNOs; @)

The hydrolysis of sodium carbonate in aqueous medium
generates OH™ ions by reaction (6). The precipitate
obtained by reaction (7) was aged at a temperature
~70°C, which helped to homogenize it due to the slow
ripening process. The precipitate was further processed
by washing with deionized water first, followed by
washing with alcohol and acetone to avoid the contam-
ination of sodium ions. The digestion step is found to be
essential to convert it to crystalline boehmite precursor
by reaction (8). nano-y-alumina was produced by calcina-
tion of dried nano-boehmite at 550°C by reaction (9) [22].

Al(OH), — AIOOH + H,0 ®)

AlIOOH — ALOs; + H,O ©9)
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3.1.1. X-ray diffraction

The XRD studies were taken on as-dried precursor
and calcined samples. Fig. 2 shows the XRD patterns
of the boehmite and y-alumina, respectively. All the
reflections of boehmite synthesized by co-precipitation
method at 70°C matched with pattern of boehmite
according to [JCPDS File No. 21-1307]. The intensity of
XRD peaks is dependent on phase content, crys-
tallinity degree, and its crystal size that the sharp
peaks with high intensity indicated high crystallinity
of the samples. The boehmite prepared at 70°C
appears to be crystalline in nature. It seems that pre-
cipitation for 3 h helps to generate crystalline boeh-
mite due to a fast ripening process, as explained by
Potdar et al. [22]. It is very obvious from broad peaks
in Fig. 2(a) that the boehmite precursor particles show
nano-sized nature and also indicate presence of small
crystallite sizes in sample. The crystallite sizes were
calculated using the Scherrer equation [27]:

ki
" BcosO

(10)

where k is a constant ~0.9, 4 is the wave length of the
X-rays, f is the full width of diffraction peak at half
maximum intensity, and 6 is the Bragg angle. The
calculated crystallite sizes were found to be in the
range of 1.5-25nm. It is established [27-31] that
conversion of aluminum hydroxide to single-phase

ES (b)
8,
>
=
wy
c
/]
E
(a)
0 10 20 30 40 50 60 70

Position (20)

Fig. 2. XRD pattern of (a) nano-boehmite and (b) nano-y-
alumina.
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nano-boehmite is dependent on many parameters such
as temperature, nature of base, and type of aluminum
salt. The present results showed that co-precipitation
at 70°C was able to produce nano-boehmite with high
purity.

Fig. 2(b) shows the XRD pattern of samples pre-
pared after calcination of boehmite at 550°C in air. All
XRD peaks of the calcined sample are exactly indexed
to y-alumina and no clear peaks from other phases of
alumina are observed. Also Fig. 2(b) indicates that the
y-alumina phase having spinel lattice [JCPDS File No.
29-63] and pure crystalline in nature [27]. The
broadening of the XRD peaks displayed the nano-
sized nature of y-Al,O; particles in these samples. The
crystallite sizes calculated using the Scherrer equation
were found to be in the range of 2.5-3 nm. The forma-
tion of crystalline nano-boehmite and nano-y-alumina
in the co-precipitation process were confirmed by
XRD pattern of the samples.

3.1.2. Scanning electron microscopy

Morphologies of nano-boehmite and nano-y-alu-
mina observed by SEM are shown in Figs. 3 and 4 in
two different scales. The nano-boehmite and nano-y-
alumina indicated strong agglomeration of particles
with varied sizes. Because of the high surface area of
the nano-boehmite samples, the surface area has a
high tendency to decrease during the calcination of
nano-boehmite. This abatement of the surface area is a
result of the formation of strong bonds in contact
regions of nano-y-alumina particles with diffusion
mechanism, and consequently results in stronger and

SEM HV: 10.0 kV W 1.53 mm

Det inBeam

View field: 2.54 pm |
SEM MAG: 50.0 kx| Date{m/dfy): 082014

Fig. 3. SEM photographs of the nano-boehmite powder.
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greater agglomeration in nano-y-alumina. The
agglomeration is mainly caused by the absorbed water
and the surface hydroxyl groups in the precipitated
hydroxide along with the particle agglomeration
occurring when the precipitated precursors with small
size are dried and calcined.

3.1.3. Brunauer, Emmett, and Teller analysis

The nano-boehmite and nano-y-alumina powder
showed similar morphological features. The surface
area, pore size distribution, and pore volume data
obtained for boehmite and nano-y-alumina powder are
tabulated in Table 1, which shows that nano-boehmite
has a larger surface area. More importantly, surface
area obtained for these samples are very high com-
pared with commercial conventional alumina samples.
At least more than 100 m*/g surface areas are needed
for PFOAL adsorbents to have sufficient and more
enough adsorption capacities [12-19].

3.1.4. Fourier transforms infrared spectroscopy (FT-IR)

The FT-IR spectra of nano-boehmite, nano-y-alu-
mina, perfluorooctanoic acid, and nano-PFOAL adsor-
bents are presented in Fig. 5. FT-IR spectra of nano-
boehmite and nano-y-alumina show a broad band
around 3,447 and 1,640 cm™', which is assigned to
stretching and bending modes of adsorbed water. The
peak corresponding to 1,073 cm™' is assigned to
Al-O-Al symmetric bending stretching vibrations and
that around 1,160 cm ™' is due to asymmetric bending
modes. The bands at 480 and 617 cm™" are attributable

SEM HW: 10.0 kV
View feld: 1.27 pm
SEM MAG: 100 kx| Date{midiy): 0820114

WD: 1.53 mm

Det InBeam 200 nm
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SEM HV: 10.0 kV WIx 21.58 mm E 1 T T MERAJ TESCAN
View field: 1.58 jam Det 500 nm
SEM MAG: B0.O kx  Date{midy): 08/20114

Fig. 4. SEM photographs of the nano-y-alumina powder.

Table 1
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SEM HV: 10.0 kV
View field: 1.27 jam
SEM MAG: 100 kx  Date{midy): 0820114

Surface area, pore size distribution, and pore volume of nano-boehmite and nano-y-alumina

Sample Synthesis method Surface area (m?/g) Average pore diameter (nm) Pore volume (cm’/g)
nano-boehmite Co-precipitation 319.53 3.72 0.201
nano-y-alumina Co-precipitation 265.69 5.14 0.270

to bending and stretching modes of AlOg. Peak at

750 cm™' may be due to Al-O stretching vibrations.

Thus, the IR analysis of as-dried precursor confirmed

) that the nano-boehmite is formed by reaction (8). In

the spectrum of calcined powder shown in Fig. 5, the

(d) T peaks in the region of 500-750 cm™' are assigned to

1500 2000 2500

Wave number (Cnr!)

3000

3500

4000

Fig. 5. IR spectra of (a) nano-boehmite, (b) nano-y-alumina,
(¢) nano-PFOALg, (d) nano-PFOALg and (e) perfluorooc-
tanoic acid.

v-AlO4, whereas the shoulder at 890 and the line at
800 cm™' are assigned to v-AlO, Thus, y-alumina
phase contains both tetrahedral and octahedral coor-
dination. The broad band at 3,447 cm ' and the weak
band at 1,640 cm™! are due to adsorbed water [22].
Intense sharp bands at 1,155 and 1,209 cm™! in the
FT-IR spectrum of perfluorooctanoic acid can be attrib-
uted to C-F stretching vibrations. The band at
1,719 cm™" indicates C=0 stretching vibrations for car-
boxylic acids. The weak bands at 2,490 cm ! represent
O-H group of carboxylic acid. There are bands
responsible for C-C vibrations in the wave number
range of 700-1,500 cm™'. In the spectra of nano-
PFOAL adsorbents there is a sharp band at
1,680 cm™ !, which can be attributed to C=0 stretching
vibrations. This suggests that bonding of perfluorooc-
tanoic acid proceeds via COOH group interactions
with OH groups on the alumina surface. The bands at
1,155 and 1,209 cm™' observed in the spectra of per-
fluorooctanoic acid are also present in the spectra of
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the nano-PFOAL adsorbents, which confirms the
interaction of perfluorooctanoic acid with the surface of
the supports. The weak band at 2,490 cm™’, indicating
the presence of the OH group of the carboxylic acid in
perfluorooctanoic acid is shifted to 2,390 cm™" in the
spectra of the nano-PFOAL adsorbents. FT-IR spectra of
the prepared nano-PFOAL adsorbents confirm that the
perfluorooctanoic acid reacted effectively with the OH
groups on the surface of the supports and that the per-
fluorooctyl groups were bonded to the surface.

3.1.5. Elemental analysis (CHNOS)

The results of the elemental analysis (CHNOS) of
the nano-boehmite and nano-y-alumina supports and
the prepared nano-PFOAL adsorbents are shown in
Table 2.

The calculated surface coverage, perfluorinated
phase content, and surface area of the nano-PFOAL
adsorbents are shown in Table 3.

The surface coverage and perfluorinated phase
content of the nano-PFOAL adsorbents are calculated
using their carbon content determined by the elemen-
tal analysis and the surface areas of the nano-PFOAL
adsorbents were calculated by considering their alu-
mina (support) content. The surface areas of the alu-
mina supports were determined by BET method and
were given in Table 1.

The results of the characterization analyses showed
that the surface areas of the prepared nano-PFOAL
adsorbents are about two times more than that of con-
ventional PFOAL adsorbents [12-19], but the surface
coverage per unit area of the present nano-PFOAL
adsorbents are somewhat lower than that of the con-
ventional ones. The reason for the lower surface cover-
age of the present nano-PFOAL adsorbents in
comparison to the conventional PFOAL adsorbents
may be because of two reasons. First, the lower sur-
face concentration of OH groups on the surface of the
nano-boehmite and nano-y-alumina, and second may
be the lower average pore sizes of the present alumina
supports because the perfluoroctanoic acid molecules
cannot enter pores smaller than 12.5 A (the kinetic
diameter of perfluorooctanoic acid molecules that esti-
mated using bond lengths between adjacent atoms
[32]) to react with their surface. A possible solution

Table 3
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Table 2
Elemental analysis of the boehmite and nano-y-alumina
supports and nano-PFOAL adsorbents

Sample Synthesis C(%) H (%) N (%)
nano-PFOAL;  Wieserman 6.18 1.07 0.06
nano-PFOALg Wieserman 6.46 2.05 0.08
nano-boehmite  Co-precipitation 0.48 2.92 0.22
nano-y-alumina Co-precipitation 0.38 1.64 0.20

for modifying the surface of small pores may be the
use of perfluoro acids with smaller molecular sizes,
e.g. perfluoro acetic acid. Nevertheless, because of the
higher surface areas of the supports, the perfluorooctyl
content of the present nano-PFOAL adsorbents are
very high compared with the conventional PFOAL
adsorbents prepared by conventional alumina sup-
ports [12-19]. These higher perfluorooctyl contents can
result in high adsorption capacities and also higher
catalytic efficiency for ozonation reactions.

3.2. Adsorption of MTBE on the nano-perfluorooctyl
alumina adsorbents

Experimental data of the adsorption of MTBE on
the nanoadsorbents, PFOALg and PFOALg, are shown
in Figs. 6 and 7. These experimental data showed that
nano-PFOAL adsorbents have considerable adsorption
capacity for adsorption of MTBE, whereas the results
of the adsorption experiments on nano-y-alumina and
nano-boehmite supports showed that MTBE did not
adsorb on this supports. As shown in Figs. 6 and 7,
the amount of MTBE adsorbed by the nano-PFOAL
adsorbents increased by increase in liquid phase
MTBE concentration and also the maximum adsorp-
tion capacities of nano-PFOALg and nano-PFOALg,
which occur at high aqueous phase concentrations,
were 46.0 and 44.4 mg MTBE/g adsorbent, respec-
tively, but above of these values, amount of MTBE
adsorption did not increase with change in MTBE con-
centration in aqueous medium. This may be explained
by the pore-filling phenomenon that occurred at high
liquid phase concentration.

The Freundlich, Langmuir, and BET isotherm mod-
els are used to model the adsorption trend of MTBE
on the nano-PFOAL adsorbents, and the results are
shown in Figs. 6 and 7.

Surface coverage, perfluorinated phase content, and surface area of the nano-PFOAL adsorbents

Perfluorinated phase content (umol/g)

Surface area (m?/g)

Sample Surface coverage (umol/m?)
nano-PFOALGg 2.94 604
nano-PFOALg 2.55 622

204.85
244.09
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Table 4 shows the calculated parameters for these
adsorption isotherm models applied to the results of
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Fig. 6. Comparison of experimental data and performance
of isotherm models in aqueous phase adsorption of
MTBE on nano-PFOALg: (a) BET, (b) Langmuir, and (c)
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MTBE on nano-PFOALg: (a) BET, (b) Langmuir, and (c)
Freundlich isotherms.
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Table 4
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Calculated parameters of the isotherm models for adsorption of MTBE on nano-PFOAL adsorbents

Isotherm model Parameter

nano-PFOALg nano-PFOALg

Freundlich K (mg/g) (mg/L)™" 1.324 1.8334
n 0.493 0.442
R? 0.970 0.968
Langmuir (low concentration range) Ks (mg/ L)! 0.00933 0.01087
I (Mg/g) 30.65 31.69
R? 0.998 0.999
BET Ks (mg/L)™! 0.01853 0.0256
Ky (mg/ L) 0.000543 0.000505
(m (Mg/g) 20.61 21.09
R? 0.993 0.992

Table 5 shows the relative deviations of the
amount of MTBE adsorption on the nano-PFOAL
adsorbents with the prediction by isotherm models at
different liquid phase concentrations.

Figs. 6 and 7 showed obviously that among the
applied isotherms for adsorption of MTBE on the
nano-PFOAL adsorbents, the BET isotherm can model
the experimental data up to medium concentration
range (up to pore-filling concentration). The correla-
tion coefficient (R?) (Table 4) and relative deviations of
the regression calculations for the isotherm models
(Table 5) confirm the above claim. Also the BET iso-

Table 5

therm can model the S-shaped trend of experimental
data. The experimental results of MTBE adsorption on
these nanoadsorbents at whole concentration range
obeyed a type IV van der Waals adsorption trend,
which can be modeled better by BDDT isotherm (more
general form of BET isotherm). Because of the com-
plex form of BDDT isotherm it was not used here.

In comparison with the BET isotherm, Langmuir
and Freundlich isotherms cannot model the experi-
mental data of adsorption of MTBE on nanoadsorbents
admirably in the wide range of MTBE concentrations.
As shown in Table 5, the relative deviations for

Relative deviations of the amount of adsorption of MTBE on nano-PFOAL adsorbents with prediction by isotherm

models at different liquid phase concentrations

% Deviation = 100 (care — 9)/9

Co (mg/L) Ceq (mg/L) q (mg/g) Freundlich Langmuir BET
nano-PFOALg

1,750 1,296.0 454 —0.02 —-37.6 -
1,500 1,039.8 46.0 -11.4 —-39.6 0.58
1,250 865.0 385 -3.3 -29.1 -22
1,000 687.5 312 6.2 -15.1 0.32
900 611.9 28.8 8.8 -9.4 1.1
750 498.1 25.1 12.4 16.0 3.9
500 279.6 22.0 -32 0.56 52
300 126.3 17.3 -17.0 —4.5 -8.8
100 324 6.7 8.9 5.29 17.7
nano-PFOALg

1,750 1,311.0 439 0.3 -32.5 -
1,500 1,064.8 44.4 -9.9 —34.3 —0.004
1,250 883.1 37.8 —2.7 —24.1 —2.7
1,000 699.0 30.5 8.6 -85 24
900 611.5 28.1 12.1 -19 4.4
750 483.8 26.6 6.4 0.04 -1.1
500 264.7 235 7.8 —-0.03 -8.2
300 119.9 18.0 -15.2 —0.04 —4.5
100 275 7.2 9.7 0.6 229
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these isotherm models are higher than BET
isotherm. Although comparison of performance of the
Freundlich isotherm and experimental data was better
than the Langmuir isotherm in the whole range of
MTBE concentrations, but as shown in part b of Figs. 6
and 7, Langmuir isotherm showed preferable perfor-
mance at low concentration ranges. This is an
expected result for Langmuir isotherm, because
Langmuir isotherm cannot consider multilayer adsorp-
tion phenomenon. In Langmuir isotherm, all of the
observed adsorption is considered as monolayer
adsorption. Therefore, at concentrations less than the
concentration at which monolayer adsorption com-
pletes, the relative deviations for these isotherm mod-
els are very low. Also for above reason the calculated
monolayer adsorption capacity, 4m, predicted by Lang-
muir isotherm is much higher than the value of g,
calculated by the BET isotherm (see Table 4).

The BET isotherm provides a conceptual insight to
the physical nature of the adsorption process on the
surface of nano-PFOAL adsorbents, whereas the Fre-
undlich and Langmuir isotherms may be more conve-
nient for engineering calculations.

As shown in Table 4, the monolayer adsorption
capacities, g, of nano-PFOALg and nano-PFOALjp
adsorbents isotherm are 20.6 and 21.1 mg MTBE/g
adsorbent, respectively. Kasprzyk-Hordern et al.
reported that the Langmuir isotherm could model the
adsorption of MTBE [13] at low ranges of liquid phase
concentrations, i.e. 0.2-38.0 mg/L. In this range of con-
centrations, less than a monolayer of MTBE can be
adsorbed on the solid surface and the application of
the Langmuir isotherm is justified. In this work, a
wide range of liquid phase concentrations was investi-
gated, i.e. 100-1,750 mg/L, and the Langmuir isotherm
could not model the entire concentration range appro-
priately. This result was also obtained in our previous
work that a wide range of liquid phase concentrations
was investigated, ie. 5-1,000 mg/L. The adsorption
capacity of the nano-PFOALg at low concentration
ranges, i.e. its monolayer adsorption capacity, was
slightly higher than that of nano-PFOALg, i.e. 21.1 vs.
20.6 mg MTBE/g adsorbent. This is because of its
slightly higher perfluorinated phase content, i.e. 622
vs. 604 pmol/g. However, the total adsorption capac-
ity of nano-PFOALg is higher than nano-PFOALg, i.e.
46.0 vs. 444 mg MTBE/g adsorbent, in spite of its
lower perfluorinated phase content, ie. 604 vs.
622 ymol/g. This may be due to the fact that nano-
PFOAL; has a larger average pore size and can
adsorb more layers of MTBE on the surface of its lar-
ger pores. As shown in Figs. 6 and 7, the adsorption
behaviors of nano-PFOAL; and nano-PFOALg are
very similar and only differ at high liquid concentra-
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tions where the pores are somewhat more packed
with adsorbed layers of MTBE. These results show
that the pore-filling mechanism dominates at high
concentration range, while at low concentrations the
adsorption is directly related to hydrophobic charac-
teristics of the surface.

Adsorption isotherms of MTBE on nano-PFOALg
at various temperatures (288, 298, 308, and 318 K) of
solution are shown in Fig. 8. As shown in this figure,
the adsorption amount decreased by increasing tem-
perature which is a common trend in adsorption pro-
cesses. The adsorption process confirms the BET
adsorption isotherm to high correlation coefficient
(>0.99). Values of BET parameters, g,,, K, and Kg for
different temperatures are given in Table 6. It is clear
that the complete monolayer adsorption amount (gy,)
was nearly constant vs. temperature and varies only
within the range of experimental errors.

Fig. 9 shows the efficiency of MTBE removal from
water by nano-PFOAL adsorbents. The removal effi-
ciency can be calculated as

MxlOO

& (11)

Removal efficiency =

10g PFOALG/L

-
w

Ce/q (mg/L)/(mg/g)

] 200 400 600 800 1000 1200
Ceq(mg/g)

Fig. 8. Adsorption of MTBE on nano-PFOALg at various
temperatures fitted by BET isotherm equation.

Table 6

BET adsorption isotherm constants at different temperatures
TK K. (mg/L)™"'  Ks(mg/L)™"'  gm(mg/g R
288 0.000517 0.00905 19.90 0.993
298 0.000543 0.01853 20.61 0.993
308 0.000572 0.00985 21.09 0.991
318 0.000591 0.01451 21.44 0.997
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Fig. 9. Percentage of MTBE removed from water by
nano-PFOAL adsorbents at different equilibrium concen-
trations (% Removal = (Cy—Ceq)/Co).

where Cy and C.q are the initial and equilibrium con-
centration of MTBE in the aqueous phase, respectively.
At low concentrations, i.e. ~30 mg MTBE/L, the MTBE
removal efficiency using 10 g nano-PFOAL/L was more
than 67%. But as the aqueous phase concentration
increased, the removal efficiency decreased and at high
concentrations, i.e. ~1,300 mg MTBE/L, the MTBE
removal efficiency is only about 25%. A comparison of
the removal efficiency of MTBE by these two adsorbents
supports the discussions above. At lower liquid phase
concentrations, the removal efficiency by nano-PFOALg
is higher than that of nano-PFOALG because its perflu-
orinated phase content is higher than nano-PFOALg,
i.e. 622 vs. 604 pmol/g but at the higher concentration
range the removal efficiency by nano-PFOALg is
greater, since its average pore size is larger than that of
nano-PFOALg. Beyond the saturation concentration for
the two adsorbents, i.e. 1,050 mg/L, the removal effi-
ciency is equal for both of them.

Table 8
The adsorption capacity of MTBE for various adsorbents
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Table 7
Active surface area of the nano-PFOAL adsorbents for
adsorption of MTBE

nano-PFOAL;  nano-PFOALg

G mg MTBE/g  20.61 21.09
Jm umol MTBE/g 233 239
Surse  M%/g 46.7 47.8
Active surface areas of the nanoadsorbents

calculated by using of the monolayer adsorption
capacity for MTBE are shown in Table 7. This is the
active surface area of the nanoadsorbents for MTBE
adsorption.

The active surface areas of the nanoadsorbents that
can adsorb MTBE molecules are in very good agree-
ment with their perfluorinated phase content. A com-
parison of the surface areas of nanoadsorbents
occupied by adsorbed MTBE, with the total surface
areas of nano-y-alumina and nano-boehmite as sup-
ports determined by BET analysis, shows that as
expected, only a small portion of the total surface area
of the supports was occupied by adsorbed MTBE
molecules. This is due to the fact that MTBE was only
adsorbed on the regions that were initially covered by
perfluorooctyl chains, i.e. MTBE did not adsorb on the
bare surface of the alumina. This fact has been con-
firmed by separate adsorption experiments conducted
using bare supports, which showed no adsorption of
MTBE. This leads to the conclusion that the surfaces
of the small pores which could not be modified by
perfluorooctanoic acid (because of spatial hindering)
would not adsorb MTBE molecules.

The synthesis of PFOAL adsorbents in nanoscale
increased the surface area and perfluorinated phase
content of this type of adsorbents.

The monolayer adsorption capacities of the pre-
pared nano-PFOAL adsorbents were 20.6 and 21.1 mg

Adsorbent Temperature (K) Maximum adsorption capacity (mg/g) Ref.
Granular activated carbon 301 204.1 [33]
Surfactant modified zeolite (SMZ) 293 100 [34]
Zeolite composites (silicalite-1/fly ash cenosphere) 298 92.5 [35]
Zeolite composite (silicalite-1/diatomite) 298 484 [35]
Ambersorb 572 resin 291 4.61 [36]
Ambersorb 563 resin 291 4.38 [36]
Mordenite zeolite 291 2.71 [36]
F400 carbon 291 141 [36]
nano-PFOALG 298 46 This work
nano-PFOALg 298 444 This work
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MTBE/g PFOAL and the maximum adsorption
capacities were 46.0 and 44.4 mg MTBE/g PFOAL for
nano-PFOALg and nano-PFOALg, respectively. These
are about seven times higher than that of conventional
PFOAL adsorbents in a previous work [20]. The rea-
son for these considerably higher adsorption capacities
is the increase in both the surface area and the perflu-
orinated phase content of the nano-perfluorooctyl alu-
mina adsorbents in comparison with the conventional
PFOAL adsorbents.

In order to compare the adsorption capacities of
nano-PFOAL adsorbents with other adsorbents, the
adsorption capacities of some other adsorbents for
MTBE are given in Table 8. According to this table, the
adsorption capacities of the synthesized nano-PFOALs
adsorbents (44.4 and 46 mg/g) are comparable with the
adsorption capacity of zeolite composite adsorbent
(48.4 mg/g) and also are higher than adsorbents such
as Ambersorb resins.

4. Conclusions

Two types of nano-PFOAL adsorbents, designated
as nano-PFOALg and nano-PFOALg, were used for
the adsorption of MTBE. These adsorbents were pre-
pared using nano-boehmite and nano-y-alumina as the
supports, respectively. The surface area of nano-y-alu-
mina and nano-boehmite supports were 265.7 and
319.5m?/g and their crystallite size obtained from
XRD analyses and Scherrer equation were 2.5-3 and
1.5-2.5 nm, respectively. The surface coverage of the
nano-PFOAL adsorbents by perfluorooctyl groups
were 2.55 and 2.94 ymol/m? and perfluorinated phase
content 622 and 604 umol/g, respectively, for nano-
PFOALg and nano-PFOALg. The adsorption capacities
of the synthesized nano-PFOAL adsorbents were very
high in comparison with the adsorption capacity of
conventional PFOAL adsorbents. This is due to
increase in the surface area and perfluorinated phase
content of the nano-PFOAL adsorbents. For example,
the monolayer adsorption capacities of the prepared
nano-PFOAL adsorbents were 20.6 and 21.1 mg
MTBE/g PFOAL and the maximum adsorption
capacities were 46.0 and 44.4 mg MTBE/g PFOAL for
nano-PFOALg and nano-PFOALg, respectively. These
are about seven times higher than that of conventional
PFOAL adsorbents. This shows that the monolayer
adsorption capacity depends on the perfluorinated
phase content of the adsorbents, while the maximum
adsorption capacity is limited by the pore size of the
adsorbent. At high concentration ranges, a pore-filling
mechanism dominates the adsorption, while at low
concentrations the adsorption can be correlated by the
hydrophobic character of the surface.
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